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Keywords: Electrospinning is a versatile and rapidly evolving technique that has gained significant attention
Electrospinning for its ability to produce nanofibers with unique structures and properties. Over the past few

Electrospun nanofibers decades, the scope of electrospun nanofibers has expanded from simple polymer fibers to more
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review provides a comprehensive overview of recent advancements, covering material selection,
process optimization, and innovative applications. We discuss the unique structural features of
electrospun nanofibers, including their tunable diameters, porous architectures, and diverse
compositions, which underpin their multifunctionality. Key applications are highlighted in areas
including environmental protection and safety, biomedical engineering, energy storage and
conversion, and catalysis, as well as emerging uses in flexible electronics, advanced engineering
materials, and textiles. Additionally, we review state-of-the-art characterization techniques and
discuss the challenges and opportunities involved in scaling up industrial production. Finally, we
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offer a forward-looking perspective on the future of electrospun nanofibers, emphasizing the need
for continued innovation in both academic research and commercial applications.

1. History and development of electrospinning

Nowadays, nanofibers are believed to be the vanguard of essential fibrous materials [1]. They have gained massive attention from
material scientists around the globe because of their ability to tailor the behavior of materials targeting a vast range of applications
which signifies the extent of their potential [2]. Additionally, their fundamental features (i.e., high volume, tailored fiber and
membrane porosity and surface structures) and unique shape lead to the production of extremely light weight and highly porous
materials with tuned average pore size and regulated fiber structure along with certain mechanical, chemical, and thermal charac-
teristics to meet needs of targeted of applications [3,4]. Nanofibers can be fabricated by several manufacturing techniques [5-9].
Among these techniques, electrospinning is one of the most versatile, easy, and relatively economical production processes. Introduced
by William Gilbert, the concept of the process dates to sixteenth century, but there was not much progress reported until the 20th
century [10]. One of the most important discoveries and breakthroughs of the 20th century in electrospinning field was made by Sir. G.
L. Taylor. He established the theoretical underpinning of electrospinning and designed mathematical modeling of conical shape of the
fluid droplet formed in an electric field, which is now known as Taylor’s cone [11]. Lately, it was Reneker’s group and Wendorff’s
group whose work gave high recognition to the electrospinning process and made it a famous process [2,10]. Since then, a huge
number of researchers have joined/pursued this field which has resulted in an exponential rise in the number of research articles (i.e.,
from few articles per annum in the early 2000 s to over 3600 articles in 2023) featuring studies on various characteristics of elec-
trospinning process and the resultant nanofibers, which provide new insights into the prominent aspects of the process.

Typically, a standard electrospinning set up is simple in terms of apparatus, whereas the behavior of the process is quite sophis-
ticated. Simply, electric force is applied to form liquid jet by distorting a hemispherical liquid drop into a Taylor cone, which is readily
drawn and solidified [12]. The liquid jet moves in a straight line at first for a short distance, suffers devastating bending instability, and
takes a spiraling and loop path with evolving circumference [13]. Production of nanofibers is influenced by several factors from
material characteristics including conductivity, concentration, and molecular weight of the material, to process parameters such as
applied voltage, flow rate, tip-to-collector distance, etc. Furthermore, bending instability in the presence of electric force is observed
during electrospinning process because of the competition between lateral bending and axial compression near collector surface. Fluid
jets may offer intricate whipping dynamics with multi-level bending instabilities [14]. This buckling frequency of the unstable fluid
jets is determined by various factors such as solution viscosity and jet velocity, etc [15].

The development of electrospinning is mainly categorized into four stages, i.e., conventional electrospinning, electrode-assisted

Table 1
The development and evolution of different electrospinning techniques over time.
Stage Year Typical event
Exploratory 1878 Rayleigh pointed out that when the electrostatic repulsion on the surface of a droplet exceeds the surface tension, small jets will form on
its surface [29].
Foundation 1934 Formalas invented an experimental device for the preparation of polymer fibers using electrostatic forces and applied for a patent [30].
1936 Norton applied for the patent of melt electrospinning [31].
1964 Taylor revealed that droplets can form cone shape and subsequently eject when subjected to high pressure, known as the “Taylor cone”.
The cone shape can maintain equilibrium at 49.3° of cone angle [11].
Renaissance 1990s  Reneker group conducted extensive in-depth studies on electrospinning process and application. They investigated the spinnability and
processing parameters of various polymers [32,33].
Development 2001 Wendorff et al. leveraged the rapid evaporation of solvent to produce PLLA fiber with porous structure [34].
2003 Ko et al. constructed continuous nanofiber yarn [35].
2003 Greiner et al. used coaxial electrospinning to produce core-sheath nanofibers [36].
Xia et al. proposed a strategy using coaxial electrospinning to fabricate inorganic hollow fiber [37].
2004
2004 Yarin et al. were the first to propose needleless electrospinning [38].
2003 Xia et al. utilized parallel electrodes to collect oriented polymeric and ceramic nanofiber [39].
Xu et al. used disk collector to prepare aligned nanofibers [40].
2004 Chase et al. collected aligned nanofibers using rotary copper wire drum [41].
Jiang et al. fabricated an aligned nanofiber array by magnetic electrospinning [42].
2007
2005 Lin et al. prepared bicomponent nanofibers based on side-by-side electrospinning [43,44].
2006 Lin et al. reported near-field electrospinning [45].
2006 Ding et al. obtained 2D polymer nanowebs via electrospinning/netting [46].
2007 Zhao et al. used multi-fluid electrospinning to produce fiber with multi-channel structure [47].
2014 Ding et al. reconstituted fragmented electrospinning nanofibers into three-dimensional aerogel with superelasticity and
multifunctionality [48].
2015 Mai et al. proposed a general synthesis strategy for complex nanotubes by gradient electrospinning and controlled pyrolysis [49].
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electrospinning, near-field electrospinning (NFES), and mechano-electrospinning. All these electrospinning setups produce different
structures of nanofibers. Conventional electrospinning is used to produce traditional randomly oriented nanofiber nonwovens which
limits its application in single fiber devices. Electrode-assisted electrospinning is used to fabricate fiber assembly (aligned nanofibers).
However, the process cannot control the position of an individual fiber. NFES can regulate the position of an individual nanofiber
which is essential for devising nano-scaled structures and equipment [16]. Mechano-electrospinning enables the fabrication of
controlled position and morphology of nanofibers which is vital for designing equipment that requires precisely controlled patterns
with customized fiber morphology [17].

Different innovations in both fiber generation as well as collecting systems have also been introduced. For instance, the use of multi-
nozzles and multi-component nozzles along with stationary and dynamic needleless nozzles have been reported to manufacture
different types of nanofiber structures targeting a variety of applications [11]. Furthermore, different collectors with customized
designs (i.e., plates, cylindrical drums, discs, etc.) and dynamics have been introduced in conventional electrospinning setups to ensure
selective deposition of nanofibers [13]. Additionally, different materials, i.e., glossy paper, conventional nonwovens and metal meshes
wrapped over cylindrical drums, have been reported as the collectors to generate tailored nanofiber designs. The use of these collectors
can also produce aligned nanofibers as well as nanofiber yarns. Lately, portable electrospinning devices have also been reported to
instantly produce wound care dressings [18-20]. These developments have resulted in enhanced controllability of electrospinning
process to produce a variety of nanofiber structures from disordered nanofiber mats to highly customized nanofiber structures. By now,
it has been established that the electrospinning process is versatile enough to produce nanofibers from almost all kinds of materials
such as natural and synthetic polymers, metals, alloys, ceramics, and composites. In recent years, using different tools and techniques
for fiber generation and collection setup, a wide variety of fibrous morphology and architectures have been produced including
bioinspired fibers [21], bonded fibers [22], porous fibers [23], core-sheath fibers [24], hollow fibers [25], spider-web-like fibers [26],
and ribbon and necklace-like fibers, etc [27].

Electrospun nanofibers fabricated by these processes have been employed for numerous applications ranging from the hottest fields
of defense, energy, and personal protection to complicated fields like healthcare and environmental engineering, etc. [28]. Further-
more, extensive research and development in the past two decades have concluded that electrospun nanofibers offer enormous po-
tential for various fields. Efforts have been made to commercialize the use of electrospun nanofibers to transfer their amazing benefits
to the public. In this regard, rising interest and active engagement of commercial companies such as eSpin Technologies, Nano
Technics, KATO Tech, and Elmarco Ltd., implies significance and impact of electrospinning in the field of material science [10]. Some
companies such as Freudenberg and Donaldson Company have even been earning significant capital by reaping the benefits of
electrospun nanofibers for the last couple of decades. Moreover, the COVID-19 pandemic has further pressed the need for designing
ultrafine filtration materials for efficient personal protection. Therefore, scientists are now highly interested in improving the pro-
ductivity of the electrospinning process while retaining small diameters and precisely controlled fiber morphology to meet the growing
demand for nanofibers for commercial applications. The development and evolution of the different electrospinning technologies are
summarized in Table 1.

2. The Structure, Composition, and properties of electrospun nanofibers

The electrospinning technique stands out for its remarkable versatility in fabricating one-dimensional (1D) nanomaterials with
versatile structures from a broad range of materials, variable microscopic structures, various properties and applications. Regarding
structures, the nanofibers with controllable diameter, shape, secondary microscopic outer and inner structures can be facilely created.
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Fig. 1. (A) Schematic illustration of a typical setup for electrospinning. Reproduced from ref. [50] with permission from the American Chemical
Society, copyright 2017. (B) Schematic demonstrating fundamental differences between solution and melt electrospinning. Reproduced from ref.
[52] with permission from the Wiley-VCH, copyright 2018.
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It enables the fabrication of nanofibers from different materials, including polymers, small organic molecules, metals, metal oxides,
and organic/inorganic hybrids. Through direct electrospinning, indirect doping, or chemical conversion methods, nanofibers
composed of polymer, assembled small molecules, metals, metal oxides, carbon, and organic/inorganic composites have been
generated. By virtue of the diverse composition and structures, it is imaginable that the properties of electrospun nanofibers are
diversified, and the derivative functions and applications are widespread in many domains.

2.1. Adjustable diameters of the electrospun nanofibers

The successful construction of various electrospun nanofiber products with various properties and functions is based on the
electrospinning of nanofibers to a controllable diameter on a 1D level. The principles and key factors for electrospinning the raw
materials into nanofibers are different depending on the electrospinning technologies [10,50-52]. In general, solution and melt
electrospinning are the two most commonly used methods (Fig. 1) [50,52].

b

Frequency (%)

1pm 200 nm

2105 pm ) T 160
5.0 wt%

Frequency (%)

0 30 60 90 120
Diameter (pm)

Fig. 2. Different methods to control electrospun fiber diameter. (A) Voltage: SEM images of PU/NaCl (0.1 wt%) nanofiber membranes obtained at
different voltages, distances and relative humidity: (a) 20 kV, 15 cm, 25 %; (b) 40 kV, 15 cm, 25 %; (c) 30 kV, 25 cm, 25 %; (d) 30 kV, 15 cm,
55 %. Reproduced from ref. [54] with permission from Wiley-VCH, copyright 2011. (B) Temperature: SEM images of PAN nanofibers prepared
under different working temperatures, (a) ambient temperature (20 °C), (b), 40 °C, (c) 60 °C, and (d) 80 °C. The upper-right insets show enlarged
images of the corresponding PAN fibers. Reproduced from ref. [59] with permission from Springer, copyright 2017. (C) Humidity: SEM images of
fibers electrospun from 10 wt% gelatin/FA solution containing NaCl (0.1 wt%) at temperature of 15 °C (a and b) (voltage of 30 kV, and RH of 25 %)
and different RH: (c) 45 % and (d) 60 % (voltage of 30 kV, temperature of 24 °C). The insets are the corresponding higher-magnification images.
Reproduced from ref. [60] with permission from Elsevier, copyright 2011. (D) Electrical conductivity of the melt: SEM images (scale bars = 200 pm)
of the electrospun fibers and the corresponding histogram graphs of the fiber diameter before and after adding additive in the melt (top to lower
row). Reproduced from ref. [61] with permission from Royal Society of Chemistry, copyright 2021.
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Solution electrospinning. For solution electrospinning, the raw material or precursor (usually a polymer) is first dissolved in a
suitable solvent (usually a volatile organic solvent) to form the electrospinning solution with suitable concentration, volatility, and
polarity [50]. A large number of solvents have been used in electrospinning, including alcohol, methylene chloride, trichloromethane,
dimethylformamide (DMF), tetrahydrofuran (THF), acetone, dimethylsulfoxide (DMSO), hexafluoroisopropanol (HFIP), and tri-
fluoroethanol (TFE) etc. The electrospinning solution is then stretched into filaments under the action of an external electric field, so
that it gradually solidifies into nanofibers with the evaporation of solvent. This process involves the formation of a Taylor cone, the jet
extension, stretching and volatilization of the solution, and the solidification phase [10,50]. The jet will eventually deposit on the
collector and form stacked electrospun fibers. The diameter of the final dried fibers can be about 1.3 x 10" times that of the initial jet,
and this size difference is huge [51].

The radius of the jet during the electrospinning process has a decisive influence on the size of the final nanofibers. Specifically, the
terminal jet radius can be described as [53]:

L gz 9 1/3
T\ 2(2iny - 3)

where d, is the radius of the terminal jet, y is the surface tension, ¢ is the dielectric constant of the medium, Q is the flow velocity, I is
the current through the jet, and y ~ R/h (h is the diameter of the jet, and R is the radius of curvature) is the dimensionless wavelength
that causes the instability of the normal displacement. The flow velocity, current, and surface tension have a strong influence on the jet
radius. The flow velocity and the magnitude of the surface tension are positively correlated with the fiber radius, while the magnitude
of the current is negatively correlated, and together they determine the final received jet radius. These parameters, in turn, are
determined by a combination of operating parameters, including applied voltage (V), flow velocity, nozzle diameter, and tip-to-
collector distance, as well as material properties, including conductivity (K), dielectric constant (¢), dynamic viscosity (1), surface
tension (y), and density.

During the electrospinning process, the operating parameters, including applied voltage, flow velocity, nozzle diameter, and tip-to-
collector distance are often tailored to adjust the diameter of the obtained fibers. The applied voltage is an important influencing
parameter that determines the current of the jet, the magnitude of the electrostatic repulsion between the carried charges, and the
interaction between the jet and the external electric field. In general, a higher voltage results in the formation of finer electrospun
fibers. As the current (I) rises during the jetting process, it leads to greater solution stretching, resulting in thinner fibers, which has
been confirmed in many studies (Fig. 2A) [54-57]. However, it is important to note that a higher voltage may also lead to an increase in
the ejection of the liquid from the nozzle, which means that the flow rate (Q) will increase. This will cause an increase in the size of the
electrospun fibers. Such a paradox has now likewise been demonstrated in a number of studies. For example, one study showed that the
fiber diameter initially increased with increasing voltage, but beyond a certain voltage, the fiber diameter started to decrease [58].

The tip-to-collector distance synergistically affects the diameter of the end product along with the voltage. A sufficiently long
distance ensures that the jet extends and solidifies sufficiently to form the theoretical minimum fiber diameter. However, when the
voltage is increased, the accelerated flow rate results in less flying time for the jet to stretch prior to deposition, potentially resulting in
incomplete stretching and thus increased fiber diameter. To address this issue, an attempt may be made to increase the distance from
the tip to the collector [62]. Of course, when this distance is long enough, the diameter of the fibers does not continue to decrease
because the solution has completely evaporated, and the polymer has solidified into fibers [10]. Even beyond a certain distance, the
fiber diameter may increase due to a significant weakening of the field strength [57,63].

The nozzle is the starting point for the formation of the jet. It is important to achieve a balance between the feed rate of the solution,
the applied electric field, and the diameter of the nozzle to have the narrowest distribution of fiber diameters. Too fast feed rate will
coarsen the fibers, even forming periodic drops of solution from the nozzle, while too slow feed rate results in spinning interruptions
and the continuous formation and disappearance of Taylor cones in the nozzle, leading to large deviations in fiber diameter. Whenever
possible, special attention needs to be paid to the possibility of a clogged hollow needle nozzle.

In addition to the operating parameters, the nature of the polymer solution itself can have a tremendous effect on the diameter of
electrospun fibers. The first is the dielectric constant of the solution, which reflects the intermolecular charge distribution and polarity.
In general, a lower dielectric constant means that the electric field propagates better in the solution and the charges are more likely to
collect on the surface of the jet, which promotes fiber formation [64]. As a result, a lower dielectric constant usually results in smaller
diameter fibers. This reveals the reason why water is usually not used as a solvent for electrospinning, as it has a higher dielectric
constant.

The conductivity of a solution indicates the ability of an electric charge to conduct through the solution and is determined by the
conductivity of the solvent itself. A higher conductivity means that the charge can move more easily through the solution, and
therefore during electrospinning, the charge will be distributed more uniformly in the jet, leading to a bending instability of the so-
lution jet, allowing for an increased stretching path, which reduces the diameter distribution of the fibers [65,66]. Therefore, smaller
electrospun fibers are sometimes obtained by adding organic/inorganic salts to the solvent, or by mixing highly conductive solvents to
increase conductivity [10,67,68].

Surface tension is an important property of the solution in the electrospinning process. A critical value of voltage is required to
generate a sufficiently strong electrostatic repulsion to overcome the surface tension of the solution, thus ejecting the jet to form the
spinning fiber [10,11,69]. Surface tension is thus a hindering factor for electrospinning, and the higher it is the more difficult to spin
and the larger the diameter of the electrospun fibers. This is another reason why water as a solvent is difficult to electrospin because of
its high surface tension. The surface tension can be reduced by using surfactants, and the introduction of cationic/anionic surfactants
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can also increase the conductivity at the same time, further reducing the diameter of electrospun fibers. For example, one study was
able to produce electrospun poly(vinylidene fluoride) (PVDF) fibers with an average diameter of less than 65 nm by adding hexadecyl
trimethyl ammonium bromide [70]. It is important to note that the introduction of surfactants can also introduce impurities to the
electrospun fiber product, which should be considered in advance during design.

Viscosity is also an important property of the solution and depends on the interaction forces among the polymer molecules, i.e. their
chain entanglement [10]. This is determined by both the molecular weight and the concentration of the polymer. In general, a suf-
ficiently large molecular weight and a sufficient concentration are necessary for electrospinning into fibers to ensure sufficient chain
entanglement [71]. However, the resulting viscosity hinders the ejection of the solution from the nozzle on the one hand and increases
the diameter of the ejected jet on the other hand [72]. Thus, lowering the viscosity of the solution facilitates the formation of finer
fibers. However, too low a viscosity may prevent the formation of fibers. For example, by lowering the molecular weight of the
polymer, beads rather than fibers tend to be produced. Besides, the selection of a suitably volatile solvent is critical throughout the
electrospinning process. If the solvent evaporates too quickly, the polymer will solidify at the nozzle and cause blockage. If the solvent
evaporates too slowly, a large amount of solution remains when it falls on the collector, causing the fibers to melt and form a film
instead of fibers [73].

Some external factors also affect the final diameter of the electrospun fibers by influencing the parameters raised above, such as
ambient temperature and humidity. At elevated temperatures, the solvent evaporates faster, preventing the extension of the jet and
resulting in an increase in the fiber diameter. On the other hand, an increase in temperature itself causes a decrease in both the surface
tension and viscosity of the solution, which reduces the size of the fibers. The optimal solution for fiber size can be achieved by
choosing the appropriate temperature. In one study, the effect of ambient temperature on the diameter of electrospun fibers of two
polymers, polyacrylonitrile (PAN) and polyvinylpyrrolidone (PVP), was separately investigated [59]. PAN was dissolved in dime-
thylacetamide (DMAc), and the optimum temperature was found to be 69 °C, with a minimum fiber diameter of 250 nm. For PVP in
ethanol, the optimum temperature was found to be 39 °C, with a corresponding fiber diameter of 415 nm (Fig. 2B) [59].

The effect of humidity on fiber diameter depends on the interaction between the solution and the surrounding water vapor. Like
temperature, the effect of humidity on the jet is multifaceted. On the one hand, at low relative humidity, the solvent evaporates faster,
resulting in an increased rate of solidification and thus generating larger fiber diameters (Fig. 2C) [60]. On the other hand, when the
relative humidity is too high, water condenses on the surface of the jet, causing the polymer to precipitate quickly, preventing polymer
extension and leading to larger diameters. Therefore, the ambient humidity also needs to be optimized.

In a word, the diameter of electrospun fibers is determined by a combination of factors, and these parameters interact with each
other to affect the behavior of the electrospinning jet, which in turn has an impact on the structures and properties of the resultant
fibers. Comprehensively adjusting the solution composition and properties and regulating various operating parameters can regulate
these parameters to a certain extent, thus realizing the control and optimization of the electrospinning process as well as the fiber
diameter.

In recent years, by continuously optimizing the parameters, researchers have attempted to produce very fine nanofibers. For
example, nanofibers with a diameter of about 20 nm have been constructed by introducing a cationic surfactant, dodecyl trimethy-
lammonium bromide, and optimizing the ambient humidity, which has been applied in air filters [25]. In addition, borrowing some
other external aids can also be used to construct ultrafine nanofibers, such as the aid of introducing an air stream. Airflow was initially
used for melt-blown production of fibers with diameters of a few micrometers. By introducing this technique appropriately, the size of
electro-discharged nanofibers can be drastically reduced. For example, poly(vinyl alcohol)/poly(3,4-ethylenedioxythiophene):
polystyrene sulfonic acid (PVA/PEDOT:PSS) composite ultrafine fibers were successfully prepared using a high-pressure airflow-
assisted electrospinning technique [74]. The average diameter of the nanofibers could be as low as 68 nm, which could be attributed to
the high air-induced shear and elongation stresses that reduced the solution viscosity.

Melt electrospinning. Unlike solution electrospinning, melt electrospinning does not need solvent [52]. The polymers used in melt
electrospinning typically have a melting temperature and do not decompose in the molten state, which is the fundamental requirement
of melt electrospinning [75]. At high temperatures, the polymer is melted into a liquid state and then ejected into fibers by mechanical
extrusion as well as by voltage. This makes thermoplastic polymers ideal candidates, such as polyurethane (PU), polycaprolactone
(PCL), polylactic acid (PLA), and polymethylmethacrylate (PMMA). In addition, polymers such as polyethylene (PE) and poly-
propylene (PP) are difficult to dissolve in solvents suitable for solution electrospinning. In addition, polymers such as polyethylene and
polypropylene are difficult to dissolve in solvents suitable for solution electrospinning. In such cases, this insoluble problem can be
avoided by electrospinning directly from the melt. The heating device also plays a key role in the process of melt electrospinning, and
by using electrically heated belts, circulating fluids, or even lasers, the proper temperature in the nozzle needs to be maintained to
ensure that the polymer remains in a molten state [76,77].

Melt electrospinning is suitable for high molecular weight polymers, where meltability and flowability are key to a successful
electrospinning process. Meanwhile, melt electrospinning allows the preparation of fibers with higher mechanical properties because
the molecular chains of polymers in the molten state can be better aligned. In this process, the choice of polymer, the design of the
heating device, the temperature control, and the adjustment of the processing parameters all affect the morphology, size, and prop-
erties of the final fibers to varying degrees. Typically, the fiber diameter depends mainly on the viscosity and the electrical conductivity
of the melt fluid as well as the processing parameters.

The viscosity of the molten fluid depends on a number of factors, including the nature of the polymer itself, the processing tem-
perature, and the applied voltage. The nature of the polymer, especially the molecular weight and chemical structure of the polymer,
affects the viscosity. The interaction forces between polymer molecules and the arrangement of the molecular chains affect the
mobility of the polymer molecules. Polymers with higher molecular weight typically have higher viscosities because longer molecular
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chains increase the intermolecular interaction forces. In addition, the chemical structure of the molecular chains, such as the degree of
branching and the location of the branches, also affects the mobility of the polymer and thus the viscosity of the fluid. It is also possible
to reduce the viscosity and thus the diameter by adding additives into the polymer melt that can reduce the viscosity. For example, a PP
fiber was successfully reduced in diameter from 35 + 8 pm to 840 + 190 nm by the addition of viscosity-reducing Irgatec additives
[78]. Temperature is another important factor that affects the viscosity of the molten fluid. Generally, as the temperature increases, the
thermal mobility of molecules is enhanced, the intermolecular interaction forces are weakened, and thus the viscosity of the fluid is
reduced. In melt electrospinning, the appropriate temperature can reduce the viscosity of the polymer and make it sufficiently
stretched for fiber formation. Ambient temperature also has a significant effect on fiber diameter and properties. When a melt jet is
ejected into a lower-temperature environment, the surface cools and solidifies rapidly, which can lead to faster fiber formation and
thus coarser fiber diameters. Therefore, increasing the ambient temperature may also reduce the fiber diameter.

There exists a specific trade-off between diameter control and scalability in the electrospinning process, particularly when
comparing solution electrospinning and melt electrospinning. While solution electrospinning offers superior diameter control, it is
more challenging to scale up due to the reliance on solvents and drying processes. Conversely, melt electrospinning is more scalable
and environmentally friendly, but it may sacrifice some degree of diameter precision, especially for certain high-viscosity or high-
melting-point materials. Balancing these factors requires careful selection of materials and optimization of processing conditions,
depending on the intended application and production scale.

The electrical conductivity of the polymer is another factor that affects the diameter of melt electrospinning. Similar to solution
electrospinning, generally the higher conductivity makes the smaller fiber diameter. By adding additives with electrical conductivity,
the fiber diameter can be effectively controlled. For example, the conductivity of linear low-density polyethylene (LLDPE) was
increased by adding Hostastat FA38, one commercial antistatic agent, resulting in the reduction of the fiber diameter from 48 + 3 pm
to 2 &+ 0.5 pm by a factor of about 20 (Fig. 2D) [61]. In another study, the electrical conductivity of PP melt was increased by adding
additives such as sodium oleate and sodium chloride, achieving an average fiber diameter of 310 nm [79].

The fiber diameter is also affected by the processing parameters, especially the temperature and the applied voltage. By analyzing
these key factors in depth, the mechanism of melt electrospinning can be better understood to provide guidance for achieving desired
fiber properties. These factors can be optimized in an integrated manner by combining various methods to obtain the smallest possible
melt electrospinning fiber diameter. For example, sodium stearate and Irgastat® P16 were used as additives to increase the electrical
conductivity of PP polymer melt, and at the same time, the process parameters could be optimized by optimizing the temperature of the
climatic chamber, using different collector voltages, and varying the nozzle collector distance [80]. Increasing the ambient temper-
ature to 100 °C reduced the fiber size of the PP to about 210 nm.

Compared with solution electrospinning, melt electrospinning makes it somewhat easier to control fiber diameter and morphology
due to the higher viscosity of the polymer itself in the molten state, reducing the effect of solvent volatilization from the solution. This
is also a double-edged sword, as mentioned earlier, too high viscosity will naturally increase the diameter of the electrospun fibers,
which is an important reason why it is difficult for melt electrospinning fibers to be as fine as solution electrospinning. In addition,
another difference is that melt electrospinning does not have a polar solvent and therefore has a low electrical conductivity, and the
jetting process also does not involve evaporation of the solvent, both of which can result in coarser fibers than those of solution
electrospinning.

Although the size of the fibers generated by melt electrospinning is coarser compared to solution electrospinning, the absence of
instability due to whipping makes the two-dimensional (2D), or even three-dimensional (3D) arrangement of 1D nanofibers more
precisely controllable, allowing the formation of a variety of desired spatial structures and thus special performance. In addition,
because of the absence of solvents, which are often polluting and require extensive post-treatment, melt electrospinning is naturally

Side-view

Top-view

Packing effect of nanofibers result in pore size decreases

Fig. 3. The increase of the thickness of the nanofiber membrane results in a decrease in pore size owing to the packing effect. Reproduced from ref.
[82] with permission from American Chemical Society, copyright 2019.
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Table 2
Representative materials used for preparing electrospun nanofibers.

Types Materials Solvent Parameter Diameter Ref.
(voltage/flow rate/
distance)

Synthetic polymers PCL Chloroform and DMF 15-18 kV 412-1460 nm [170]
0.5-1.5mLh~!
15 cm
DCM and DMF —4/16 kV ~100 nm [171]
Chloroform 20-22 kv 1215 pm [172]
0.6-0.7 mLh~!
20 cm
Acetic acid 16 kV ~1 pm [173]
0.5cmh?
15 cm
(TFE) 15 kv 980 + 300 nm [174]
2.5mLh™!
7.5 cm
HFIP 22-23 kV 560 + 28 nm [175]
0.3-0.42mLh~!
15 cm
PLA 15 kV 1200 + 230 nm [176]
HFIP 1 mL min~!
15 cm
Acetone and DMF 25-27 kV 200-500 nm [177]
0.5-1.2mLh™!
17 cm
Chloroform and DMF 50 kv 830-1347 nm [178]
18 cm
DCM and DMF 13 kv 550-730 nm [179]
1mLh!
15 cm
PLLA 17 kv 30-500 nm [180]
DCM and DMF 0.5mLh™!
10 cm
10 kv 2469 + 820 nm [181]
HFIP 0.8 mLh™!
22 cm
PGA HFIP 15-20 kv 1+ 0.37 pm [182]
8mLh!
PLGA Chloroform and DMF 16 kv 705 nm [183]
1mLh?
15 cm
HFIP 11-13 kv ~1069 nm [184]
25mLh™!
18 cm
PLCL 12 kv ~1 pm [185],
HFIP 1.2mLh?
10 cm
16 kv 908 + 68 nm [186]
0.2mLh™!
9 cm
DCM 25 kV 373 £ 127 nm [86]
1.5mLh?
15 cm
PU Acetone and DMF 10 kv ~1 pm [187]
0.1 mLh™!
10 cm
PEO Ethanol and H,0 11 kv 0.6-1.2 pm [188]
0.1,0.6,0.9mLh™"
10 cm
H>0 14 kv 450 + 72 nm [189]
1.0mLh™!
17 cm
PGS +15/-4 kv 468 + 166 nm [190]
HFIP 1.2mLh?
18.5 cm
PVA 18 kv 300-450 nm [191]
H,0 0.1-0.35 mL h™?
10 cm

(continued on next page)
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Types Materials

Solvent

Parameter
(voltage/flow rate/
distance)

Diameter Ref.

PET

PAN

PVDF

PVDF-HFP

PS

PES

PA

DMF

Trifluoroacetic acid and DCM

DMF

DMSO and acetone

DMAc and acetone

DMF and acetone

DMF

DMF and acetone

DMF

DMF and THF

DMF

DMAc and DMF

Ethanol

Formic acid

Formic acid and acetic acid

10

55 kv

0-2 15 minfT*!
25-@fi cm

20 kv
1mLh!

14 cm

19 kv

0.6 mLh!
15 cm
8.5-11 kv
0.6 mLh™!
S5cm

10 kv
0.7mLh™?
10 cm
1.8kV
1.5mLh?!

2 mm

-1.5 kV-18 kV
0.3mLh™! 0.5 mL
h 1

22 kV

0.5mLh!
15 cm
—2-13 kV
0.1 mms!
15 cm
15 kv

1mLh™!
16 cm
16 kv

0.6 mLh™!
15 cm

10 kV
5mLh7!

15 cm
14 kv

1mLh?
10 cm

12 kv
1.2mLh?
20 cm

21 kv
0.5~1mLh?
15 cm

20 kv

0.8 mLh™!
15 cm
35kV
3mLh!
20 cm

16 kv
0.5mLh™!
12 cm

30 kv
1mLh™!
20 cm

24 kv
0.15mLh™!
15 cm

200-860 nm [192]

[194]

195 nm

~1 pm [195]

800 nm [196]

1400-2000 nm [197]

~10 um [198]

0.5-1 ym [199]

0.5-1.4 ym [200]

225.16 nm [201]

300-400 nm [202]

187.4 nm [203]

~100 nm [204]

9.54 + 0.38 um [205]

0.22-3.5 pm [206]

760-1360 nm [207]

1120 nm [208]

700 nm [209]

155 nm [210]

298-350 nm [211]

81-297 nm [212]

(continued on next page)
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Table 2 (continued)

Types Materials Solvent Parameter Diameter Ref.
(voltage/flow rate/
distance)

PMMA 16-20 kV 300 £+ 50 nm [213]
DMF 1.2mLh?
12 cm
DMAc and acetone 13.5kV 180-300 nm [214]
0.8 mLh™*
15 cm
DMAc 17 kv 200 nm [215]
0.8 mLh™!
16 cm
PVP 18 kv [216]
Ethanol 0.2mLh? 200 nm
18 cm
TFE 15 kv 239-341 nm [217]
1-1.5mLh ™!
20 cm
DMF and THF 13 kv 0.2-1.3 pm [218]
30 uLh!
15 cm
21 kv [219]
DMF 0.008 mm s~ ! 2-5 pm
20 cm
PEG 21.5-22.5 kV [220]
H,0 0.6 mLh™! 1-2 pm
17 cm
PC Chloroform 18 kV [103]
1mLh? 5-10 pm
15 cm
Chloroform camphor sulfonic 25 kV [221]
acid PEO 1-1.5mLh~! 3.5-8 pm
20-26 cm
PANI 25 kv 213-901 nm [222]
HFIP/PES 0.5mLh™!
16 cm
PAA 23 kV 221-340 nm [223]
H,0 0.8 mLh™!
23 cm
PHEMA Trifluoroacetic acid 26 kv 298-977 nm [224]
1mLh™!
13 cm
Ethanol 25 kv 269.7-1025 nm [225]
3.8-80pL min !
15 cm
Types Materials Solvent Parameter Diameter Ref.
Natural materials HA PEO/DMEM 45 kv 120-348 nm [226]
H,0 0.8 mLh™*
12 cm
MeHA 15 kv [227]
H,0 0.02mLh? 74 nm
10 cm
PEO/Photoinitiator/H,O 18 kv 190 nm [228]
0.4mLh™!
26-27 kV 830 nm [229]
PS80/PEO/H,0 17.5 kv 125-305 nm [93]
2mLh!
17 cm
Sodipm alginate H,0, DMSO/H,0 DMSO/ [230]
DMF 20 kv 100-150 nm
10 uL min~!
15 cm
Dextran 20 kV 0.28-0.88 pm [231]
Acetic acid 1mLh!
20 cm
Chitin 12-17 kv [232]
8-10 cm ~200 nm
0.1-1mLh™!
HFIP 25 kV 30-700 nm [233]
Acetic acid/SDS 5cm

(continued on next page)
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Types

Materials

Solvent

Parameter
(voltage/flow rate/
distance)

Diameter

Ref.

Types
Inorganic materials

Chitosan

Starch

Gelatin

Collagen

Elastin

Silk fibroin

Poly(y-glutamic acid)

PHBV

PHB

Materials
HAuCl,

TiO,

Al,O3

Formic acid

DMSO

Formic acid

Acetic acid/H;0/sodipm

dodecyl sulfate

HCL

HFPmin-1imal essential
medium

HCL

Formic acid

Aqueous solution

Trifluoroacetic acid

Chloroform/butanol

Chloroform

Chloroform

Trifluoroacetyl

Chloroform/DMF

Solvent

Acetic acid

H,0
Ethanol, Acetic acid

H,0, Ethanol, Acetic acid

12

mLh™!

30 kV

15 cm

3/25 kv
0.60 mLh™!
20 cm

18 kv
0.5mLh™"
10 cm

20 kv
1mLh?
15 cm
15-18 kV
0.6-0.8 mLh™*
15 cm

17-21 kv
0.3mLh!

12 cm

10-25 kv
30-69uL min !
12 cm

22 kv
1.9mLh!
12.5 cm

22kV
1.8mLh?

10 cm

10-25 kv
30-69uL min !
12 cm

14 kv

20 cm
0.2-1.5mLh*
20 kv

18 cm
1mLh?

15 kv
1mLh™!

15 cm

10 kv
4mLh™!

15 cm

15-16 kv
0.5-1mLh™!
10-18 cm
15-25 kV
0.12-1.15mLh™?
15 cm

20 kv

2 mL min~!
10 cm

15 kv
0.7mLh™*
9 cm
Parameter
15 kv

0.4 mm min~
15 cm

15 kv
2.5mLh™?
15 cm

22 kv
6mLh!
30 cm

1

247.2 nm

73-95 nm

320-350 nm

635 + 198 nm

70-264 nm

297.6-565 nm

200 -500 nm

208 + 18 nm

~500 nm

200-500 nm

0.1-0.7 pm

370 + 3 nm

255 + 53 nm

2.2+ 0.2 pm

551 + 122 nm

814 £+ 91 nm

1.2+ 0.2 pm

1.28 £ 0.22 pm

Diameter

~250 nm
367 nm

2720-1180 nm

(continued on next page)

[234]

[235]

[236]

[92]

[237]

[238]

[239]

[240]

[241]

[239]

[242]

[243]

[244]

[245]

[246]

[247]

[248]

[249]

Ref.
[250]

[145]

[147]



C. Wang et al.

Table 2 (continued)

Progress in Materials Science 154 (2025) 101494

Types Materials Solvent Parameter Diameter Ref.
(voltage/flow rate/
distance)
ZrO, H,0, Ethanol, Oxalic Acid 30 kv [148]
2mLh! 500 nm
25 cm
SiOy H,0, Phosphoric acid 20 kv 642.3 + 185.4 [149]
1mLh! nm
10 cm
Types Materials Solvent Parameter Diameter Ref.
Supramolecular Hydrocortisone:HP-3-CYD = 0.5:1, 1:1, 11 kv [251]
materials 2:1 (the molar ratios) DMF 0.3 mm min ! 462 + 94 nm
THF 15 cm
Curcumin:CYD = 1:4 (the molar ratios) 15 kv 165-940 nm [252]
H,0 0.5mLh™*
15 cm
HP-p-CYD Distilled water 15 kv 505 + 160 nm [253]
Tap water 0.5mLh! 1660 + 275 nm
HP-y-CYD NaCl 15 cm
Types Materials Solvent Parameter Diameter Ref.
Small molecules Phospholipid 16 kv 976 + 206 nm [254]
H,0 1mLh!
15 cm
Ibuprofen, H>0 15 kv 210 £+ 55 nm [142]
HP-$-CYD 0.5mLh™!
15 cm
Ferulic acid, 15 kV 220-1355 nm [253]
CD H,0 0.5mLh™*
15 cm
Types Materials Solvent Parameter Diameter Ref.
Organic-Inorganic Ferric nitrate Acetic acid 15 kv 300-400 nm [165]
PAN H,0 0.3mLh!
15 cm
PAN 17 kv [255]
Fe,05 DMF 1mLh! ~650 nm
carbon nano-necklaces HCl 12 cm
Chitosan [256]
Cobalt ferrite nanoparticles TFA/DCM 15 kv
Titaniym oxide nanoparticles H,0 0.5mLh! 110 nm
12 cm
PAN Ethanol 24 kV 600 nm [257]
TeNWs 1mLh!
PAN DC, Dichloroethane, [258]
Bismuth nitrate pentahydrate Trichloromethane 15 kv
KCl 1mLh? ~0.5 pm
15 cm
PVP 25 kv [166]
Ni(NO3), H,0 2mLh! 600 nm
Co(NO3), 15 cm
TBT, PVP DMF 12 kv [259]
Branched TiO, 1.6mLh™" 800 nm
12 cm
Cs 15 kv 279.34- [260]
PVA DMF 0.5mLh™! 891.72 nm
ZnO NPs 7 cm
PVP 16 kv 270-290 nm [261]
SnCl, DMF 15uL min~?
13 cm
Organic-Inorganic PVA 40 kv [262]
Zirconipm-based MOF (UiO-66-NHs) DMF 1mLh! 250-300 nm
particles 10 cm
PVA 20 kv 290-400 nm [263]
Lithiym nitride DMF 0.5mLh!
10 cm
PVP 18 kv [264]
La(NO3)3-6H,0, DMF 0.6 mLh™! 200-400 nm
Fe(NO3)3-6H,0, 16 cm
Ni(NO3)3-9H,0

13

(continued on next page)
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Table 2 (continued)

Types Materials Solvent Parameter Diameter Ref.
(voltage/flow rate/
distance)
PVA 18 kv 439 + 103 nm [265]
Sodipm lignosulfonate H,0 0.6 mLh™!
15 cm
Polyvinylidene difluorideethylene, glycol 22 kv [266]
DMF 0.5mLh™" 150 nm
13 cm
TBT 18 kv 1.13-1.39 pm [267]
TEOS DMF 4.5/0.6mLh™"
PVP 15 cm
LiNOg [96]
La (NO3)3-6H20 15 kv
Tributyltin DMF 2mLh™! 500 nm
PVP/AICl3-6H,0 20 cm
Al,03
Acetic acid
PVP [268]
Mn(CH3CO0),-4H,0 17 kv
NaNO; DMF 15pL min ! 200 nm
Cu(NO3)2-3H,0 15 cm
Fe(NO3)3-9H,0
C4HgMnO4-4H,0 DMF/Ethanol (ethanol:water 15 kV [168]
C10H1405V =1:1) 0.5mLh™! 400 nm
PVP 15 cm
PS H,0/PVP solution 17 kv 800-1000 nm [169]
PAN 1mLh!
Co(Ac),-4H,0 15 cm
Ni(Ac)2-4H20
PAN Acetone and DMAc 16.5 kV 0.41-1.05 pm [269]
SnO, 0.62mLh™?
17 cm
PLLA HFIP/Formic acid 25 kv [270]
MWCNTs 0.8-1.2mLh~! 0.7 pm
20 cm
Types Materials Solvent Parameter Diameter Ref.
Organic-Organic CAB DMF 11 kv 468.88 + [271,272]
PEG Acetone 1.5mLh? 154.08 nm
12 cm
PVDF —2/20 kV 0.9 um [273]
PDMS DMF 1.1/0.44 mL h™?
18 cm
PMMA 18 kv ~800 nm [274]
PAN DMF 2mLh™!
12 cm
PCL Chloroform, Methyl alcohol/ 30 kv 8 ym [275]
PEG Chloroform 3mLh!
20 cm
PCL DCM and DMF 14-18 kV 500 nm [276]
1mLh™!
13 cm
nHA 12 kv 0.38 £ 0.08 pm [118]
TFE 0.3mLh™!
18 cm
PCL Acetic acid 20 kv 95 4+ 105 nm [277]1
cs 0.3mLh™!
Acetic acid, H,O 12.5cm
15 kv 0.1-0.2 [278]
10 pL min~! pm
PCL TFE and acetic acid 22 kV 228 + 95 nm [279]
p-cyclodextrin 7.5mLh™!
15 cm
PLLA 15 kv 0.15-3 [280]
Lecithin HFIP 2mLh™! pm
15 cm
PCL 10 kv 441.6 +£118.0 [281]
Gelatin HFIP 2mLh7! nm
13 cm

(continued on next page)
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Table 2 (continued)

Types Materials Solvent Parameter Diameter Ref.
(voltage/flow rate/
distance)

DMF and Chloroform 14 kV [160]
0.4mLh™! 372 nm
14 cm
DMF and THF 17 kv 1.42 £ 0.06 pm [282]
1.2mLh™!
8 cm
PVP 20 kv [283]
Lecithin THF/DMF 2mLh! 100 nm
30 cm
Types Materials Solvent Parameter Diameter Ref.
Inorganic-Inorganic SiOy DMF 18 kv ~250 nm [284]
Ag 0.05 mL min~*
33 cm

more environmentally friendly. Also, solution electrospinning typically uses about 5-30 % polymer, so the productivity is also
naturally lower than melt electrospinning. Currently, the bottleneck in the development of melt electrospinning, in addition to the
inability to produce very fine nanofibers, another limitation is high temperature. The polymers themselves can withstand high tem-
peratures without decomposition, but the functionalized small or large molecules expected to be loaded are often thermally unstable,
especially for biomedical applications, which severely limits further expansion of functionality. Therefore, solution and melt elec-
trospinning are complementary and indispensable, and the user has to consider all issues when choosing between them.

After continuous theoretical research and technological updates, the diameter of electrospun nanofibers can be controlled from a
few nanometers to several micrometers, but most of them are still a few hundred nanometers. Achieving finer fibers is still a major
challenge in the field of electrospinning. Already, some researchers have reported that the finest nanofibers can be as small as a few
nanometers. Although very fine nanofiber products have been obtained, controllability and scalability are still poor, and there may be
problems with overly complex electrospinning equipment and processes. Therefore, there is still a long way to go to achieve true
“nano” fibers. It is believed that through the tireless efforts of researchers, the precise and easy availability of ultrafine electrospun
nanofibers as well as their preparation in large quantities will soon be achieved.

2.2. Adjustable pore sizes of the non-woven network of electrospun nanofibers

The fundamental mechanism of electrospinning technique determines that the nanofibers are naturally deposited in a non-woven
network structure because of the randomly whipping instability. Consequently, the nanofibers normally interweave to form a highly
porous membrane. The pore size of the interweaved network mainly depends on the diameter of nanofibers and the thickness of the
membrane [81]. In general, the finer fibers and thicker membranes result in smaller pore sizes (Fig. 3) [82]. However, smaller fiber
diameters often correspond to weaker strengths. To achieve an electrospun fiber membrane with small pore size and sufficient
strength, researchers have proposed a dual-scale fiber strategy that combines two kinds of fibers with quite different diameters. In this
strategy, larger diameter fibers serve as the reinforcing framework, while smaller diameter fibers contribute to pore size reduction
[69]. In addition to the 2D porous membrane composed of nanofibers, these nanofibers can also be assembled into 3D porous blocks
through direct accumulating or indirect remodeling such as freeze-drying.

The 2D/3D porous structures endow nanofibers with numerous functional possibilities for various applications, including air
filtration, liquid separation, pollution adsorption, waterproof breathable textiles, electromagnetic wave absorbing or shielding, sound
absorption, battery separator, catalysis, tissue engineering, etc [83,84]. These applications are closely related to the pore size of the
nanofibers. One significant application that relies on pore size is filtration, where porous media with appropriate pore sizes separate
objects of different sizes. For instance, porous nanofiber membranes are crucial in air filtration, finding applications in masks, pro-
tective suits, air cleaners, air conditioners, and screen windows [81,85,86]. Owing to the small diameter, the nanofiber-based air
filtration products can achieve a better filtration effect with reduced material consumption, which is much superior to common melt-
blown fabrics. This advantage is particularly important in the background of COVID-19 pandemic [87]. Besides air filtration, the
porous electrospun nanofiber membranes are also competent in liquid separation for particulate filtration, oil/water separation, and
emulsion separation [71,88,89]. Except for these explicit filtration scenarios, some other applications of porous nanofiber membranes
can be regarded as implicit “filtration”. For example, electrospun nanofibers can be fabricated as waterproof breathable textiles, which
prohibit the penetration of continuous-phase bulk water while allowing the transport of water vapor (i.e., water molecules) [71,90].
The electrospun nanofiber membrane can also be used as battery separator, which prevents the electric conduction between anode and
cathode while allowing reverse ion transfer.

In addition to tangible substances, the porous feature of electrospun nanofibers membrane combined with specific functional
materials can be used for wave absorption such as electromagnetic wave absorbing/shielding or sound absorption. For example,
magnetic conductive nanofibers are good candidates for light weight electromagnetic wave absorbing/shielding due to their suitable
porous structure as well as tunable electromagnetic parameters, which is in favor of energy dissipation [91,92]. Furthermore, elec-
trospun nanofiber porous membranes or 3D foam/aerogel blocks are also well-suited for sound absorption because of their flexible
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Table 3
Preparation of nanofibers with different structures and their properties.
Structure Composition Preparation method Property Reference
Core-sheath nanofibers Gelatin and PLLCL/EGF coaxial electrospinning drug release [285]
PEO/Silk and collagen/Flurbiprofe antimicrobial [286]
PANi well blended P(LLA-CL)/PS/NGF support neurite outgrowth [287]
PCL/Gelatin/G. sylvestre extracts antimicrobial and antibiofilm [84]
PVDF/CNT monitoring respiratory [288]
Hollow nanofibers Carbon/Si coaxial electrospinning surface Li-ion battery anodes [289]
polymerization in-situ with high structural stability
magnesiothermic
reduction reaction
Titanium alkoxide/PVP/PEO coaxial electrospinning photocatalysis [290]
Sn/Sn0O,/Carbon electrospinning, PPy coating, and  high-rate and long-life lithium-ion [261]
annealing reduction batteries
ZnO electrospinning and calcination operating temperature and sensitivity [291]
method
PVP/PSN electrospinning high-performance electrode materials [292]
Porous nanofibers PCL/PAN/PVDF electrospinning high porous and surface areas [293]
biomass tar/PAN/silver nanoparticles antimicrobial [294]
PLA typical nonsolvent performance [295]
SA/PEG/PLA coaxial electrospinning drug release [296]
PCL gas-foaming technology and mimic the ECM [297]
electrospinning
Fibers decorated with PLA/Chitosan PLA/Chitosan/NFM electrospinning enhanced mineralization ability [178]
grooves or antibacterial and biocompatible
protrusions Carbon/SiO,/Sb excellent cycling stability and rate [298]
capability
PCL/PVP coaxial electrospinning promoting migration and growth of [217]
cells and neurons
TiOy/a-FeoO3 electrospinning/hydrothermal gas sensor [299]
PLLA electrospinning and femtosecond directing myoblasts behavior [300]
laser
Bead-on-string PLGA/Aspirin electrospinning drug release [301]
nanofiber PLA/BSA drug release [302]
PLGA/B-carotene electrospinning induced the early phase of [303]
osteogenesis
PCL-b-PAA promoting bone growth [304]
PLA/PCL resembling ECM [305]
PCL/Chitosan optimizing cell attachment, cell [306]
viability, metabolic activity
PLA air filtration [307]
filtration [308]
PCL rapid tissue endothelialization [156]
PCL electrospinning promoting cells migration [156]
promoting bone growth [309]
PHBV/HA/TiO, super-hydrophobicity improved [310]
mechanical properties and osteogenic
potential
Ribbon-like fibers Macro-hydroxyapatite/polyacrylate wet-spinning superior mechanical properties [311]
PAN needleless electrospinning good photodegradation performance [196]
and mechanical property
Gelatin electrospinning tunable fiber shape [312]
Nanofiber yarns PLGA, PU, PVDF-HFP, cellulose electrospinning highly stretchable engineered [313]
microtissue
PS controlling the solvent and relative [100]
humidity
PVB, CuO, V505 wastewater cleaning [314]
PLLA dual-nozzle electrospinning strengthened mechanical properties [315]
Cotton yarn, GO, PEI, AgNPs, PAN multi-needle conjugated antibacterial [316]
electrospinning device
3D bulk nanofibrous Gelatin, PLA electrospinning, freeze-drying excellent cytocompatibility and elastic ~ [317]
scaffold properties in the wet state
PCL gas-foaming technology and enhancing cathelicidin production [318]
electrospinning
PCL/PCS electrospinning and gas foaming excellent antibacterial ability, [319]
hemocompatibility and
biocompatibility
Nanofibrous PCL, gelatin, PLGA electrospinning and higher cell carrier efficiency [183]
microspheres and electrospraying
aerogels
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Table 3 (continued)

Structure Composition Preparation method Property Reference
PCL/PLGA/gelatin/methacrylated electrospinning faster cell infiltration and host tissue [320]
gelatin/bioglass/magneto-responsive integration
polymer composite
PAN/BIP/CNC electrospinning and low-frequency sound absorption [321]

homogenization
Cellulose acetate and PAN electrospinning flexible luminescence [322]
Nanofiber-elastomer PUU/EDS/POSS electrospinning guiding myotube orientation [323]
composites SBS high signal linearity and good [324]
reproducibility
ZE/EGDE wound monitoring [325]
PCEC/GelMA/PLGA melt electrowriting fused increasing mechanical strength [326]
deposition modeling techniques
Chitosan/hydrogel electrospinning enhancing nerve regeneration [327]
promoting vascular penetration
PU/ scaffold-reinforced sulfobetaine higher resistance to tensile fracture [328]
methacrylate hydrogels and original non-fouling properties

ideal blood compatibility
anticoagulation properties

PCL/gelatin/GelMA electrospray injectable [329]
Nanofiber- TiO, hydrothermal reaction hybrid solar cell [330]
microcapsule PDVF/PVA/MOF electrospinning selective recognition and separation of ~ [316]
composite atrazine
Bio-printed PCL electrospinning and 3D printing promoting chondrocyte adhesion and [331]
nanofibrous infiltration
scaffolds PLLA stable jet electrospinning promoting nerve tissue regeneration [332]
Gelatin/GelMA/alginate/pHA coaxial electrospinning and 3D promoting bone vascularization and [333]
bioprinting method regeneration
PCL/collagen/rGO melt electrowriting technology enhancing peripheral nerve [334]
regeneration

PLLCL, poly (L-lactic acid)-co-poly-(e-caprolactone); EGF, epidermal growth factor; PEO, polyethylene oxide; PANi, polyaniline; NGF, nerve growth
factor; P(LLA-CL), poly(L-lactic acid-co-e-caprolactone); PS, polystyrene; PCL, Poly-e-caprolactone; PVP, polyvinylpyrrolidone; PSN, poly-
ureasilazane; PBT, poly(butylene terephthalate); PLLA, poly(L-lactic acid); PLCL, poly(L-lactide-co-e-caprolactone); PAN, polyacrylonitrile; SA, sal-
icylic acid; PEG, poly (ethylene glycol); PLA, poly (lactic acid); PVDF, poly(vinylidene fluoride); PVA, poly(vinyl alcohol); PLGA, poly (lactic-co-
glycolic acid); PHBV, poly(3-hydroxybutyrate-co-3-hydroxyvalerate); PCL-b-PAA, polycaprolactone-polyacrylic acid.

fiber components and appropriate pore sizes relative to the wavelength of sound.

2.3. Large specific-surface-area of electrospun nanofibers

Electrospun nanofibers normally exhibit large specific-surface-area. Reducing the diameter of fibers is an effective method to
improve the specific surface area, but it is challenging to reduce fiber diameter to less than 100 nm, say nothing of less than 10 nm. It
means that it is quite limited to increase the specific surface area by simply making the fibers finer. Designing multi-structured fibers
with features such as porous or hollow structures is another strategy to increase specific surface area and related properties [93-96].
Using electrospinning and template method, grape-cluster-like titanium monoxide@carbon hollow fiber with a larger specific surface
area of 140.5 m? g~! was designed [97]. A facile single-nozzle electrospinning technique was applied to fabricate tube-in-tube
composite oxides (including CoMn04, NiC0204, CoFes04, NiMnyO4 and ZnMny04) [98]. Among them, the NiCo,04 tube-in-tube
fibers achieved an impressive specific surface area of 47.3 m? g’l, compared to 28.0 and 12.9 m? g’1 for the NiCo04 nanotubes
and solid 1D structures, respectively. To further increase the specific surface area, electrospun nanofibers can be combined with
mesoporous or microporous zeolites, metal-organic frameworks (MOFs), porous carbon, etc. For example, an electrode structure was
designed in atomically dispersed Co-N-C catalysts using electrospinning [99]. The Co-N-C electrospun nanofibers exhibited hierar-
chically microporous and a specific surface area of 825 m? g™, exposing more effectivity active sites and accelerating the mass/
proton/electron transport of the reactant. A cross-scale pore-forming strategy was applied to create intriguing sponge fiber molecular
sieves with hierarchical, tailorable, and molecularly defined nano-porosity by nanospace-confined chain-packing modulation at the
molecular level [100]. The resultant polymeric fiber molecular sieves exhibited the integrated properties of ultrahigh surface area
(860 m? g™ 1), large pore volume (0.6 cm® g~1), and excellent molecular sieving performance, which could be applied in acetophenone/
phenyl ethanol separation, hydrogen peroxide purification, ethyl acetate separation, and CO2 adsorption fields.

2.4. Wide range of material resources for electrospinning

Electrospinning has been successfully applied to a wide variety of materials, including single-component materials (i.e., synthetic
polymers, natural materials, small molecules, supramolecules, inorganic materials, and carbon materials) and composite/hybrid
materials (i.e., organic/organic blend, organic/inorganic hybrid, and inorganic/inorganic blend). By selecting different categories of
electrospinning raw materials, nanofibers’ structure, properties, and functionality can be tuned to target specific applications. In this
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Fig. 4. Scheme Schematic of four main methods to prepare hollow nanofibers [342]. Reproduced from ref. [342] with permission from Elsevier,
copyright 2017.

section, we provide a comprehensive overview of materials suitable for electrospinning, including various monomer and composite
compositions, as well as their characteristics and application scenarios.

2.4.1. Single-component materials

A variety of single-component materials can be used to fabricate electrospun nanofibers, including synthetic polymers, natural
materials, small molecules, supramolecules, inorganic materials, and carbon materials. Among them, synthetic polymers, natural
materials, inorganic materials and carbon materials are the most commonly used materials in electrospinning. In contrast, small
molecules and supramolecules have limited utilization.

Synthetic polymers. Hundreds of synthetic polymers with distinct mechanical, optical, and biological properties have been applied
for generating nanofibers by electrospinning, which have been applied in various fields. Based on the specific requirements, selecting
suitable synthetic polymers is the primary concern when constructing electrospun fibers. For example, PMMA is a promising building
block for photonic circuits and integration as a polymer waveguide in optical nanofibers. This material can suppress the light effect and
has excellent optical cavity function. This material can suppress the light effect and has excellent optical cavity function. The PMMA/
PVDF fiber is produced by coaxial electrospinning, and the smooth surface of the PMMA material is conducive to the smooth trans-
mission of light [101]. Polycarbonate (PC) offers excellent mechanical stability, hydrophobicity, and laser sensitivity. The surface
properties of PC fibers can be changed by controlling voltage and ambient humidity during electrospinning, which can enhance water
collection efficiency from fog [102]. In addition, laser irradiation technology can treat laser-sensitive PC fibers to form porous fibers for
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Fig. 5. (A) SEM image of PCL hollow fibers by co-electrospun PCL shell-PEO core fibers followed by removing the PEO core. Reproduced from ref.
[344] with permission from Wiley-VCH, copyright 2007. (B) SEM micrographs of the PVDF/PVA microtubules prepared at different core/shell feed
rates, 0.1/1.7, 0.3/1.7, 0.5/1.7, 0.8/1.7, and 1.5/1.7, respectively. Reproduced from ref. [345] with permission from Elsevier, copyright 2012. (C)
The photograph of the Taylor cone during co-axial electrospinning when the inner needle was directly injected with air and the SEM micrograph of
the formed electrospun hollow fibers. Reproduced from ref. [346] with permission from Royal Society of Chemistry, copyright 2015. (D) Schematic
illustration of the co-axial electrospinning setup and the SEM micrograph of the formed electrospun nanofibers with a core/sheath structure.
Reproduced from ref. [37] with permission from American Chemical Society, copyright 2004. (E) SEM micrographs of the calcined TiO, nanofibers
and the fiber structure collapsed partly. Reproduced from ref. [347] with permission from Elsevier, copyright 2013.

the adsorption of volatile organic compound gases in the air [103].

A large class of synthetic polymers with biocompatibility have been electrospun into nanofibers for biomedical applications, such
as PCL [104-107], PLA [108-111], polyglycolic acid (PGA) [112], poly(lactic-co-glycolic acid) (PLGA) [112-114], polyethylene oxide
(PEO) [115], and polyvinyl alcohol (PVA) [116,117]. PVP, soluble in water and most organic solvents, has excellent solubility and
physiological compatibility. Electrospun drug-loaded PVP nanofibers, owing to their hydrophilic properties, could facilitate the rapid
wetting of the drug, promoting rapid release [118]. These nanofibers possess the suitable mechanical strength to withstand physio-
logical loads while maintaining structural integrity. Furthermore, the nanofibers can mimic the components and structure of natural
tissue extracellular matrix (ECM) due to their appropriate porosity and pore size, providing a suitable microenvironment for cell
adhesion, migration, and proliferation. Notably, the degradation rate can be controlled, allowing for gradual absorption and
replacement by newly formed tissue. Therefore, these polymers are extensively investigated as potential candidates for biomedical
scaffold applications.

There are also polymers with multiple functions and properties that can be used in different applications. Polystyrene (PS) has good
biocompatibility and hydrophobicity. The electrospun PS nanofibrous matrix could provide cells with a fibrous, topographically
altered microenvironment, which activated internal related biochemical signals [119]. In addition, when the pore size of the elec-
trospun PS membrane was adjusted to the correct size, vacuum aspiration could filter all the cells in the blood in a few seconds without
causing mechanical damage [90]. Polyethersulfone (PES) has excellent heat resistance, corrosion resistance, physical and mechanical
properties, insulation properties, etc. Therefore, it has been applied to adsorb free bilirubin from blood for the treatment of hyper-
cholinemia [120] and as an efficient adsorbent for water pollution control [121]. Polyamide (PA) encompasses various materials, with
PA-6 being the most commonly used for electrospinning. PA-6 exhibits a unique structure that enhances its solubility in common
solvents. Electrospun PA nanofibers possess surface hydrophilicity, excellent mechanical strength, toughness, and remarkable
biocompatibility [122]. Piezoelectric polymer nanofibers are commonly made into flexible sensors and are widely used in fields such as
biomedical engineering [123], electronic skin [124], environmental monitoring [125], and sports equipment [126]. PVDF is a well-
known piezoelectric polymer with excellent pyroelectricity, piezoelectricity, and high dielectric constants. Electrospun PVDF nano-
fiber membranes have higher piezoelectric outputs and mechanical properties by hot stretching [127].

Natural materials. Without chemical modification, natural materials are usually derived from plants, animals, and microorgan-
isms. The most commonly used natural materials for generating electrospun nanofibers mainly include hyaluronic acid (HA), alginate,
B-chitin [128], starch [129], silk fibroin [130], chitosan [131], collagen [132], gelatin [133] and so on. The rigidity, viscosity, surface
tension, and conductivity of natural material solutions often result in poor spinnability, so special treatment processes or the addition
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Fig. 6. (A) Optical image of a PMMA/PAN emulsion in DMF. (B) SEM image of core-sheath PMMA/PAN fibers after heat treatment. Reproduced
from ref. [350] with permission from American Chemical Society, copyright 2007. (C) Schematic of gradient electrospinning and controlled py-
rolysis method for the preparation of hollow nanofiber. TEM images of (D) LiV30g and (E) MnO, hollow nanofibers fabricated by the gradient
electrospinning method. Reproduced from ref. [49] with permission from Springer Nature, copyright 2015.

of carrier polymers, as well as salt ions, etc., are usually required during electrospinning. A typical example is that the modification of
HA is conducive to electrospinning due to its high viscosity properties, which allows for smooth processing. This modification has been
widely applied in various fields of tissue engineering, such as drug delivery and tissue engineering scaffolds, due to its unique
rheological properties and biocompatibility [134,135]. Silk fibroin, a protein-based material derived from silkworm cocoons, garners
attention for its natural accessibility, physicochemical properties, biocompatibility, and adaptability. It is regarded as a promising
material for developing a more sustainable generation of devices. A study successfully demonstrated the electrospinning of conductive
polymers in the form of blended polypyrrole (PPy) with natural biomaterials, and the prepared PPy-encapsulated silk fibroin fiber
membrane was employed as an electroactive scaffold in myocardial tissue engineering, where it served to enhance the structural
integrity and electrical conductivity of the myocardial tissues and to impart the desired viscoelastic properties [136].

Small molecules. Compared to synthetic polymers, small molecules have difficulty in generating sufficient chain entanglement, and
therefore, fewer small molecule materials are available for electrospinning. Adequate interaction between small molecules is an
essential factor [137], and supramolecular assembly occurs through strong noncovalent bonding interactions between molecules,
which can guarantee the preparation of their highly concentrated solutions or pure melts for producing nanofibers.

The reported electrospun nanofibers based on small molecules mainly consist of amphiphilic compounds and cyclodextrins.
Phospholipids are amphiphilic molecules with strong self-assembly ability. As the concentration of phospholipids increases, they will
first be assembled into spherical micelles and then further assembled into cylindrical micelles. The cylindrical micelles can be directly
intertwined with each other in a polymer-like chain entanglement, realizing the electrospinning of phospholipid small molecules. Due
to the natural ability of micelles to encapsulate hydrophobic small-molecule drugs, electrospun phospholipid fibrous membranes have
been used in drug-carrying and releasing systems [138]. Cyclodextrin is a series of cyclic oligosaccharides produced by amylose under
the action of cyclodextrin glucose transferase, and supramolecular assembly can occur with strong hydrogen bonding between mol-
ecules. However, the low solubility of cyclodextrins limits their application in electrospinning. Increasing its hydrophilicity through
chemical modification can create high-concentration aggregate solutions to prepare electrospun fibers. With the increase of solution
concentration or viscosity, electrospinning will change the morphology from beaded to non-beaded fiber [139]. Furthermore, cy-
clodextrins can form molecular inclusion complexes with organic/inorganic substances, improving the solubility of certain substances
that are not readily soluble in water, so cyclodextrins are commonly used in drug delivery and antibacterial activities, and the
introduction of electrospinning technology can further control the release of drugs [140,141]. In one study, by utilizing the water
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solubility and certain relative hygroscopicity of hydroxypropyl-p-cyclodextrin, cyclodextrin/ibuprofen inclusion nanofibers were
prepared, which could significantly improve the water solubility of ibuprofen and achieve its controlled loading and release [142].

Inorganic materials. Inorganic materials for electrospinning include metals, oxides, and their derivatives, which can produce
superior products in lighting, electronic displays, solar cells, and energy storage. Harnessing the fundamental properties of inorganic
materials, these nanofibers are especially suitable for acid, alkali, corrosive, and other serious occasions. However, inorganic materials
are difficult to dissolve in various solutions, so nanofibers composed of inorganic materials are often formed by electrospinning their
precursors and then performing subsequent reactions.

For example, it is considered an effective method for solving the non-spinning of inorganic materials by electrospinning of colloids
with a specific viscosity, obtained through the sol-gel method by hydrolyzing, condensing, and aging inorganic metal alkoxides or
metal salts [143]. During electrospinning, the spinning nozzle emits a charged jet and undergoes hydrolysis so that precursor inorganic
nanofibers can be deposited on the substrate [144]. A variety of inorganic nanofibers have been successfully prepared using this sol-gel
method, including TiO; [145,146], Aly03 [1471, ZrOy [148], and SiO5 [149-151]. However, fast hydrolysis rates tend to produce
branched gel networks of monomers unsuitable for electrospinning. Meanwhile, too-slow condensation rates are not conducive to
obtaining linear molecular chains with high degrees of polymerization, resulting in low entanglement between molecular chains and
insufficient viscosity for electrospinning [152,153]. Therefore, the reactivity (hydrolysis rate) and degree of cross-linking (viscosity)
between colloidal particles are critical factors in determining whether inorganic nanofibers can be produced. Fibers prepared by direct
electrospinning of inorganic sols are usually hundreds of nanometers in diameter and poorly monodisperse. Additionally, it is difficult
to accurately control the rheological properties of the sol, limiting the ability to control fiber size and uniformity. One method is to
increase the viscosity of the precursor sol by introducing polymers with high molecular weight and significant degrees of chain
entanglement as carriers in the sol-gel precursor [154]. After electrospinning a solution containing both the polymer and metal oxide
precursor into a fine jet, the metal alcohol salt hydrolyzes and forms a continuous gel network within the polymer matrix. Subse-
quently, high-temperature calcination treatment evaporates the solvent and degrades the polymer, resulting in homogeneous, stable,
smaller-diameter inorganic nanofibers [155].

2.4.2. Composite materials
Composite nanofibers are composed of at least two materials. Generally, composites can be categorized into three groups: organic-
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Fig. 8. (A) TEM images of the macroporous CNFs obtained by etching SiO,/Sb@CNF composites with an aqueous HF solution. Reproduced from ref.
[298] with permission from American Chemical Society, copyright 2018. (B) SEM image of the porous bead-on-string PLA membrane. Reproduced
from ref. [376] with permission from Elsevier, copyright 2023. (C) SEM image of nanoribbons obtained by electrospinning from aqueous solution of
SELP47K [377]. Reproduced from ref. [377] with permission from Elsevier, copyright 2009. (D) SEM images of shish-kebab string structure on PCL
fibers. Reproduced from ref. [156] with permission from American Chemical Society, copyright 2020.

organic, organic-inorganic, and inorganic-inorganic composites. Composite nanofibers can acquire new functions and enhance the
original functions by utilizing the properties of different materials.

Organic-organic. Various organic materials incorporated into a composite nanofiber have been classified as mixing natural ma-
terials with synthetic polymers, mixing multiple natural materials, mixing various synthetic polymers, mixing polymers with organic
small molecules, etc [156-158]. When different organic materials are used to construct composite electrospun nanofibers, the basic
principle is to realize the complementary advantages of the respective components. In addition, organic-organic electrospun composite
fibers can be obtained by introducing small organic molecules. The non-spinnable small molecules can be co-electrospun to provide
additional functionality to the fibers or to improve the overall performance of the fibers. For example, distearoyl
phosphatidylethanolamine-phospholipid layer-supported copolymerized PLGA electrospun fibers were tethered to CD11b/CD68
subpopulations screened in the immune milieu after tendon injury to counteract tissue damage [159]. Bioactive small molecules are
also commonly used in electrospinning. Notably, some biotechnologies have also been introduced in combination with co-spinning
systems, e.g., electrospinning was combined with molecular blotting to produce different PCL/proteins (gelatin, collagen, and
elastin) scaffolds [160].

Organic-inorganic. Organic and inorganic materials are two materials with vastly different properties. The rational composition of
organic-inorganic materials can integrate the characteristics of the two materials and complement both advantages, providing new
properties for developing and applying materials. Inorganic materials generally provide various functions, such as catalysis, piezo-
electricity, etc., while organic materials act as immobilization matrix, supporting and providing specific topologies [153]. Therefore,
electrospinning organic polymers into nanofiber membranes followed by adsorption of inorganic nanoparticles on the membranes are
reasonable methods of generating electrospun fibers made of organic-inorganic materials [161]. For example, CuO,, PVA, and PCL
composite nanofiber membrane was fabricated by electrospinning to promote the healing of diabetic wounds [162].

Inorganic-inorganic. Inorganic-inorganic nanofibers integrate the advantages of two or more materials, significantly increasing
their value for various applications. One way to prepare high-quality inorganic-inorganic nanocomposite structures is by combining
the sol-gel method with electrospinning. In a typical procedure, In,03/SnO5 heterojunction nanostructures could be prepared using a
simple sol-gel electrospinning approach [163]. The slight blue-shift of the absorption peak of InpO3/SnO; compared to InyOs
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nanofibers increased the energy band gap value, effectively improving the photocatalytic performance for pollutant degradation
applications. In another study, porous SnO,-CuO hollow nanofibers were fabricated using a two-step process involving single-needle
electrospinning and heat treatment [164]. The SnO2-CuO nanotubes had 15 nm-thick walls, and CuO nanoparticles were uniformly
distributed in the tubular SnO; structure through the heat treatment process at 600 °C because of the Kirkendall effect. The hollow
structure of the nanofiber and the p-n junction between SnO; and CuO nanoparticles endowed the SnO5-CuO nanotube sensor with
excellent sensing performance for H,S gas. Another way to form inorganic-inorganic nanofibers is to post-treat the nanofibers, such as

D/s

Ceep Layer

Fig. 9. (A) SEM image of the aligned PLGA nanofiber array. Reproduced from ref. [393] with permission from Springer, copyright 2019. (B)
Morphology characterization of CS-PLA/PCL membranes. Reproduced from ref. [394] with permission from American Chemical Society, copyright
2017. (C) iSEM images of the hierarchical helix nanofiber yarn. Reproduced from ref. [313] with permission from National Academy of Sciences,
copyright 2019. (D) SEM image showing the cross-section of cylinder-shaped nanofiber scaffolds with 0.25 mm thick. Reproduced from ref. [297]
with permission from American Institute of Physics, copyright 2020. (E) SEM images of 3D scaffolds cross-linked with hyaluronic acid (HA).
Reproduced from ref. [395] with permission from American Chemical Society, copyright 2016. (F) SEM images of NMs composed of PCL:gelatin:
GelMA (1:0.5:0.5) nanofiber segments. Reproduced from ref. [329] with permission from Future Medicine, copyright 2019. (G) SEM images of the
PEBA/PVA and PVA electrospun fiber mat, and the shape memory behavior of a PEBA/PVA composite film. Reproduced from ref. [396] with
permission from American Chemical Society, copyright 2016. (H) SEM images of the fibrous networks prepared for the S (0°-30° orientation, 100
pm spacing), D (0°-90° orientation, 200 pm spacing) and B (0°-90° orientation, 600 pm spacing) layers. Reproduced from ref. [326] with
permission from Elsevier, copyright 2021.
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Fig. 10. Electrospun nanofibrous membranes for water filtration and desalination include pressure-driven filtration membranes based on micro-
filtration (MF), ultrafiltration (UF), nanofiltration (NF), reverse osmosis (RO), and forward osmosis (FO), and thermal-driven filtration membranes.

calcination, where the organic material component is carbonized to form carbon fibers. This is the most common and simplest method
widely used in batteries, water separation, catalysis, etc. For example, a flexible FeyOy/nitrogen-doped carbon membrane was prepared
by electrospinning and high-temperature carbonization using iron-based metal organogel as raw material [165].

Combining the two inorganic materials can lead to a unique topological structure, which can also provide new ideas for water
separation [166]. A simple electrospinning-pyrolysis method was reported, which directly fixed uniform Ni3Co nanoparticles into a
hierarchical branched structure composed of nitrogen-doped carbon nanotubes grafted with carbon nanofibers (CNF) formed in-situ
[167]. The elaborate construction of this hybrid hierarchical structure could effectively adjust the electronic structure and expand the
exposure of the active center, promoting electron transfer and mass diffusion. In another study, through co-electrospinning and
subsequent nitriding treatment, MnO nanoparticles with tailor-made structures were attached to the surface of vanadium nitride/CNF
with good microwave absorption capacity [168]. Through electrospinning, phosphating, and carbonization steps, highly dispersed
nickel cobalt oxide phosphorus nanoparticles were immobilized in multi-channel hollow carbon fibers [169].

To date, electrospun nanofibers have been derived from a wide range of materials. Table 2 lists representative materials used for
electrospinning, along with their spinning parameters and the resulting fiber dimensions. The precise preparation of functional
electrospun nanofibers tailored for specific applications is a key direction for future development.

2.5. Structure variation of electrospun nanofibers

2.5.1. Diverse structures of electrospun nanofibers
Electrospun nanofibers hold high surface area-to-volume ratio, porosity, and varied topological morphology. Due to the versatility

of different electrospinning techniques, a wide range of secondary structures can be formed on individual fibers. These varieties can
involve core-sheath fibers, hollow fibers, porous fibers, fibers decorated with grooves or protrusions, bead-on-string fibers, nanorod-
on-nanofiber hierarchical structures, ribbon-like fibers, shish-kebab fibers, etc. The different structures of nanofibers and their
properties are shown in Table 3.

Core-sheath nanofibers. Core-sheath nanofibers are mainly composed of an internal core and an external sheath component, and
coaxial electrospinning technology is a versatile and effective strategy for preparing this structure [84]. The working mechanism and
setup of coaxial electrospinning are consistent with conventional electrospinning [335], with only modification made to the nozzle, in
which a smaller hollow needle is placed concentrically inside an outer hollow needle to obtain a coaxial setup. The outer needle is filled
with sheath solution, while the inner needle is filled with core solution. Simultaneous pumping of the core and sheath solutions
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of electrospinning/netting process. Reproduced from ref. [483] with permission from Elsevier, copyright 2019. (D) Porous structure generated by
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from Elsevier, copyright 2018. (F) The electrospun multilevel TPU/PS/PA-6 composite membrane on nonwoven substrate. Reproduced from ref.
[204] with permission from Elsevier, copyright 2021. (G) The four types of electrified charges within PVDF/polytetrafluoroethylene (PTFE)
membranes. Reproduced from ref. [486] with permission from American Chemical Society, copyright 2016. (H) Filtration mechanism and per-
formance of the PI filter with rotating TENG. Reproduced from ref. [487] with permission from American Chemical Society, copyright 2017.

produces a core-sheath droplet at the nozzle. As with single-fluid electrospinning, the core-sheath droplet is elongated and stretched to
form a Taylor cone under the action of the electric field. This is followed by the formation of a coaxial jet [336] and deposition on a
substrate to form electrospun nanofibers with core-sheath structures [337]. The core component is surrounded by the sheath structure,
allowing a different polymer to act as a protective sheath over the solid core of another polymer. This generates a variety of modified
properties while maintaining the main fiber properties. For example, nanofiber membranes with lauric acid as the core layer and PS as
the sheath layer were prepared to obtain a core-sheath structure with energy-dense and form-stable lauric acid PS core-sheath
nanofibers, which have great potential for various thermal energy storage applications, such as building insulation, smart textiles,
and electronic cooling systems, providing efficient temperature regulation and energy conservation [338]. Core-sheath nanofibers
have also been identified as an effective strategy for achieving sustained drug release by encapsulating drugs, proteins, and cells within
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a “core” layer for targeted or sustained release [337]. Coaxial electrospinning can also be combined with centrifugal spinning, which
can prepare core-sheath nanofibers in large quantities at low cost and in a stable manner, solving problems such as nozzle clogging,
high cost, and insufficient yield in traditional coaxial electrospinning [339]. It also enhances the possibility of processing dopants from
high-viscosity spinning into composite nanofibers.

Hollow nanofibers. Hollow nanofibers are structurally removing the core from core-sheath fibers. Compared to ordinary fibers, the
advantages of hollow nanofibers are mainly reflected in the following aspects: (i) the hollow structure endows the fibers with a larger
specific surface area, increasing the possibility of subsequent engineering; (ii) the fibers have a large accessible active area, porosity,
and sensitivity; (iii) the fibers possess a greater depth of space charge modulation, higher electron transport performance, and shorter
ionic or electronic diffusion length. Nanostructures with hollow interiors are increasingly gaining attention due to their wide appli-
cations, including drug delivery, gas storage, sensing, energy conversion, and environmental protection [340,341]. As shown in Fig. 4,
the construction of hollow nanofibers consists of four main methods: coaxial electrospinning, emulsion electrospinning, heating
process, and hard templates [342,343].

As with core-sheath structures, coaxial electrospinning is one of the most common and simplest methods for preparing hollow
nanofibers. After preparing the core-sheath fibers, hollow nanofibers can be easily obtained by removing the core layer. The different
methods of removing the core layer structure can be categorized into one-step and two-step coaxial electrospinning methods. The one-
step coaxial electrospinning method means that the desired hollow nanofibers can be obtained directly after co-axial electrospinning.
In a typical example, PCL was used as the sheath layer and PEO as the core layer to obtain nanofibers with a hollow structure by coaxial
electrospinning (Fig. 5A) [344]. The outer surface of the PCL shell experienced a dry spinning process due to exposure to the sur-
rounding air, so diffusion and volatilization of solvent dominated the solidification and morphology of the outer surface. With strong
infiltration of the sheath by PEO in core fluid, effective deposition of polymer resulted in the formation of nanofibers with hollow
structures. Key factors in this process are the highly volatile nature of the core-sheath precursor solution and the sufficient wettability
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of the core polymer. In another study, two incompatible polymer solutions (PVDF and PVA) were used as core and sheath fluids,
respectively [345]. During the electrospinning process, the solvent of the PVDF solution evaporated to form a sheath, and subse-
quently, PVA was deposited on the inner surface of the sheath layer to obtain hollow nanofibers. The diameter and wall thickness of the
hollow nanofibers can be controlled by adjusting the flow rate of the polymer solution. With the increase of core fluid feed rate, the
outer diameter of the fiber significantly increased (Fig. 5B). In addition, the inner needle of coaxial electrospinning can be directly
injected with air to realize the construction of a one-step hollow structure (Fig. 5C) [346]. As the gas flow rate of the inner needle
increases, the inner diameter of prepared hollow fibers also increases accordingly. However, the gas flow rate cannot be increased
indefinitely because the viscosity of the solution will not be able to withstand the air tension required to maintain the Taylor cone,
resulting in an interruption of the electrospinning process.

The generation of hollow nanofibers by two-step coaxial electrospinning consists of (i) preparation of nanofibers with a core-sheath
structure by the electrospinning process and (ii) removal of the core material by calcination, solvent extraction, or washing to obtain
nanofibers with a hollow structure [343]. In an example, nanofibers with a core-sheath structure were prepared by injecting heavy
mineral oil and an ethanol solution comprising PVP/Ti(OiPr), into the inner and outer layers of a coaxial electrospinning needle,
respectively. Uniform hollow tubular nanofibers could be obtained by octane extraction or high-temperature calcination (Fig. 5D)
[37]. A similar method has been used to obtain two kinds of hollow TiO5 nanofibers with different morphological characteristics after

» ¢ 3D Nanofibers =
‘.. \‘\4 Scaffold o
~
%
[
Electrospun Mat Cranial Defect
B C 4 Week 8 Week
50 3 - oW B B
0 PLAYGEL ) — i3 g
T «o|mmiracerer £ .. coL1 S
E' . E 14 - |
S“ 30 g2 =~
Eax &
E E 06
10 [}
3 2
¢ 14 days %
Time (days) = |
-9
J :
¢ ‘| RUNX2 | 5 =
£ ) g
=3 =3
g E &
£ 21 : £ =
H =)
£ -]
| =
2 | E %
= oy oy o
Mgy, e %
E

Fig. 13. Three-dimensional electrospun nanofibrous scaffolds displaying bone morphogenetic protein-2-derived peptides promote stem cell oste-
ogenic differentiation and bone regeneration. (A) Schematic of 3D nanofibrous scaffold preparation and application. (B) ALP activities and relative
gene expressions of COL I, RUNX-2, and OCN of BMSCs cultured on different scaffolds for 7 and 14 days. (C) Micro-CT images of rat cranial bone
defects (diameter = 6 mm) repaired by different scaffolds 4 and 8 weeks after surgery. Reproduced from ref. [662] with permission from Elsevier,
copyright 2019.
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coaxial electrospinning and high-temperature calcination treatments using titanosol and titanium precursor as shell materials,
respectively [347]. The nanofibers would shrink along the fiber axis between the fiber junctions during the calcination process,
resulting in cracks around the fiber junctions, which would manifest as local collapse of the hollow fiber walls (Fig. 5E). In addition, the
diameter of the prepared hollow fibers can be up to several micrometers, and the thickness of the shell layer can be controlled from tens
of nanometers to several micrometers [348]. Although coaxial electrospinning has been used as a promising technique to produce
hollow nanofibers, there are still several limitations. The initial sheath layer must be strong enough to maintain the hollow structure,
otherwise, the resulting hollow nanofibers will be prone to collapse. The core material in the core-sheath structured fibers needs to be
removed quickly and efficiently. The miscibility of the solutions used, relative viscosity, and interfacial tension largely limit its

versatility as a hollow nanofiber preparation process [349].
Hollow nanofibers can also be obtained by removing the core material of core-sheath nanofibers generated by emulsion
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permission from Elsevier, copyright 2022.

electrospinning by inducing phase separation of two different polymer solutions. A typical example is the preparation of hollow
nanofibers based on immiscible PAN and PMMA [350]. First, PMMA and PAN were dissolved in DMF to form a metastable emulsion
consisting of PMMA/DMF solution with an emulsion size of 100-200 pm, which was encapsulated by PAN/DMF solution (Fig. 6A). The
PAN/DMF solution had better stretchability compared to the PMMA/DMF solution and could be drawn into the PAN/DMF jet. Under
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Fig. 16. Regulation of material properties by electrospun nanofibers. (A) Schematic illustration for the synthesis of ceramic nanowire-filled
polymer-based composite electrolytes, and the possible Li-ion conduction pathway in nanowire-filled and nanoparticle-filled composite electro-
lytes, and (B) Arrhenius plots of the composite electrolytes with various LLTO nanowire concentrations. Reproduced from ref. [764] with permission
from American Chemical Society, copyright 2015. (C) Schematic illustration of the Li-ion conduction pathways in composite polymer electrolytes
with random nanowires and aligned nanowires, respectively. Reproduced from ref. [765] with permission from Springer Nature, copyright 2017. (D,
E) Schematic of the hybrid solid-state composite electrolyte and its Arrhenius plot at elevated temperatures (from 20 °C to 90 °C and record every
10 °C increase). Reproduced from ref. [766] with permission from National Academy of Sciences, copyright 2016.
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the action of the electric field, the emulsion formed a core-sheath jet and ejected out from the Taylor cone to form a core-sheath
nanofiber with a diameter between 0.5-5 pm and a wall thickness between 200 nm and 1 pm (Fig. 6B). Therefore, the sheath of
the electrospun fiber consisted of PAN. Subsequently, the PMMA core was removed by heat treatment at 750 °C under a nitrogen
atmosphere to obtain hollow PAN nanofibers. Porous and multi-channel nanofibers can also be obtained by replacing the core polymer
in the emulsion [351]. In addition, PAN/cellulose acetate [352], PAN/PEQ, etc [352,353]., can be prepared by this method to obtain
hollow nanofibers. In another study, gradient electrospinning was applied to prepare hollow nanofibers [49]. The key to the method
was the use of low/medium/high molecular weight PVA (Fig. 6C), which could be evenly distributed into three layers in a gradient
form under the action of electrostatic force. During heat treatment, the internal low-molecular-weight PVA first underwent pyrolysis
and shrinkage and moved to the boundary of low-molecular-weight/medium-molecular-weight PVA, resulting in expansion of the
inner diameter of the nanotubes and initial formation of a hollow structure. As heat treatment deepens, PVA with medium molecular
weight and high molecular weight also underwent pyrolysis and shrinkage in the same way. Finally, with the depletion of organic
components, inorganic materials accumulated, resulting in inorganic nanofibers with hollow structures. At the same time, this
approach has been extended to various inorganic multi-element oxides, binary metal oxides, and single metal oxides such as LiV30g
(Fig. 6D) and MnO,, (Fig. 6E) [49].

Another method to generate the hollow structures is heating polymer-based composite nanofibers containing inorganic precursors
under different gas atmospheres. The principle of preparation is that as the temperature increases, the inorganic salts in the polymer
migrate from the interior of the fiber to the surface due to the salt concentration gradient. The carrier polymer is carbonized and
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Fig. 17. Biomimetic structure design of electrospun nanofibers (A) TEM image of hollow particle-based nitrogen-doped carbon nanofibers sample.
(B) N, adsorption/desorption isotherms and the corresponding pore-size-distribution curve of HPCNFs-N. Reproduced from ref. [770] with
permission from Royal Society of Chemistry, copyright 2017. (C) TEM images of bamboo-like carbon nanofibers. (D) Cyclic stability of a carbon
electrode at a current density of 10 A g~*. (E) CV curves and capacitance retention of the all-solid-state supercapacitor tested at 100 mV s+ under
different mechanical deformation conditions: (1) 0°, (2) 90°, twisted by (3) 90° and (4) 180°. Reproduced from ref. [357] with permission from
American Chemical Society, copyright 2015. (F, G) Co4N/CNF membrane with different magnifications. (H) Cycling performance of CosN/CNF
electrode, corresponding charge/discharge profiles. Reproduced from ref. [779] with permission from American Chemical Society, copyright 2017.
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decomposed, and the inorganic salts on the surface are oxidized to form corresponding oxides and hybrids and finally nanofibers with a
hollow structure are formed. In a typical example, Fe;O3 hollow nanofibers were prepared by simply calcining PVP/Fe(NO3)s com-
posite fibers under certain temperature conditions [354]. The key factors were the rigidity of the surface gel layer and the decom-
position rate of PVP. The former could be adjusted by changing the addition amount of Fe(NO3)3 and PVP, while the latter could be
adjusted by changing the heating rate. In another study, hollow TiO5 nanofibers were prepared by coaxial electrospinning method and
heat treatment [347]. In addition, nanofibers with a unique tube-in-tube structure can also be obtained by properly adjusting the
heating rate during the heat treatment process. For example, a tube-in-tube structure was obtained by heating the composite fibers
electrospun from the DMF solution containing PAN, PVP, and salts [355]. Multilayer tube-in-tube hollow nanofibers have also been
prepared by adjusting parameters such as calcination atmosphere, temperature, and heating rate during the process [349].

The hard templates method is another method to prepare hollow nanofibers with high homogeneity by adding a hard template to
the electrospinning solution or by applying electrospun nanofibers as hard templates followed by the removal of the rigid template.
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Chemical Society, copyright 2016. (E) The schema and voltage output curve of vertical-aligned PZT nanofibers-based nanogenerator. Reproduced
from ref. [429] with permission from American Chemical Society, copyright 2012. (F) (left) Schematic diagram of device design of laminated Sm-
PMN-PT nanofibers based nanogenerator. (right) Output performance of the new design of PENG with a 3D intercalation electrode, a, b. The
rectified current and voltage signals. Reproduced from ref. [425] with permission from Nature publisher, copyright 2020. (G) (left) Schematic
diagram of electrospun BT/P(VDF-TrFE) composite nanofibers. (right) Dependence of output current and voltage on load resistance. Reproduced
from ref. [865] with permission from Elsevier, copyright 2020.
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SiO4 nanoparticles are often added to the electrospinning solution to be used as hard templates. Hollow nanofibers are then obtained
by removing the SiO; nanoparticles through a chemical etching process with NaOH, HF, or NH4HF. In one typical example, SiO5
nanoparticles were homogeneously mixed in a PAN/DMF electrospinning solution [356]. After going through the procedures of
electrospinning, pre-oxidation, carbonization, and chemical etching with HF acid, free-standing, lightweight, and hierarchical mac-
roporous activated carbon fibers were prepared (Fig. 7A). The fiber consisted of hollow carbon spheres with a diameter of 180 nm,
containing many surface cavities and interconnected pores with diameters in the range of 20-50 nm (Fig. 7B, C). In another example,
TEOS was used as the source of hard template SiO, [357]. Electrospun PAN/TEOS nanofibers were heated to produce SiO5 particles
(Fig. 7D), and then by chemical corrosion with HF acid, bamboo-like hollow graphitic CNF was obtained (Fig. 7E, F). These fibers
showed uniformly discontinuous hollow interiors (macropores) as well as hierarchical nanopores (mesopores and micropores) through
the nanofiber cross-section and exhibited well-balanced porosity at the micro-, meso-, and macro-scales. Another type of hard template
method mainly relies on electrospinning nanofibers as templates. Through various physical and chemical effects, inorganic precursors
were enriched on the surface of the fibers. After the templates were removed, nanofibers with hollow structures could be obtained. For
example, electrospun PAN nanofibers were used as templates, and the surface of the fibers was covered with dense Co(OH), nanosheets
through coordination [358]. After heat treatment, the fiber templates were removed to obtain highly crystalline C-doped Co304 hollow
nanofibers. Electrospun bioglass fibers have also been applied as a hard template to prepare uniformly graded porous nanofibers with a
hollow structure by ion exchange [356]. The prepared electrospun glass fiber was dissolved in KaHPO4 solution and reacted with PO?{
in the solution to generate amorphous calcium phosphate. With time passing by, the glass fiber template in the core layer was
completely removed, generating nanofibers with a hollow structure.

Porous nanofibers. Porous nanofibers have an abundant pore structure that provides a higher specific surface area, more active
sites, and ease of modification through functionalization. Porous nanofibers show great potential in various fields, including
adsorption and separation, water treatment, catalysis, energy storage, air filtration, drug delivery, tissue engineering, sensors, and food
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Fig. 19. The applications of electrospun nanofibers-based Triboelectric nanogenerator (TENG). (A-C) Schematic, working principle and electric
output of the TENG based on single-spun Nylon nanofibers and single-spun PVDF nanofibers. Reproduced from ref. [873] with permission from
Royal Society of Chemistry, copyright 2014. (D,E) Schematic of fabrication and instantaneous output power of single-spun PVA/MXene and single-
spun silk nanofibers based TENG. Reproduced from ref. [877] with permission from Elsevier, copyright 2019. (F) Coaxial electrospinning apparatus
and schematic illustration the TENG based on PDMS/BaTiO3@PVDF nanofibers and PHBV nanofibers. Reproduced from ref. [880] with permission
from Elsevier, copyright 2020. Schematic of the fabrication process of the TENG based on styrene-ethylene-butylene-styrene (SEBS) microspheres
and PVDF nanofibers, prepared by electrospinning and electrostatic spray. Reproduced from ref. [881] with permission from Elsevier, copy-
right 2020.
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packaging [359-361]. Electrospun porous nanofibers can be prepared mainly by the phase separation method and template sacrificial
method.

Regarding the phase separation method, nanofibers with rich pore structures were prepared by dissolving PCL in the volatile
solvent dichloromethane (DCM) followed by electrospinning [362]. The formation of the pores was caused by the phase separation
between the polymer and the solvent due to the rapid evaporation of the solvent. Phase separation can be induced by vapor, heat, and
non-solvent. Vapor-induced phase separation occurs when water vapor in the air interacts with the fiber surface and penetrates the
interior of the fiber to mix with the solvent under high ambient humidity conditions. At this point, the hydrophobic polymer and
solvent phases separate into a polymer-rich phase and a solvent-rich phase. The polymer-rich phase eventually solidifies into the entire
skeleton of the nanofibers, while the solvent-rich phase forms the porous structure inside the fibers. Therefore, the volatility of the
solvent plays a key role in the formation of pores in the fiber structure. Commonly used fast volatile solvents mainly include DCM
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at 20 °C. Reproduced from ref. [900] with permission from Elsevier, copyright 2019. (C) FESEM images of branched TiO;, fiber after decorating g-
C3N4 QDs on it (HBTCN), (D) FESEM images of the hairy structure of TiO; fiber loading with g-C3N4 QDs and SnSe; nanoflakes (HBT/CN/SnSey),
inset is the magnified image of same sample in which nanoflakes can be seen on branches. (E) Photocatalytic Hydrogen performance of sample CN,
HBT, HBTCN, HBT/CN/SnSe;, n = 3. Reproduced from ref. [901] with permission from Elsevier, copyright 2020. (F) LSV curves of overall water
splitting in a two-electrode configuration. (G) Chronoamperometry curves of Ni/Mo2C(1:2)-NCNFs and benchmark electrodes of Pt/C/RuO, at
constant voltages of 1.64 and 1.57 V, respectively. Reproduced from ref. [902] with permission from Wiley-VCH, copyright 2019. (H) Schematic
diagram for the synthetic process of Fe-N-doped carbon nanotubes (Fe-NC NTs) catalyst. Reproduced from ref. [903] with permission from Elsevier,
copyright 2021. (I) left: Schematic diagram of dual electrospinning featuring (1) a coaxial nozzle producing core-sheath fibers that encapsulate
bacteria within a porous, carbon black-containing shell, and (2) a simple nozzle producing conductive, carbon black-rich scaffold fibers. right:
Schematic diagram of the intended bacterial environment inside a core-sheath fiber. Reproduced from ref. [904] with permission from the Royal
gociety of Chemistry, copyright 2021.

[363], chloroform [364], THF, etc [365]. With the rapid evaporation of the solvent, the temperature of the fiber surface drops sharply,
causing condensation of water vapor. The condensed water droplets act as templates on the surface of the fiber and form holes after
drying [336]. As a result, the formed porous structure tends to exist on the fiber surface. When a slow volatile solvent is selected, such
as DMF [366,367], its slow evaporation provides enough time for water vapor to penetrate the interior of the fiber, inducing an in-
ternal porous structure [367]. Thermally-induced phase separation is another important mechanism. The temperature difference is the
driving force for phase separation, which occurs during cooling between the polymer and the remaining low-volatility solvent in the
fiber, leading to a highly porous structure formation. For example, electrospun fibers were placed in liquid nitrogen to create a
temperature difference, inducing phase separation to construct porous nanofibers [368]. In addition, phase separation can also be
induced by introducing a non-solvent into a polymer solution to form a ternary system of polymer/solvent/non-solvent [369]. It is
worth noting that there needs to be a large difference in volatile properties between the introduced non-solvent and solvent. With high
volatility of the solvent and low volatility of the non-solvent, the ratio of solvent to non-solvent content decreases continuously,
followed by the formation of a polymer-rich phase and a polymer-poor phase. Finally, after all solvent evaporates, nanofibers with
porous structures can be obtained. For example, the non-solvent, water and ethylene glycol, were added to a PAN/PS solution to
prepare nanofibers with a porous structure [370]. In another study, a PAN/DMF solution was directly electrospun into a non-solvent
pool to prepare porous PAN fibers [371].

The template sacrificial method involves adding porogens, including polymers, inorganic salts, nanoparticles, etc., to the elec-
trospinning polymer solution. After electrospinning to form composite fibers, further post-treatments such as washing, organic
dissolution, and ultraviolet (UV) radiation are required. This method removes relevant components in the fiber, thus leaving behind a
porous structure. In one study, porous PVDF fibers were obtained by removing PVP from electrospun PVDF and PVP nanofiber
membranes [372,373]. In another study, hydrochloric acid was applied to remove the CaCO3 template from PAN/CaCO3 nanofibers to
prepare porous nanofibers [374]. NaHCO3 was added to PVDF/PAN solution to prepare PVDF/PAN composite nanofibers, and then the
as-prepared fibers were soaked in hydrochloric acid solution to remove NaHCOs for generating porous PVDF/PAN fibers [375]. In
another study, the removal of SiO5 and Sb from SiO2/Sb@CNF using HF resulted in highly porous structures with a pore size up to
hundreds of nanometers (Fig. 8A) [298].

Fibers decorated with grooves or protrusions. Electrospun nanofibers can be decorated with grooves or protrusions to change their
secondary structures. Modifying the grooves on nanofibers can effectively increase the specific surface area [378]. The formation
mechanisms of groove structures mainly include (i) void-based elongation, (ii) wrinkle-based elongation, and (iii) collapsing jet-based
elongation [378]. For void-based elongation, when two solvents with significant differences in volatility are present in the electro-
spinning solution, phase separation occurs during the electrospinning process, resulting in pore generation. These pores can be
stretched and solidified into a grooved structure through the void-based productivity mechanism. The volatility difference between
solvents is a key factor in the formation of groove structures. For the wrinkle-based elongation mechanism, a glassy skin is formed in
the early stage of electrospinning and then stretched into fluted fibers. The wrinkled surface is formed due to the buckling of the
cylindrical polymer shell under compressive radial stress arising from the solvent removal from the jet’s core. Under continuous jet
stretching, internal porosity or transverse shrinkage effects are produced by axial tensile stress [379]. After glass-like skin fibers are
formed, the evaporation rate of high-boiling point solvent is slow, and the viscosity is high, causing jet collapse and stretching into a
smooth groove structure through the collapsing jet-based elongation mechanism. In a typical study, PLLA grooved fibers were
fabricated using DCM/DMF (2/1, v/v) solvent [380]. By adjusting the solvent ratio and relative humidity during electrospinning,
similar groove structures can be obtained. In another study, the surfaces of PCL microfibers were engraved with nanoscale grooves
through phase separation of PCL and PVP during coaxial electrospinning [217]. In another example, PLA fibers were modified with
chitosan islands on the surfaces owing to the phase separation and crystallization during electrospinning [381]. Nanofibers with
different PLA/Chitosan ratios were analyzed for morphology, internal structure, surface composition, crystallinity and thermody-
namics, and the core-sheath or island morphology structure was speculated for the rotation mechanism. The outer chitosan compo-
sition and the rough nanoscale topography of the nanofiber surface balanced the hydrophilicity and hydrophobicity of the fibers.
Particles made of inorganic components can also be incorporated with fibers to form the protrusion structures through directly blended
electrospinning or the post-treatment of the as-obtained electrospun fibers [382].

Bead-on-string nanofibers. Bead-on-string nanofibers are nanofibers that contain a certain number of bead-like particles within
their long and thin fibers. Initially, the appearance of beaded fibers is often considered a defect in the electrospinning process.
However, it has been discovered that the beaded structure in nanofibers can alter the packing density and pore structure of the
nanofibers. The presence of these beads increases the distance between fibers, allowing more air to flow through the membrane,
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Fig. 21. Bioinspired design of electrospun nanofiber composite films. (A) Schematic illustration of the fabrication of ZrO,-Al,O3 nanofibrous
aerogels. Reproduced from ref. [1048] with permission from American Chemical Society, copyright 2020. (B) Schematic preparation process of 1D
electromagnetic-gradient hierarchical TiO,@Co/C@Co/Ni carbon microtube composites. Reproduced from ref. [1051] with permission from
American Chemical Society, copyright 2021. (C) Schematic illustration for the fabrication of gradient structured fibrous sponges. Reproduced from
ref. [1052] with permission from Elsevier, copyright 2021. (D) A snapshot of a stomatopod with hammerlike smasher dactyl clubs. The hierarchical
structure at multilength scales contributes to its excellent impact-resistant property and inspires the design of impact-resistant composite films
reinforced with helicoidally aligned nanofibers. Reproduced from ref. [1053] with permission from American Chemical Society, copyright 2019.

resulting in a lower pressure drop without significantly affecting filtration efficiency. Additionally, the bead-like structure in the
nanofiber provides a large “storage” space and a site for the fiber to wrap and store substances, which can be applied for drug delivery
and release. The mechanism of Rayleigh instability is generally recognized in the study of beaded nanofibers. Specifically, when the jet
is ejected from the nozzle, droplets tend to form smooth spheres under the influence of surface tension. Simultaneously, a portion of the
jet tends to form elongated fibers under the influence of electric field force. Beads form within fibers when the electric field force does
not stretch the droplet enough to resist surface tension. Another scenario occurs when the electric field force exceeds surface tension
during spinning, causing the spinning solution to form smooth fibers while its viscoelastic force maintains the jet’s “status quo”. In this
case, viscoelastic force and surface tension have a hindering and hysteresis effect on jet stretching, facilitating bead formation. Due to
comprehensive effects of various forces and other conditions, beads formed within fibers exhibit different shapes, including spherical,
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spindle (shuttle) shaped, and jujube-shaped. In one study, a kind of polyethylene terephthalate (PET) based filter media with a bead-
on-string structure and hydrophobic/oleophobic property was designed and fabricated by electrospinning (Fig. 8B). Compared with
the commercial 3701CN filter media, the advantages of the regular breathing frequency and strong heart rate control ability indicated
that this filter media had better wear comfortable performance with broad application prospects in the personal protection of dust in
mines [376]. In another study, the morphology of beaded microfibers could be accurately controlled by a simple microfluidic device
[302]. Electrospun multi-porosity beaded PLGA fibers were prepared from PLGA solutions with different concentrations, and the fibers
with appropriate density were selected as drug reservoirs to further realize sustained release of p-carotene [303].

Ribbon-like fibers. Electrospinning can also form thin fibers with sheet cross sections, which can be called nanoribbons. Nano-
ribbons can be produced from polymer solutions with strong internal and/or interaction between polymer chains [383,384]. The
solvent inside the jet dissolves, and the jet forms a tubular structure, which may collapse, and the cross-section of the jet becomes flat,
similar to satin ribbon. When the solvent evaporated, atmospheric pressure often caused the soft liquid thread to collapse. The cross-
section changed from circular to elliptical, then flat, similar to ribbon, and its cross-section perimeter was almost the same as that of the
jet [385]. SELP47K, as an artificial protein material, has the characteristics of silk protein and elastin and supplies excellent conditions
for electrospinning because of its solubility properties. SELP47K can form independent non-woven fiber webs (Fig. 8C) [377].

Shish-kebab nanofibers. The shish-kebab morphology consists of polymer row crystals (shish) that are often overgrown in-situ by
plate-like folded lamellae (kebabs). Typically, semi-crystalline polymers crystallized under shear flow exhibit a distinct shish-kebab
morphology. The shear flow elongates the polymer chains undergoing a helical-extension transition, eventually crystallizing into
row crystals (shish, often also called row nuclei/crystals). The less stretched strands then overgrow on the shish, forming folded, sheet-
like crystals that form the kebab [386]. Controlling the crystallization of polymer during electrospinning can produce nanofibers with
shish-kebab structures [92,303,306,309,381,387,388]. For example, when subjected to shear flow, ultrahigh molecular weight PE can
form a special shish-kebab structure that is composed of threadlike cores as shish encircled with disk-like lamellae as kebabs. This
micro/nano hierarchical structure is supposed to be favorable for creating a superhydrophobic surface [389]. In another study,
through self-induced crystallization, PCL formed self-induced nano-hybrid shish-kebab string structure on PCL fibers (Fig. 8D) [156].
Isotactic polypropylene (iPP) fibers [390] can also be prepared by high-temperature solution electrospinning to form shish-kebab
fibers.

Complex Nanofiber Production. In industrial production of electrospun nanofibers, transitioning to more complex fiber mor-
phologies, such as hollow and core-sheath structures, presents several technological challenges. Producing these intricate fibers de-
mands more precise process control. Unlike conventional fibers, hollow and core-sheath fibers require multi-nozzle or dual-head
electrospinning techniques. While these methods have shown success in laboratory settings, issues with reproducibility and precision
still hinder large-scale production. Therefore, optimizing nozzle designs and equipment configurations is critical to improving pro-
duction stability. Additionally, precise control over environmental parameters—such as automatic adjustment of temperature, hu-
midity, and multi-channel systems—can enhance fiber uniformity and reduce fluctuations during production. Another key challenge is
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Fig. 23. Schematic diagram and electrochemistry of a single-nanowire electrode device. (A) the scheme indicates the design of a single nanowire
electrode device containing a single vanadium oxide nanowire or Si nanowire as the working electrode and highly ordered pyrolytic graphite
(HOPG) or LiCoO; nanofilm as the counter electrode. Optical images of (B) a typical Si/a-Si nanowire/LiCoO electrode device and (C) The control
device with the same electrode design but without Si/a-Si nanowires. Scale bar is 10 pm. Reproduced from ref. [1084] with permission from
American Chemical Society, copyright 2010. (D) The overview of the device. Four metal contacts were integrated into one nanowire, and the liquid
electrolyte was sealed into a PDMS stamp with microchannels. (E) The optical image of the device. The device was sealed by a PDMS stamp with
microchannels, in which the liquid electrolyte was injected to fully immerse the electrodes in an argon-filled glovebox, to ensure no exposure to air.
Reproduced from ref. [1085] with permission from American Chemical Society, copyright 2016.

increasing production speed and yield. The complexity of these fiber structures slows the process, and current electrospinning
equipment struggles to balance high yield with maintaining precise fiber morphology. One potential solution is the adoption of multi-
nozzle systems, which allow simultaneous electrospinning at multiple points, significantly increasing throughput. Moreover,
improving collector designs, such as rotating or larger-area collectors, can accelerate fiber collection and boost production efficiency.
In the post-processing stage, solvent removal and functionalization treatments are crucial. Techniques like supercritical fluid
extraction, thermal treatment, and freeze-drying can efficiently remove solvents without damaging the fiber structure, while surface
functionalization methods can endow the fibers with additional properties and stability. Lastly, while hollow and core-sheath fibers
have shown promise in laboratory environments, scaling up their production remains costly. The high initial investment in equi-
pment—especially multi-nozzle and multi-head systems—combined with the complexity of the process and the need for skilled op-
erators, results in high production costs. To address this, adopting continuous production lines, modular equipment, and optimized
process flows could help reduce capital investment and operational costs, making large-scale production more feasible. Through these
technological advancements, the challenges of transitioning to complex fiber structures can be overcome, paving the way for broader
industrial applications of electrospun nanofibers.
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enhanced Raman spectroscopy, respectively. (A) Reproduced from ref. [1087] with permission from American Chemical Society, copyright
2020. (B) Reproduced from ref. [1088] with permission from American Chemical Society, copyright 2016. (C). Reproduced from ref. [1093] with
permission from IOP Publishing Ltd, copyright 2021. (D), Reproduced from ref. [1094] with permission from Royal Society of Chemistry, copyright
2020. (E) Reproduced from ref. [1095] with permission from American Institute of Physics, copyright 2020.

2.5.2. Stacking of nanofibers

The electrospun nanofibers can be stacked to create 2D or 3D materials with a high structural diversity. These materials include 2D
nonwoven mats of nanofibers, 3D bulk scaffolds, aerogels, etc. With the development of these specific structured fiber materials,
electrospun nanofibers can be endowed with different functions or capabilities to extend their applications.

2D nonwoven nanofibrous mats. Typically, by changing the collector, 2D nonwoven nanofibrous mats with different structures can
be prepared, such as random, aligned, and even patterned nanofiber scaffolds. For solution electrospinning, the fibers deposited on the
top of the collector tend to be stacked in a disordered manner because of the whipping effect of the jet. It is necessary to introduce
mechanical displacements and specific electric or magnetic fields to achieve a specific arrangement of nanofibers. Mechanical
displacement refers to the high-speed rotation of the collector during the electrospinning process, which causes the fibers to be ori-
ented and stretched in the direction of rotation. A high degree of alignment of the nanofibers can be achieved when the linear velocity
of the receptive sites on the collector coincides with the velocity of the jet deposition [391]. For example, directionally aligned PCL
nanofibers were constructed by rotating an aluminum disk (rotational speed: 5,000 rpm, linear speed: 1,400 m/min) for directional
induction of nerve cell migration [392]. In another study, highly aligned PLGA nanofiber arrays on glass slices were successfully
fabricated (Fig. 9A) [393].

By editing the distribution and direction of the electric field, the directional arrangement of the fibers can also be achieved, even in
a radial shape. For example, a collector consisting of a metal needle in the center with a metal ring on the outer can also be prepared
with radially aligned nanofibers radiating from the center in all directions [397]. The electric and magnetic fields are dependent on
each other, and the jets are self-charged, so electrospun fibers are generally aligned in a specific direction along the magnetic field.

In relative terms, melt electrospinning has a natural advantage in making fiber supports with specific patterns because the relative
position between the extrusion nozzle and the collector can be easily varied. Therefore, various complex orientations and even specific
patterns are possible in addition to aligned spun fibers. For example, in one study, highly ordered nanofiber structures with aligned
alignments and different spacing (250 pm or 500 pm) were constructed by melt electrospinning for periodontal tissue regeneration
[398]. The results showed that the aligned fibers were more supportive of ligament genesis, while the 500 pm fiber spacing was more
supportive of osteogenesis. Micropatterned fiber scaffolds, such as honeycomb, map patterns, and other patterns, have been suc-
cessfully fabricated. Fig. 9B shows the morphology of the chitosan-PLA/PCL membrane with honeycomb structure [394].

Nanofiber yarns. Converting nanofibers into twisted continuous bundles, i.e., nanofiber yarns, can improve their strength and
facilitate their subsequent processes. Nanofiber yarns also create opportunities to develop well-defined 3D nanofibrous architectures.
The common methods used to prepare nanofiber yarns are a conjugate method, modified conjugate method, dynamic liquid method,
water bath collection method, and modified conjugate method. Conjugate methods are generally sprayed with two conjugate electrode
devices. For example, PLLA nanofiber yarns consisting of highly oriented nanofibers were prepared using a dual-nozzle electrospinning
device [399]. Afterwards, a noosing technique was applied to fabricate multilayered scaffolds with three orthogonal sets of PLLA
nanofiber yarns, without interlacing them. The conjugation method can also be modified by adding the number of nozzles to produce

38



C. Wang et al. Progress in Materials Science 154 (2025) 101494

B[ C|

'\' 0GPa

1.05
U= e
==

3.06
3.60

IUOnm

E o
oepww_ I

105 %

00 'ﬁ*i.,_

Tensile strain ¢_ (%)

[=]

@l

Tm

0 1 2 3 4 amn Conduction band
0-9 " ™ v v - s Light-hole band
20 - Heavy-hole band
] - Split-off band =
Co.ss ~ :
- I 3 — s
— = 1.0 0
8 08 I E €
- < 2 Y
3 B = / <¢,> 0 (GPa)
£0.75 00 — 7)) ——0.000 0.00
3t s i ———0.011 1.05
ori! i 0.020 2.05
I ] Z 0.035 3.60
0 1 2 3 4 004 002 000 002 004 14 16 18 20 22
Tensile stress (GPa) Strain Energy loss (eV)

Fig. 25. Exploring the impact of tensile stress on the structural integration of nanofibers using in-situ TEM. (A) A schematic illustration of the
experimental setup. Reproduced from ref. [1161] with permission from American Chemical Society, copyright 2021. (B) A schematic illustration of
the electrical push-to-pull (EPTP) microelectromechanical system (MEMS) device and the in-situ TEM experimental setup. (C) Strain maps of the
GaAs nanowires under tensile stress, with strain measured along the nanowire length (x) and perpendicular (y) direction. (D) The conductance of the
nanowire as a function of applied tensile stress and strain. (E) Tight-binding simulation of band edges at the valence band top and conduction band
bottom in GaAs and their shift as a function of strain along direction. (F) In-situ monochromated EELS spectra showing the redshift of the bandgap
onset of the GaAs nanowire under stress and strain. Reproduced from ref. [1162] with permission from American Chemical Society, copyright 2021.

multi-needle conjugated electrospun nanofiber yarn [304]. The water bath collection method uses a grounded water bath as a
collection device for electrospun nanofibers, and then the fiber film deposited on the water surface is wound into a yarn. Yarns
prepared by this method have a high degree of neatness in fiber alignment, but a small number of disordered fibers and curved fiber
loops are also present. In one study, yarns with high fiber orientation were obtained by tilting the coagulation bath so that water
naturally flowed down to bind the nanofibers [400]. Fig. 9C shows the scanning electron microscopy (SEM) micrograph of a hier-
archical helix nanofiber yarn [313].

3D bulk nanofibrous scaffolds. The transformation of 2D nanofiber mats into 3D nanofibrous scaffolds can expand their appli-
cation. For solution electrospinning, it is impractical to change 2D nonwoven fiber mats into 3D nanofiber clumps with considerable
height by increasing the electrospinning time due to the limitation of the electrospinning speed. Gas foaming technology is an effective
strategy to transform 2D nanofiber mats into 3D nanofiber scaffolds. The technique involves combining prepared nanofiber scaffolds
with feedstocks that can self-generate gases, such as NaBHy4, which generates hydrogen gas, or dry ice, which generates CO; gas, to
expand the nanofiber mats into a 3D bulk material. In a typical study, after 2D oriented PCL nanofiber scaffolds were prepared by
conventional electrospinning, using a unique method of combining innovative gas-foaming and molding technologies, we report the
rapid transformation of 2D nanofiber membranes into predesigned 3D scaffolds with biomimetic and oriented porous structure [401].
To further increase the expansion rate, in another study, a surfactant, Pluronic F-127, was added to PCL nanofibers to obtain more
stable bubbles in the foaming. When fixed in a closed mold, the 2D nanofiber mat could be quickly transformed into pre-designed 3D
scaffolds of various shapes on demand, including cylindrical, hollow cylindrical, rectangular, spherical, and irregularly shaped 3D
objects (Fig. 9D) [297].

In addition, 3D printing technology has also been widely used in the preparation of 3D nanofiber scaffolds, providing a new idea
and method for the modification of nano-scaffolds. For example, Dilshan and colleagues prepared a novel meniscus tissue scaffold
using a 3D-printed frame made of PLA and random or aligned PCL and collagen nanofibers embedded between two frames. MG-63 cells
were used to characterize scaffolds in vitro. According to the results, MG-63 cells adhered to and proliferated on the hybrid scaffold, and
topological/biophysical cues can be incorporated into a nanofiber matrix to influence cell growth [402]. Like 2D nanofiber mats, 3D
nanofiber scaffolds are available in random, aligned, and pattern forms. In another study, wet electrospinning of PLA nanofibers was
utilized with a target bath of ethanol saturated with CO; as the collector. The 2D PLA membranes collected were effectively foamed
into a 3D structure by the escaping CO, to modulate cell behavior [403]. The 3D nanofiber scaffold cross-linked and modified with HA
showed high water absorption, good cell compatibility, and elasticity in a wet state (Fig. 9E) [395].
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Fig. 26. In-situ cycling rate performance of vanadium oxide coated tin dioxide nanowire electrode. (A-D) in-situ lithiation process for V,0Os loaded
SnO, nanowire when a constant current of 100 pA applied on the open cell. (E-H) Time-sequenced TEM images of in-situ lithiation process for the
pre-cycled V,0s5 coated SnO, nanowire. Two Sn nanoparticles on the surface expanded ~ 30% in diameter without any crack forming during the
lithiation. (I-L) In-situ TEM images of the nanowire during the following delithiation process. Two Sn nanoparticles shrank to their original sizes and
remain stable single-crystal structures. Reproduced from ref. [1166] with permission from Elsevier, copyright 2017.

Nanofibrous microspheres and aerogels. Nanofibrous microspheres and aerogels can also be prepared by different preparation
strategies using nanofibers as the base material. Usually, nanofibers are first produced by homogenization methods to produce short
nanofibers with smaller sizes, which are then subjected to different further processing methods. This is also an advanced and efficient
strategy to improve the performance and function of nanofiber scaffolds. Nanofiber microspheres have stronger properties such as
injectable and sustained release, prompting them to have broader application prospects in drug carriers, diagnostics, and other fields.
In one study, by combining electrospinning, electrospraying and surface-coupling techniques, biomimetic injectable microspheres
made of PCL:gelatin: methacrylated gelatin (GelMA) (1:0.5:0.5) nanofiber segments were prepared (Fig. 9F) [329]. The aerogel has
higher porosity and specific surface area. In one study, 3D mesoporous graphene/CNF was prepared from electrospun PAN/poly(4-
vinyl phenol) fibers [401]. Through hydrogen bonding interactions between PAN and poly(4-vinyl phenol) polymer chains, tradi-
tional soft CNF was converted to form hard nanofiber aerogels with excellent mechanical, electrical, and sorption properties. The
specific interactions among PAN/ poly(4-vinyl phenol) led to the formation of porous features on carbonized nanofiber foams.

2.5.3. Composites made of electrospun nanofibers and other materials

Electrospun nanofibers can also be used as part of the composition in combination with other types of materials, such as elastomers
and hydrogels, to significantly improve the overall properties of the material, such as mechanical strength, hydrophilicity, tensile
strength adhesion, bioactivity, thermal and electrical conductivity [404].

Nanofiber-elastomer composites. Elastomers have good elastic properties, and the addition of filled nanofiber materials to an
elastomer matrix can significantly improve their properties, such as thermal and electrical conductivity. In one study, functionalized
graphene oxide (GO) was dispersed in composite elastomers and then loaded with silica nanofibers, improving the electrical and
thermal conductivity of the composite elastomers [404]. Besides, when elastomers are combined with switching elements, the
polymers are endowed with shape memory properties, i.e., shape memory polymers. In another study, semicrystalline PVA electrospun
fibers were combined with thermoplastic polyether block amide elastomer through a melt compaction process to make shape memory
composites (Fig. 9G) [396]. The mechanical properties of the polymer were enhanced, and the shape of the polymer could be changed
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Fig. 27. The mechanical performances of the obtained carbon aerogels. (A) The in-situ SEM of the structural deformation of the BCNF@C aerogel at
50% compression and after release. The scale bar is 500 nm. (B) SEM images of the fiber—fiber joints (red circle). (C) Stress—strain curves of BCNF@C
carbon aerogel at 30% strain for 10° cycles, 50% strain for 10* cycles, and 70% strain for 10 cycles. (D) Viscoelastic property of the carbon aerogel
over the temperature from —70 to 300 °C at 1 Hz. Reproduced from ref. [1171] with permission from Wiley-VCH, copyright 2019. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

or restored by changing the temperature.

Nanofiber-hydrogel composites. Hydrogel has excellent biocompatibility and can be cured by UV light to form a 3D structure. By
integrating electrospun nanofibers in hydrogel, its mechanical properties can be enhanced while maintaining the original properties.
For example, PCL and Polyethylene glycol (PEG) nanofibers were embedded in GelMA hydrogel to mimic the three-layer structure of
native osteochondral tissue (Fig. 9H) [326]. In addition, short electrospun fibers laminated within injectable hydrogels have received
increasing attention. For example, an injectable antimicrobial hydrogel was obtained by cutting electrospun fibers into short nano-
fibers and wrapping them in GelMA to increase the modulus of the hydrogel [405].

Nanofiber-microcapsule composite. Electrospun nanofibers can be compounded with other materials to enhance the properties of
nanomaterials. One common strategy is the deposition of polymeric microcapsules onto polymeric microfiber scaffolds. Thus, the
nanomaterials have both the stable mechanical properties of fibrous scaffolds and the excellent properties of nanospheres, such as
controlled and sustained release, in a stable tandem. In one study, developing silk microcapsules functionalized electrospun
biocompatible PCL fibers with capacity to be used as a drug delivery platform in four approaches: (i) using electrospinning of PCL/
DCM/MeOH solution containing dispersed silk microcapsules suspension to encapsulate capsules into PCL fibers; (ii) using electro-
spinning of PCL/ DCM/methanol organic phase with silk fibroin microcapsules water phase emulsion to encapsulate capsules into PCL
fibers with core-sheath structure; (iii) using covalent bonding to immobilize silk fibroin microcapsules onto electrospun PCL fibers by
Cu (I)-catalyzed azide-alkyne cycloaddition click chemistry and silk layer-by-layer (LBL) coating; (iv) using cleavable disulfide-linkage
to immobilize silk fibroin microcapsules onto electrospun PCL fibers by click chemistry and NHS ester reaction chemistry and these
capsules can be triggered release by a reducing environment. These can be applied to various physicochemical characteristics of drugs
and specific release behavior requirements, which have potential applications in tissue engineering and drug delivery [406].

Bio-printed nanofibrous scaffolds. 3D printing is a method of manufacturing objects by 3D printing ink layer by layer through
digital control. It allows customizing the geometry of the desired object on demand with low material consumption [407-409]. Since
hydrogels can hold and release large amounts of water or biofluids with tunable mechanical properties, porosity and biocompatibility
[4071], the preparation of hydrogel 3D scaffolds by 3D printing using hydrogels as bioinks is currently receiving increasing attention. In
general, hydrogel bioinks can be crosslinked or stabilized during or immediately after printing to prepare hydrogels with 3D structures.
However, since the printed hydrogel structures are prone to deform under gravity, this poses a great challenge for hydrogel 3D printing
[410].

Electrospun nanofibers are promising printer-friendly materials due to their good biocompatibility and mechanical properties with
shear thinning behavior, high zero-shear viscosity, high shape fidelity and structural stability during 3D printing [9,411]. For example,
SF nanofibers were added to bioinks to thin the enhanced shear-thinning ink for preparing hydrogel scaffolds with higher fidelity
[412]. In another study, cellulose nanofibers were added to bioink to prepare 3D-printed composite hydrogel scaffolds with fila-
mentous structures, which improved the mechanical properties and shape fidelity of the scaffolds [413]. In addition, cellulose
nanofibers-based inks were prepared to increase support for printing hydrogel structures, enabling the expansion of ink diversity
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Fig. 28. The conductivity and sensing pathways of carbon nanotube fibers in the bionic flexible double-sided electronic skin. (A) Schematic diagram
of the CNT sponge-based pressure sensor. (B) The working mechanism of fins is used to design the pressure sensor, realizing the function of force
direction detection. (C) In-situ SEM images of the CNT sponge press-release dynamic process. The CNT sponge in the original state, pressed state of
~ 35 %, 50 %, 70 %, 85 %, and after releasing completely. Reproduced from ref. [1172] with permission from American Chemical Society,
copyright 2020.

[414].

2.6. Properties and functions of electrospun nanofibers

The diverse compositions, fabrication processes and structures of electrospun nanofibers allow for unlimited possibilities in terms
of tunability of properties and customizability of functions. They exhibit attractive properties in electronic, magnetic, optical,
acoustics, thermal, mechanics and combined properties, such as electromagnetic, photoelectric, piezoelectric, triboelectric, photo-
thermal, etc. By virtue of one or more of these properties, various fantastic functions can be achieved to derive numerous important
applications [415]. To achieve different properties, it is necessary to select specific materials with intrinsic physicochemical properties,
including monomer materials or composites, and then further adjust the properties of the final nanofiber product through the mod-
ulation of morphology and diameter at the 1D level, as well as the layered structure of the fibers at the 2D and 3D levels, the different
forms of fiber assemblies, and the combination with other types of materials and components.

Conductive nanofibers, for example, are widely used in flexible electronics, transparent electrodes, electromagnetic wave ab-
sorption, nanogenerators, etc. [416]. To construct a conductive nanofiber, a suitable material must be chosen. There are two ap-
proaches to achieving this goal. One is the direct method, which involves choosing and electrospinning conductive materials such as
metal nanowires/nanoparticles, carbon nanotubes, graphene, transition metal carbides/nitrides (MXene), etc. with some polymer
additives [163]. This method is straightforward in concept and preparation procedure but also faces some challenges. Appropriate
conductive materials that are applicable for electrospinning are quite limited. In addition, if the conductivity of the electrospinning
solution is too high, electrospinning is not possible due to charging effects or even short circuits. Therefore, conductive nanofibers are
more often prepared with an alternative approach: the indirect material transformation method. For example, conductive metal
nanofibers such as Au, Pt, Ag, Cu, etc. could be prepared by electrospinning a precursor metal salts/polymer composite solution into
nanofibers and then reducing it to metal in a reducing atmosphere. It is also feasible to employ common electrospun nanofibers as a 1D
template and then deposit a layer of metal on the surfaces of nanofibers by electroless deposition, chemical vapor deposition, physical
vapor deposition, or atomic layer deposition. Besides metal, carbon materials are also good candidates for conductive nanofibers.
These can be fabricated through pyrolysis of carbon precursor polymers such as PAN, PVA or many other polymers. These CNFs are
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A | Electron Beam

Fig. 29. The electrochemical deposition and dissolution behavior of sodium metal on CNF current collector. Schematic illustrations of (A) the in-situ
Na battery experimental setup and (B) CNF-Na composite anode comprised of a CNF network and embedded Na depositions. (C) In-situ SEM
observation of the structural evolution of the particles at the interface of CNF/NayO electrolyte. (a-d) The expansion and fusion of sphere-like Na
particles during a plating process. The yellow arrow in b indicated a new particle that just appeared below the former one. (e-g) A typical case of
particle deposition and dissolution at the CNF/electrolyte interface during a plating/stripping cycle. (D) In-situ TEM investigation of the sodiation
response of a partially graphitized CNF. (a) A nanofiber bridging the upper Au wire and the lower Na/Na,O electrode. The Insert showed the
structural detail of the pristine CNF in the boxed area. (b) The broken nanofiber with its two segments attached to two electrodes after the current-
induced breakdown of the fiber. (c-f) The enlarged images of the four indicated regions in (D). Reproduced from ref. [1173] with permission from
Elsevier, copyright 2017. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

broadly utilized in electrochemistry, batteries, supercapacitors, electromagnetic wave absorbing, etc [93,417,418]. In addition,
conductive polymers can be made into nanofibers by in-situ polymerization on a nanofibers template and used in sensors, biology,
flexible electronics, etc.

Among several physical properties, electric, magnetic, and optical properties mainly rely on the starting materials with corre-
sponding properties. Structural parameters play an auxiliary role in tuning these properties to some extent [91,92]. However, for
acoustics, thermal and mechanical properties, structural configuration and materials are often equally important. For example, sound-
absorbing materials mainly rely on porous structures and are not very sensitive to the composition of the materials. Structural pa-
rameters also play an important role in mechanical strength or elasticity even when based on the same material [163,359]. For
instance, an aligned nanofiber bundle is much stronger than random nanofibers, while a twisted nanofiber yarn can be even stronger.
An over-twisted helical yarn could exhibit unusual stretchability due to its multi-level structures [419]. For thermal insulation ma-
terials, intrinsically low heat conductivity materials must be combined with suitable porous structures to achieve better heat shielding
performance [420,421].

A single function is not enough to satisfy real requirements, and multiple physical properties must be considered. For example,
piezoelectric sensors or generators need to consider both electronic output and mechanical deformation simultaneously. The piezo-
electricity of electrospun nanofibers is mainly exhibited in ferroelectric nanofibers, e.g., polymer (PVDF) [422]and inorganic ceramics
(PZT [423], BTO [424], PMN-PT [425], etc.), after polarization process. The concept of piezoelectricity is broader than that of
ferroelectricity. However, non-ferroelectric piezoelectricity, which is ascribed to the spontaneous polarity in single-crystal 1D
nanomaterials [426,427], is unable to be exhibited in electrospun nanofibers. This is because the electrospinning technology can only
fabricate polycrystal nanofibers. The piezoelectricity of electrospun ferroelectric nanofibers is contributed by the aligned dipoles
and/or domains inside the fibers. These can be parallel [425,428] or perpendicular [429] to the axis direction of the nanofibers. The
piezoelectricity with aligned domains parallel to the axis direction of nanofibers is more preferable and stable due to the lower de-
polarization field [430], which usually takes advantage of piezoelectric nanofibers based nanogenerator [423,428,429,431]. In
addition, these inorganic ceramics nanofibers become more flexible [432], a favorable factor in fabricating nanogenerators, after
scaling down from their fragile bulks.

Different properties of electrospun nanofibers can be achieved through rational composition combinations and multiscale
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Table 4
The advantages and disadvantages of the different advanced characterization techniques.
Techniques Pros. Cons.
In-situ In-situ XRD (1) monitors the structural evolution in high temperature (1) cannot detect its morphology
spectroscopy (2) investigates the mechanism of LIBs materials characteristics
In-situ XPS (1) analyzes the layered or core-sheath structure materials (1) limited depth of the top few atomic
(2) monitors under different conditions (atmosphere, temperature, light, etc.) layers
(3) explores the electrochemical changes of the solid/liquid interfaces
In-situ FTIR (1) detects the chemical bonds and functional groups and constitution (1) only detects the changes of the bonds
(2) monitors under different conditions (atmosphere, temperature, light,
electricity, etc.)
In-situ (1) identifies the active site (1) without morphology characteristics
Raman (2) establishes relationships between structure and performance
(3) monitors under different conditions (atmosphere, temperature, light,
electricity, etc.)
In-situ (1) provides atom-specific structural and elemental information
XAFS (2) monitors under different conditions (atmosphere, temperature, light,
electricity, etc.)
In-situ In-situ TEM (1) provides more superior and comprehensive characterization characteristics (1) damages the sample
Microscopy combined with spectroscopy (2) requires environmental vacuum

(2) monitors under different conditions (atmosphere, temperature, light,

electricity, etc.)

has large sample space, low damage, and low requirement for

environmental vacuum.

monitors under different conditions (atmosphere, temperature, light,

electricity, etc.)

performs element tracking, morphology observation, and physical

performance analysis

(2) views fibers around any perspective without physical cutting

(3) monitors under different conditions (atmosphere, temperature, light,
electricity, etc.)

In-situ SEM a

[

(1) poor resolution compared to TEM

2

-

In-situ FM a

-

(1) limited to several specific excitation
wavelengths

structural (1D, 2D, and 3D) design. The composition and structures play synergetic but not equivalent roles in different properties.
Sometimes, the composition takes center stage and structure enhances performance, such as electronic and magnetic optical prop-
erties. In other cases, the suitable structures are dominant while the composition is relatively less sensitive, such as sound absorption
and filtration. No matter what cases, comprehensive understanding of the roles played by both composition and structure and the
rational design are necessary to achieve better performance for the electrospun nanofibers.

3. Applications of electrospun nanofibers
3.1. Electrospun nanofibers for environmental protection and safety guarantee

3.1.1. Water filtration and desalination

The shortage of fresh and clean water drives the development of separating materials and techniques with low energy costs and
high efficiency. Water filtration and desalination are the major means of obtaining fresh and clean water, during which separation
membrane is of great importance. The most commonly used membrane separation technologies include pressure-driven and thermal-
driven such as membrane distillation. Owing to the advantages of interconnected porous structure, high porosity and excellent mass
transfer properties, separation membranes made of electrospun nanofibers are competitive in water purification and remediation
based on pressure-driven or thermal-driven mechanisms, as the details are shown in Fig. 10.

3.1.1.1. Pressure-driven filtration membranes. Pressure-driven separation technology mainly includes microfiltration (MF), ultrafil-
tration (UF), nanofiltration (NF), reverse osmosis (RO), and forward osmosis (FO). Owing to the high porosity (70 %~90 %),
appropriate sub-micron levels of pore size, and interconnected porous structure with lower tortuosity, electrospun nanofibrous
membranes are naturally outstanding contenders for MF with excellent mass transfer. For example, membrane made of electrospun
PVDF nanofibers was used for liquid separation and particulate removal, which could successfully reject 90 % of PS particles with 1, 5,
and 10 pm diameters [433]. Electrospun nanofibrous membranes made of different polymer materials, such as PAN, PSU, PES, and
polyamide 6 (PA6), with varied parameters (nanofiber diameter and membrane thickness) and different modifications have been
applied for separating microparticles or microbes (e.g., bacteria and activated sludge) from water [121,434,435]. Nanofibrous
membranes tend to have a high rejection rate in the micro-particle retention test. However, due to the deeper pore and longer channel
of nanofibrous membranes, membrane fouling is prone to occur, mainly due to the clogging of small particles (diameter < 2 pm) into a
cake-like fouling layer, leading to a drastic decrease in liquid flux. Moreover, the mechanical failure of nanofibrous membranes is also a
vital issue in the long-term application of MF. Therefore, in the above case, the pretreatment processes are necessary before application
on an industry scale.

Electrospun nanofibrous membranes can be applied in liquid drops filtration towards oil/water separation. The key to improving
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Table 5

Representative industrial multi-needle electrospinning equipment.
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Company Product Equipment size Country Website Industrial Electrospinning Equipment
model
Nanoscience Fluitnatek HT =~ Capable of simultaneous use of America https://www.nanoscience.
Instruments more than 5500 needles, 1.6 m com/
wide roll substrate, up to 50 L of
solution
NanoTechnology NanoSpinner Equipped with 110 Australia https://
Solutions 416 electrospinning needles, it can nanotechnologysolutions.
produce 5,000 g of nanofibers a com.au/
day with a width of one meter
Fanavaran Nano- INFL6100 Depending on the number of Iran https://en.fnm.ir/Gallery
Meghyas electrospinning (units 4-8), the
nanofiber coating rate will be
about 50-800 square meters per
hour.
Shenzhen Tongli TL-20 The array is arranged with 384 China https://www.qdjunada.
Weina M-1600 needles, the material width is com/
1.6 m, and the output is about
7500 m? per hour
Qingdao Pan Silk - Customize according to China https://www.pansitech.
Technology customer requirements com/gongsijianjie/
Co., LTD
Junada (Qingdao) NES-2 The maximum width of China https://www.qdjunada.
Technology nanofibers is 1.6 m com/
Co., LTD
Inovenso PE-3550 Type Bottom-Up Spinning, upto ~ America https://www.inovenso.

56 nozzles during full operation
(Each Unit)

com/

(continued on next page)
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Table 5 (continued)

Company Product Equipment size Country Website Industrial Electrospinning Equipment
model

Matregenix - — America https://matregenix.com/

NANOFLUX NF-Star Nozzle or needle:135 pcs Singapore  https://www.nanoflux.
(adjustable) com.sg/en/
Spectral Systems - Nanofiber-based nonwoven Russia https://spectralsystems.ru/

membranes/scaffolds/mats,
massive functional
nanoparticles or thin coatings
homogeneously deposited onto
flexible industrial nonwoven
rolls (width up to 1.7 m) can be

produced
Foshan MF03-002 The width of nanofiber mat is China https://www.
Nanofiberlabs 1.2m nanofiberlabs.com/

Co., Ltd

the efficiency of oil-water separation is controlling the surface energy and increasing the contact area. Controlling the surface energy
requires surface modification, and surface superhydrophobicity or superhydrophilicity modification of nanofibers can improve the
selectivity between oil and water. The superhydrophobic membrane allows oil to pass through while blocking water. On the contrary,
the superhydrophilic/underwater super-oleophobic membrane prevents oil while allowing water to penetrate [436-439]. For
example, a liquid with a high polar component was infused into porous flexible TiO2-SiO3 nanofiber membranes to regulate the wetting
behavior [440]. Thus, a relatively stable liquid-infusion-interface was formed to repel the immiscible low polar component of liquid.
By this facile and universal strategy, even immiscible liquids with a surface energy difference as small as 2 mJ m ™2, or emulsions could
be effectively separated. The contact area can be increased by modulating the surface of the nanofibers to increase the roughness. By
controlling the surface energy and porous structure, the separation of emulsions has been realized.

Membrane fouling by organics in water is another important issue that greatly impairs the practical application of electrospun
nanofibrous membranes for MF. Even the underwater super-oleophobic membrane based on a superhydrophilic surface suffers from
fouling by polar organics in water (e.g., humic acids, polyoses, proteins, and biofilms) during long-term operation, resulting in a
gradual decrease in the flux and separation efficiency. Designing fiber membranes that are cleanable or even self-cleaning is an
effective strategy. For example, a superhydrophilic calcinable polymer membrane was fabricated based on inter-bonding structured
polysulfonamide (PSA)/TiO, composite fibers, which could be easily reclaimed by calcination at 400 °C even after being fouled by
amphiphilic organics [441]. In addition, a hydraulic-pressure-responsive membrane (PiezoMem) could transform pressure pulses into
electroactive responses for in-situ self-cleaning. A transient hydraulic pressure fluctuation across the membrane resulted in the gen-
eration of current pulses and rapid voltage oscillations (peak, +5.0/-3.2 V), enabling broad-spectrum antifouling action towards a
range of membrane foulants such as organic molecules, oil droplets, proteins, bacteria and inorganic colloids through reactive oxygen
species (ROS) production and dielectrophoretic repulsion [442].

UF and NF often require membranes with smaller pore sizes and high-pressure resistance to sieve solute molecules and saline ions,
which is far beyond the tolerance of electrospun nanofibrous membranes. In this case, the fiber membranes could be used as a flexible
barrier, or as a mid or supporting layer for UF and NF composite membranes to reduce the working pressure, maintain high flux, and
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Table 6
Needleless electrospinning nozzle in different characters.
Structure Specific character Single system efficiency/g-h ™!
Linear laser [1221] 0.36 ~ 1.28
Linear Coated wire [1222] 288

Flat roller [1223] _
Line electrode [1202,1206,1224,1225] -

Linear flume nozzle [1226] 3.91 ~ 4.85
Linear array nozzle [1227-1230] —
Screw rod [1219] 1.5~6
Melt differential [1204] 20 ~ 75.6
Curvilinear style Circular curve [1231,1232] 4.2
Disk curve [1233] 6.85
Rotary cone [1208] 0.083 ~ 0.208
Curve convex slot [56] 10 ~ 20
String [38] 2.64
Surface type Double magnetic fluid [1234] 0.12~1.2
Rotating disk [1210,1235] 2.09 ~5.24
Roller spinning [1214,1236,1237] 1.25 ~ 125
Ball spinning [1215] —
Sputtering jet [1238] 0.44 ~ 6
Bubble jet [1216,1217] 0.06 ~ 0.6
Stereometrical structure Conical wire coil [1218] 0.86 ~ 2.75
Spiral coil [1220,1239-1241] 2.94 ~9.42
Bowl [1231,1242] 0.265 ~ 0.684
Threaded rod [1219] 5~6

provide special hydrophobic and hydrophilic properties. In one study, chitosan-coated PAN nanofibrous composite UF membranes
reached a 130 L m'h~! flux while maintaining a high oil and water separation rate (>99.9 %) [427]. PAN thin-film nanofibrous
composite was applied for NF to filter 2000 ppm MgSO4 with 2.4 times flux than commercial NF membrane [443]. The water resistance
and surface properties can be further improved by crosslinking and loading functional particles, which were only applied on a lab scale
[444-446].

For desalination, the widely accepted pressure-driven membrane technology is RO membranes. However, there are few reports on
electrospun nanofibrous membranes for RO mainly due to the unsatisfactory mechanical properties of electrospun nanofibers under
quite high working pressure. Several researchers pointed out that RO membranes composed of electrospun nanofibers could gain a
range for 40-70 L m~2h~! flux and > 95 % salt rejection rate [440,447]. On the contrary, electrospun nanofibers-supported FO
membranes draw more attention than RO membranes. Electrospun nanofibers supporting layers with FO membranes could help to
increase the water flux by 2-5 times [448,449]. It is the special structure of these nanofiber substrates that ensures the direct diffusion
path of salt and water, providing a promising choice for inhibiting the internal concentration polarization of FO. Although results on
Electrospun Nanofibrous Membrane supported FO membranes have been widely reported, there are still some critical issues that need
to be resolved. For example, additional research is needed to improve its mechanical characteristics, optimize the pore size of
nanofiber substrates, and eliminate the PA layer delamination from the nanofiber substrates.

Thermal-driven filtration membranes

Membrane distillation, a thermal-driven membrane process, is regarded as a promising method for desalination of hypersaline
water. The hydrophobic membrane, as the critical unit of membrane distillation, can allow the transmission of clean vapor driven by
temperature gradient and resist the permeation of polluted liquid waters. Compared with other desalination technologies, membrane
distillation excels in utilizing low-grade or waste heat to generate high-quality water with high recovery and high rejection of salts
(100 % in theory) [450]. Recently, electrospun nanofibrous membranes have attracted increasing research attention in the field of
membrane distillation because of their higher water flux compared to conventional phase-conversion membranes. However, they are
also simultaneously threatened by more severe membrane wetting. To balance the trade-off between mass transfer and membrane
wetting, surface chemical modification was applied to construct superhydrophobic membrane for reinforcing membrane distillation
and resisting wetting [451,452]. Besides the threats of hot water, organic pollutants tend to result in more severe membrane wetting
and fouling [453], which affects the efficiency and durability of the purification membrane. Facing amphiphilic contaminants,
omniphobic nanofibrous membrane with re-entrant structure was developed to act as a local kinetic barrier for the replacement of the
air layer by liquid water and then reduce wetting [454,455]. Facing hydrophobic pollutants (e.g., oil), superhydrophilic/super-
hydrophobic Janus membrane was developed to form a water-protecting layer on the superhydrophilic side to resist oil adhesion
[456,457].

In addition to intrinsic surface wettability, the internal pore structure of the membrane is another crucial factor in determining its
durability [458,459]. Since the electrospun nanofibrous membrane is formed by a stack of nanofibers with weak interactions, it is
prone to large pore deformation during distillation, resulting in a decrease in the overall hydrophobicity of the membrane. Therefore,
only relying on the hydrophobic surface of the fiber membrane is not enough. To resolve this problem, electrospun nanofibrous
membranes with anti-deformable pores were obtained by welding fibers at their intersections via chemical or physical post-treatment
methods [460,461]. Especially, a 3D welded electrospun nanofibrous membrane was fabricated by in-situ emulsion-electrospinning of
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Fig. 30. Diagram of different nozzles of needleless electrospinning process. (A) Wire electrospinning. Reproduced from ref. [1202] with permission
from Elsevier, copyright 2012. (B) Linear melt differential electrospinning. Reproduced from ref. [1204] with permission from Wiley-VCH, copy-
right 2020. (C) Moving conventional yarn. Reproduced from ref. [1205] with permission from Korean Fiber SOC, copyright 2018. (D) Linear flume
nozzle. Reproduced from ref. [1206] with permission from MDPI, copyright 2019. (E) Spiral coil. Scale bar=1 cm. Reproduced from ref. [1207] with
permission from Hindawi, copyright 2012. (F) Umbrella-like melt differential nozzle. Reproduced from ref. [1211] with permission from Elsevier,
copyright 2019. (G) Pyramid. Reproduced from ref. [1217] with permission from Elsevier, copyright 2013. (H) Conical wire coil. Reproduced from
ref. [1218] with permission from Wiley-VCH, copyright 2009.

poly (vinylidene fluoride-co-hexafluoropropene)/polydimethylsiloxane (PDMS) [462]. The welding of the nanofibrous membrane was
uniform in the vertical direction of the 3D space, resulting in excellent 3D hydrophobic stability of the fiber membrane, reducing the
wetting of the inner membrane layer. Thus, it showed robust anti-scaling when for long-term membrane distillation of practical
concentrated seawater. By far, membrane distillation based on electrospun nanofibrous membranes has made great progress. In the
future, it is expected to further simplify the preparation process and improve the uniformity of membrane pores. In addition, it is
anticipated to develop scaled-up hollow nanofiber membranes with much larger desalination surface areas for membrane distillation.

3.1.2. Water pollutants treatment by adsorption

Due to the characteristics of high porosity, large specific surface area, easy functionalization, easy operation, reusability, and low
cost, electrospun nanofibers have broad application prospects in the field of wastewater pollutant treatment [463,464]. The main
pollutants in wastewater contain heavy metals, organic dyes, pesticides, antibiotics, endocrine, oil contamination, bacteria, viruses
and so on [465,466]. Until now, various types of functional polymer nanofibers, organic/inorganic composite nanofibers and inor-
ganic nanofibers have been prepared by electrospinning, which display satisfactory adsorption performance.

Functional polymer electrospun nanofibers can possess more adsorption sites via special grafting reactions. Modified PAN nano-
fibers have been investigated as adsorbents for metal ions [467,468]. The thioamide-group chelating nanofibers, phosphorylated PAN-
based nanofibers and branched polyethyleneimine (bPEI) grafted PAN nanofibers exhibited excellent adsorption properties for a
variety of metal ions [469,470]. For example, a bPEI grafted electrospun PAN nanofibers (bPEI-PAN) was prepared by a facile
refluxing approach. Due to the electrostatic interaction and reduction mechanism, the bPEI-PAN exhibited excellent adsorption
performance for Cr(VI) (637.46 mg/g) [471]. Moreover, for a real river water sample treating, the Cr(VI) concentration decreased
below the WHO drinking water limit after adsorption and dynamic filtration by the bPEI-PAN membrane.

The introduction of novel nanomaterial adsorbents into polymer nanofibers (e.g., inorganic nanoparticles, MOFs and porous
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Fig. 31. Schematic representation of NFES. Reproduced from ref. [1248] with permission from American Chemical Society, copyright 2022.

aromatic frameworks) can increase the adsorption sites and enhance selective adsorption capacity. These organic/inorganic composite
nanofibers can be fabricated by a combination of electrospinning process, chemical modification and hydrothermal reaction. For
instance, MnO; nanosheets were in-situ grown onto electrospun PAN nanofibers with the assistance of polydopamine (PDA) coating
[472]. The PDA coating facilitated the growth of MnO3 onto PAN nanofibers, preventing the agglomeration of MnO3 due to its special
adhesive ability. The resulting MnO,/PDA/PAN nanofibers showed a high adsorption capacity for Pb?>*, with a maximum adsorption
capacity of 185.19 mg/g. These hierarchical nanofibers could also effectively remove Pb?* from real industrial effluent with a removal
efficiency of above 95 %. Porous framework materials can be introduced to form composite nanofibers with hierarchical structures due
to their fine-tunable and designable networks, higher surface area and pore volume, tunable pore size, and good compatibility with
polymers [473]. For example, MOFs [e.g., MIL-100(Fe), ZIF-8 and UiO-67(Zr)] and porous aromatic frameworks can be loaded on
nanofibers by electrospinning [474]. Among them, the maximum adsorption capacities of amaranth red, vanillic aldehyde, ibuprofen,
chloroxylenol, and N, N-diethyl-meta-toluamide on the PAN@MIL-100(Fe) nanofibers were 615.40, 576.70, 613.50, 429.18, and
384.61 mg/g, respectively. Moreover, the ZIF-8/PDA/PAN nanofibers displayed excellent adsorption performance and reusability
towards tetracycline, with an adsorption capacity of 478.18 mg/g [475]. UiO-67(Zr) modified cyclodextrin-based nanofiber mem-
brane (UiO-67@p-CD-NP) shows a high adsorption capacity of 226.24 mg/g for ibuprofen removal due to the synergetic adsorption
effect of cyclodextrin and MOFs [476].

The use of organic polymers as nanofiber substrates may have problems with continuous purification and recyclability. In contrast,
nanofibers based on inorganic materials can solve these problems by introducing such as high-temperature calcination due to their
high stability. However, the low toughness of inorganic materials limits their further application in wastewater treatment. The
emergence of flexible inorganic fibers combines the advantages of both, solving the problems of difficult recycling and secondary
pollution. For example, flexible magnesium silicate fiber membrane was prepared via hydrothermal reaction using electrospun flexible
SiO, fiber membrane as silicon template [477]. The fiber membrane exhibited not only high tensile strength and good mechanical
stability but also a superior specific surface area of up to 463.4 m?/ g, similar to powdery MgSi adsorbents. The adsorption capacity for
the cationic dye methylene blue was 609.75 mg/g. After five calcination cycles, the high stability ensured that it maintained its
filtration performance. Compared to commercial nylon 6 MF membranes, it offered better recovery and filtration performance.

Owing to the acute shortage of energy, nuclear energy has been attracting much attention and is gradually being widely utilized.
However, the possible leakage of nuclear fuel in the utilization of nuclear energy is particularly serious in the case of water pollution
due to its serious hazards, posing a serious threat to human health and the environment. Recently, modified electrospun nanofibers
have been applied to remove the radioactive metal ions (such as 235y, 9T¢, 1%7Cs and °°Sr) from aqueous solutions. Surface modi-
fication could enhance the adsorption ability of electrospun nanofibers for uranium ions. For instance, the nitrile groups on the surface
of PAN fibers were modified to amidoxime groups. The amidoximated PAN fibers could chelate with U(VI), with 81 % adsorption. The
binding mechanism of the amidoxime group to U(VI) ions was proposed to involve the deprotonation of amidoxime groups and the
formation of bidentate ligands with U(VI) ions [478]. The porous cationic electrospun (PCE) fibers were fabricated through a pore-
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Fig. 32. Changes of obtained patterns with different relationships between jet speed and collector translation speed. (A) A schematic of MEW
process in equilibrium. Images of a PCL MEW jet with collector translation speed: (B) at the CTS on a flat collector and (C) above the CTS on a
cylindrical mandrel. A series of fiber patterns were collected with decreasing collector translation speed at (D) 1 ~ 1.1 times of CTS, (E) 0.75 ~ 0.8
times of CTS, (F) 0.3 ~ 0.35 times of CTS, and (G) 0.10 ~ 0.15 times of CTS. Reproduced from ref. [1245] with permission from American Chemical
Society, copyright 2021.

forming inside electrospun fibers hyperbranched graft modification route, and have been used for °Tc removal, with the rapid 99 %
removal of 99TcO; in 22 min [479]. The introduction of inorganic materials can further enhance the adsorption of radioactive metal
ions. For example, Prussian blue/PAN composite nanofibers showed rapid and efficient removal of Cs, with 87 % removal efficiency in
10 s, owing to the increase of the surface area and pore volume with the incorporation of Prussian blue nanoparticles into PAN matrix
[480]. Dicalcium phosphate dihydrate/PAN fibers exhibited a 94.0 % removal efficiency toward Sr ions with a Sr uptake capacity of
146 mg/g [481]. Overall, the combination of nanoparticles with electrospun nanofibers avoids the obstacle of separation and recycling
after the practical application of nanoparticle adsorption.

3.1.3. Air filtration

Air pollution is also a serious threat to public health. Air pollutants mainly include respirable particulate matter (PM), as well as
carbon monoxide, nitrous oxide, and sulfur dioxide. Fiber-based air filters are commonly used to remove PM to protect individuals.
Compared with traditional fiber filters, filters made of electrospun nanofibers often show a better performance in terms of removal
efficiency and air resistance because of their high porosity, micron-sized pore size, and large specific surface area. Since the filtration
effect of an air filter depends on the size and composition of particles, it is very important to adjust the properties of filter media
according to the removal mechanism of particles. Fig. 11A illustrates the mechanism of PM capture, with the dominant mechanism
varying with particle size (Fig. 11B) [482]. According to these mechanisms, the strategy of constructing electrospun fiber membranes
for air filtration is mainly by adjusting fiber diameter, changing fiber morphology, and regulating fiber charge. Eventually, the
improvement of filtration efficiency and the reduction of pressure drop on the inlet and outlet sides were realized.

To optimize the structure of filter media, reducing the fiber diameter by adjusting the electrospinning parameters is a widely used
approach [489,490]. In one study, a one-step electrospinning/netting technology evolving both jets and droplets was applied to
construct a bimodal network structure consisting of ordinary electrospun fibers and ultrathin nanonets (Fig. 11C) [483,491,492]. The
average diameter of ultrathin nanonets was decreased to ca. 20 nm and the size of formed pores was ca. 200 nm, which significantly
improved filtration efficiency. Meanwhile, the decrease in fiber diameter also caused an airflow slippage effect, which effectively
reduced the pressure drop of the filter medium [493].

The fiber morphology can be manipulated to increase the specific surface area and create an airflow sliding effect and thus the
filtration performance. For example, porous PLLA nanofibers were fabricated by post-treatment with acetone (Fig. 11D) [484], and the
membrane showed a filtration efficiency of 99.99 % for ultrafine NaCl particles of 30-100 nm with a pressure drop of 110-230 Pa. An
electrospun GO/ PAN composite nanofibrous membrane with an olive-like bead-on-string structure was developed [485]. The high
porosity of the beaded structure, combined with the airflow slip effect, resulted in a pressure drop of only 8 Pa, while achieving a
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Fig. 33. Structure of different nanofibrous products. (A) SEM image of electrospun nanofibers and their supporting layer in a commercial air filter.
Reproduced from ref. with permission from Donaldson website: www.donaldson.com. (B) Digital image of nanofibrous battery separators based on
self-supported polyimide nanofibers. Reproduced from ref. [1265] with permission from Jiangxi Xiancai website: www.hinanofiber.com. (C)
Schematic illustration of fabrication setup of nanofiber yarns based on rotating-funnel, and (D) SEM image of twisted polyacrylonitrile nanofiber
yarn. Reproduced from ref. [1207] with permission from Taylor & Francis, copyright 2012. (E) SEM images of a nanofiber/cotton composite yarn.
Reproduced from ref. [1266] with permission from Sage Journals, copyright 2021.

filtration efficiency of 99.97 % for PM2.5 (Fig. 11E). Additionally, through the use of tetrabutylammonium chloride, an organic salt, a
PVDF nanofiber web with a tree-like branched structure was prepared [494]. At a base weight of 1 g m~2, this filter demonstrated a
filtration efficiency of 99.999 % for 260 nm NacCl particles, along with a pressure drop of 124.2 Pa.

Combining the adjustment of fiber diameter with fiber morphology to construct a multi-layered structure can further enhance the
filtration effect. For example, a multilayer composite membrane, composed of thermoplastic polyurethanes (TPU) sub-micron fibrous
layer (diameter of ca. 900 nm), PS bead-on-string nanofibrous layer, and the PA-6 ultrafine fibrous layer (diameter of ca. 60 nm)
(Fig. 11F), showed a filtration efficiency of 99.99 % and a low-pressure drop of 54 Pa [204,495]. Furthermore, this hierarchical
structure improved the mechanical strength (6.72 MPa) and the uniform spatial distribution of particles in the filter media, enhancing
the particle capacity.

The storage of active charges in the filtration media also contributes to the filtration performance through the electrostatic effect
(Fig. 11G) [486,496]. Building filter media using appropriate electret materials or nanoparticles can significantly enhance active
charge storage [497,498]. For example, the surface chemistry of five types of electrospun nanofiber membranes made of different
polymers was investigated [499]. Polymers with higher dipole moments such as PAN could better remove particles from smoke due to
stronger dipole-dipole and induced dipole-molecular interaction. Thus, it is evident that the greater the polarity of the polymer, the
higher the filtration efficiency. Nanoparticles could also be introduced in the nanofibers to capture the target contaminants mainly by
electrostatic adsorption. MOFs loaded on electrospun nanofibers could provide positive charges to attract PM as a result of unbalanced
metal ions caused by unsaturated metal sites and defects [S00]. Electrospun polyimide (PI) nanofibrous air filters could also relate to
triboelectric nanogenerators (TENG), leading to a significant enhancement in the removal efficiency from 27.1 % to 83.6 % for
particles with a diameter of 76.4 nm (Fig. 11H) [487,501].

Beyond enhancing the filtration performance, with growing concerns about possible plastic contamination from electrospun fiber
membranes, many studies have shifted focus to using biodegradable polymers. Therefore, natural and synthetic biodegradable
polymers have been used to prepare environmentally friendly and recyclable filter materials [502,503]. Since a large number of
solvents involved in electrospinning process may cause health and environmental problems, it is also necessary to develop electrospun
fiber air filters with water-soluble polymers [504-506]. Chemical warfare agent degradation functions can be realized by loading
various kinds of materials, such as metal oxides, polyoxometalates, MOF materials, fluorescent dyes, etc. In one study, mustard gas
substitutes were detoxified by uniformly attaching magnesium oxide nanoparticles to the surface of poly (m-benzodicarbonamide)
nanofibers [507].

To sum up, electrospinning is an ideal technology for fabricating air filters with high filtration efficiency and low air resistance.
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Table 7

Global companies that provide electrospun nanofiber products.
Company Country Products
Biomimetic Electrospinning Technologies Inc. USA Biomedical scaffolds
BioSurfaces Inc. USA Drug delivery
Cella Energy UK Energy materials
Clarcor USA Filter
Donaldson USA Filter
Esfil Techno Estonia Filter
Finetex EnE, Inc. Korea Filter
Hirose Paper Mfg Co., Ltd Japan Filter
MANN + HUMMEL Germany Filter
Nanofiber Separations LLC USA Filter
Nanofiber Solutions USA Cell culture substrate
Neotherix UK Biomedical scaffolds
Nicast Israel Nanofiber implants
Pardam nanotechnology Czech Organic and inorganic nanofiber
PolyElements USA Cell culture materials
PolyNanoTec Germany Electrospun materials
PolyRemedy USA Wound care
Sigma Aldrich USA Cell culture materials
Sorbent Russia Filter
SPUR Czech Filter
The Electrospinning Company UK Tissue engineering scaffolds
Zeus USA Ultrasmall PTFE polymeric fibers
E-SPin NanoTech India Mask
Nicast Israel Vascular Graft
Biotronic Germany Stent, membrane
St. Theresa Medical Inc USA Dextran nanofibers; fibrin sealant
Nanofiber Solutions USA Veterinary product; ECM-like fiber structure
Ortho ReBirth Japan Bioabsorbable Polymer and SiV
PolyRemedy®, Inc USA Antimicrobial Dressings
NANOLAYR LTD New Zealand Filtration, Skincare and Acoustic

However, the current understanding of particle filtration mechanisms is based on ideal hypotheses, necessitating further exploration
under realistic conditions to construct more effective filters. In addition, the filtration performance of biodegradable filter materials
may not yet match that of high-performance filters. Therefore, the development of environmentally friendly electrospun air filters with
better performance is necessary.

3.1.4. Electromagnetic interference shielding

With the rapid development of electronic information technology, electromagnetic wave radiation pollution is becoming
increasingly serious. Therefore, there is an urgent need to develop high-performance electromagnetic interference (EMI) shielding
materials against various electromagnetic waves, such as radio waves, microwaves, infrared light, visible light, UV light, X-rays, and
y-rays. Electromagnetic waves are commonly used in communications, and unwanted high-frequency electromagnetic waves not only
interrupt the normal operation of electronic equipment and communication systems, but also disrupt the human bio-immune system
and induce a variety of diseases [508].

Electrospun nanofibers have shown great potential due to their superior porosity, large specific surface area, ideal lightweight,
corrosion resistance, and good flexibility [477]. The high porosity and interconnected structure of electrospun polymer nanofiber-
based membranes are ideal for efficiently absorbing and reflecting incident electromagnetic waves within the material. Electrospun
ceramic nanofibers with stable chemical properties, tunable dielectric properties, and good shielding performance at gigahertz fre-
quencies have attracted attention. Lightweight and flexible SiCN ceramic nanowires prepared by electrospinning and high-
temperature annealing demonstrated an optimal reflection loss of the nanowires as low as —53.1 dB (dB) and an absorption band-
width of 5.6 GHz (GHz), effectively covering the entire Ku band (12-18 GHz) [508]. With optimal impedance matching, considerable
conductive loss and interfacial polarization, composite fiber membranes exhibit excellent electromagnetic absorption performance.
Lightweight conductive fillers such as carbon-based materials, 2D nanomaterials, and conductive polymers can be embedded in or
coated on nanofibers. For instance, a flexible electrospun composite nanofiber with a sandwich structure, with a thickness of 0.26 mm,
exhibited a higher EMI shielding performance (approximately 30 dB) in the X-band (8-12 GHz) [509]. In another work, MXenes [e.g.,
(TizC2Tyx)] were introduced as EMI shielding materials, and the Ti3CyTx-sodium alginate composites indicated the highest EMI
shielding value of 92 dB for a 45-pm-thick film with the SSE/t value of 30830 dB cm? g~* [510].

X-rays are a type of high-energy electromagnetic radiation characterized by high penetrating power, which has important appli-
cations in medical diagnostics and industrial testing, but high doses of X-rays pose a serious threat to human health [511]. For X-ray
inference shielding, metal elements with high density and high atomic number offer better shielding capabilities. However, the sig-
nificant toxicity and ecotoxicity of these materials, such as Pb-based, have attracted concerns. As an alternative, Bi;O3 and WO3 have
been proposed as promising X-ray shielding materials due to their low toxicity, high density, and high adequate atomic number. In one
study, electrospun PVA/BiyO3 composite fibers demonstrated the highest X-ray attenuation among various fillers tested [511].
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Table 8
GB19083-2010D mask production standards.

Progress in Materials Science 154 (2025) 101494

Project
Basic requirements for masks

Nose bridge bar
Face mask belt

Filtration efficiency %
(Filtration efficiency for non-oily particles at a gas flow rate of 85 L/min)

Resistance to airflow
(Gas flow is 85 L/min)
Synthetic blood penetration

Surface moisture resistance

Microbiological indicator
(In accordance with GB15979-2002)

Indicators

The wearer’s mouth and nose should be covered, with good facial tightness, no
holes and stains on the surface, and no air valve.

Masks should have an adjustable nose bridge bar.

The breaking force between each mask belt and the mask body should not be less
than 10 N.

Class  Class 1 >95
Class 2 >99
. Class 3 >99.97

<343.2 Pa (35 mmH,0)

2 mL of synthetic blood is sprayed into the mask at 10.7 KPa (80 mmHg).
Infiltration should not occur on the inside of the mask.

The moisture level on the surface of the mask should not be lower than the class
3 in GB/T 4745-1997
Total number of bacterial
colonies CFU/g

Coliform

<200

Not detectable

(Respirators marked sterilized or sterile on the package should be sterile)
Pseudomonas aeruginosa
Staphylococcus aureus
Hemolytic streptococcus
Total number of fungal
colonies CFU/g

<10 /g

<100

Ethylene oxide residue
(Ethylene oxide sterilized masks)
Flame retardancy
Skin stimulation
Fitness

All materials shall not be inflammable, and the burning time shall not exceed 5 s.
The score for primary irritation of mask materials should not exceed 5 s.
Mask design should provide a good fit with a total fit factor of not less than 100.

Furthermore, Bi;WOg/WO3/PAN composite nanofibrous membranes showed excellent X-ray shielding performance and photo-
catalytic degradation of cationic organic pollutants under simulated sunlight [512].

3.1.5. Food safety and protection

Food is susceptible to adverse effects from the external environment, such as microorganisms and oxygen, during transportation,
storage, and sales, which can compromise its quality and safety. Active food packaging is an innovative and promising food packaging
technique that inhibits the growth and reproduction of microorganisms as well as the occurrence of oxidative reactions, which can
meet consumer demand for higher quality, safer, and fresher food. The effective encapsulation of active factors, such as antimicrobial
agents and antioxidants, is critical to the preparation of active packaging materials.

Electrospinning has attracted increasing interest in the development of active packaging materials as a result of its structural and
functional advantages. The large specific surface area of electrospun nanofibers enhances their response to the surrounding envi-
ronment, facilitating the timely release of active factors to counteract factors that may adversely affect food quality. Moreover,
electrospun fibers can be manufactured without thermal effects, which is conducive to high encapsulation efficiency (usually above 80
%) and maintaining their activity and specificity [513,514]. Therefore, the key to the application of electrospun nanofibers for food
safety protection mainly includes the controllable encapsulation and release of active factors while maintaining the activity. Currently,
co-blending, coaxial, and emulsion electrospinning techniques are mostly applied in the encapsulation of active factors. Co-blending
electrospinning involves the direct electrospinning of polymer carrier solution containing the active factors. For example, active food
packaging films were fabricated by electrospinning the carrier matrix gelatin/zein solution containing resveratrol, an active factor
with antibacterial and antioxidant activity [515]. Resveratrol was effectively encapsulated in the fibers with an encapsulation effi-
ciency of over 90 %, and the fiber mats exhibited superior antimicrobial activity against E. coli and S. aureus, extending the shelf life of
pork for 3 days at 4 °C. Although co-blending electrospinning exhibited outstanding convenience and versatility, it still faces some
challenges in embedding active factors into fibers, such as the burst release of active factors, low encapsulation efficiency due to the
difference in hydrophilicity between active factors and carrier matrix, and inactivation of certain hydrophilic active factors when
coexisting with organic solvents. In response to these challenges, coaxial and emulsion electrospinning have been rapidly developed to
compensate for the shortcomings of blending electrospinning.

Coaxial electrospinning allows for the fabrication of nanofibers with a “core-sheath” structure, where the active factors are
encapsulated inside the core. Emulsion electrospinning can embed micro/nanospheres containing active factors into the fibers. They
have a wide range of applications in food packaging, both enabling a sustained release of the active factors and protecting the activity
from organic solvents [516]. For instance, thymol, an antimicrobial agent, was encapsulated in the core of the nanofiber through
coaxial electrospinning [517]. The slow release of thymol into the headspace between the strawberry and the nanofibrous film
inhibited the growth of bacteria, fungi and yeast on the strawberry’s surface, extending its shelf life without affecting the flavor. In
another study, tangeretin was loaded into a nano-emulsion and then loaded in water-resistant PVA/PAA fibers through emulsion
electrospinning [518]. The encapsulated tangeretin exhibited sustained release profiles and lower burst release rates compared to pure
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Table 9
Production standards of adult woven fabric functional clothing processed by nanotechnology.
Project Indicators
Instructions Instructions for the use of finished products shall be carried out in accordance with GB5296.4, GB18401 and 7.1,
and shall indicate the date of production, date of use and specific functions
Type specification According to GB/T 1335.1, GB/T1 335.2, GB/T 1335.3

(Model setting and specification of a main
part of the finished product)
Material requirements Nanotechnology Comply with relevant national safety standards
processes the
nanomaterials used in

clothing
Fabric In line with the national textile fabric standard quality requirements
Lining Fabric properties and color suitable, except for special needs

Ingredients  Interlining  The change rate of water size is suitable for the fabric

Suture The stitching should be suitable for the material of the fabric, and the color of the
button line and button and the trademark line and the background color of the
- trademark are suitable.
Buttons, zippers After washing, hot dyeing, no deformation, no color, no rust and in line with the relevant national standards

and accessories

Fillers Choose all kinds of natural fiber, chemical fiber, animal nap (excluding eiderdown), animal fur and artificial fur

according to the standard

Appearance quality Conform to the corresponding national or industrial standards of all kinds of clothing

Functional indicators In Table 4

Physical and chemical properties index In Table 5

Security 1. The skin irritation, allergenicity and human patch test of the treated materials were negative
(Nanotechnology treats clothing) 2. Dissolution index of antibacterial class: After washing once, the bacteriostatic band width < 5 mm (Not

applicable to disposable products)
3. Color fastness, formaldehyde content, pH value, odor and resolvable aromatic amine dyes should comply with
GB18401

tangeretin emulsion, solving the problems of thermodynamically unstable structure and poor sustained-release properties of emul-
sions. Moreover, the encapsulated tangeretin still maintained good antioxidant activity.

In addition to providing food preservation, nanofiber membranes with intelligent responses can be embedded as nano-sensors
within food packaging to monitor changes in the food itself or external conditions, providing real-time insights into its freshness
status. The large specific surface area and high porosity of electrospun nanofiber membranes provide favorable conditions for intel-
ligent food packaging systems to achieve higher sensitivity and faster responsiveness [419]. pH-sensitive compounds, such as an-
thocyanins and curcumin, are commonly used as sensitive units in intelligent food packaging. For example, an electrospun fibrous
membrane containing purple sweet potato extraction showed a rapid and sensitive color response to volatile ammonia [519]. When the
color of the films changed from dark pink to blue, it indicated that the pork being monitored reached the standard for refusal of
consumption. Meanwhile, materials with fluorescent responses to biogenic amines have also been utilized to develop smart tags for
monitoring food freshness. Cellulose-based ratiometric fluorescent materials with sensitive ammonia response were processed into the
form of nanofibrous membranes through electrospinning [520]. The fluorescence color changes of the membrane represented different
freshness levels of shrimp and crab, red for freshness, yellow for slight deterioration, and green for deterioration, enabling real-time
and visual monitoring of shrimp and crab freshness.

3.2. Electrospun nanofibers for biomedical applications

3.2.1. Drug delivery

An ideal drug delivery system should be able to deliver drugs directly to the site of injury, achieve sustained drug release and drug
targeting, improve water drugs solubility and stability, control drug metabolism time, improve drug absorption, and effectively cross
biological barriers, and thus finally achieve long-term therapeutic effects, improve therapeutic efficiency, and reduce drug loss.
Current research focuses on the development of biomaterials with specific structures as drug delivery carriers, such as micelles, mi-
crospheres, liposomes, fibers, and various other drug delivery carriers have been studied [521-524]. Electrospun nanofibers have
significant advantages as drug delivery carriers because of their high surface-to-volume ratio, allowing effective loading of drugs
[50,525]. Moreover, the pore interconnectivity and high porosity of nanofibrous membranes facilitate drug-flexible diffusion. By
adjusting the electrospinning process, nanofibers with different structures can be obtained, enabling the modulation of drug release
modes and rates [526]. Blending electrospinning, coaxial electrospinning, emulsion electrospinning, and microfluidic electrospinning
have been mainly applied in drug delivery.

Blending electrospinning is the simplest method for fabricating drug-loaded nanofibers, where the drug is dispersed in the
nanofibers by mixing it with a polymer matrix material in the spinning solution. After implantation, the encapsulated drugs can be
released at the specific site [527]. For example, metronidazole-loaded PCL nanofiber membranes were fabricated by blending elec-
trospinning, indicating guided tissue regeneration/guided bone regeneration (GTR/GBR) and antimicrobial properties [528]. How-
ever, most biocompatible polymers need to be dissolved in organic matter during blending electrospinning, which can lead to
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Table 10
Functional indexes of clothing treated by nanotechnology.
Project superior quality First-class qualified product
Waterproof/grade Before washing 5 5 >4
After 15 washes >4 >4 >4
Oil repellent/ Before washing >7.0 >6.0 >5.0
grade After 15 washes >6.0 >5.0 >4.0
UV protection Before washing UPF50+ UPF50+ UPF50+
After 15 washes UPF50+ UPF40+ UPF40+
Antibacterial properties Before washing Good
After 15 washes Good Well Well
Easy decontamination/ Before washing Colored textiles >4-5 >4 >4
grade [ Bleached textile >4 >3-4 >3
Before washing Colored textiles >4 >3-4 >3
Bleached textile >3-4 >3 >2-3

Note 1: Assessment by express function
Note 2: Samples shall be taken at the indicated site only for products that are woven or patched with nanotechnology-treated fabric at a specific site.

challenges such as reduced drug bioactivity [529]. In addition, the release profile of the drug is often a non-homogeneous process,
which is non-ideal to tissue repair therapy [530].

To achieve controlled release of drugs, preparation of drug-carrying core-sheath nanofibers using coaxial electrospinning technique
is an optional way. The flow rates of the two electrospinning solutions can be adjusted to fabricate nanofibers with a sheath layer of
polymer wrapped around a core layer of polymer containing drugs [343,531]. By adjusting the composition and physicochemical
properties of the core and sheath layers, as well as the relevant settings during the electrospinning process, controlled, long-lasting, and
sustained release can be achieved to effectively avoid drug burst release [515,517,532,533]. Meanwhile, the outer sheath structure can
encapsulate the inner core structure under mild conditions to protect the bioactivity of the drug molecules [534]. For example, the
core-sheath electrospun fibrous mats consist of a gelatin/PVA core containing lysozyme biomolecules, encapsulated by a gelatin sheath
containing phenytoin sodium [535]. A sustained release profile was obtained, significantly extending the therapeutics’ release time
compared to directly loading the drug into the fiber matrix.

Inspired by coaxial electrospinning, triaxial electrospinning and quadriaxial electrospinning have been developed to prepare
multilayer nanofibers, which provide more locations for drug loading and allow a wider variety of drugs to be loaded in different layers
to achieve multi-level drug release [536]. For example, cellulose acetate-based trilayer core-sheath fibers were fabricated through
triaxial electrospinning, and ketoprofen was loaded in different layers with varied contents [537]. The tri-layer nanofibers, which
featured discrete drug distributions, demonstrated improved dual-stage release profiles, offering precise release during the initial stage
and extended sustained release in the subsequent stage. This provides a simple method to create functional nanofibers with sophis-
ticated structural features. Furthermore, PCL was used to construct both the outermost and second innermost layers, while gelatin was
used for both the second outermost and innermost layers, creating quad-axial nanofibers through quadriaxial electrospinning [538].
Moxifloxacin, an antibacterial drug, was encapsulated in different layers of the nanofibers. The efficacy of drug delivery using quad-
axial nanofibers was superior to that of core-sheath nanofibers. The triaxial or quad-axial electrospinning process is still too complex
and can be easily limited by problems such as nozzle clogging.

Emulsion electrospinning is another approach to fabricating nanofibers for delivering bioactive molecules [539-541]. It is not
formed by the structure of the nozzle used, but by a stable emulsion of two or more fluids. For example, nanofibers with hydrophobic
10-hydroxycamptothecin as the sheath and hydrophilic tea polyphenols as the core were prepared by emulsion electrospinning [539].
The two components were released successively to achieve programmed release.

Compared with conventional electrospinning, microfluidic electrospinning can utilize the laminar flow and diffusion properties of
the fluid to dynamically regulate the composition and structure of the spinning fluid [542-544]. For example, an implantable
hierarchical-structured ultrafine fiber scaffold was fabricated using this technology for localized codelivery of doxorubicin and apa-
tinib to overcome cancer multidrug resistance [545]. The obtained nanofibers have smooth surfaces, relatively uniform diameters, and
clear elliptical cavities. Encapsulating DOX-loaded micelles into nanofibers extended the release time of doxorubicin. The in vivo
research showed that the dual drug-loaded hierarchical-structured nanofibrous scaffold was more effective in controlling tumor
volume after 21 days.

In addition, the on-demand release of drugs from the electrospun fibers can be achieved by endogenous or exogenous stimuli, such
as pH, enzyme expression, ROS levels, temperature, light, electric fields, magnetic fields, and ultrasound. For instance, ROS-responsive
nanofibers patch utilizes high ROS levels in pathological environments to achieve controlled drug release [546]. Drug-loaded elec-
trospun nanofiber scaffold combined with electric stimulation can also control drug release under real physiological conditions by
manipulating the external environment. For example, electrical stimulation could modulate the delivery of curcumin through volume
changes induced by the voltammetric response of PEDOT nanoparticles [547]. In conclusion, developing electrospun nanofiber
scaffolds responsive to multiple endogenous and exogenous stimuli is essential for realizing precise drug delivery.

Although electrospun nanofibers demonstrate excellent performance as drug delivery carriers for tissue repair and cancer therapy,
certain issues need to be addressed before clinical trials. First, an accurate study of in vivo release kinetics is required to clarify drug
release behavior and further optimize the design of drug delivery systems. Moreover, the avoidance of inflammatory and immune
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Table 11
Physical and chemical properties of clothing treated by nanotechnology.
Project superior quality First-class qualified product
Tearing strength /N Light-weight >7
Thick-weight >13 >11 >9
Breaking strength /N Light-weight >160
Thick-weight >300 >250 >200
Stitch slipping /cm >0.5 >0.6
Strength of crotch seam /N Fabric not less than 140 N,
lining not less than 80 N
Peel strength of fusible lining /N >6
Ventilation rate / (mm/s) >180
Fiber content % According to FZ/T 01,053
Nanotechnology identification Total number of nano-structured units >

Total number of non-nano-structured units

Silk products and the quality of the products below 50 g/m? of the suture crack degree according to GB/T 18,132 regulations.
Note 1: Light and thin fabric — 150 g/m? and below; Medium thickness —- fabric 150 g/m? and above.

responses that may be caused by material degradation, as well as the realization of safe, non-toxic, and side-effect-free are also
essential. Introducing bioactive substances that enhance bioactivity and promote cell adhesion is one strategy to address the above
challenges. Additionally, combining imaging agents-loaded fibers with imaging technology allows the real-time monitoring of drug
release in the body, thus improving the efficiency of drug delivery and enabling precise and controlled therapy.

3.2.2. Bioimaging

The advancement of in vivo imaging is an important challenge for biomedical materials and an inevitable direction of development.
In vivo imaging plays a vital role in targeted precision therapeutics, early diagnosis of tumors, real-time monitoring of tissues during
treatment, and monitoring of processes like implant degradation in vivo [548]. Therefore, the realization of biological imaging is
essential to expanding the applications of biomedical materials and advancing toward clinical use. Imaging probes serve as a
fundamental and core technology for achieving effective imaging. Sensitive materials used to fabricate imaging probes have made
significant advancements in precision theragnostic, including ultrasound imaging probes [74,549-551], photoacoustic imaging probes
[549,552-556], nuclear magnetic resonance imaging (MRI) probes, near-infrared (NIR) imaging probes [557], fluorescent imaging
probes [558-560] and others. These imaging probes have shown great potential in personalized medicine, facilitating the clinical
diagnosis and treatment of various diseases.

Biocompatible nanomaterials loaded with imaging probes have been widely used as imaging scaffolds, providing a novel approach
for creating a more stable and controllable imaging system [561-565]. Among various techniques, electrospinning has emerged as a
promising strategy for fabricating nanofibers due to its outstanding properties. Electrospun nanofiber drug delivery approach can also
be used for imaging probe delivery. For instance, one study fabricated a metal-enhanced fluorescence-based biosensor platform using
photo-reduced silver nanoparticles and silica-decorated PCL nanofibers, resulting in silver-decorated PCL nanofibers with a silica layer
(Ag@SiO2-PCL) [566]. The Ag@SiO»-PCL nanofibers demonstrated excellent properties in fluorescence-based biosensing.

Using electrospun nanofibers, it is also possible to encapsulate both imaging probes and drugs. On the one hand, diagnosis and
monitoring of diseases can be realized by imaging probe combinations [567]. On the other hand, the therapeutic effects can be
achieved at the injury site via controlled drug release [568]. For example, a core-sheath nanofiber was fabricated as an oral drug for the
colon [569]. It consisted of a sheath layer that was non-degradable under acidic conditions wrapped around a core layer loaded with
magnetic resonance contrast agent Gd (DTPA) and drug. This design allowed the drug to be released only in the colon bypassing the
effects of gastric acid, while real-time imaging with Gd (DTPA) enabled precise treatment of the disease.

Currently, the utilization of electrospun nanofibers for delivering imaging probes is a less explored area and has untapped ap-
plications in many imaging modalities. Current challenges include finding suitable solvents to carry imaging probes through the high-
voltage electrospinning process and stabilizing them within the nanofibers. Furthermore, it is essential to investigate how imaging
probes encapsulated in electrospun nanofibers enable in vivo imaging and the imaging process itself. It is a huge challenge to monitor
the disease progression and treatment processes in a form where the imaging signal itself has been quantified. Therefore, leveraging
electrospun nanofibers as delivery carriers for the integration of diagnosis and treatment holds significant promise for clinical med-
icine and warrants further exploration.

3.2.3. Tissue engineering and regenerative medicine

Tissue engineering and regenerative medicine aim to restore or regenerate the function of lost or functionally damaged tissues and
organs using cells, biomolecules, and scaffolds [570]. Tissue-engineered scaffolds provide the necessary microenvironment for the
growth of cells damaged by disease, injury, or congenital defects [571]. For tissue repair and regeneration, a significant challenge lies
in scaling biomaterials into constructs that can mimic the biological, chemical, and mechanical properties of the tissue microenvi-
ronment [572]. Electrospinning is a biomaterial fabrication tool using a variety of natural and synthetic polymers to create nanofibers
that resemble the ECM network found in most tissues and organs [10]. Due to its relative simplicity, versatility, and control over fiber
production, electrospinning is particularly attractive for tissue engineering applications to manipulate cell adhesion, migration, dif-
ferentiation, and proliferation [9].
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Skin tissue wound healing. As the largest organ of human body, skin tissue integrity is critical for protecting the body from trauma
and bacterial infection [573]. Under normal conditions, the skin possesses self-healing capabilities after acute injuries. The healing
process consists of four overlapping phases, inflammation, granulation, matrix remodeling, and re-epithelialization [574]. However,
chronic wounds caused by burns, infections, diabetes, and other factors associated with skin injuries can impede the development of
mature granular tissue, resulting in prolonged inflammation, thus slowing down the healing process of the wound. Proper therapeutic
management is crucial due to the potential for systemic infection [575]. While autografts are the gold standard of treatment, extensive
skin defects may exceed the capacity of autografts, necessitating the rapid production of functional skin substitutes in vitro for wound
regeneration [576]. Skin repair scaffolds are expected to play active roles, such as maintaining the moisture at the defect area,
absorbing secretions, and inhibiting bacterial growth. A variety of scaffolds composed of electrospun nanofibers have been utilized to
restore skin function.

Bacterial infection is a major impediment to skin repair. To address this issue, materials or small molecules with antimicrobial
capacity have been integrated into electrospun fiber scaffolds for skin repair. For example, chitosan, proving high versatility and
suitability for many types of wounds, exhibits several biological properties such as antimicrobial and wound acceleration [577].
Electrospun chitosan/collagen or silk fibroin nanofiber scaffolds showed good biocompatibility and antimicrobial properties and
accelerated wound healing [578]. Similarly, a composite electrospun silk fibroin nanofibrous scaffold containing antimicrobial pep-
tides exhibited significant antibacterial activity against both gram-positive and gram-negative bacteria, promoting wound healing
[579]. In addition, the incorporation of inorganic metal oxides as antimicrobial agents could accelerate wound healing [580].

Modulating the inflammation phase is crucial for skin repair. Introducing anti-inflammatory effects to electrospun fibrous scaffolds
that promote tissue repair can further enhance the repair effect. Electrospun nanofiber scaffolds were fabricated by introducing type I
collagen from tilapia skin, which showed good biocompatibility and low immunogenicity [581]. In another study, electrospun
composite nanofibers composed of collagen and bioactive glass showed an enhanced tensile strength in comparison with pristine
collagen nanofibers, which could accelerate the healing of rat skin wounds by promoting keratinocyte adhesion and proliferation, anti-
inflammation, and pro-early re-epithelialization [582]. Anti-inflammatory components can also be integrated into the scaffolds. For
example, ligustrazine was blended in silk fibroin nanofibers, indicating anti-inflammatory capability and promoting wound hemostasis
[583].

Other approaches aiming to build 3D environments to promote cellular infiltration and tissue regeneration have also been reported.
By combining gas foaming technology and electrospinning, 3D porous multi-layered nanofibrous scaffolds were created, promoting
macrophage polarization, vascularization, and wound regeneration [584]. The surface morphology of electrospun nanofibers plays a
crucial role in skin tissue repair. The adhesion, proliferation and differentiation of cells can be affected by adjusting the diameter, pore
size, surface roughness and topography of the fibers. For example, an aligned PLGA/fish collagen nanofiber membrane with a diameter
of 300 nm promoted fibroblast proliferation, keratinocyte spreading and macrophage polarization to reparative phenotypes [585].
Electrospinning technology can also be used to construct drug delivery systems by incorporating drugs into the nanofibers or the
surface of nanofiber, achieving controlled release to promote skin tissue repair. By leveraging electrospinning techniques to create
core-sheath structures, multi-layered fibers, and stimuli-responsive materials, it is possible to deliver multiple drugs in a controlled and
timely manner. Loading cells directly into electrospun fiber scaffolds is another effective method to promote skin tissue repair. These
cell-fiber composite scaffolds can provide a good environment for cell adhesion and growth, mimicking the ECM, and promoting cell
migration, proliferation, and differentiation. For example, an in-situ electrospun scaffold loaded with mesenchymal stem cells (MSCs)
promoted angiogenesis and epidermal regeneration and reduced the expression of interleukin-6 to accelerate cutaneous wound
healing [586]. In summary, these examples provided scientific bases for the potential use of electrospinning for skin tissue engineering.

3.2.3.1. Nerve tissue. Severe damage to the peripheral nervous system (PNS) is a common global problem, which usually leads to loss
of sensory and motor functions [587-589]. The most widely used treatment for restoring peripheral nerves is the autologous nerve
graft, but its application is limited by the availability of the donor nerves and immune rejection [590,591]. Recent progress in
bioengineering strategies provides an alternative approach using a nerve guidance conduit (NGC) to facilitate nerve growth [591,592].
Synthetic NGCs composed of electrospun nanofibers have gained increasing popularity for nerve regeneration over the past few years
[334,593-595]. A hollow NGC provides a canal lumen and serves as a bridge for nerve growth. For example, a self-forming multi-
channel NGC with topographical cues based on a degradable shape memory PLA polymer could be temporarily formed into a planar
shape for cell loading to realize the uniform distribution of cells [596]. Triggered by a physical temperature around 37 °C, it could
automatically restore its permanent tubular shape to form the multichannel conduit and exhibited excellent performance in terms of
cell growth and nerve regeneration in vivo. The topological structure of the fibers in the conduit affects nerve regeneration. Longi-
tudinal grooves can be formed on the surface of nanofibers to increase the specific surface area for improving nerve regeneration [597].
In the inner wall of NGC, 5 mm arranged grooves were formed and 4-5 mm arranged fibers were filled, and the effect of forming
bundles was better than flat NGCs filled with random or aligned fiber and patterned NGCs filled with random fibers [598]. In general,
the grooved structure can better simulate the primary neural structure, thus promoting regeneration.

Electrospun nanofibrous scaffolds are ideal matrices for loading various bioactive growth factors to promote nerve growth. In one
study, a multi-functional NGC was constructed to promote nerve regeneration by combining ordered topological structure, density
gradient of biomacromolecular nanoparticles, and controlled delivery of biological effectors to provide the topographical, haptotactic,
and biological cues, respectively [593]. On the surface of aligned PCL nanofibers, a density gradient of bioactive nanoparticles capable
of delivering recombinant human acidic fibroblast growth factor was deposited. On the graded scaffold, the proliferation of Schwann
cells was promoted, and the directional extension of neurites from both PC12 cells and dorsal root ganglions was improved in the
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direction of increasing particle density.

Since the nerve signal is actually an electrical signal, PPy and graphene have been utilized to coat electrospun nanofiber-based NGC
to guide Schwann cell migration and promote nerve regeneration in vivo [581,595]. To provide more space for guiding the migration
and proliferation of nerve cells, filaments or sponges were integrated into the hollow NGCs, which were more conducive to cell
migration and performed better in nerve function recovery than hollow NGC group [594,599,600]. Electrical stimulation can promote
nerve regeneration after sciatic nerve injury [601]. Electrospun fiber membrane with conductive coating can significantly improve the
regeneration effect of peripheral nerves under electrical stimulation [602]. In addition, electrical stimulation has a synergistic effect
with oriented fibers. It can significantly enhance myelin and axon regeneration, thus promoting peripheral nerve regeneration [603].

Similar challenges also exist in spinal cord injury (SCI). An injectable nanofiber-hydrogel composite was prepared by combining
thiol-modified HA hydrogel and PCL fibrous membrane [604]. The composite supported pro-regenerative macrophage polarization,
angiogenesis, axon growth, and neurogenesis in the injured site. The repair effect may be further promoted by loading functional
substances. For example, neurotrophin-3, a protein that promotes neuronal survival and axonal sprouting, was dispersed in poly
(e-caprolactone-co-ethyl ethylene phosphate) nanofibers to induce nerve regeneration [605]. In another study, polysialic acid was
adopted to control central nervous system development by regulating cell adhesive properties and promoting axonal growth [606].
Besides, CeO2 nanoparticles were extensively studied and could be combined with electrospun fibers for potential use in nerve
regeneration [607].

3.2.3.2. Blood vessel tissue. It is estimated that approximately 1.4 million patients require arterial prostheses each year in the USA
[608]. However, up to 30 % of patients requiring lower limb revascularization and up to 50 % of patients who require secondary
bypass surgery, lack an autologous saphenous vein and mammary artery suitable for grafting, despite this being the current gold
standard [609]. There is considerable importance in replacing autologous veins with engineered grafts to restore vascular regeneration
and function. Large-diameter (> 6 mm) vascular grafts made by polymers (such as Dacron, polytetrafluoroethylene (PTFE), etc.) have
been successfully applied since 1957 [610]. However, the efficacy of synthetic materials has not been comparable to that of trans-
planted natural tissue, and small-diameter (< 6 mm) grafts are rarely used in the clinic because of their susceptibility to acute
thrombosis or graft occlusion. As a result, significant efforts have been devoted to developing resorbable small-diameter vascular
grafts. To promote antithrombotic properties, a combination of surface modification and manufacturing methods has been explored. In
addition to biocompatibility, biodegradability and mechanical compatibility are important factors that need to be considered when
selecting graft materials.

Electrospun nanofibrous scaffolds are widely used in studies to develop vascular grafts due to their excellent maneuverability. For
example, tubular HA/collagen nanofibrous composite scaffolds were obtained by sequential electrospinning and cross-linking,
providing a good matrix for the adhesion and proliferation of vascular endothelial cells [611]. Heparin, as a commonly used anti-
coagulant in clinical practice, functions early after implantation, while long-term patency is largely dependent on rapid endotheli-
alization of the lumen. Heparin/silk-PLCL composite nanofibers were fabricated via conjugate electrospinning technology for the
inhibition of intimal hyperplasia [612]. From the results of a canine femoral artery model, the mixed grafts exhibited higher patency,
better smooth muscle cells (SMCs) growth, and higher expression of angiogenesis-related genes compared to PLCL grafts. The most
intensively studied strategies for promoting vascular graft success are heparin-loaded antithrombotic and active substance-promoting
endothelialization. Several research groups have also further explored the use of heparin to reduce thrombosis. By introducing
heparin-VEGF into the PCL nanofibers via coaxial electrospinning, the vascular patency in a rat aorta model was improved [613]. In
another study, vascular grafts were prepared by coaxial electrospinning, with the core containing heparin and the shell consisting of
salvianolic acid B-loaded mesoporous silica nanoparticles, synergistically promoting human umbilical vein endothelial cell (HUVEC)
growth [614]. Salvianolic acid B, extracted and purified from salvia, could offer anti-inflammatory, antioxidant, anti-hypoxic, and
anti-arteriosclerotic properties [615].

From a bionic perspective, the intima and media are considered to be functionally important layers in native blood vessels, con-
sisting of a continuous monolayer of endothelial cells and SMCs arranged along the circumference, respectively [616]. Replicating this
multilayered structure of native vessels in a man-made scaffold is believed to be more conducive to the regeneration of vascular tissue.
To this end, multilayered electrospun vascular grafts have been developed to mimic both the nascent endothelium, which is important
for anticoagulation, and the mesentery, which is important for mechanical integrity. The main design concept is that the compact inner
layer promotes endothelization, and the loose middle layer promotes SMCs infiltration. In vivo evaluation showed that endothelial
cells, as well as infiltrated smooth muscle tissue, regenerated in the inner and outer layers of the prefabricated scaffold, respectively,
demonstrating the feasibility of biomimetic bilayer scaffold in vascular tissue regeneration [617,618]. Furthermore, electrospun
nanofibers encapsulated with growth factors, such as vascular endothelial growth factor (VEGF), show excellent hemocompatibility
and biocompatibility properties to promote vascular regeneration in vivo [619]. These studies demonstrate that electrospun fiber-based
vascular grafts with elaborate designs will be beneficial for small-diameter vascular reconstruction.

3.2.3.3. Myocardium tissue. Cardiovascular diseases are one of the most morbid and deadly diseases in the world [620]. Among them,
myocardial infarction can lead to severe damage to myocardial tissue [621]. Due to the extremely limited regenerative capacity of the
adult heart, large numbers of cardiomyocytes are lost and replaced by non-contractile scar tissue, resulting in pathological cardiac
remodeling and heart failure [622,623]. The central reason is that mature cardiomyocytes are terminally differentiated cells, and they
do not have self-regeneration ability [624], making it challenging to repair necrotic myocardium after myocardial injury. At present,
the clinical treatment methods mainly include drug therapy, angioplasty, and coronary artery bypass operation. However, it is difficult
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to use these traditional treatments to repair damaged myocardial tissue and normalize dead and fibrotic myocardium to normal.
Therefore, improving the curative effect of traditional treatment and looking for new treatment strategies are imperative [625]. The
rise and rapid development of cardiac tissue engineering has become a focus of research on myocardial infarction repair, aiming to
construct tissue-engineered cardiac tissue to repair or replace damaged myocardium. At present, methods for producing tissue en-
gineering scaffolds include acellular technique [626,627], electrospinning [626,627], molecular self-assembly [628], bioprinting
[628], etc.

Electrospinning has been applied to fabricate various scaffolds with different forms and functions according to different needs [9].
Cardiac patches composed of brown adipose-derived stem cell sheets and conductive electrospun nanofibers restored infarcted hearts
for ischemic myocardial infarction [372]. Another study showed that co-axial fibrous scaffolds integrating with carbon fiber promoted
cardiac tissue regeneration post-myocardial infarction [629]. Focused rotary jet spinning was applied to manufacture biodegradable
polymer poly(L-lactide-co-¢-caprolactone) fibers in minutes and assembled to produce nanofibrous heart valve scaffolds (FibraValves),
a heart valve replacement [630]. The fibers allowed for the cells from patients to attach and remodel in the implanted scaffold,
eventually building a native valve that could grow and live with the child throughout their life. Furthermore, a scaffold with a 3D
highly ordered microstructure with a fiber diameter of 10-20 um and spacing of 60-80 um was fabricated by maintaining a vertical jet
during electrospinning [631]. The induced pluripotent stem cells (iPSCs)-derived cardiomyocytes formed ordered engineered cardiac
tissues with their sarcomere growth along the fiber, and synchronous functional engineered cardiac tissues were developed inside the
scaffold with matured calcium handling compared to that on a 2D coverslip.

Loading of active substances is an effective means of applying electrospun fiber patches for repairing myocardial infarction. For
example, a ROS-responsive biodegradable elastomeric PU with thioketal linkages was synthesized from PCL-diol, 1,6-hexamethylene
diisocyanate, and ROS-cleavable chain extenders, and then electrospun into a nanofibrous patch loaded with glucocorticoid meth-
ylprednisolone [546]. The patch exhibited good antioxidant activity, reduced infarct size, and restored blood transport capacity in the
infarcted myocardium. Core-sheath nanofibrous patches with a sustained release of rhACE2 could reduce myocardial apoptosis and
cell fibrosis, preventing poor ventricular remodeling under hypoxia stress [632]. The controlled release of specific gases is another
efficient way. For example, nitric oxide plays a critical role in the treatment of myocardial infarction because it can increase cardiac
protection through cardiovascular homeostasis regulation. Therefore, local nitric oxide release needs to be carefully managed. In one
study, an electrospun PCL nanofibrous mat covalently combined with nitrate was implanted into the heart muscle to localized release
nitric oxide in a chronic model with 4 weeks of myocardial infarction (Fig. 12A) [488]. Masson staining (Fig. 12, B, C) and functional
measurements (Fig. 12D, E) demonstrated that implantation of the patch effectively improved cardiac function and suppressed cardiac
dilation.

A variety of cell types are beneficial in cardiac repair [633], such as MSCs [634], embryonic stem cells (ESCs), iPSCs, cardiac-
derived stem cells (CSCs), etc [631,635,636]. However, the cell therapy of myocardial injury still faces many challenges such as
limited cell survival rate and low cell maturity due to local microenvironmental limitations. Myocardial patches based on electrospun
nanofibers can provide good mechanical support and microenvironment for cells and improve the survival rate of cell transplantation.
Electrospun cellulose nanofibrous mat was modified with multilayers of chitosan/silk fibroin via LBL coating and then loaded with
adipose tissue MSCs to generate a cell nano-patch [637]. After adhering to the epicardium in the infarcted area of the rat heart, the
patch promoted the functional survival of engrafted cells and restrained ventricular remodeling through attenuating myocardial
fibrosis. In another study, uniaxially aligned electrospun PCL nanofibers loaded with child progenitor cells were applied to treat right
ventricular heart failure caused by congenital heart disease [638]. The uniaxially aligned structure of the patch induced CPCs growth,
and coating fibronectin on the nanofibers enhanced the metabolism of both neonatal and child CPCs. It is also crucial to ensure that the
cardiac patches can grow with the growth of human heart, especially for the child. The lack of growth of the implanted material
remains a particularly problematic issue, especially for pediatric patients with precordial defects. Additionally, preventing infection
and aneurysm formation during tissue reconstruction is also important. Therefore, more experimental exploration is needed for the
development of tissue-engineered patches.

3.2.3.4. Tendon/ligament tissue. Tendons and ligaments are prone to rupture and laceration because of their load-bearing nature,
leading to injury and a significant loss of flexibility and mobility in patients [639]. Due to their poor intrinsic healing capacity, it
remains a clinical challenge to restore injured tendons and ligaments [640]. Various clinical approaches, including autografts, allo-
grafts, and artificial prostheses, are employed to repair or replace damaged tendons, but they are limited by the morbidity of the donor
site, immune rejection, a high rate of injury recurrence, and limited long-term function restoration [640,641]. Consequently, tissue
engineering offers a promising alternative treatment to facilitate tendon and ligament healing and the development of new reparative
tissue constructs [642].

In recent years, electrospun-aligned nanofibers, resembling the ultrastructure of tendons, offer a possible option for the treatment
and regeneration of damaged tendons and ligaments. In one study, a scaffold was fabricated by melt electrospinning, in which fiber-
guiding features comprising 100 um spaced channels were constructed to facilitate periodontal ligament attachment and a pore size
gradient was generated in the bone component, while a highly porous and fully interconnected interface was maintained between the
compartments [643]. The scaffold induced a systematic tissue orientation at the dentin-ligament interface, resembling the native
periodontium and resulting in enhanced alignment mimicking the periodontal ligament regeneration in an ectopic periodontal
attachment model in immunocompromised rats.

A variety of scaffolds with hierarchical structure and function have been developed to promote healing of tendon injuries [644]. For
example, a multi-layered electrospun tubular construct was fabricated to exhibit three layers: an inner layer containing an anti-
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inflammatory component (Naproxen), a middle layer of braided monofilament as reinforcement, and an outer layer containing HA, an
anti-adhesion component [20]. In vitro assays using human fibroblasts showed that the incorporation of the bioactive components was
successful and noncytotoxic. Moreover, tensile testing using ex vivo sheep tendons proved that the developed multi-layered constructs
could fulfill the required strength for tendon repair (i.e., 2.79-3.98 MPa), with an ultimate strength of 8.56 + 1.92 MPa and 8.36 +
0.57 MPa for PCL and acrylate endcapped urethane-based precursor/PCL constructs, respectively [645]. Electrospun nanofibrous
scaffold with crimped nanofibers and welded joints was fabricated to mimic the intricate natural microstructure of tendon-to-bone
interface [646]. The crimped nanofiber scaffold featured bionic tensile stress and induced chondrogenic differentiation, laying
credible basis for in vivo experimentation.

Adhesion formation during tendon healing remains a severe problem in clinical practice [647]. Electrospun nanofibers with a
porous structure can be loaded with different drugs to prevent tendon adhesion and promote tendon healing. For example, miR-29a
was loaded in lipid nanoparticles and then integrated into core-sheath nanofibers [648]. PLA-PEG copolymer was used as the shell
layer for anti-adhesion, and miR-29a was used to regulate collagen synthesis and NF-kB activation in tenocytes while promoting
macrophage polarization by inhibiting the inflammation pathway. From the in vivo studies of the Achilles tendon-rupture model, the
scaffold promoted collagen composition and alignment with higher mechanical strength and better functional recovery. Loading
growth factors, such as VEGF, insulin-like growth factor, and mechano-growth factor, through electrospinning to promote tissue
healing is one of the commonly used strategies [649,650]. In one study, Ex-4, a peptide growth factor favoring tenogenic differen-
tiation, was encapsulated in the open lumen of halloysite nanotubes (HNTs), and then the HNT tube endings were sealed with a
polymer blend [651]. Afterward, Ex-4-loaded HNTs were integrated into the electrospun nanofibrous mats composed of a blend of PCL
and cellulose acetate. The nanofiber scaffold containing Ex-4 accelerated the hMSCs proliferation and improved the expression levels
of sulfated glycosaminoglycan, tendon-related genes (Scx, Mkx, and Tnmd), and ECM-related genes (Col-I, Col-III, and Dcn). Moreover,
the nanofiber scaffold containing Ex-4 enhanced tendon healing and reduced fibrocartilage formation in comparison to the pristine
nanofiber scaffold in the full-thickness rat Achilles tendon defect. In another study, the mechano-growth factor, which could regulate
the macrophage polarization to an anti-inflammatory M2 phenotype, was modified on the surface of an electrospun PCL nanofibrous
scaffold through LBL self-assembly with silk and click chemistry [652]. The modified scaffold not only mitigated the foreign-body
reaction in vivo but also exhibited excellent anti-tissue adhesion effects, promoting the repair of tendon injuries.

3.2.3.5. Bone/cartilage tissue. Bone damage and defects are common clinical orthopedic disorders, with a high incidence of bone
defects, mainly caused by trauma, tumors, osteoporosis, and infections [653]. Currently, bone grafting is considered the “gold stan-
dard” for clinical repair of severe bone defects, but autologous bone grafting is constrained by supply shortages, secondary injuries, and
complications, and allogeneic bone grafting also suffers from immune rejection and infection risk [654,655]. As a result, tissue en-
gineering approaches hold promise for restoring bone defects, and various elaborate scaffolds have been developed as alternatives for
clinical treatment [656,657].

Electrospun nanofibers can mimic the predominantly hierarchically organized collagen fibrils of the ECM in natural bone and can
create a 3D environment for cell adhesion, proliferation, and differentiation through a variety of techniques and the introduction of
active ingredients [658,659]. For example, the incorporation of inorganic particles in the scaffolds can promote bone regeneration. In
one study, composite electrospun PCL/gelatin nanofibrous scaffolds containing hydroxyapatite (HAp) and niobium pentoxide particles
could improve osteoblast cell proliferation and differentiation [660]. Electrospun silk fibroin nanofibrous scaffolds containing HAp
particles could enhance the osteogenic differentiation of human adipose-derived MSCs in vitro and repair bone defects in vivo [661].
Besides, nanofibrous scaffolds loaded with functional factors and bioactive molecules can provide the possibility of mimicking natural
ECM to direct cellular growth. For example, 3D nanofibrous scaffold containing homogenized nano-HAp/PLLA/gelatin short elec-
trospun fibers was fabricated by combining freeze-drying and thermal crosslinking [662]. Then, synthetic bone morphogenetic
protein-2 (BMP2)-derived peptide was immobilized on the surface of the scaffold by PDA-assisted coating strategy (Fig. 13A). The
scaffold could increase the expressions of genes associated with osteogenic differentiation both in vitro and in vivo (Fig. 13B, C). In
another study, alendronate sodium, which can inhibit bone resorption, was loaded into mesoporous silicate nanoparticles and then
incorporated in PCL/gelatin nanofibers by electrospinning [663]. The delivery of alendronate sodium from the nanofibrous scaffold
could modulate the bone remodeling process. The above studies illustrate the promising potential of electrospun nanofibrous scaffolds
for bone tissue engineering applications.

Cartilage tissue damage from sports-related injuries can contribute directly to developing joint osteoarthritis, and in severe cases,
total joint replacement is required [664]. Current treatments for cartilage defect include microfracture surgery, implantation of au-
tografts, and transplantation of autologous chondrocytes, while these modalities are often ineffective due to shortcomings such as
complex processing, lack of appropriate donors, and adverse immune response [665]. Tissue engineering treatment using electrospun
nanofibrous scaffolds is a promising strategy for cartilage regeneration, and current research focuses on the development of 3D
structures with porous architecture for cartilage repair. For example, electrospun nanofibrous membranes were homogenized to
produce short fibers [395]. Followed by thermal cross-linking and modification with HA to the short fibers, a 3D nanofibrous scaffold
was prepared via a freeze-drying method. The scaffold showed good elasticity, promoted chondrocyte adhesion and proliferation, and
promoted repair efficacy in the rabbit articular cartilage model. Furthermore, electrospun nanofibers were used as the ink for 3D
printing to prepare 3D cartilage scaffolds with controllable nanofiber structures, which were successfully applied to rabbit articular
cartilage repair [666,667].

3.2.3.6. Tendon-to-bone interface. The tendon-to-bone interface is a special migratory area from soft tissue to bone transformation,
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consisting of tendon, uncalcified fibrocartilage, calcified fibrocartilage, and bone [668,669]. The main surgical procedure for treating
tendon or ligament injuries is to suture tendon and ligament to the bone surface or the bone marrow tract [670]. The reconstruction of
the normal composite structure of the tendon-to-bone interface will largely affect the recovery of joint kinematics and dynamics.
However, after tendon and ligament injury repair, patients often experience scar healing, resulting in poor treatment outcomes [671].
Currently, more and more studies are devoted to exploring therapeutic approaches that can significantly restore the normal tendon-to-
bone interface complex structure and promote regeneration [672,673].

Electrospun nanofibers are increasingly being interested as tissue engineering scaffolds to promote tendon-bone healing by
manipulating cell adhesion, proliferation, migration, and differentiation, as well as mimicking the native structure [674]. On this basis,
modifying electrospun nanofibers with hierarchical structure to mimic the physiological structure of the tendon-to-bone interface is an
important way to promote the repair of the tendon-bone interface [10,675,676]. In one study, microfiber yarns of aligned PCL/gelatin
and random PCL/gelatin/HAp were fabricated by wet spinning and then constructed into 3D scaffolds to control mineral distribution
and cell alignment, mimicking the characteristics of the tendon-bone interface (Fig. 14A-E) [677]. Considering that collagen type II
and type X were significant components in the nonmineralized and mineralized fibrocartilage regions of the tendon-to-bone interface,
the presence of these collagens was important. As demonstrated in Fig. 14F-G, a high positive of collagen type II and type X was
observed in the interface section of the scaffolds.

Scaffold structures with different gradients also allow cells to differentiate along the gradients to repair the damaged tendon-bone
interface. In one study, 3D HAp gradient scaffolds with spatial mineral distribution had good mechanical properties and structural
anisotropy through the combination of electrospinning technology and traditional textile crafts [678]. These scaffolds could guide rat-
derived BMSCs-oriented differentiation and have great potential for tendon-to-bone regeneration. In another study, scaffolds con-
sisting of three functionally distinct regions were generated, including a gradation in mineral content that scales to match the native
tissue, uniaxial channels aligned similarly to tendon fascicles, and a highly porous HAp/PLGA inverse opal structure that replicates the
characteristics of trabecular bone, respectively [679]. The scaffolds with different gradients enabled cells to differentiate directionally
along the mineral gradient, enhancing the formation of the tendon-to-bone interface. The insertion of the gradient composite mem-
brane in the tendon-to-bone interface was beneficial to the healing and regeneration process. PCL/calcium phosphate silicate com-
posite nanofibrous films were constructed with the gradient distribution of calcium phosphate silicate content using the magnetic tape
casting technique [680]. In another study, a PU electrospun membrane with a gradient distribution of mineral content was prepared
[681]. Along with specific directions, the photothermal effect was adopted to regulate the orientation of the nanofibers from the
aligned array to random deposition in the membrane. Zinc and cooper-based MOFs were dispersed in PLA solution for the further
fabrication of bipolar membrane, which could accelerate tendon and bone regeneration [682].

The effects of gradient on the direction of stem cell proliferation and differentiation can be explored by loading growth factors with
density gradients on scaffolds. Platelet-derived growth factor-BB (PDGF-BB) was immobilized on nanofibers in a gradient profile,
indicating that the tenogenic proliferation and differentiation of adipose-derived stem cells (ADSCs) were affected by the PDGF-BB
gradient rather than the arrangement of nanofibers [683]. Based on this, the tendon differentiation of ADSCs was controlled by the
gradient, resulting in the controlled mineralization at the bone-tendon interface.

For tissue engineering, there are still some distances to the goal of restoring a normal tissue structure and function. The electrospun
nanofibrous scaffolds promote tissue regeneration, while also acting as a linkage or carrier of bioactive substances for enhancing the
functional reconstruction of different tissues. These substances, together with scaffold structures, successfully improve the survival
environment of the target tissues. In the future, greater investment is required to fabricate electrospun fiber products on a larger scale.
Clinical applications require more in-depth research, as well as the need to come up with designs that contain multiple signals to guide
tissue regeneration.

3.2.4. Tumor diagnosis, monitoring, and treatment

For tumor diagnosis, monitoring and treatment, drug delivery systems based on nanomaterials (especially nanoparticles) can
passively target the tumor site through enhanced permeability and retention, but their delivery efficiencies are rather low (less than 1
%), resulting in the majority of therapeutic drugs being distributed throughout the body rather than to the tumor site [684,685]. In
addition, it is difficult for drugs to reach their targets efficiently since most of them are released before they are administered.
Therefore, it is highly desirable to develop new delivery systems to increase the efficiency of drug delivery and reduce systemic
toxicity.

Electrospun nanofibers can also be utilized as local drug delivery systems for the treatment of cancer [686,687], which exhibit
unique advantages in comparison to other nanomaterials. The core is the ability to achieve locally directed, long-term controlled
release of active ingredients or drugs, dramatically increasing the therapeutic efficiency. Electrospun nanofibers offer promising
options due to their diverse composition, surface modifiability, ECM-like structure, porosity, and high surface area [688]. A variety of
electrospun nanofibers based on various natural polymers (e.g., collagen, albumin, silk proteins, chitosan, cellulose, DNA, and their
derivatives) and synthetic polymers (e.g., PEO, PCL, PLA, polydioxanone, and their copolymers) have been reported as localized drug
delivery system [568,689]. Bioactive molecules, such as drugs, RNA, and photothermal/photodynamic agents, can be incorporated
into the electrospun nanofibers during the electrospinning process or nanofiber modification [256,690-695]. Furthermore, other
functions can be integrated into the electrospun nanofibers by surface modification of the inorganic and polymer layers, resulting in
composite electrospun nanofibers with fluorescent, magnetic, and targeting capabilities for imaging-guided targeted tumor therapy
[696].

A variety of electrospun nanofibers with designable functions have been reported recently, including stimuli-responsive drug
delivery, gene delivery, magnetic hyperthermia, photothermal therapy, and photodynamic therapy, which can be applied to various
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therapeutic applications [697-701]. For example, the introduction of Er-doped strontium titanate into electrospun nanofibers enabled
fluorescence imaging, while the doping of NaGdF4:Yb/Er@NaGdF4:Yb enabled dual-modality imaging with fluorescence and MRI
[702,703]. For stimulus-responsive drug delivery, the drugs can be triggered and released from electrospun nanofibers in the presence
of endogenous stimuli (e.g., pH, temperature, and redox reactions) and exogenous stimuli (e.g., light, ultrasound, electric, and magnetic
fields) [704-708]. For example, a pH- or ROS-responsive system can be constructed to respond to the microenvironments enriched
with acidic and ROS at tumor sites. In one study, a ROS-sensitive polymer was used to co-encapsulate elesclomol and Cu to form
nanoparticles [709]. Elesclomol and Cu were triggered to be released by excess intracellular ROS after entry into cancer cells, which
worked in a concerted way to not only kill cancer cells by cuproptosis but also induce immune responses. A 3D nanofibrous scaffold
was fabricated by combining the liquid-assisted electrospinning, gas foaming, and metal-polyphenol coordination interactions to
achieve efficient trapping and controlled release of circulating tumor cells [710]. Compared with traditional 2D nanofibrous mat, the
3D nanofibrous scaffold could achieve a higher capture efficiency (90.4 % v.s. 78.5 %) toward cancer cells in a shorter time (30 min v.s.
90 min) and exhibited superior capture performance toward heterogeneous cancer cells (HepG2, HCT116, HeLa, and A549) in an
epithelial cell adhesion molecule (EpCAM)-independent manner.

Among the many treatments available, immunotherapy is a revolutionary cancer treatment that uses the immune system of the
body to recognize, attack, and destroy tumor cells. Traditional cancer treatments, such as radiotherapy and chemotherapy, can kill
cancer cells to a certain extent, but they also cause great damage to normal cells. Tumor immunotherapy, on the other hand, enables
more precise and effective treatment by activating the immune system so that immune cells can recognize and attack tumor cells. For
example, antibody-mediated immunotherapy, which is characterized by high efficiency, high specificity, and low side effects, has good
efficacy in cancer treatment by driving immune cells and cytokines to kill tumor cells or interacting with tumor-specific receptors to
induce apoptosis [711-713]. However, tumor immunotherapy also faces some challenges. One of them is how to deliver immuno-
therapeutic drugs accurately to the tumor site to maximize the therapeutic effect while reducing the impact on normal tissues.
Antibody therapy, for example, is limited by the short half-life and burst release of antibodies, resulting in low local therapeutic
concentrations and causing some systemic toxicity [714,715].

Electrospun nanofiber-based localized drug delivery systems can effectively solve this problem and achieve precise antibody de-
livery locally to the tumor. For example, agonistic rat anti-human CD40 antibody was grafted onto the surface of electrospun PLLA
nanofibers through PDA mediated crosslinking reaction (Fig. 15A) [716]. The scaffold showed multifunctional anti-tumor effects and
promoted regeneration of healthy tissues, as well as retaining antibody activity and local release of CD40mAb, making it a potential
platform for localized tumor treatment without causing damage to normal tissues. In another study, a transcutaneous tumor vaccine
patch was prepared by electrospinning [717]. The nanofiber patch was loaded with tyrosinase-related protein-2 (TRP2) and CpG,
serving as antigen and adjuvant, respectively, and showed significant inhibitory effects for melanoma growth. Moreover, the good
transdermal delivery, the combination of the patch and aPD-1 achieved a synergistic in tumor immunotherapy, which was associated
with the increased targeting of DC cells and the infiltration of CD4 + and CD8 + T cells at the tumor site (Fig. 15B, C). Combining other
novel therapies with immunotherapy via electrospun nanofibers allows for synergistic therapies. For example, a composite Janus
electrospun fibrous scaffold was loaded with lyophilized inactivated cancer cells, imiquimod (the immune adjuvant), and 5-fluoro-
uracil, for postoperative immuno-chemotherapy of tumors, which could initiate an effective immune response and assist immuno-
therapy by directly killing cancer cells and remodeling the tumor microenvironment [718].

Overall, the electrospun nanofibers-based local therapy system provides strong support for tumor therapy and is expected to further
promote the development of the field of tumor therapy. For future development, more complex therapeutic needs can be met by taking
advantage of the unique local delivery, stage delivery, and long-lasting delivery functions of electrospun fibrous scaffolds. For
example, bone and nerve-related tumors have the dual needs of tumor removal and tissue repair and regeneration. There are already
some studies focusing on these two disease models [719,720]. It is believed that by giving full play to the advantages of electrospun
nanofibers, more innovative local therapeutic solutions can be realized in the future, which will truly bring better treatment options for
cancer patients in the clinic.

3.3. Electrospun nanofibers for energy storage and conversion

Energy shortage has always been one of the major development issues of greatest concern to mankind. Specifically, energy storage
and conversion play an important role in the stability, sustainability, and reliability of the energy system, and are of great significance
in promoting the development of clean energy, improving the efficiency of energy utilization and addressing global energy challenges
[721,722]. In this section, the application of electrospun nanofibers for energy storage and conversion is discussed.

3.3.1. Energy storage devices

Energy storage devices have been widely applied in specific fields, such as electric vehicles, renewable energy storage, and smart
grids, and flexible, foldable, and wearable electronic devices are also of great interest. Energy storage devices mainly consist of
supercapacitors and batteries, which often require elastic and lightweight properties with excellent long-term stability and high energy
density [23,24]. Supercapacitors and batteries have similar functions, and both include separators, electrolytes, and electrodes.

Supercapacitors, known as electric double-layer capacitors, are effective power sources in energy storage devices because of their
long cycle life and fast charge and discharge capacity [723-728]. Especially, asymmetric supercapacitors with high-performance and
flexibility have emerged as a competitive candidate for energy storage systems in wearable electronic devices. Supercapacitors utilize
charge separation to store energy, and they have faster charge and discharge rates and longer cycle life than conventional batteries.
However, the energy density of supercapacitors is low relative to that of conventional batteries, so in applications that require high-
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capacity energy storage, there is a need to further increase the energy density of supercapacitors to meet a wider range of needs.

Lithium-oxygen (Li-O2) and lithium-sulfur batteries developing at a high rate but are still not commercialized, are selected as
specific representatives of batteries. Li-O, batteries, also known as Li-air batteries, show ultra-high energy density (ca. 3500 Wh/kg),
which is much higher than other similar batteries such as LIBs and are expected to be the next generation of batteries [729]. A typical
Li-O, battery consists of a porous cathode, an organic electrolyte, and a metal Li anode, where the oxygen reduction reaction (ORR)
and oxygen evolution reaction (OER) occur to form and decompose LizO3 (Li*+02 < Liz05) on the cathode surface. Theoretically,
continuous power generation is possible if oxygen is supplied from the air. However, the actual process is very complicated, and the
system faces several challenging issues, including electrochemical sluggish reactions and side reactions in the cathode, electrolyte
decomposition, and anode corrosion and pulverization [730,731]. Li-S battery is currently considered another one of the most
promising battery systems due to its high specific energy capacity of 1675 mAh ¢! and superior energy density of about 2670 Wh kg ™!
[732-734]. Cell cathode materials mainly including elemental sulfur can offer several admirable advantages, such as cost-
effectiveness, environmental friendliness, abundance, and non-toxicity. All of these merits make high-performance Li-S batteries
have been highly attractive [735-738]. However, the practical application of Li-S batteries still faces some challenges, mainly
including the inherently low electron conductivities of elemental sulfur of cell cathode and its discharge products (Li2S or LizSy), huge
volume expansion of cell electrode, serious “shuttle effect” of lithium polysulfide (LixSy) and notorious growth of lithium dendrites
during charge—discharge processes.

Electrospun nanofibers have attracted much attention in the development of energy storage devices because of their versatile
material sources (organic/inorganic), controllable secondary and tertiary structures, high specific surface area, large surface-to-
volume ratios, short diffusion distances, lightweight and flexible properties [739,740]. For example, in Li-O, batteries, the inter-
connected electrospun nanofibrous membrane with high porosity and specific surface area plays a crucial role in the mass transport of
oxygen, providing more active sites for product storage and enhancing electron and charge transfer [741]. Additionally, the inter-
penetrating networks ensure high strength and mechanical flexibility, facilitating the utilization of flexible substrates, self-supported
electrodes, and efficient electrical current. In the following, the application of electrospun nanofibers for separators and electrolytes
will be firstly discussed. Due to the complexity of the electrode structure and its versatile functions, the applications of electrospun
nanofibers as electrodes in supercapacitors and batteries will be discussed separately. In both supercapacitors and batteries, a separator
is a thin film or layer of material located between the positive and negative electrodes to serve as a physical barrier for preventing them
from coming into direct contact and short-circuiting, avoiding hazardous situations such as overheating, fire, or explosion of the
memory. At the same time, ions (e.g., lithium ions, nickel ions, etc.) are allowed to pass through.

Separator for batteries. In the case of batteries, separator preparation technology has advanced over the decades, and conventional
separators made of porous polymer membranes or glass fiber membranes are gradually failing to meet their high-performance re-
quirements [742]. To produce separators in batteries, such as sodium-ion batteries (SIBs) and lithium-ion batteries (LIBs), electro-
spinning has become the mainstream approach [743]. Electrospun nanofibers possess a large specific surface area, which increases the
contact area between the active materials and the electrolyte, shortening the diffusion path of ions during the electrochemical reaction
and enhancing transmission efficiency [744]. Electrospun nanofibrous membrane has a tunable pore size and distribution, facilitating
the penetration of active substances into the separator. Additionally, the electrospun nanofibers can disperse a large number of Li*
insertion sites in an ordered manner, reducing the charge transfer resistance at the interface between the electrolyte and active ma-
terials [56].

Nowadays, electrospun nanofiber membranes based on a large number of polymers, such as PAN, PVA, Polyvinylidene fluoride
(PVDEF), P, poly(isophthaloyl metaphenylene diamine (PMIA), PAA, PMMA, and their modified materials also have been developed to
form separator materials for enhancing the electrochemical performances of Li-S batteries [745-752]. For example, the octa(ami-
nophenyl) silsesquioxane modified poly-m-phenylene isophthalamide separators have been developed and applied for high-
performance Li-S batteries based on their merits such as strong physical confinement, chemical adsorption, and high mechanical
properties with relatively uniform pore size distribution of the electrospun nanofiber membrane itself [753]. Moreover, enhancing the
performance of nanofibers can be achieved by regulating the interfacial interactions between polar functional groups (e.g., C=N, C=0-
NH, C-F) and the electrolyte in LIBs and SIBs separators. For example, by changing some acetyl groups to hydroxyl groups in cellulose
acetate nanofibers, the chemical stability and wettability of separator could be improved [754]. In another study, PAN nanofibrous
membrane was modified by hydrolyzing the nitrile groups and then growing silica aerogel in-situ, enhancing the chemical and thermal
stability [755]. As known, functional nanocomposites containing inorganic nanoparticles like silicon dioxide (SiO3), titanium dioxide
(TiOy), zirconium oxide (ZrOy), zinc oxide (Zn0O), and calcium carbonate (CaCOg) also have been prepared and applied to cell sep-
arators for further enhancing the electrochemical performances of cell to a certain extent [756-758]. Electrospun CNF-coated sepa-
rators are also widely utilized to effectively enhance cell performances of high-performance Li-S batteries, which can effectively
suppress the “shuttle effect” of Li,Sy, accommodate the significant volume change of electrodes and suppress the growth of lithium
dendrites during cell cycle.

By regulating the polymer components and fiber structure, functional separators can be achieved. For instance, phase-change
temperature-regulating fibers adopt a phase-change material paraffin wax with a melting point of about 45 °C as the core to sense
thermal changes, while a high decomposition temperature polymer serves as the shell to maintain the polymer skeleton [759]. In case
of the battery fails, the separator can effectively suppress the temperature rise through the melting of phase change materials and
ensure battery safety. Looking toward the future, it is important to monitor the physical and chemical changes during battery oper-
ation. Therefore, intelligently designed nanofibers-based sensing separators and computing devices should be developed to detect
battery operating status in suitable environments [760].

Electrolytes. Electrolytes play a key role in both supercapacitors and batteries, where they are responsible for transporting ions

64



C. Wang et al. Progress in Materials Science 154 (2025) 101494

between the electrodes for charge storage and release. Conventional electrolytes are conductive solutions. Polymer electrolytes, such
as all-solid-state polymer electrolytes, gel polymer electrolytes, porous polymer electrolytes, and composite polymer electrolytes,
replace the conductive solution with a conductive solid, exhibiting superior properties. These advantages include enhanced thermal
and chemical stability, higher energy density, faster charging speeds, longer cycle life, and a broader operating temperature range.
These properties make them highly beneficial for various applications, especially in advanced energy storage systems [761,762].

To produce advanced solid-state batteries, the fabrication of solid-state electrolytes is of great importance. Electrospinning is
widely employed to fabricate solid-state electrolytes because of its advantages in preparing nanofibers with good mechanical per-
formance [763]. The conductivity and stability of solid electrolytes based on electrospun nanofibers are progressively improving by
regulating the structure and composition. In one typical study, Lig 33Lag 557TiO3 (LLTO) nanowires were prepared by electrospinning
and then dispersed into PAN/LiClO4 polymer electrolyte to obtain a novel composite solid-state electrolyte [764]. The nanowire filler
showed a higher aspect ratio than the traditional LLTO nanoparticles to form a continuous ion transport path over a longer distance,
reducing the number of connections along the ion path between the LLTO particles (Fig. 16A). The PAN/LiClO4 electrolyte incor-
porated with 15 wt% LLTO nanowires exhibited an ionic conductivity of 2.4 x 10~*S/cm at room temperature, which was three orders
of magnitude higher than that of LLTO nanoparticles with the same content (Fig. 16B). Furthermore, replacing randomly oriented
nanowires in the polymer electrolyte with nanowires aligned along the average direction of the electrolyte resulted in the shortest ionic
conduction paths and the smallest particle junctions, which further improved the ionic conductivity from 5.40 x 107® S/cm to 6.05 x
1075 S/cm (Fig. 16C) [765]. In one study, garnet-type porous Lig 4LasZrsAly 2012 (LLZO) nanowires were prepared by electrospinning
followed by high-temperature calcination and then directly soaked into a PEO/bis(trifluoromethane)sulfonimide lithium salt (LiTFSI)
solution [766]. The obtained electrolyte film showed outstanding mechanical performance with a high ionic conductivity of 2.5 x 10
S/cm at room temperature (Fig. 16D, E). The electrochemical and thermal instability of PEO-based electrolytes needs to be further
improved.

A series of solid-state electrolytes have been fabricated through a simultaneous electrospinning and electrospray method, which
allows for the incorporation of up to > 70 wt% of inorganic materials into the resulting flexible composite film [767]. The composite
films with PAN as the polymer phase and cubic garnet-type oxide Lig 75LaszZr; 75Tag 25012 as the inorganic fillers exhibited a high ionic
conductivity of 1.18 mS/cm and areal conductance of 472 mS/cm? at room temperature [768]. The high conductivity originated from
a large amount of continuous and fast ions conducting interfaces throughout the bulk of the film, called the film bulk interface
superionic conductor, which may also yield Na* and Mg?* conductors [768]. Bulk interface superionic conductors can also create
entirely new ionic conductors using inexpensive materials and scalable processes. All these results demonstrate the overwhelming
advantage of electrospinning technology in preparing high-performance solid-state electrolytes.

Electrodes for supercapacitors. It is a critical challenge to design and fabricate electrodes with high capacity, cycling stability, and
high flexibility simultaneously. Electrospun nanofibers have been developed as a new type of electrodes to provide large surface area,
efficient charge transfer, and a stable structure to substantially improve the performance of supercapacitors [768,769]. Electrospun
nanofibers composed of carbon materials are often applied to improve the stability of structured electrodes during cycling. The
strategies to optimize electrode performance mainly include the graphitization regulation of carbon-based components, the design of
surface and internal hole structure, and the hybridization of high-volume substances. For example, generating hierarchically porous
structures, such as core/shell and hollow tubular structures, in the carbon-based electrospun nanofibers is one standard optimization
approach to improve the electrode surface area and electrolyte immiscibility (Fig. 17A, B) [770]. In addition, the conductivity of the
electrodes can be enhanced by hybridization with conductive additives, such as different elements (e.g, N, P, S, etc.), active materials
(e.g., metals, metal oxides, and metal sulfides), and conductive polymers. Many pseudocapacitive transition metal oxides, including
MnOj, RuO,, and NiO, have been used as cathode materials to improve the capacities of asymmetric supercapacitors [771-773]. In
particular, Co304 has been widely used as a cathode material because of its high theoretical capacity of up to 3560F g~ !, highly
reversible redox reactions, and environmental friendliness [774,775]. Transition metal sulfides, including binary and ternary sulfides
(e.g., nickel sulfide, FeCo02S4), exhibit smaller band gaps and more oxidation states and thus richer oxidation reactions and higher
conductivity than the corresponding metal oxides. Therefore, transition metal sulfides are suitable for hybridization with CNF to
improve the electrical conductivity and are applied as electrode materials in supercapacitors [776-778].

Anodes of asymmetric supercapacitors are mainly composed of graphitized carbon materials or hybrids. For example, Fe;O3 has
been extensively studied as anode owing to its excellent capacitive performance at negative potentials, environmental friendliness,
natural abundance, and low cost [780,781]. Practically, the actual capacity of pure Fe;O3 is much lower because of the low electrical
conductivity and ionic diffusion rate of doping metal oxide. Therefore, synthesizing nanostructures with carbon or conductive
polymers is an effective strategy to enhance the electrochemical performance of Fe;O3 [782-784].

The mechanical brittleness of electrospun CNF is a critical factor limiting their development as electrode materials for super-
capacitors. Biomimetic structural design is an ingenious strategy to improve the structural stability of CNF under different mechanical
deformations [357,785,786]. Reed-like electrospun CNF with hierarchical macropores were carbonized and etched to obtain products
with mechanical flexibility and foldability, which could maintain high electronic conductivity and chemical stability despite bending
and twisting (Fig. 17C-E) [357].

Notably, electrospun CNF-based 3D aerogels have promoted the development of all-solid-state wearable supercapacitors. The 3D
network with many pores and compressible elasticity significantly promotes the penetration and diffusion of ions [787-789]. In one
study, a hierarchical aerogel composed of graphene/carbon nanofibers was fabricated by surface-induced co-assembly, which
exhibited high elasticity, great structural robustness, and a high specific capacitance of 180F g~ at 1 A g~ [790]. In another study, an
elastic aerogel was fabricated by welding adjacent CNF with PVP as solder, followed by freeze-drying and carbonization [786]. The
aerogel exhibited remarkable electrical conductivity, excellent reversible compressibility, and a high specific capacitance of 300F g~
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at 0.3 A g~ Furthermore, CNTs and Co30, nanoparticles were uniformly grown on the CNF surface of the aerogels, showing a high
specific capacitance of 2376F gt at 1 A g~ L.

Although the above strategies have brought great progress in the development of electrode materials in supercapacitors, it is still a
challenge in practical applications to acquire excellent performance while using simple methods [791]. Some issues are awaiting more
facial, efficient, and easy industrialized solutions. The first is the optimization of microstructures and properties of electrospun CNF to
be applied as the electrodes. The microstructures of electrospun CNF have great importance for electrochemical performance. The pore
size should match the ion size of the supercapacitors. Generally, amorphous carbon allows all ions to access, but relatively low
electrical conductivity is one of the constraints. Graphitic carbons can improve the electric conductivity but reduce the ion access.
Heteroatoms doping, such as N, S, and P, etc., and the d-spacing of graphene layers in electrospun CNF are promising methods for better
capacity performance. The combined process of oxidation and partial reduction is the main method to expand the interlayer spacing of
graphitic carbon. Then comes the issue of long-term durability of electrospun CNF-based electrodes. In practical applications, dura-
bility is an important indicator of energy storage systems. However, the stable cycling of active materials in electrospun CNF is a key
challenge, and it is difficult to achieve the desired stability and lifetime. It is a promising method to load active materials with hollow
carbon nanospheres or nanofibers, or to optimize the size of hollow structures to adapt to volume change of active materials to improve
the long-term durability of electrode materials. In addition, the prepared electrospun CNF should have the characteristics of high
conductivity, large specific surface area, and porous structure. The non-polar surface of freestanding CNF is not conducive to attracting
electrolyte immersion. One solution is to functionalize the surface of CNF, such as hydrophilic treatment using functional groups (e.g.,
—COOH and —OH), metal oxides, metal sulfides, and metal hydroxides. Industrial production of electrospun electrode material is the
ultimate problem to be faced. The large-scale nanofiber production has been largely overcome, and further efforts should be made to
explore more facile preparation processes of composite electrode materials. Such as post-treatments by the hydrothermal method and
chemical vapor deposition technique have been already used to form secondary structures on electrospun nanofibers, but the stability
of the membrane during the preparation process is difficult for large-scale production.

Electrodes for Li-O2 battery. Various electrocatalysts and membranes based on electrospun nanofibers, including metal oxides,
carbon composites, and polymers, have been developed as electrodes for cathode improvement and anode protection to improve the
stability and efficiency of Li-O; batteries [771,792,793].

Catalyst cathodes based on metal nanofibers. Typically, for cathode improvement, one efficient strategy is to develop bifunctional
catalysts for alleviating the sluggish kinetics during the ORR and OER in the cathode. The catalyst in the cathode should possess
equipped porous structure, good catalytic behavior and stability, and excellent electron conductivity. Metal oxides are vital in
enhancing electrocatalytic activity due to their surface oxygen valence, ionic conductivity, and various oxidation states [794]. For
example, Lag 75510 25sMnO3 nanofibers were employed in Li-O9 batteries because of their unique porous structure and surface oxygen
valence, which could maximize the contact of catalytic sites and promote the transfer of electrons and reactants [795]. The assembled
Li-O; battery exhibited enhanced durability and reduced voltage gap. Moreover, hollow and hierarchical porous architectures can be
regulated by adjusting the concentration of precursors for electrospinning [796]. However, bulk metal oxide usually suffers from poor
electrical conductivity. To address this issue, various carbon-based catalysts have been explored, such as metal nitride functionalized
CNF, metal oxide combined with nitrogen-doped carbon nanofibers, and precious metals [797,798]. These carbon-based materials
serve as both current collectors and catalysts due to their good strength, superior conductivity, and interpenetrating pores. For
example, brush-like CosN nanorods were incorporated into CNF and then acted as a current collector catalyst for the air-cathode
[741]. This nitrogen-doped metal composite with high electrical conductivity helped reduce band gap or overlap the valence bands,
facilitating the formation of the film-type Li;O5 and achieving a good long-term cyclability battery for over 177 cycles (Fig. 17F-H).
However, carbon is susceptible to oxidation by intermediates (0%) and final products Li»O,, leading to the production of irreversible
side products like Li;CO3 [779,799,800]. To this end, carbon-free and binder-free electrodes have also been explored. All-metal and
metal oxide deposited on polymer nanofibers, such as IrOy deposited on PI nanofiber and Ag nanowires combined with chitin, have
been developed as cathodes, exhibiting chemical stability without parasitic side reactions and providing a novel strategy for flexible
metal-air batteries [801,802]. Despite the promising potential of carbon-free electrodes, the volume change resulting from the for-
mation and decomposition of Li;O2 may lead to performance degradation. Thus, the design of the cathode structure plays a crucial role
in the performance of Li-O, batteries. More work is needed to develop high catalytic activity, carbon surface protection, and me-
chanically stable carbon-free cathodes to further enhance the stability of the batteries.

Lithium metal-hosted anodes based on nanofibers. To achieve the potential high energy density of Li-O5 batteries, a Li metal anode
is necessary. However, Li anodes encounter corrosion, pulverization, and cracking due to side reactions with HoO, CO3, O, and the
intermediates during cycling. Many strategies based on electrospun nanofibers have been explored to suppress these parasitic re-
actions, including the use of a protection nanofibrous membrane, modification of separator, and 3D architecture hosts [799,803-805].
For example, a polymer fiber with functional groups was designed to regulate the deposition of Lit homogenously on the current
collector, achieving dendrite-free Li plating [803]. The engineering of nucleation seeds offers a new approach to regulate Li deposition
into 3D substrates, thereby restricting the growth of Li dendrites. Similarly, CNF embedded with ultrafine silver nanoparticles (Ag NPs)
demonstrated the ability to have a practical solubility in Li, facilitating Li deposition on Ag NPs with zero overpotential [806].
Additionally, the use of considerably ordered angstrom-level pores in MOF on PI nanofibers showed promising results in controlling
the migration of large-sized anions, leading to selective Li-ion transport and homogeneous Li electrodeposition [807].

Electrodes for Lithium-sulfur (Li-S) battery. Electrospun nanofibers have been prepared and employed for high-performance Li-S
cells, owing to their enviable advantages such as large specific surface area, high porosity, and controllable pore size, which effectively
suppress the “shuttle effect” of Li,Sy, greatly facilitate the transmission of lithium ions, and significantly improve the wettability for
liquid electrolytes if suitable precursor nanofiber materials or nanofiber membranes are selected [808]. The application of electrospun
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nanofibers in Li-S batteries can mainly be categorized into three aspects: cell cathode host, separators, and interlayers. The various
applications of Li-S cell separators have been introduced and discussed above.

Cathodes host. To solve the above problems, the main strategy is to design and prepare cathode materials with good conductivity,
high pore volume, and strong adsorption to dissolved LixSy for high-performance Li-S cells. The commonly used cathode host materials
are mainly composed of various carbon materials, some elements or compounds of doped-carbon materials, inorganic materials, and
polymer materials with some special structures. As everyone knows, carbon materials have great advantages as the main component of
high-performance Li-S battery cathode materials [809]. Especially, CNF has some merits such as high specific surface area, ensuring
high sulfur load for the cathode of Li-S battery even under good electronic conductivity [810]. Moreover, the small diameter of CNF is
also conducive to fast ions and electrons transport, thus providing a convenient 1D channel for the axial transport of ions and electrons.
Finally, the conductivity and activities of assembled Li-S cells can be greatly improved [811]. In addition, there are many lattice defects
to effectively modify the surface of CNF, which can provide more reaction sites between LixSy and Li ions. Some carbon fibers can be
designed with a multi-level pore structure, which also can store more active substances, facilitate liquid electrolyte infiltration, and
weaken the diffusion of LixSy [812]. At present, the common raw materials for preparing CNF through electrospinning and subsequent
carbonization processes mainly include PVA, PVP, PAN, PMMA, PLA, and other polymers with different decomposition temperatures
[813-818]. However, pure carbon fibers are mostly non-polar materials, which makes it difficult to inhibit polar LixSy effectively. To
this end, a large number of CNF can be modified with heteroatoms, such as metal elements (Fe, Co, Ni, Cu, etc.) [819-822], or
fabricated to various compounds by doping with carbon spheres, CNTs, graphene, rGO, metal oxide, metal nitride, metal sulfide, metal
carbide and other functional materials [805,823-829]. The physical adsorption of high-performance Li-S cells can be achieved by
physical confinement, and the chemical adsorption of LixSy by forming strong chemical bonds with dissolved LixSy. In addition, some
electrospun nanofibers based on polymers have been prepared and applied as cathodes of Li-S batteries, such as CoSez-C Nanofibers
[830], Carbon-based nanofibers [831], microporous carbon polyhedrons-PAN nanofibers [832], S-PAN/ketjen black nanofibers [833],
composite fiber based on PAN with conductive backbone of CNTs [834]. When these materials act as cathodes for Li-S cells, the
electrochemical performances of assembled batteries can be significantly enhanced.

Interlayers. To further enhance Li-S battery performance by effectively suppressing the “shuttle effect” and greatly reducing
lithium dendrite growth, a functional interlayer based on electrospun nanofibers with good conductivity and high surface area
including some special structural design can be introduced between cell cathodes/anodes and separators [835]. Meanwhile, a large
number of freestanding electrospun carbon nanofiber fabrics, boasting tunable porous structures and outstanding electrical conduc-
tivity, also have become the prevailing choice for interlayers in high-performance Li-S batteries [836,837]. These fabrics are primarily
derived from raw materials such as PAN, cellulose diacetate, PAA, and oxidized poly(acrylonitrile-co-vinylpyrrolidone) (PANVP) and
so on [838-840]. Furthermore, some modifications with elements or compounds, mainly including N, B, TiO,, manganese oxide
(MnO), ZrO,, ZnO, vanadium pentoxide (V20s), titanium suboxide (Ti4O7), molybdenum dioxide (MoO3), cementite (Fe3C) and so on,
have been introduced to the electrospun CNF membranes to further enhance their utilities in Li-S battery interlayers [808,841-846].
Some functional interlayers based on various polymers and composite with polymers, such as Nafion polymer layer or PAN-nitrogen-
doped carbon black interlayer, have also been employed in interlayers of assembled Li-S batteries, which can be served to adjust
structural changes, facilitate Li-ion transportation, and exhibit exceptional absorption properties for LiySy during cell discharge—charge
processes [847]. For anodic interlayers, the Li dendrites also can be inhibited by modifying the CNF with silver nanoparticles (AgNPs)
[8061], electrospun modified PAA nanofibers [848], lotus leaf electrospun CNF [849], and 3D porous carbon fibers loaded with Ag NPs
[850]. These anodic interlayers also can contribute significantly to the overall safety and performance improvement of Li-S batteries.

3.3.2. Energy conversion

The growing demand for energy and the need for renewable energy sources and efficient energy conversion have driven the rapid
development of nanotechnology. In the field of energy conversion, nanogenerators have attracted widespread attention as a novel
technology [851]. Nanogenerators utilize mechanical vibration or pressure in the environment to convert into electrical energy,
providing a sustainable energy solution for self-powered and wearable devices. In the research of nanogenerators, harvesting energy
from mechanical vibration and pressure by using nanomaterials has become an important research direction [852].

From 2006 to 2010, the electrical output of piezoelectric nanogenerators had already reached the volt and nano-ampere level, and
further enhancements using ZnO nanowire arrays were challenging at that time [426,853,854]. Researchers then explored alternative
approaches to improve nanogenerator output by i) designing new devices based on different ZnO morphologies, which later led to the
successful development of ZnO textured thin films [855], and ii) focusing on developing new materials with higher piezoelectric
coefficient. Ferroelectric materials such as lead zirconate titanate (PZT), barium titanate (BTO), lead magnesium niobate-lead titanate
(PMN-PT), and potassium sodium niobate (KNN) showed promise with piezoelectric coefficients reaching hundreds of pC/N compared
to the 17 pC/N for ZnO. However, minimal research progress was made in this direction before 2010 due to the difficulty in syn-
thesizing ferroelectric nanowire arrays [856]. In addition, nanowires synthesized by hydrothermal and vapor deposition approaches
faced limitations in wire length and precise control over stoichiometric ratio, respectively.

Electrospun nanofibers offer unique advantages in piezoelectric nanogenerators compared to nanowires, nanorods, and nanofibers
produced through other synthesis methods such as hydrothermal, chemical vapor deposition, and physical vapor deposition. First, the
ultra-high length-to-width ratio of electrospun nanofibers provides a superior surface area for energy conversion, thereby increasing
the opportunity for energy capture. Second, electrospun nanofibers endow the material with unique flexibility, which enables the
nanogenerator to better adapt to ambient vibration and pressure changes and thus convert mechanical energy into electrical energy
more efficiently. Meanwhile, the preparation process of electrospun nanofibers can easily enable the construction of multi-element
materials, further enhancing the flexibility and diversity of energy conversion. This provides the possibility of energy conversion
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by different mechanisms, thus broadening the application fields of nanogenerators [857]. In addition, the diameter of electrospun
nanofibers can be precisely controlled, which is very important in the preparation of nanogenerators. A precisely controlled diameter
optimizes the energy conversion efficiency and ensures consistent performance. Finally, the external electrode polarization during the
preparation of electrospun nanofibers provides an additional means of control for the preparation of piezoelectric nanofibers, further
enhancing the piezoelectric effect of the material [858].

As a typical example, a PVDF nanofiber-based nanogenerator was developed by NFES, where the long ferroelectric f-PVDF was
obtained by in-situ mechanical stretching and electrical poling (Fig. 18A) [859]. This nanogenerator demonstrated moderate output
due to the relatively low piezoelectric coefficient of the nanofibers. Afterward, a nanogenerator with an output of 1.6 V was fabricated
by PZT nanofibers on a rigid substrate (Fig. 18B), which laid the groundwork for the subsequent development of nanogenerator based
on ferroelectric ceramic nanofiber [423]. However, issues persisted with rigid substrates and fragmentary nanofibers during high-
temperature sintering. Furthermore, based on PZT nanofibers, an “aligned electrospun fiber peeling off-free sintering” technique
was developed, and the resultant nanogenerator achieved a 6 V voltage output (Fig. 18C) [428]. This approach also solved the
fragmentation problems by using fragile PZT ceramic nanofibers to fabricate flexible wearable nanogenerators, which have been
widely used since then [429,431,860,861]. In 2013, BTO nanofibers with different arrangement structures were fabricated, and it was
demonstrated that the alignment state of the nanofibers between the two electrodes had a significant effect on the output of the
nanogenerator (Fig. 18D) [424]. Vertically aligned Pb(Zr( 52Tig 48)O3 nanofiber arrays, with millimeter-level nanofiber lengths and a
large number of nanofibers in parallel between electrodes, generated much higher output for both voltage and current output, reaching
a value of 209 V and 53 pA, respectively (Fig. 18E) [429]. Another lamination integration method (Fig. 18F) has been developed,
achieving 320 pA with 12 layers of integration [425]. Besides the large integration, the electrospinning technology is suitable for the
preparation of multi-element lead-free piezoelectric nanofibers, such as 0.5Ba(Zrg 2Tip 8)O3-0.5(Bag 7Cap 3)TiO3 (BZT-BCT) [431], Mn-
doped (Nag 5Ko.5)NbO3 (NKN) [862], (Nag 5Big.5)TiO3-BaTiO3 (BNT-BTO) [863], Bis_yxLayTizFeO;5 (BLTF) [864], etc. Furthermore, it
is also suitable to produce piezoelectric polymer-ceramic nanoparticle composite nanofibers [865,866], as shown in Fig. 18G, leading
to an output of 6 V and 1.5 pA. In summary, nanogenerators based on electrospun nanofibers show great promise due to their low cost,
high output, and flexibility. However, it is crucial to carefully distinguish between piezoelectricity, triboelectricity, and flexoelectricity
source of output, especially when using soft polymer materials for piezoelectric and package components.

As another effective energy conversion technology, TENGs based on friction electrification effect and electrostatic induction effect
can convert many environmental energies (such as biomechanical energy, wind energy, blue energy, etc.) into electrical energy, and
they also have self-powered sensing functions in some specific applications [867-871]. To enhance the energy harvest/conversion
efficiencies of TENGs, increasing the contact area or surface roughness of the triboelectric layer of TENGs is considered one of the most
ideal optimized schemes [871,872]. The micro/nanostructured electrospun nanofibrous membrane/mat has the features of high
specific surface area, high surface roughness, good flexibility and gas permeability, etc., which can endow triboelectric materials with
higher surface charge density. For instance, single-spun Nylon nanofibrous membrane and single-spun PVDF nanofibrous membrane
were used as the triboelectric positive layer and negative layer of TENG, respectively (Fig. 19A) [873]. The working principle of
corresponding TENG is shown in Fig. 19B. In the same case, the output performance of the TENG (Isc = 81 pA) was increased by about
3 times compared with the smooth flat film (Fig. 19C). While modifying the surface morphology of the material, the blending elec-
trospun process can further adjust the triboelectric polarity of the material itself through multi-element compounding [874-876].
MXene is a 2D nanomaterial characterized by high tribonegativity and conductivity. PVA/MXene composite nanofibrous membrane
was obtained by incorporating MXene into the PVA by blending electrospinning, which was used as the tribonegative layer and paired
with the tribopositive electrospun silk nanofibrous membrane to assemble TENG (Fig. 19D) [877]. Through the improvement of dual
strategies, this all-electrospun-based TENG exhibited excellent stability, durability and power generation performance, and its
maximum power density reached 1087.6 mW,/m? (Fig. 19E). Coaxial electrospinning is a unique form of blending electrospun process,
which can produce triboelectric fibrous materials with core-sheath structures [878-880]. Through in-situ curing in the coaxial elec-
trospinning process, PDMS compounded with barium titanate (BT) nanoparticles served as the core of the coaxial nanofiber, and PVDF
served as the corresponding shell layer to replace the traditional composite membrane (Fig. 19F) [880]. Benefiting from the core
material with high dielectric constant, PDMS/BT@PVDF nanofibrous membrane exhibited higher tribonegativity. It was paired with
the electrospun PHBV nanofibrous membrane to construct TENG. The output voltage, current, and maximum power density of the
assembled TENG could reach 1020 V, 29 pA, and 2.2 W/mz, respectively. The various components of TENG (including triboelectric
layers, electrodes, and substrates) can also be constructed simultaneously through an integrated electrospinning-electrospraying
process [881-883]. These components combined with electrospraying process often own better stretchability, which will improve
the deformability of TENGs greatly. For instance, a self-interlocked stretchable nanofibrous membrane was designed by simultaneous
electrospinning of PVDF-HFP and electrospraying of SEBS (Fig. 19G) [881]. The electrosprayed Styrene-Ethylene-Butylene-Styrene
(SEBS) microspheres served as the elastic binders and hydrophobic modifiers to enhance the stretchability (ultimate strain of ~
490 %) and waterproofness of electrospun PVDF-HFP fibers networks. This nanofibrous membrane was used as the triboelectric layer
of TENG in single-electrode mode, which could produce a maximum output power density of 219.66 mW,/m? when contacting the skin.
It is worth noting that the electricity generated by TENGs can also be used to drive electrospinning equipment [884-886]. These
studies enhance the relationship between the electrospinning process and nanogenerator devices, thereby advancing the development
of electrospinning techniques in the field of flexible electronics.

Nanogenerators based on electrospun nanofibers show great promise due to their low cost, high output, and flexibility. However, it
is crucial to carefully distinguish between piezoelectricity, triboelectricity, and flexoelectricity source of output, especially when using
soft polymer materials for piezoelectric and package components. Although significant progress has been made in utilizing electrospun
nanofibers for energy conversion and storage devices, there are still challenges for further development. First, there is no uniform
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standard for the performance evaluation of nanofibers, so it is necessary to clarify the relationship between the chemical structure,
physical parameters, and properties of electrospun nanofiber materials through systematic experiments. Second, the cumbersome
preparation process and cost limit its large-scale production and application [887]. These are urgent future issues for energy con-
version and storage devices based on electrospun nanofibers.

3.4. Electrospun nanofibers for catalysis

Electrospun nanofibers composed of polymers, carbon or ceramics with high specific surface area, rich spatial structure, and high
stability are naturally good supports for a variety of catalytic systems. For example, metal nanoparticles, enzyme-like and even mi-
croorganisms, have shown unique potential for thermal, photocatalytic, electrocatalytic, enzyme-like and microbial catalysis
[888,889]. In this section, we will discuss the great importance and advantages of electrospun nanofibers for catalysis by presenting
some recent applications.

3.4.1. Thermal catalysis

In thermal catalysis, metal nanoparticles with catalytic activity have been extensively used for a large number of reactions.
However, the instability of nanoparticles in aqueous solution makes them very susceptible to aggregation and oxidation under heated
conditions. To address these challenges, metal nanoparticles are immobilized or synthesized in-situ on various supports, such as
nanofibers [890], dendrimers [891], zeolites [892], metal oxide [893], microspheres, and mesoporous silica [894,895]. Among these
supports, electrospun nanofibers have garnered increasing attention owing to their adjustable morphology, high porosity, specific
surface area, abundant functional groups, and excellent mechanical stability. The researchers have achieved breakthroughs in thermal
catalysis by introducing polymers or CNF and adjusting the composition and spatial structure.

Active metals can be effectively dispersed on electrospun polymer nanofibers through the strong metal-nanofiber interaction,
significantly enhancing the catalytic activity and cyclic stability in the thermocatalytic reaction. For example, Pt@MIL-101(Cr) (MIL
stands for Material Institute Lavoisier) was highly dispersed in electrospun PCL nanofibers to obtain a “catalytic carpet”, which was
extremely efficient in the hydrogenation of cyclohexene, while retaining the nanofiber structure for full recycling with zero weight loss
[896]. Catalytically active Pd nanoparticles were immobilized on electrospun PEI/PVA nanofibers, indicating outstanding catalytic
activity and reusability in reducing Cr(VI) to Cr(III) [897]. This approach of preparing metal nanoparticles immobilized polymer
nanofibers with high surface area-to-volume ratio enhanced mechanical durability, and uniform nanoparticle distribution can be
extended to prepare different fiber systems for sensing, environmental science, and biomedical science in addition to catalysis. MOFs
can be combined with electrospinning to ensure their excellent stability of the massively exposed catalytic sites. For instance,
lanthanide-based MOF nanofibers were prepared using MOF BIT-58 (BIT stands for Beijing Institute of Technology) in the Knoevenagel
condensation reaction, showing high catalytic efficiency [754].

Electrospun CNF prepared by carbonization and other methods can also support metal nanoparticles with catalytic activity. For
example, ruthenium nanoparticles supported on electrospun CNF demonstrated excellent catalytic activity and stability in the hy-
drolytic dehydrogenation of methylamine borane [898]. Porous and hollow nanofibers can be applied as the support of metal
nanoparticles to endow the hybrid system with novel properties. The metal nanoparticles are encapsulated within the porous structure
of the nanofiber framework due to the confinement effect, preserving all exposed catalytic sites accessible to the reactants. Simul-
taneously, the embedded catalysts are protected from harsh external environments with low mass transfer resistance, thereby
improving catalytic performance. For example, porous CNF was prepared through electrospinning and high-temperature pyrolysis
technology using PMMA as pore-forming agents, Ni salts and PAN as precursors [899]. The porous structure exposed more Ni active
sites on the CNF, resulting in higher catalytic activity in the Heck reactions. Electrospun core-sheath nanofibers, with PMMA/man-
ganese acetate as the core and PAN as the shell, were carbonized and CO»-activated to produce Mn304 nanoparticles embedded in
hollow-activated CNF (Fig. 20A) [900]. The hollow nanofibers exhibited a remarkable ability to adsorb toluene, with a longer
breakthrough time of toluene adsorption than conventional activated CNF (Fig. 20B). The hollow nanofibers showed a catalytic
oxidation of toluene to CO, with a conversion of 99 % =+ 0.5 % at 280 °C, and no catalytic activity degradation after four hours of
testing at alternating temperatures (260 and 280 °C).

Electrospun nanofibers can be applied as templates to produce porous hollow structures composed of metal nanoparticle-metal
oxide nanotube composite catalysts. The structure can enhance the interfacial contact between metal nanoparticles and metal
oxide carriers, promote interfacial electron transfer, and accelerate the catalytic reaction process. For example, PdO,/NiO nanofibers
catalyst consisting of porous NiO nanofibers and in-situ anchored PdOy species were prepared by electrospinning-pyrolysis strategy
[905]. The porous NiO nanofibers serving as catalyst support could provide a larger specific surface area and more accessible active
sites for further improving the catalytic performance. Core-sheath Pd/CeOy nanotube was prepared by electrospinning and high-
temperature calcination, which fully improved the interface contact between doped Pd and CeO; and strengthened the interaction
between Pd and CeO5 [906]. Then, Ni dopants were introduced into the nanotubes, which facilitated the exposure of more Pd active
sites and thus promoted sufficient contact between the reactants and the active center, leading to higher catalytic activity in the Suzuki
reaction.

3.4.2. Photocatalysis

Electrospun nanofibers are widely used in photocatalytic reactions due to their strong electronic transmission, high mechanical
strength, flexibility, and easy recycling [907,908]. Nanofibers made of semiconductor oxide materials are used for photodegrading
organic molecules into nontoxic products (e.g., CO2 and H,0) or photocatalytic reducing toxic heavy metal ions to nontoxic products in
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water [909,910]. For instance, TiO2/GO composite nanofibers exhibited higher charge carrier mobility and stronger photocatalytic
activity under visible light irradiation compared with bare TiO5 nanofibers [911]. A highly hydrophilic chitosan/PAN@FeOOH/g-
C3Ny4 nanofibrous membrane showed remarkable mechanical strength, excellent surface hydrophilicity, and visible light response for
photodegradation methylene blue and erythromycin [912].

Electrospun nanofibers have also been used in photocatalytic water splitting for hydrogen production, CO5 reduction, and pho-
tocatalytic nitrogen fixation. For example, composite hierarchically branched TiO, (HBT)/g-C3N4 (CN)/SnSes nanofibers (Fig. 20C, D)
exhibited excellent photocatalytic performance by producing hydrogen about 2375 pmol-g~'-h~! under the visible light irradiation (A
=420 nm), which was attributed to SnSe; reducing charge recombination by increasing electron transfer and providing active sites for
hydrogen production as a co-catalyst (Fig. 20E) [901]. BiOBryI;./CNF photocatalysts significantly improved the photocatalytic ni-
trogen fixation [913]. The high electrical conductivity of CNF enabled efficient capture and transfer of electrons, leading to the
effective separation of photoinduced charges. In another study, Bi-metal and oxygen vacancies (OVs) co-modified Bi;3TiO2 (Bi/BTO)
composite photocatalyst exhibited significantly higher photocatalytic NO removal activity than the original BTO under visible light
irradiation because of the combined effect of the surface plasmon resonance effect of OVs and Bi particles [914].

The photocatalytic efficiency of electrospun composite nanofibers can be further improved by designing and constructing special
microstructures. For example, mesoporous carbonate-doped phase-junction TiO2 nanotubes were fabricated by electrospinning and
calcination, in which the refined porous structure could increase the optical path by multiple reflection effect, enhancing the light
harvesting [915]. TiO2/NiS core-sheath direct Z-type nanostructure was obtained by vertically growing NiS nanosheets on electrospun
TiO4 nanofibers [916]. The closely-contact layered structure and natural Z-type mechanism significantly promoted the separation of
useful electron-hole pairs and efficient hydrogen production of photocatalysis. In another work, graphitic carbon nitride/PLA fibers
were constructed with a large number of pores on the surface and in the core, which had excellent photocatalytic activity, repeat-
ability, and stability to degrade various emerging pollutants in wastewater [917]. Other semiconductors or semiconductor composites,
such as BiVO4 nanotubes [918], C-ZnInyS4 hollow nanotubes [919], Nig 33C0g.67Te [729], rGO@TiOy [920]1, TiO2/SrTiO3/g-C3N4
[921] also exhibited excellent photocatalytic performance.

3.4.3. Electrocatalysis

Electrospun nanofibers represented by inorganic nanofibers as active components or scaffold materials have attracted significant
attention in electrocatalysis, including water splitting, carbon dioxide reduction reaction, and nitrogen reduction reaction (NRR). The
large length-to-diameter ratio of electrospun nanofibers can provide direct pathways for electron/mass transfer, and the high specific
surface area can facilitate the exposure of active sites. The tunable morphology, size, and surface chemistry of electrospun nanofibers
enable the optimization of electrocatalytic activity, while the excellent flexibility is beneficial for the assembly of freestanding elec-
trodes [922,923]. At present, noble metal-based electrocatalysts incorporating Pt, RuO,, IrO,, and Au, etc. are still representing the
most advanced materials in various similar products, with excellent catalytic performance [921,924]. However, their exorbitant price,
scarce resources, and poor durability are challenging to be used for large-scale commercial applications. Therefore, most researchers in
this field have been working on developing new electrocatalysts to reduce the consumption of noble metals by partially or even wholly
replacing them with low-cost alternatives that are abundant on earth. Heteroatoms-doped carbons, transition metal oxides, hydrox-
ides, chalcogenides, phosphides, nitrides, carbides, MOFs, functional hybrids, etc. have been confirmed as potential candidates for
high-efficiency noble metal-free electrocatalysts. In the past few years, significant progress has been made in introducing these ma-
terials into electrospun nanofibers for applications in electrocatalytic water splitting, CO;RR, and NRR.

Electrocatalytic water splitting. Water electrolysis without any toxic by-products throughout the process is considered the most
promising method to produce clean hydrogen fuels. It is driven by two characteristic half-reactions of the cathode and anode: hydrogen
evolution reaction (HER) and OER [922]. Generally, a voltage higher than the theoretical value (1.23 V) is needed for the overall water
splitting under practical conditions. Therefore, exploring advanced bifunctional electrocatalysts for both HER and OER has always
been a research hotspot. Electrospun nanofibers based on heteroatom-doped CNF and their hybrids with transition metals, alloys, or
metal compounds have been demonstrated as desirable HER electrocatalysts. Complex OER with a 4-electron transfer process often
requires higher energy and higher overpotential than simple 2-electron HER [925]. Transition metal alloys, oxides, and carbon-based
composite nanofibers obtained by electrospinning combined with heat treatments are typical OER electrocatalysts. Nevertheless, the
catalysts for HER usually exhibit excellent activity in acidic media, while most OER catalysts are only suitable for alkaline electrolytes
[922]. Even so, properties of bifunctional catalysts based on electrospun nanofibers have been reported to exhibit good electrocatalytic
performance at high pH, such as Co nanoparticles-embedded porous CNF, CNF-supported PdNi, PtNi, or RuNi alloys, WS;@Co9Sg
nanocrystals grown on hollow CNF, core-sheath CoS;-C@MoS; nanofibers, MoS, nanosheets-immobilized Co-N-C flakes on CNF, and
Ni/Mo»C nanoparticles-anchored nitrogen-doped carbon nanofibers (Ni/MoyC/NCNF), etc. [902,926-932]. Taking Ni/Mo,C/NCNF as
an example, the optimized hybrid achieved a current density of 10 mA em 2 at small overpotentials for HER (143 mV) and OER (288
mV) [902]. The alkaline electrolyzer with Ni/MoyC/NCNF as anode and cathode catalysts just required a low voltage of 1.64 V to reach
10 mA em 2, and it also presented good stability during the long-term testing of 100 h (Fig. 20F, G). In addition, electrospun porous
NCNF may be an alternative support matrix for single-atom catalysts, which could maximize the utilization of metal atoms, fully
expose active centers with unique electronic structure and coordination environment and accelerate the electrochemical reaction
kinetics.

Electrocatalytic CO2RR. CO5 recycling based on electrochemical reduction is one of the fundamental strategies for alleviating
global warming caused by excessive consumption of fossil fuels [929]. The cathodic reaction in electrocatalytic CO3 reduction is: xCO2
+nH" + ne” - product + yH,0. Various products, including CO, hydrocarbons, aldehydes, and alcohols, can be formed due to their
similar thermodynamic equilibrium potentials, resulting in poor selectivity toward different products [933]. It has been proved that Cu
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is the only metal to reduce CO to a sequence of products requiring > 2e™ transfers with considerable Faradaic efficiencies [933]. The
Faradaic efficiency of electrospun Cu-embedded NCNF at —0.57 V (vs. reversible hydrogen electrode (RHE)) was 62 %, which has great
potential for applications in ethylene production [934].

To improve the selectivity of specific products, a wide spectrum of nanofibers-based CO2RR electrocatalysts have been designed
and constructed by electrospinning and high-temperature calcination. Typically, Cu; 9¢S/Cu-encapsulated NCNF possessed a high
selectivity of > 80 % for the electrochemical reduction of CO3 to CO at —0.68 V vs. RHE [935]. This outstanding performance was
attributed to the unique Cu; 9¢S/Cu tandem configuration, where Cu served as a *CO-generating site enabling the dissociation of C=0
bonds and the adjacent Cu; 9¢S promoted the subsequent *CO desorption. Sn-based catalysts with excellent selectivity to C; products (i.
e., HCOOH and CO) have drawn increasing attention in electrochemical CO;RR [936]. The wire-in-tube structured SnO; fabricated by
electrospinning provided an extremely high Faradaic efficiency of > 90 % for the CO2 conversion to C; products within the potential
range of —0.89 — —1.29 V vs. RHE, suggesting that large specific surface area and massive grain boundaries significantly contributed to
the enhancement of electrocatalytic activity toward CO2RR [936]. Overall, it remains one of the mainstream research directions to
elevate the selectivity of CO2RR electrocatalysts to specific products by tailoring their electronic structures.

Electrocatalytic NRR. Electrocatalytic NRR at room temperature is a simple, energy-saving, and sustainable technology for syn-
thesizing NHg from green and abundant H>O and N». However, the low NH3 yield rate and poor Faradaic efficiency limit the com-
mercial application of this process, so it is of great importance to develop high-efficiency NRR electrocatalysts. Electrospun nanofibers/
nanotubes, such as ZrO,, NbyOs, BizV2011/CeO2, In203.4/CeO2y, Pd/CNF, and Cr3C2/CNF, etc., have been demonstrated as NRR
catalysts [937-941]. Among them, the optimized InyO3.y/CeO,.y nanotubes with abundant OVs exhibited superior electrocatalytic
stability and activity, in terms of Faradaic efficiency (16.1 % at —0.3 V vs. RHE) and average NH; production rate (26.1 ug h™* mgzLo)
[938]. The NRR mechanism on Iny03./CeOx.y was the typical dissociative pathway, where the ample localized electrons around the
OVs critically impacted the polarization and activation of Ny molecules and conduced to the subsequent hydrogenation process.

3.4.4. Enzyme-like catalysis

In recent years, nanomaterials-based enzyme-like catalysts, also known as nanozymes, have gained significant attention due to
their easy preparation and exceptional environmental stability [942,943]. These nanozymes showcase a wide array of natural enzyme-
mimicking activities, including peroxidase, oxidase, catalase, and superoxide dismutase-like activities [942,943]. These properties
have paved the way for promising applications in biosensing, medical science, environmental technology, and food testing. The
catalytic activity of nanozymes is heavily influenced by their morphology and chemical structure. The integration of electrospinning
technique has further expanded the compositional diversity and structural morphological control of nanozymes [10,944]. In this
section, we will delve into the fabrication of electrospun nanofibers for enzyme-like catalysis, examine typical materials and strategies
to enhance enzyme-like activity, and explore the diverse applications of electrospun nanofibers-based nanozymes.

A variety of electrospun metal oxide nanofibers have emerged as promising enzyme mimics, thanks to their excellent enzyme-like
catalytic properties. For example, electrospun magnetite (Fe304) nanofibers with hollow fiber-like morphology and wall thicknesses of
15-25 nm exhibited peroxidase-like catalytic activity, outperforming commercial Fe304 nanoparticles in terms of efficiency [945].
Similarly, electrospun Co304 nanotubes demonstrated promising potential as mimics of peroxidase, oxidase, and catalase, highlighting
multiple enzyme-like functionalities [946]. Recently, ABX3-type perovskites have been reported for their outstanding enzyme-like
efficiency, with electrospun LaMnOs,s nanofibers exhibiting excellent oxidase-like activity, which is highly correlated with the
calcination temperature [946]. Remarkably, the optimized LaMnOs,s nanofibers displayed exceptional flexibility, making them
suitable for on-demand colorimetric sensing applications. Despite their enzyme-like activity, some electrospun nanofibers still exhibit
lower efficiency compared to natural enzymes.

Numerous strategies have been developed to enhance the catalytic activity of nanozymes, such as compositional regulation,
interfacial engineering, confinement effect, and single-atom construction. Bimetallic oxides, achieved through compositional
manipulation, frequently demonstrate enhanced enzyme-like activity when compared to their single-component metal oxide coun-
terparts due to the proliferation of active sites [947]. Interfacial engineering offers another avenue for improving the enzyme-like
properties of nanozymes. For example, ternary TiOa@MoSs/CoFe04 nanofibers were prepared, featuring two distinct interfaces
between TiO, and MoS,, and another between MoS; and CoFe;04 components [948]. These nanofibers exhibited significantly higher
peroxidase-like activity when compared to single or dual-component catalysts. Similar to compositional manipulation, interfacial
engineering facilitates electron transfer from substrates to nanozymes, thereby enhancing peroxidase-like activity. The confinement
effect and single-atom design have also been successfully utilized in boosting the catalytic activity for enzyme-mimicking. For example,
a wrapping-pyrolysis route has been developed to prepare N-doped carbon nanotubes confined Fe nanoparticles for peroxidase
mimicking [949]. The optimized catalyst exhibited exceptional peroxidase-like activity due to excellent interactions between the
catalyst and the peroxidase substrate, synergistic effects from confinement, and efficient electron transfer. In addition, recent studies
have shown that single-atom iron confined within carbon nanotubes derived from PPy nanotubes displayed outstanding catalytic
activity for peroxidase mimicking, with a turnover frequency over 2900 times higher than that of commercial Fe3O4 catalysts
(Fig. 20H), underscoring the high efficiency of single-atom catalysts for enzyme mimicking [903].

Nanozyme is frequently employed in sensing detection, with electrospun enzyme-like nanofibers showcasing superior detection
capabilities-HO», as a participant in the peroxidase-like reaction, can be accurately detected by sensitively measuring its concen-
tration through an enzyme-like reaction mediated by electrospun nanofiber-based nanozymes. For example, Cu?**-doped PPy nano-
tubes, prepared through an electrospinning-template polymerization-in-situ doping route, have been employed as peroxidase mimics
for the detection of Hy0,, boasting a limit of detection of 1.62 pM [950]. Moreover, nanozyme reaction systems are capable of
detecting various molecules and ions by monitoring their impact on the oxidation of peroxidase and oxidase substrates. Hierarchical
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sheet-on-tube PPy@CoO/NiO nanotubes, synthesized through an electrospinning-template polymerization-wet chemical synthesis
route, were utilized as peroxidase-like catalysts for the detection of ascorbic acid, exhibiting a limit of detection of 0.183 pM [951].
Additionally, total antioxidant capacity sensors were constructed using peroxidase-like nanozyme systems for the assessment of
antioxidant parameters in commercial beverages and fruits, further demonstrating the practical applications of electrospun nanofibers-
based nanozymes [903].

3.4.5. Microbial catalysis

Microbial catalysis plays a crucial role in microbial fuel cells (MFCs), also known as bioelectrochemical systems. In these systems,
viable microorganisms, also called electroactive bacteria, convert organic waste in wastewater or soil into electricity, facilitating waste
recycling and addressing climate change concerns [952,953]. Natural MFCs offer several advantages, such as ambient operating
conditions, neutral pH working conditions, and a wide range of abundant biodegradable substrates, making them a promising avenue
for sustainable energy supply. However, certain limitations hinder the full development of MFCs, including low power density, high
cost, and the absence of full-scale MFCs in natural environments [954,955]. To overcome these challenges, the use of novel advanced
anodic materials has been recognized as an effective approach [956-958]. The promising electrode materials possess an accessible
surface area for accommodating a large number of bacteria, a conductive network for electron transfer, and excellent corrosion
resistance and biocompatibility, thus promoting practical applications of MFCs for domestic and industrial waste treatment.

Nanofiber networks offer unique advantages due to their 3D structure, providing enhanced convenience for electroactive bacteria
adhesion and mass diffusion through significant specific surface area and hierarchically macroporous structures. Among them, CNFs
stand out for their excellent conductivity, compatibility, and mechanical strength, making them suitable as binder-free electrodes
without the need to add additional conductive materials. Leveraging these superiorities, many carbon-based composite anodes have
been developed to improve the loading of bacteria and power production in MFCs.

Early reports explored the use of 3D carbon fiber electrodes produced by gas-assisted electrospinning and solution electrospinning
[959]. Through this fiber-assembled MFC, bioelectrocatalytic current density of up to 30 A m~2 was achieved, indicating favorable
formation of electroactive microbial biofilms. The open macroporous structure in these carbon fibers provided ideal growth sites for
electroactive bacteria, and the interconnected individual fibers of the nonwoven structure contributed to the formation of cross-linked
biofilms, facilitating optimal conduction and electron transfer. Building on this success, various carbon-based composites have been
developed, such as LBL carbon fiber membranes [960], nitrogen-doping carbon nanofiber membranes [961,962], and conductive
nanofibers [963], as well as metal oxides and carbon composites [964]. These materials could increase the active pore structure and
the attachment of electroactive bacteria. The electron transfer rate to the anode remains a critical intrinsic factor limiting the power
generation of MFCs. Further strategies should focus on improving biofilm-electrode interactions and the electron transfer rate. In
addition, CNF may fracture due to the low Young’s modulus after the carbonization process. Therefore, it is crucial to fabricate CNF-
based electrodes with conductive biofilm, high mechanical strength, and appropriate flexibility.

One innovative approach is to add carbon nanotubes to create a conductive biofilm where electroactive bacteria can form a
composite biofilm in the anode chamber [965]. Another design is the interpenetrated carbon nanotubes/carbon nanofibers (CNTs/
CNF) electrode, which can be created through electrospinning and heat pressing, promoting improved inter-junction of fiber aggre-
gates, mechanical strength, and reduced contact resistance [966]. This self-standing electrode enhances the capability of attaching and
reproducing electroactive bacteria, ensuring optimal colonization and effective electron transfer between the electrode and micro-
organisms, thereby facilitating extracellular electron transfer between microbe cells and the anode. Additionally, electrospun Fe;O3
nanofibers coupled with CNTs with high porosity and a 3D interpenetrated network allowed efficient nutrient and metabolite diffu-
sion, further promoting effective extracellular electron transfer rates [964].

Despite these advancements, it remains a challenge to fully utilize the interior surface and pores for microorganism colonization
because bacteria are generally larger than the pore distribution. Enlarging the pores can enhance substrate transport but may limit the
loading of bacteria due to reduced total surface area. To address this issue, bacteria-encapsulated nanofibers were developed as
bioelectrodes through coaxial electrospinning (Fig. 201), offering advantages such as enhanced bacteria loading and biofilm growth
through the construction of cell division in the core-sheath structure, while the conductive shell facilitates extracellular electron
transfer throughout the electrodes [904]. However, the complicated manufacturing process and poor polymer conductivity present
some limitations. To overcome these challenges, future research should explore functional group mediator metal oxides with porous
structures on single fibers and proper encapsulation into the interpenetrated interior surface of CNF, along with other relevant
manipulations.

3.5. Flexible electronic devices

Flexible electronic devices have become the focus of cutting-edge scientific research. Unlike traditional rigid devices, flexible
devices offer advantages such as flexibility, mobility, and bendability, leading to breakthrough applications across various sectors,
such as medical, health monitoring, and smart wearable devices [967-969]. To promote the commercialization of manufactured
flexible devices, several key points should be considered: (i) the material utilized should be flexible and/or stretchable [970]1; (ii)
devices should be comfortable to use with good compatibility [971,972]; (iii) the device should be as thin as possible while maintaining
the favorable performance [973,974]. These challenges indicate the choice of materials and manufacturing processes for flexible
electronic devices.

Electrospun nanofibers/membranes offer several appealing properties in the realm of flexible electronic devices: i) electrospinning
has the advantages of simple operation, good continuity, and strong controllability; ii) a wide variety of spinnable materials (e.g., PU,
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PS, PVA, etc.) are available; iii) the morphology of electrospun nanofibers can be well regulated (e.g., wrinkles, waves, etc.); iv)
electrospun nanofibers possess high specific surface area, high porosity, good mechanical strength, flexibility and/or stretchability,
and air permeability; v) the surfaces of electrospun nanofibers contain many easily modifiable functional groups, enabling the
achievement of desired properties through further modifications. These advantages have made electrospun nanofibers increasingly
popular in the development of flexible electronic device products [975-978]. In this section, we will discuss the applications and
development direction of electrospun nanofibers in flexible electronic devices, including sensors, energy storage and conversion, field
effect transistors, and organic light-emitting diodes (OLEDs) from the needs of practical applications.

3.5.1. Sensors

Sensors play a critical role in detecting and converting measured information into electrical signals or other required forms for
practical applications. Among them, flexible sensors are commonly used for strain, pressure, humidity, temperature, and multimodal
sensing applications [979-982]. They have been widely used in human health monitoring, human-computer interaction, intelligent
control, and other fields [983]. However, to meet practical needs and applications, these sensors require further enhancements in
several properties: (i) high sensitivity over a wide detection range, ii) flexibility, biocompatibility, and stability, iii) excellent sensing
performance while being environmentally friendly [984-988].

Considering the demand for improved sensor performance, electrospun nanofibers offer distinct advantages. The large specific
surface area and porous characteristics of electrospun nanofibers improve the sensitivity and stability of flexible sensors, ensuring a
wide detection range. The electrospun fibers are lightweight, highly flexible/stretchable, and breathable, making the fabricated
sensors more comfortable to wear. The electrospun nanofibers can be modified to possess specific functions, such as hydrophobicity,
antibacterial properties, electrical conductivity, anti-wrinkle properties, antistatic properties, biocompatibility, degradability, etc
[989-993]. Therefore, electrospinning technology is critical for addressing practical application issues with flexible sensors.
Furthermore, electrospun nanofibers are essential for improving various sensor evaluation parameters, including sensitivity, detection
limit, and response time.

Flexible piezocapacitive sensors utilizing nanomaterial-polymer composite-based nanofibrous membranes offer an attractive
alternative to more traditional piezoelectric and piezoresistive wearable sensors owing to their ultralow-powered nature, fast response,
low hysteresis, and insensitivity to temperature change. For example, a red light-emitting flexible pressure sensor was constructed
using electrospun Eu®*-doped P(VDF-HFP)/GO composite nanofibers through the LBL spinning method [994]. The high B-phase
concentration (96.3 %) was achieved, leading to a high piezoelectricity of the composite nanofibers. Moreover, the sandwich structure
sensor had a sensitivity of 0.72 kPa~?, an ultrahigh output, good hydrophobicity and even certain fluorescence properties. These
excellent properties give it great potential for applications not only in flexible sensors, but also in photoluminescent fabrics, soft
actuators, and energy storage devices. In another study, a piezoelectric sensor based on electrospun PVAc/graphene nanofibers was
prepared, which could be applied to wearable Internet of Things devices and human physiological function monitoring [995]. The
sensors showed superior pressure sensing performance, robustness, and reliability. A series of tests involving human physiological
parameter monitoring were conducted to underscore the applicability of sensors for IoT-enabled personalized health care, soft ro-
botics, and next-generation prosthetic devices. The future development direction should focus on further improving the desired
properties mentioned above.

3.5.2. Energy storage and conversion devices

Energy storage and conversion components are the energy source of flexible electronic devices and play an indispensable role. In
addition to meeting the basic high energy density, high power, high conversion efficiency, and high stability and safety of the power
supply, the special requirement of flexible electronics about “flexibility” is necessary [996,997]. In Section 3.4, we have described in
detail the use of electrospun nanofibers for energy storage and conversion, including supercapacitors and batteries that can provide
energy directly, and nanogenerators that can convert other energies into electricity. These are important energy sources in flexible
electronic devices. In this section, we will focus on discussing the needs and corresponding applications of these electrospun nanofiber-
based energy devices in flexible electronics.

Supercapacitors and batteries. Compared to conventional rigid electronic devices, flexible energy storage devices maintain
electrochemical properties even be deformed, and the performance and reliability of the devices in different environments and usage
scenarios should be ensured [998]. From these perspectives, the design of supercapacitors based on electrospun nanofiber for flexible
electronic devices is guided by the following requirements: i) excellent electrode materials to prepare supercapacitors with high-
power, high-energy density, and desirable capacitance; ii) excellent separator materials that directly impact supercapacitor electro-
chemical performance and safety; iii) long cycle stability and fast charge-discharge rate for the fabricated device; iv) good electro-
chemical performance and excellent mechanical properties under dynamic deformation [999].

Regarding the electrode materials, in one study, free-standing electrodes composed of Ti3CoTx MXene/CNF were prepared by
electrospinning for use in flexible supercapacitors [1000]. The electrodes demonstrated good gravimetric capacitance up to 120F/g at
2 mV/s and maintained a higher capacitance value of 90F/g at 300 mV/s in comparison to pure CNF electrodes. Due to the high degree
of mechanical flexibility of CNF, the resultant flexible supercapacitors also demonstrated long-term cycling stability (98 % retention
after 10 K charge-discharge cycles) with improved capacitance, conductivity, and mechanical properties. In another study, highly
flexible nitrogen-doped porous MXene electrospun nanofibers were applied as self-supporting electrode materials and assembled into
structural supercapacitor composites [1001]. Benefitting from the abundant mesopores structure and uniform nitrogen atom doping,
the assembled structural supercapacitors exhibited excellent electrochemical properties and robust long-term durability, achieving an
energy density of 12.78 Wh kg~ at a power density of 1080 W kg~ and long-term cycling stability up to 5000 cycles. Similarly, a core-

73



C. Wang et al. Progress in Materials Science 154 (2025) 101494

triple-shelled hierarchical nanostructure was fabricated by the sequential growth of conductive polyaniline (PANI) layers and Niy(CO3)
(OH), nanosheets on the graphene-coated electrospun CNF [1002]. The optimal electrode exhibited a high specific capacitance of
1565F g~ at 1 A/g, exceeding most nickel hydroxide-based nickel carbonate electrodes reported in the literature. The resultant hybrid
supercapacitor delivered a high energy density of 35.4 Wh kg_1 @750 W kg_1 and a long cycle lifespan. These electrode materials
improve the limitation of flexible supercapacitors in flexible electronic applications because of their low energy density, making them
have broad application prospects in flexible electronic energy storage devices, especially in the next generation of wearable devices.

Flexible batteries based on electrospun nanofibers have also made great strides [1003,1004]. For example, a porous membrane
composed of electrospun SbS3/TiO2/C nanofibers was prepared using titanium (IV) isopropyl alcohol as a coupling agent and then
assembled into a lithium-ion half-cell or a full-cell without a slurry coating process [975]. In a lithium-ion half-cell, the porous Sb2Ss/
TiO2/C nanofibrous membrane could be cycled 800 times at high current density of 2000 mAg~'. The battery showed improved
mechanical properties, electrochemical performance, and heat resistance, indicating the practical value in flexible LIBs. In another
study, the inner and outer walls of hollow CNF were separately integrated with OER-active O, N co-coordinated Ni single atoms and
ORR-active Co304@Co; «S nanosheet arrays by coaxial electrospinning combined with pyrolysis and solvothermal process [1004].
The fabricated Janus-structured nanofibers served as the flexible free-standing bifunctional oxygen electrocatalyst, exhibiting a high
open-circuit potential (1.45 V), high capacity (808 mAh g~ Zn), and extremely long life (over 200 h at 10 mA cm™2). Furthermore, the
assembled flexible all-solid-state zinc—-air batteries showed excellent cycle stability (over 80 h).

Electrospun nanofibers-based flexible power supply has special and irreplaceable advantages in flexible electronic devices, rep-
resenting one of the important development directions in the future. However, there are still some challenges that require the joint
efforts of researchers before practical industrialization and commercialization: i) improving the energy density to increase the applying
range of wearable devices; ii) improving the mechanical durability of power devices to guarantee stable performance under various
deformation states; iii) improving the cycling life in practice.

Nanogenerators. Health monitoring and wearable electronic devices require overcoming the limitations of traditional battery-
powered methods, such as environmental pollution, large size, and short lifetime. Therefore, there is an urgent need for a light-
weight, flexible, and sustainable power source to build wearable electronic devices [95]. Nanogenerators, based on piezoelectric or
triboelectric effects, are able to achieve self-sufficiency in electrical energy, showing great potential for wearable devices, which not
only reduces the dependence on external power sources but also makes the devices more convenient and flexible in daily use
[427,877,1005].

The introduction of electrospun nanofibers can further improve the performance of nanogenerators and make them suitable for the
needs of flexible electronics. In one study, waterproof, breathable and wearable electronic was fabricated based on nanofibers-TENGs,
in which electrospun PA66/MWCNTSs nanofibers were used as the tribo-positive layer and electrospun PVDF nanofibers as the tribo-
negative layer, respectively [978]. Owing to the coupling effect between the nano-network structure and porous structure, the effective
contact area was effectively enhanced. The nanofibrous TENG demonstrated the peak voltage, current and maximum power density up
to 142V, 15.5 pA and 1.30 W/m?, respectively, with excellent durability and stability under 10,000 pressure cycles. In addition, the as-
obtained nanofibers-TENG had a high gas permeability of 11.5 mm s~ and exhibited good washable characteristics. For the nano-
generators based on electrospun nanofibers, the future development direction should focus on improving the energy conversion ef-
ficiency, obtaining higher power output, as well as maintaining good power conversion efficiency and stability under dynamic
deformation conditions.

3.5.2.1. Dye-sensitized solar cells (DSSCs). Solar cells also play a huge role in flexible electronics by realizing energy self-sufficiency
through light-to-electricity conversion. Flexible DSSCs offer new opportunities to harvest and convert solar energy into electrical
energy, primarily utilizing wide-bandgap semiconductor porous films like TiO, and ZnO along with photosensitizing dyes [1006].
Compared to traditional solar cells, DSSCs have advantages such as simple process, non-toxicity, green production, low cost, and long
life [1007]. However, the conversion efficiency remains a concern. Given the large specific surface area and porous characteristics,
electrospun nanofibers often show a high dye sensitizer adsorption and excellent charge transport capacity, making them ideal can-
didates for flexible DSSCs electrodes with improved conversion efficiency [1008].

The prerequisite for obtaining high-performance DSSCs is possessing excellent catalytic performance for the counter electrodes.
Electrolyte is an indispensable component in DSSCs, playing a key role in the faster regeneration of dyes and the transport of internal
charge carriers between electrodes. In one study, electrospun NiCo2S4/CNF composite fibers were applied in the counter electrode of
DSSCs. Good power conversion efficiency (9.0 %) and stability have been realized owing to a synergistic effect of the high catalysis of
NiCo,S4 and the conductivity of CNF [817]. In another study, NiMoO4 nanoparticles were loaded onto carbon nanofibers (NiMoO4/
CNF) to enhance the diffusion of the electrolyte and provide more active sites for redox reactions [1009]. The as-prepared DSSCs
displayed higher PCE of 7.67 % v.s. Pt of 7.17 % and CNF of 5.65 %, providing a new choice for high-efficiency and low-cost DSSCs Pt-
free counter electrode. Functional electrolytes based on polymer nanofibers have also been developed. For example, polymeric ionic
liquid was synthesized by covalently grafting vinyl imidazolium iodide and methyl methacrylate onto PEO [1010]. By electrospinning,
tungsten oxide nanoparticles incorporated in polymeric ionic liquid nanofibrous membrane were fabricated and applied as a functional
electrolyte for quasi-solid state DSSC, which showed a power conversion efficiency (n) of 7.2 % and a stability of 94.4 % after 500 h.

3.5.3. Flexible stretchable field-effect transistors

Flexible stretchable field-effect transistors (FETs), with the unique advantage of being able to bend and stretch, often serve as
crucial signal modulation and electronic switching elements by controlling the charge transport behavior using an external electric
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field [1011]. In this case, transistor devices are widely used in the biomedical field, such as wearable devices like smart bracelets and
watches to monitor physiological parameters like blood pressure, blood oxygen, and heart rate [1012], and in the foldable electronic
displays, photovoltaic cells, and other innovative applications [1013]. Although significant progress has been made in the practical
application of transistor devices, there is still a need for the development of new active layer materials to improve the mobility,
switching ratio, flexibility, and stability of the transistor devices for better commercialization.

The introduction of electrospun nanofibers to construct flexible stretchable FET has the following advantages: (i) the thickness of
the nanofibers can be adjusted to achieve the desired flexibility; (ii) nanofibers, being one-dimensional (1D), minimize the grain
boundary effect in thin-film materials, resulting in higher carrier mobility than traditional thin-film materials [1014]; (iii) Electro-
spinning can enhance charge carrier transport and limited flexibility through organic semiconductor nanofibers [1015].

For example, electrospun Yb3*-doped In,03 nanofibers were applied in FET, and with a doping concentration of 4 mol%, the FETs
showed a better electrical performance, with a high mobility of 6.67 cm?/Vs, an acceptable threshold voltage of 3.27 V, and a suitable
on/off current ratio of 107, especially the enhanced bias stress stability [1016]. When applied to ethanol gas sensors, the stability was
enhanced while the sensitivity was improved with a high response of 40 to 10 ppm. The FET sensor also showed a low detection limit of
1 ppm and improved the sensing performance from sensitivity to selectivity. Similarly, FETs based on Nd-doped aligned InyOs
nanofibers exhibited a high mobility of 5.5 cm2V-!s~! and a switching current ratio of 107 [1017]. When applied to acetone gas
sensors, excellent performance was obtained at room temperature, such as high response (88) at 4 ppm, fast response and recovery
time (31/53 s), relatively low detection limit (69 ppb), and acceptable acetone gas selectivity. In addition, a plasticity-tunable elec-
trospun ZnO nanofiber-based FET was developed to simulate the changes in synaptic function [1018]. With the increase of electro-
spinning time (fiber coverage), the number of fibers could increase the carrier transport channel to improve the FET performance. The
optimized electrospinning time, annealing temperature, perovskite doping, and other parameters were selected to regulate the de-
vice’s plasticity and enhance the synaptic transistor’s performance. Perovskite-doped devices with ultralow energy consumption down
to ca. 0.2554 fJ and the handwritten recognition application showed the great potential of synaptic transistors based on a 1D nano-
structure active layer for building next-generation neuromorphic networks.

3.5.4. Organic light-emitting diodes

OLEDs have attracted huge attention over decades for enhanced human visual data processing driven by their thinness, lightness,
less power consumption, fast response, high definition, flexibility, and ultrahigh luminous efficiency, thus [1019]. However, OLEDs
still suffer commercialized challenges such as short lifetimes, high costs, and size constraints [1020]. Currently, researchers are
exploring the potential of using electrospun nanofibers to enhance OLEDs performance for these raw materials used in the electro-
spinning process are compatible with organic materials of OLEDs [1021]. In one study, white LEDs were fabricated based on elec-
trospun PVA nanofibers doped with Ag nanoparticles and Pirome597 dye [1022]. Compared to conventional films, the threshold of
PVA/Ag nanofibers was reduced by 35 %. In another study, multicolor circularly polarized luminescence active electrospun poly-
acetylene/achiral fluorescent dyes/PAN composite nanofibers were fabricated to construct low-cost, flexible light-emitting devices
[1023]. The highest luminescence dissymmetry factor (gjum) of the obtained nanofibers could reach 102 accompanied with excellent
adjustability and low energy transfer efficiency.

Electrospinning also provides a simple and effective way to construct intelligent optical structures and advanced optoelectronic
devices. For example, brightly luminescent CsPbBrs nanocrystals were encapsulated in superhydrophobic poly(vinylidene fluoride-co-
hexafluoropropylene)/polystyrene (PVDF-HFP)/PS electrospun nanofibers [1024]. The as-prepared nanofibers showed high photo-
luminescence quantum yield of 87.9 % and improved fluorescence intensity retention. Furthermore, the composite membrane-based
white light-emitting diode exhibited wide color gamut covering 117 % of national television system committee standard, indicating
the prospect in solid-state lighting and display applications. Despite these advantages, electrospun nanofibrous membranes are still in
their early stages for OLED devices and further in-depth research is required.

Electrospinning technology provides an effective route for flexible electronic devices. In addition to these applications, electrospun
nanofibers and membranes can be used in a wide range of applications such as flexible/stretchable electrochemical sensors [1025],
heaters [1026], brain-computer interfaces [1027], actuators [1028], and other flexible devices. Electrospun nanofibers have signifi-
cantly contributed to portability, multi-functional integration, wearing comfort, performance optimization, and other aspects, making
these devices more practical in daily life. However, some challenges remain: (i) the mechanical tensile/flexibility strength of elec-
trospun nanofibers decreases noticeably after doping or calcination; (ii) the electrochemical properties of electrospun nanofibers still
lag metals, carbon-based polymers, and conductive polymers; (iii) achieving high-precision positioning of electrospun fibers is diffi-
cult, resulting in performance discrepancies among flexible devices. Effectively addressing these challenges will be crucial in maxi-
mizing the advantages of electrospun nanofibers and advancing their commercial applications.

3.5.5. Soft robotics

Soft robotics have gained huge attention in diverse new fields, where conventional rigid robots are limited, including industrial
processing, healthcare, agriculture, automation, marine, and engineering for their high flexibility/stretchability, robust mechanical
compliance and easy deformation.[1029,1030] Compared with rigid robots depend on simple control of joints and limbs, soft robot
requires more complicated functions to accurately control/monitor the shape/position of different parts of the soft robots and be aware
of external stimuli (e.g, heat, pressure, light, and sound, etc.) [1031-1033], making the integration of sensors into soft robots are
inevitable. In Section 3.5.1, we have described in detail the use of electrospun nanofibers for flexible strain, pressure, humidity,
temperature sensors. In this section, we focus on discussing the electrospun nanofibers-based artificial muscles in soft robots.

As for soft robotics, artificial muscles play an important role in replacing various biological or mechanical components to generate
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reproducible mechanical processes without deterioration. Given the flexibility and unique anisotropic properties of electrospun
nanofibers, electrospinning offers an innovative technique in fabricating artificial muscles [1034,1035]. Furthermore, prompted by
the conventional textile processing techniques (twisting, weaving, and knitting), electrospun nanofibers can be also assembled into the
intrinsic architecture of biological muscles [1036,1037]. For example, electrospun skeletal muscle-like PU assembly has been
developed. Interestingly, the muscle-like PU assembly exhibits slightly higher strength and stiffness compared to the skeletal muscle
ones. To enable the electrospun nanofibers-based muscle with remote actuating function, polydopamine-coated electrospun liquid
crystal elastomer microfiber actuators have been developed, which could generate 60 % actuation strain within 0.2 s with high 400 W
Kg~! power density by controlling remote near-infrared laser [1038]. Additionally, ultra-high durability was achieved with 10° cycles
of loading and unloading at 20 % strain and 90 °C, without any degradation. To expand the remotely controlled geometry alteration,
bi-layer hydrogel actuator with p(4-acryloylbenzophenone-co-N-isopropylacrylamide) layer and Fe3O4/PAN layer has been fabricated
by electrospinning. The as-prepared product showed complex higher-level programmable movements for its programmable complex
remote photothermal-responsiveness with rapid response (178°/s) and high tensile strength (4.59 MPa) [1039].

3.5.6. Bioelectronics

Bioelectronics [1040,1041], which can record physiological signals by transducing signals from the biological system to electrical
signals at the bio-electronics interface, play a vital role in many biological fields such as blood glucose sensors, cardiac pacemakers,
health monitoring, and deep-brain stimulators. Because of their small diameter, high surface area, and tunable conductivity/flexi-
bility/compatibility, electrospun nanofibers have been widely investigated in fabricating high-efficient bioelectronics [1042,1043]. In
one study, topologically optimized electrospun piezoelectric PVDF nanofiber mats were developed as acoustic sensors to enhance
electromechanical conversion across a wide bandwidth. Compared to traditional electrospun nanofiber mat-based sensors, the new
design achieved a 300 % increase in electric output and a 478 % improvement in frequency response range. Furthermore, 100 %
classification accuracy in human voice speech recognition was achieved with the assistance of deep learning [1044].

Electrospun nanofiber membrane-based soft electronics in epidermal bioelectronics has also been widely investigated for their
conformal compatibility with the human body and associated performance improvements. For example, filtration-based direct local
nanowire patterning method on the electrospun nanofiber membrane using dispenser systems has been developed in fabricating
stretchable, breathable, and highly conductive epidermal bioelectronics harnessing various types of metal nanowires, including Ag,
Ag@Au core-sheath, and Ag@(Au-Pt) core-sheath nanowires. Construction of support bed under nanofiber membrane, fluid flow can
be realized. The composite membrane can be spontaneously replicated according to diverse human body geometries in-situ. The as-
prepared epidermal bioelectronics could record in vivo epicardial signals, epidermal electrochemical behaviors, and customized
epidermal electromyography-based human-machine interfaces.

Electrospinning also offers special applications in constructing ideal interfaces that directly bridge thin-film electronics with soft
tissues. For example, an ultrasoft microfiber composite ultrathin (< 5 pm) hydrogel film has been developed by embedding an
electrospun PU microfiber network into the poly(vinyl alcohol) hydrogel. The tunable Young’s Modulus at wide range of microfiber
composite hydrogels imparts a prominent mechanical match with human living organs and tissues. Furthermore, the incorporation of
sodium chloride and glycerol provides the composite hydrogel with high ionic conductivity, anti-freeze, and anti-dehydration prop-
erties. The hydrogel can monitor electromyography in high quality for 48 h in ambient air with lower background noise.

<!—MANI ->.

3.6. 3.6. Electrospun nanofibers for special engineering materials

Electrospinning technology is an efficient method for fabricating flexible and continuous non-oxide ceramic fibers from polymer
precursors with diameters over a scale from nano- to micro-meters by managing the processing parameters. Benefiting from the high
porosity and high surface area of electrospun nanofibers, functional customization is expected to be achieved through reasonable
multi-component design and fiber structure construction. Therefore, they have great application prospects in some special engineering
materials, such as high-temperature insulating materials, wave-absorbing materials, sound-absorbing materials, and impact-resistant
materials. In this section, we will discuss the latest achievements in the applications of electrospun nanofibers in special engineering
materials.

3.6.1. High-temperature insulating materials

Electrospinning technology is instrumental in creating heat-resistant fiber membranes used in various applications, including
batteries, supercapacitors, and air filtrations. On the one hand, because of the high porosity of electrospun fibers, these tiny pores can
form an air barrier between the fibers. Air is a poor conductor of heat, so these pores can slow down the conduction of heat, thus
realizing the heat insulation effect. On the other hand, by compounding and processing the electrospun fibers, the fiber membrane can
be further endowed with the ability to insulate heat. According to their chemical composition, they can be divided into polymer-based
(amides, imines, imidazoles, etc.) and inorganic-based (ceramics, metals, etc.) fibers. For example, polyacrylic acid (PAA) was
employed as a precursor to produce a PI film by amidation for Li battery separators [1045]. The PI separator exhibited excellent
thermal stability, even at 500 °C, with no significant shrinkage or color change after being exposed to 150 °C for 1 h. Similarly, PAN/
poly(m-phenylene isophthalamide) composite fiber membrane with excellent mechanical properties and high-temperature resistance
was prepared for filtering high-temperature gas [1003]. The composite membrane could be treated at 140-220 °C for 30 min without
volume change with a filtration efficiency of 99 %, indicating its excellent high-temperature resistance.

Inorganic-based electrospun fiber membranes surpass their polymer-based counterparts in resistance to high temperatures
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(>1000 °C) and corrosion. For example, heat-resistant fibers were prepared by combining ZrO, with low thermal conductivity and SiC
with infrared thermal radiation shielding [1046]. These composite fibers retained their original morphology when heated in air at
1800 °C for 1 h or after being immersed in 1 M NaOH solution for 30 min. Similarly, N-doped hollow SiC fibers were prepared by
coaxial electrospinning followed by thermal or electron beam irradiation curing [1047]. The composite fibers exhibited an ultra-low
thermal conductivity (0.026 + 0.013 W m ™! k™!) at room temperature due to the multilayer scattering mechanism. Even when heated
to 1000 °C, their weight remained almost unchanged. In another study, lamellar multi-arch structured ceramic nanofibrous aerogels
were prepared by immersing electrospun ZrO»-Al;03 nanofibers in Al(H,PO4)3 solution followed by freeze-drying and calcination
(Fig. 21A) [1048]. The obtained ceramic nanofibrous aerogels exhibited high-temperature resistance up to 1300 °C and thermal
insulation performance with low thermal conductivity (0.0322 W m~! K™1). Furthermore, electrospinning allows the preparation of
other high-temperature and heat-resistant fibers, such as mullite fibers [1049] and Cu nanowires/carbon black composite fibers
[1050]. These materials exhibited remarkable thermal stability and heat resistance, making them suitable for various high-
temperature applications.

3.6.2. Wave-absorbing materials

Electrospun nanofibers are widely utilized in the field of microwave absorption due to their high anisotropy and multiple scattering
effects. However, a single component may have poor impedance matching and dielectric loss. In this case, dielectric materials can be
added to improve impedance matching and promote dielectric loss. Additionally, introducing heterogeneous interfaces between
multiple components can enhance interface polarization and dipole polarization, further improving microwave absorption perfor-
mance [1054,1055]. In microwave absorbing materials, SiC nanofibers and CNF often act as substrates and are combined with other
materials (e.g., graphene [992], MWCNTs [1056], hafnium carbide [1057], and vanadium nitride [168]) or doped with elements (N, P)
[1058]. In addition, the incorporation of magnetic nanoparticles, including magnetic metal elements, magnetic metal oxides, and
magnetic alloys, in the nanofibers can further optimize impedance matching and coordinate dielectric loss and magnetic loss mech-
anisms, effectively enhancing microwave absorption [1059].

Apart from optimizing the chemical composition, the design of hierarchical gradient and porous structure plays a crucial role in
enhancing the multiple reflections of microwaves within the material to achieve effective attenuation. For example, coaxial electro-
spinning and solvothermal methods were applied to prepare electromagnetic-gradient hierarchical TiO,@Co/C@Co/Ni carbon
microtube composites [1051]. Its maximum reflection loss value reached —53.99 dB at 2.0 mm and the effective absorption band-
widths (RL < -10 dB) were as wide as 6.0 GHz, covering most of the Ku band (Fig. 21B). The scalable fabrication of microwave-
absorbing functional aerogel spheres was achieved by the combination of multiaxial electrospinning and freeze-drying on the mul-
tiscale. For example, Fe304 aerogel microspheres [1060] and graphene aerogel spheres [1061] were obtained by coaxial and triaxial
electrospinning technologies, respectively, followed by freeze-drying. The porous aerogel structures facilitated internal multiple
scattering and geometric configuration effects, enhancing microwave absorption and attenuation. Typically, the as-obtained hollow
graphene aerogels showed a minimum reflection loss of —52.7 dB, and a broad effective absorption bandwidth (fg) of 7.0 GHz with
thickness of 2.3 mm. Furthermore, it is essential to endow microwave-absorbing materials with the versatility to adapt to complex use
environments. In one study, magnetic nanoparticles FeNi/NiFe;04/NiO were embedded onto the surface of CNF to form rough
nanostructures, which showed an effective absorption bandwidth of 8 GHz [1062]. In another study, self-healing superhydrophobic
core-sheath PVDF/Fe304@PPy fibers were obtained through electrospinning a PVDF/Fe304 mixture and in-situ chemical oxidative
polymerization of PPy, followed by chemical vapor deposition with fluoroalkylsilane, which showed promise for further advancing
microwave-absorbing materials [1063].

3.6.3. Sound-absorbing materials

Traditional sound-absorbing materials are effective in the high-frequency region (> 2500 Hz) but often lack sound absorption
capacity in the medium and low-frequency region (< 500 Hz, 500-2500 Hz) [1064]. Electrospun nanofibers can increase the contact
area between the internal pores and sound waves to facilitate energy dissipation. The excellent flexibility of electrospun fibers also
enables the construction of resonant structures. When sound waves act on these structures, sound energy can be converted into heat
energy or kinetic energy, enhancing the sound absorption capacity at medium and low frequencies [1065]. In one study, a bilayer
composite membrane was prepared by placing electrospun nanofibers made of collagen hydrolysate/PVA on coir, and the maximum
sound absorption peak of the composite membrane could be reduced to 200-1000 Hz, effectively promoting sound absorption in the
lower frequency [1066]. Furthermore, a tri-layer membrane was constructed with the porous PAN fibers used as the external layer,
which facilitated sound absorption and further enhanced low-frequency sound absorption capability [1067].

Piezoelectric materials can be further introduced in electrospun nanofiber membranes to achieve acoustic-electric conversion. Such
materials usually have a large dipole moment and can change the degree of polarization when subjected to an external force,
generating an electrical signal [978]. For example, piezoelectric material PVDF was combined with carbon nanotubes and graphene to
prepare nanofiber membranes for absorbing sound waves and converting them into electric energy [1068,1069]. Through piezo-
electric shunt damping, the membranes reduced the sound transmission under medium and low-frequency resonance, resulting in a
high absorption coefficient of up to 0.9 and noise reduction coefficient of up to 0.56 in the mid-frequency region, demonstrating
excellent sound absorption performance in both low and medium frequencies.

The 2D electrospun nanofiber membranes also face low thickness and dense structure, resulting in a narrow sound absorption band.
To solve this problem, a fibrous sponge was prepared by humidity-assisted multistep electrospinning followed by physical/chemical
dual cross-linking (Fig. 21C) [1052]. The resulting sponge material, with a gradient variation of porosity and pore sizes in the Z di-
rection, exhibited high-efficiency broadband acoustic wave absorption, achieving a noise reduction coefficient up to 0.53. The design
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of this gradient-structured fiber sponge opens a new way for the development of ideal sound-absorbing materials.

3.6.4. Impact-resistant materials

Common strategies for preparing strong polymer thin films with impact-resistant functions include adding inorganic materials such
as carbon tubes, carbon fibers, 2D materials such as GO and metallic/metal oxide particles to the thin polymer film. However, these
methods may lead to an increase in the specific gravity, incompatibility between organic and inorganic materials, anisotropy of
mechanical properties caused by uneven distribution of filler material, pore formation, and/or high cost, reducing their strength.
Electrospinning allows the production of submicron to nanoscale fibers composed of various types of constituent materials (polymers,
metal particles, CNTs, CNCs, ceramics, metal powders and nanoparticles). By adjusting the electrospinning parameters (e.g. voltage,
solution viscosity, fiber size and nozzle-to-collector distance) and the electrospinning process (uniaxial, coaxial, etc.), it is possible to
precisely control the structure and thus improve the above-mentioned defects. The nano/sub-micron fibers prepared by electro-
spinning have a high specific surface area.

Electrospun nanofibers can be incorporated into and surrounded by polymer matrix to prepare composites with excellent me-
chanical properties by preventing the formation of voids or stress concentration areas. For example, helicoidally arranged nylon
electrospun nanofibers were embedded in an epoxy resin matrix to prepare composite membrane with a tensile strength of 39 MPa and
excellent impact energy absorption performance (absorption energy 1.4 kJ m~?) in the pendulum impact test (Fig. 21D) [1053]. In the
falling ball test, the 1 mm thick films were subjected to the impact of a 0.25 kg ball falling from 8 cm. In another study, 13 layers of
uniaxially aligned arrays of PAN electrospun fibers at 45° angular offsets were embedded in PVA matrix to prepare the fiber-reinforced
strong polymer thin films, which showed a specific tensile strength of 5 MPa cm® g ™! and could sustain specific impact energy 8 = 0.9
mJ cm® g’1 [1070]. This novel fabrication method enables further production of smaller fibers (sub-micron or even nanoscale) and
further tuning of the fiber-substrate material interface and fiber-to-fiber adhesion through LBL processing (using additive
manufacturing methods). These parameters allow greater control and tunability of impact performances of the synthetic materials for
various applications from army combat wear to sports and biomedical/wearable applications.

3.7. Electrospun nanofibers for clothing textile and health

3.7.1. Clothing textile

In the realm of functional clothing, it is vital to meet different function requirements such as oil resistance and hydrophobicity
while focusing on design aesthetics, wear comfort, recyclability and sustainability. Humans adapt to hot summers or cold winters, or
some extreme environments, through clothing. However, the performance of current textile materials still needs to be improved. In
addition to traditional textile materials, various innovative materials like aerogels, ceramic fibers, nanofibers, silica, graphene, acetate
fibers, recycled fibers, and fibers with ecological carbonization functions have been explored for cooling or thermal insulation. In high
temperatures or some special environments, clothing often cannot dissipate heat in time utilizing heat radiation and breathability,
which can cause an imbalance in body temperature. For example, medical protective clothing ensures safety, so the seal is extremely
strong. This can cause poor internal air permeability, poor moisture permeability, radiation and poor heat dissipation greatly affect the
wearing comfort of healthcare workers and may even cause physiological injury. The versatility of electrospun fibers provides a very
good solution. For example, a nanofiber membrane-based moisture-wicking passive cooling hierarchical metafabric could couple
selective optical cooling and wick-evaporation cooling to achieve efficient temperature and moisture management [1071]. The hi-
erarchical metafabric showed high sunlight reflectivity (99.16 % in the 0.3-0.76 ym wavelength range and 88.60 % in the 0.76-2.5 pm
wavelength range), selective infrared emissivity (78.13 % in the 8-13 pm wavelength range), and good moisture permeability owing to
the optical properties of the material and hierarchical morphology design. Cooling performance experiments revealed that covering
simulated skin with the hierarchical metafabric could prevent overheating by 16.6 °C compared with traditional textiles, including a
contribution from management of the humidity (ca. 8.2 °C). In addition to the personal thermal management ability, the hierarchical
metafabric also showed good wearability.

In addition to being used for cooling, winter clothing to protect against the cold is indispensable, but traditional winter clothing for
warmth is often single-style and bulky, lacking a certain sense of design and fashion. Due to the very small diameter of electrospun
fibers, extremely low infrared heat radiation emission can be achieved, enabling efficient cold protection. For example, silica com-
posite nanofibers with closed cell structure and excellent thermal insulation performance were prepared by electrospinning using
hollow SiO/TiO; spheres as pore-forming agents and infrared shielding agents [1072]. The addition of hollow SiO,/TiO5 spheres
broke the continuity of heat transfer pathways inside the nanofibers and enhanced the infrared thermal radiation shielding perfor-
mance of the nanofibers, endowing the nanofibers with ultra-low thermal conductivity and low infrared transmittance. In another
study, an electrospun SiZrNOC nanofiber membrane showed a high tensile strength (1.98 + 0.09 MPa), excellent thermal stability
(1100 °C in air), and superior thermal insulation performance with a thermal conductivity of 0.112 W-m~ LK~ !at 1000 °C [1073]. In
addition, the prepared SiZrNOC nanofiber membrane-reinforced SiO2 aerogel composites exhibited ultralow thermal conductivity of
0.044 W-m "K' at 1000 °C.

To keep warm/cool, some clothing tries to go about maintaining body temperature through active energy-consuming heating/
cooling while insulating/cooling. However, certain challenges still exist in the application of these materials in electrospinning pro-
cesses and large-scale production. Radiant heat management realizes “passive” heating or cooling by regulating the heat radiation
relationship of the body surface. This “passive” process does not consume energy; thus, it surpasses most of the traditional energy-
consuming cooling or heating methods. For example, electrospinning could reduce the diameter of PAN nanofibers to 0.77 pm,
which was much lower than that of 19.5 pm for commercial PAN fabrics, resulting in the dramatically reduced heat loss due to the
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emission of infrared radiation with a low mid-infrared emissivity (15 %) [1074]. Notably, by further coating the surface of the PAN
nanofibers with dye molecules and silver, the obtained colored fabrics showed a solar energy utilization of up to 50 %, achieving
excellent infrared heating performance while maintaining the aesthetics of the clothing at the same time (Fig. 22). At a low ambient
temperature of 14 °C, the fabric could maintain the body temperature at 33-35 °C. In addition, the nanofibers had excellent water
vapor transmission rate, water evaporation rate, air permeability, and mechanical stability, and thus showed great potential for
practical applications in infrared heat management textiles.

The breathability and moisture conductivity of clothing also play a vital role in ensuring the comfort of the wearer. The main
principle of designing breathable and moisture-conducting materials lies in setting the micropore diameter of the material between
that of gas molecules and water molecules, enabling the entry of gas molecules while preventing water molecules from permeating. In
one study, a bilayer porous membrane composed of one layer of electrospun cellulose acetate nanofibers and another layer of elec-
trospun PVA/PAA nanofibers was laminated onto polyester fabrics to examine their practical applications in the textile area [1075].
The composite laminated fabric exhibited a value for one-way moisture transport capability of 960.76 % with an overall moisture
management capacity performance of 0.84 % and the moisture absorption and perspiration could reach level 5. In another study, a
hydrophobic electrospun AgNPs-PS nanofiber membrane with a contact angle > 90° was bonded to a hydrophilic PET membrane, and
the obtained hydrophobic-hydrophilic composite structure achieved unidirectional water permeation function [1024].

A robust strategy was presented for the construction of durable superhydrophobic waterproof and breathable nanofibrous mem-
branes by the combination of humidity-induced electrospinning and dip-coating technology [1076]. The hierarchal rough surface of
the nanofibers was in-situ generated by tailoring the phase separation behaviors of the charge jets. Then, the waterborne acrylic resins
with low surface energy were linked onto PVDF/ blocked isocyanate nanofibers via the bridging effect to construct a stable super-
hydrophobic coating. As a result, the developed PVDF@waterborne acrylic resins nanofibrous membranes exhibited durable super-
hydrophobicity offering a great level of protection and thermalwet comfort. Considering the scalable synthesis procedure and
comprehensive properties, we envision that the developed superhydrophobic waterproof and breathable membranes are promising
applications in protective garments, medical hygiene, and electronics.

3.7.2. Cosmetic materials

Electrospun nanofibers also have a place in beauty products, such as cosmetics and skincare products. When incorporated into skin
care products, nanofibers enhance the adaptability of skin tissue to the external environment. Their distinctive characteristics facilitate
excellent interactions with the skin and damaged tissue, while also enabling increased loading capacity for agents, high liquid ab-
sorption capacities, and high oxygen and water vapor permeability [1077]. Additionally, nanofibers possess excellent antibacterial,
antioxidant, and anti-inflammatory functions, making them valuable components in cosmetic masks, therapeutics, skin care wipes,
and renewal products. The emergence of fiber-based medicinal cosmetics signifies the dawn of a more environmentally friendly and
sustainable green cosmetics market [1078]. For example, a dissolvable adhesive mask with moisturizing properties was prepared by
electrospinning collagen peptides, silk cellulose and PVP in formic acid solution [1079]. As another typical example, active compo-
nents, pomegranate and sea buckthorn were encapsulated in electrospun PLA/PVP nanofibers, in which the antioxidant activity of the
active compounds could be well maintained [1080]. Moreover, an anti-wrinkle nanofiber face mask containing ascorbic acid, retinoic
acid, gold nanoparticles, and collagen was fabricated by electrospinning [1081]. The face mask could only be wetted when applied to
the skin, enhancing the product stability, and the high surface area-to-volume ratio of the nanofiber mask ensured maximum contact
with the skin surface and enhanced skin permeation to restore a healthier appearance. At the same time, it is important to ensure the
safety of skin care and cosmetic products, so that possible toxic substances and heavy metals need to be detected accurately. Versatile
electrospun nanofibers can also play an important role. For example, electrospun PVA/citric acid/Au NPs nanofibers with non-toxic,
cost-effective, and biodegradable sorbents were used for the determination of Pb%" and Cu®" in cosmetic samples [1082].

Electrospun nanofibers have great application potential in the cosmetics industry to design and develop non-toxic, anti-aging,
green cosmetics and care products. As skincare and cosmetic products are closely linked to human health and fashion, advances in fiber
production technologies allow the design of new products with versatile applications in cosmetic and skin care products. The
development of nanofiber-based and bio-based cosmetics is expected to attract increasing attention and recognition.

4. Advanced characterization technologies for electrospun nanofibers and their derivations

The development of advanced characterization methods always leads to breakthroughs in one field. In the field of research on
electrospun nanofibers and their derivatives, the application of advanced characterization tools is gaining widespread attention. These
characterization tools provide insights into the structure, properties, and performance of electrospun nanofibers, revealing their
intrinsic characteristics at the nanoscale. Specific characterization methods, such as in-situ spectroscopy and microscopy character-
ization, can analyze individual nanofibers, 2D fiber films, and 3D nanofiber assemblies. In this case, the relationship between the
microstructures and macroscopic properties can be observed in-situ, enabling the researchers to gain a more in-depth understanding of
electrospun nanofibers and their derivatives, revealing their potential applications [1083]. The application of these characterization
methods will promote the development of the electrospun fiber field and provide more accurate guidance for material design and
engineering.

4.1. Specific characterizations of electrospun nanofibers
Advances in instrumentation science and technology have driven the application of different characterization methods to better
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study electrospun nanofibers, including 1D individual nanofiber, 2D nanofiber membranes, and 3D nanofiber assemblies. In this
section, we aim to discuss advanced characterization techniques at the macroscopic and microscopic levels in 1D, 2D, and 3D levels,
with a focus on representative examples.

4.1.1. Advanced characterizations of individual nanofiber

To gain a deeper understanding of electrospun nanofibers, it is necessary to start with the most basic characterization study on an
individual nanofiber. One such method is the in-situ single-nanowire device, which allows for the investigation of intrinsic properties of
materials at the nanoscale. Unlike many conventional material characterization techniques that provide average signals from rela-
tively large domains, the in-situ single-nanowire device can offer a more detailed understanding of mesoscale features, establishing a
direct link between the structure and the obtained results. In one study, a single-nanowire electrode device was designed, in which only
one nanowire was applied as the cathode or anode while classical materials as the counter electrode and electrolyte (Fig 23A-C)
[1084]. No binders or conducting carbon additives were introduced into the system. Typically, a Si/a-Si nanowire/LiCoO3 electrode
device provided a direct relationship between the electrical transport, structure, and electrochemical properties of a single nanowire
electrode through electrochemical performance tests. Based on this, the same group proposed a more advanced device five years later
(Fig 23D, E). This device provided a unique platform for in-situ electrochemical and electrical probing by masking the nanowires with
photoresist to set up multiple contacts on a single nanowire electrode, allowing for a more precise recording of the current-carrier
transport process over time on a single nanowire platform [1085].

The above single-nanowire platform usually detects the current and voltage of single nanowires. Besides, it is also convenient to
combine the platform with many other characterization methods (Fig. 24), such as photoluminescence spectrum [1086], Bragg
coherent x-ray diffractive imaging [1087], nano-angle-resolved photoemission spectroscopy [1088], nanofocusing X-ray [1089],
Raman thermography [1090], cathodoluminescence (CL) spectra [1091], Kelvin probe force microscopy [1092], conductive atomic
force microscopy (AFM) [1093], atom probe tomography [1094], and tip-enhanced Raman spectroscopy [1095].

In general, the single-nanowire platform shows the possibility to combine kinds of probe-related technologies and spectra with
nanometer resolution, significantly enhancing spatial resolution capabilities to enable basic and practical research in various fields,
especially in energy storage applications. Even though the current in-situ single-nanowire devices can only apply to the nanowire
materials with a diameter of less than 150 nm, fortunately, with the development of electrospinning, it is convenient to prepare ultra-
fine nanowires, no matter what the components of the material are.

4.1.2. Advanced characterizations of 2D fibrous membranes

Pore size is one of the most essential factors that determine the performance of 2D nanofibrous membranes in various applications.
For the electrospun nanofiber membrane, the geometric pore size is decreased with the reduction of nanofiber diameters [1096].
Therefore, the controllable pore size can provide instructions on the fabrication of nanofiber membranes in desired applications, such
as air filtration, hydrogen storage, tissue engineering, etc.

Macroscopically, the size and distribution of pores of electrospun nanofiber membranes can be examined using a capillary flow
porometer, while the pore structure and specific surface area can be characterized by performing the Ny adsorption and desorption test.
Flexibility holds paramount importance in assessing the compliance of nanofiber membranes under stretching conditions. Specifically,
for 2D electrospun nanofiber membranes, possessing a lower modulus signifies heightened flexibility. These membranes can readily
undergo substantial deformation without fracturing, denoting their capacity for both a small elastic modulus and a high yield strength.
In contrast, alternative forms of 2D membranes tend to exhibit greater stiffness, rendering them comparatively weaker [1097]. The
softness of the membrane can be measured using tissue softness analyzer under the guidance of ASTM standard D 2923-01
[1097,1098]. Additionally, the thermal analysis of the membrane can be evaluated by synchronous thermal analysis (STA) technology.

Microscopically, the morphology and the nanofiber diameters can also be observed by SEM, transmission electron microscopy
(TEM), and AFM. The structural evaluation and phase formation can be characterized by X-ray diffraction (XRD) technique. X-ray
photoelectron spectroscopy (XPS) and energy-dispersive X-ray spectroscopy (EDS) can also be employed to detect the surface element
types or their chemical species.

4.1.3. Advanced characterizations for 3D nanofibrous assembly

With the development of the 3D nanofibrous structure, versatile high-performance fibrous sponges and nanofiber-composite
hydrogels have been prepared. To reveal their morphology and properties, advanced characterizations have been employed. For
microscopic characterization of the 3D electrospun nanofiber assembly, SEM gives a direct view of the porosity and surface
morphology [1099]. Moreover, using in-situ SEM can provide in-situ observation of the microstructure evolution of the 3D fibrous
sponge under the action of external force [1100]. Additionally, spectroscopy is also used to detect the components or structures. For
example, the chemical structure of silica nanofibers-reinforced hydrogels was investigated by XPS [1100]. At the macroscopic level,
the mechanical property is a key requirement for the evaluation of the 3D electrospun nanofiber assembly. Generally, compression
tests including stress-strain and fatigue tests are carried out for the characterization of mechanical properties [1101]. These mea-
surements are sometimes conducted under extreme conditions. In one study, SiO, nanofibrous aerogels were conducted 500 cycles of
compression test at —100 and 500 °C to demonstrate the highly elastic properties under extreme temperature conditions [779].

4.2. In-situ spectroscopy
Compared with traditional spectroscopy, in-situ spectroscopy is a real-time analysis method that offers the advantage of analyzing
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changes in sample composition, structure, etc. as environmental conditions change. In-situ spectroscopic analysis helps to understand
the specific reaction mechanisms involved in electrospun fibers, which is an important guide for optimizing and expanding their
applications. Nowadays, there are many in-situ spectroscopy technologies applied in electrospun nanofibers, such as in-situ XRD, in-situ
XPS, in-situ Fourier transform infrared spectroscopy (FTIR), in-situ Raman spectroscopy, in-situ X-ray absorption fine structure (XAFS),
and so on.

4.2.1. In-situ XRD

XRD is widely used to study crystal structures, as it is based on the X-ray scattering from regularly arranged atoms within crystal
cells. This scattering interference produces diffraction patterns with different orientations and intensities, particularly in crystalline or
partially crystalline structured materials [1102]. In-situ XRD can monitor the structural changes of phase transition during a reaction
or temperature changes (heating/cooling). For the inorganic electrospun nanofibers, the high-temperature sintering process removes
the polymer matrix from the precursor nanofibers and leads to the crystallization of the inorganic component. In this process, in-situ
high-temperature XRD can monitor the structural changes at elevated temperatures, verify the effect of high-temperature sintering on
the nanofibers, and then analyze their dynamic structural evolution. For example, pure tungsten oxide nanofibers of about 100 nm
were obtained by electrospinning a mixture of isopropanol tungsten sol-gel precursor and poly(vinyl acetate) (PVAc) followed by
calcination [1103]. During the calcination process, the continuous transition of electrospun tungsten oxide nanofibers from the
amorphous nanocomplex phase to the crystalline tungsten oxide phase was recorded using a synchrotron-based in-situ XRD method,
which is crucial for optimizing the heat treatment temperature to obtain a specific tungsten oxide phase. Moreover, a tunnel-structured
K;.28TigO16@N-doped CNF anode was prepared via simple electrospinning and subsequent thermal treatment with urea acted as the
additional convenient nitrogen source [1104]. In-situ XRD measurement confirmed the intercalation reaction mechanism and robust
structure during Na* insertion/extraction, providing a facile strategy to synthesize stable, reversible, and long-cycle anode for SIBs.

In addition to changing the temperature, chemical reactions are accompanied by changes in the crystal structure, such as in a
typical lithium-ion battery electrochemical reaction. With increasing interest in research on LIBs in recent years, what happens to LIBs
materials during the charging and discharging process has attracted more attention. However, due to the sensitivity of working
electrodes to the external environment, the results from ex-situ measurements of electrochemical processes may not fully reflect what is
truly taking place. Therefore, understanding information under realistic battery operating conditions is of vital importance. Thus, in-
situ electrochemical XRD is developed to monitor the structural changes of LIBs materials during lithiation/delithiation cycling. Using
this approach, the lithium storage mechanism of many different LIBs materials has been extensively investigated, such as electrospun
nanowires and nanotubes of KNb3Og [1060], LiY(WO4)2 [1105], GaNby1029 [1106], KsNbgOgq [1107], CuFeSy [1108], WoNbgO47
[1109], Lip-xNaxTiSiOs/C [1110], LiY(M0O4)2 [1111], WNbgpO153 [1112], and BaNbs 01 [1113]. Similarly, the understanding of
Na-ion storage mechanism could also be obtained using in-situ XRD techniques [1086,1114].

4.2.2. In-situ XPS

XPS is a method to analyze the chemical composition or valence state on the surface of materials within 10 nm by using the kinetic
energy or binding energy of photoelectrons [1115]. Compared to ex-situ XPS, in-situ XPS can monitor the material changes in structure
and composition under conditional influence. With its internal Ar ion sputtering function, in-situ XPS can track changes in the layered
or core-sheath structure materials as environmental temperature increases. For example, Ar gas cluster ion beam sputtering in com-
bination with in-situ XPS (GCIB-XPS) was applied to analyze buried GaP/Si (001) heterointerfaces [1116]. By digging a crater into the
20 nm thick GaP(001) film, they observed the formation of metallic Ga on the GaP surface.

In-situ XPS can also be applied to study changes and the mechanism behind them induced by photostimulation. In one study, a
TiO9/NiS core-sheath photocatalyst for photocatalytic Hy production was fabricated by hydrothermally growing NiS nanoplates onto
TiO4 electrospun nanofibers [916]. With the help of in-situ XPS analysis, the photoexcited electrons in TiOy migrated to NiS under
UV-visible light irradiation, suggesting that a direct Z-scheme heterojunction was formed in the NiS/TiO5 hybrid. Similarly, from in-
situ XPS, it was verified that the electron immigration in the synthesized sulfur-doped g-C3N4 (SCN)/TiO; photocatalyst followed the S-
scheme heterojunction mechanism [1117]. In addition, an in-situ electrochemical XPS apparatus was constructed to explore the solid/
liquid interfaces under potential control [1118]. In another study, an internal argon ion sputter gun was used in a standard lab-scale
photoelectron spectrometer to deposit thin metal films (e.g. lithium) on the sample surface [1119]. This could straightforwardly
investigate the formation of an interfacial reaction zone (interphase) at the surface of a solid electrolyte by photoelectron spectroscopy
after direct deposition. These methods may also provide different research strategies for the analysis of electrospun nanofibers.

4.2.3. In-situ FTIR

FTIR, a spectroscopic technique, is used to detect the molecular vibrational and rotational energy level transitions caused by the
selective absorption of certain wavelengths of infrared light by molecules. This provides information about chemical bonds or func-
tional groups in the sample, allowing the identification of its chemical constitution [1120]. In-situ FTIR allows for continuous
monitoring of structural changes of electrospun nanofibers under different conditions, such as atmosphere, temperature, light, etc.,
facilitating comprehensive and thorough studies of reaction mechanisms [1121]. In-situ variable-temperature FTIR has been used in
the investigation of the structural changes of material for a long time. As for electrospun nanofibers, the in-situ FTIR was performed on
electrospun nylon-6 fibers heated to various temperatures until melting and their specific brill transition was elucidated [1122].
Different types of electrospun nanofibers, such as 1, 4-polyisoprene [1123], silica-cellulose diacetate [154], PAN [1124], etc., have
been investigated by this method.

Different solvent vapors can also be used for in-situ FTIR. For example, a micro-FTIR spectrometer was applied to collect in-situ
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spectra of a cellulose nanofiber membrane over a wide range of relative humidity levels, with the aid of a specially designed sample
chamber [1125]. This study provided valuable insights into the mechanism of water adsorption on cellulose nanofiber membranes and
contributed to the search for optimal strategies to reduce water adsorption. It was also traced by FTIR measurements that the
microstructure of syndiotactic PS chains transformed from amorphous as-spun fibers to form §-crystallites, which was induced by the
saturated solvent vapors [1126].

In the field of catalysis, in-situ FTIR is also widely used. In one study, [1127] electrospun amorphous carbon/reduced GO wrapped-
Co304 ternary nanofibers were fabricated for an advanced ammonia sensor, and the underlying chemical sensing process was detected
in detail by in-situ FTIR, indicating a water-mediated catalytic oxidation transducing mechanism. Under different light conditions, in-
situ FTIR can be used to monitor the reaction process of photocatalysts and help researchers understand the corresponding photo-
catalytic mechanism [914]. In the aspect of electrocatalysis, in-situ FTIR coupled with voltammetry was performed to reveal ORR
mechanism of carbon nitride-PAN nanofibers [1124].

4.2.4. In-situ Raman spectroscopy

Raman spectroscopy is a powerful technique for characterizing the vibration modes of molecules, offering high selectivity and
availability [1128-1130]. This technique can provide rotational and vibrational modes of samples by measuring the inelastic scat-
tering caused by changes in polarizability [1131,1132]. Recently, in-situ Raman measurements were utilized to understand electro-
catalytic processes, elucidate the structure evolution of catalysts, and establish relationships between structure and performance
[925,1133-1135]. As electrochemical measurements were usually performed in liquid electrolytes, the low Raman scattering cross-
section of water makes Raman spectroscopy more viable for in-situ characterizations without any notable interference to the sur-
face signal [1136-1139].

One application of in-situ Raman is to identify the active site of multiphase catalysts during the electrocatalytic water-splitting
process. The interfacial active phases of NisW4C-W3C Janus structures for the hydrogen evolution reaction/oxygen evolution reac-
tion (HER/OER) were investigated via in-situ Raman [1140]. During the OER operation with potentials from 0.5-1.1 V, the detected
Raman peaks at 337 and 909 cm ™! for vw.on and vw.oon peaks of NisW4C-W3C enhanced gradually, suggesting the strong absorption of
OH™ on W toms and the continuous formation of OOH* intermediates. For the HER process, there were no vy.ooy peaks observed with
the increased potentials in the range of —1.2 — —1.5 V vs. hydrogen electrode. At —1.5 V vs. hydrogen electrode, the peak for vy.on
emerged at 909 cm ™!, demonstrating that the adsorbed water molecules dissociated into Hags species and OH™ ions during cathodic
polarization. In another study, the in-situ Raman was applied to investigate the real active sites in substituted CosC supported on CNF
[1141]. The changes in Raman peak intensity for Co-OH bonds indicated that HER process generated the OH™ while the OER process
consumed OH". The Raman peak intensity suggested the changes in the local concentration of OH", further demonstrating that the Co
atoms in V 28Co2 72C were the absorption sites for the OH .

In-situ Raman is also used to explore the mechanism of gas catalysis. In one study, the reaction intermediates on AuNi alloy/CNF
during electrochemical COy reduction was monitored by in-situ Raman spectroscopy [1142]. Electrochemical Ny reduction reaction
recently became a hot spot in the electrocatalysis field, however, unveiling the reaction pathway remains a huge challenge [1143]. The
time-dependent in-situ Raman spectroscopy was applied to capture the electrochemical N5 reduction reaction (eNRR) intermediates
[92]. The Raman peak emerged at 1525 cm™}, ascribed to the -NH, gradually emerged and enhanced as the eNRR progressed,
demonstrating the formation of -NH intermediates on the surfaces of B1;-VC/CNF. In summary, the development of in-situ Raman
characterization techniques accelerates the discovery and design of new catalytic materials for sustainable energy technologies.

4.2.5. In-situ XAFS

X-ray absorption spectroscopy (XAS) using synchrotron radiation sources provides atom-specific structural and elemental infor-
mation in local environments, supplementing the limitations of vibrational analytical techniques [1144-1146]. Two typical regions of
XAS are X-ray absorption near edge structure (XANES) and EXAFS [1146]. XANES is sensitive to oxidation states and electronic
structures, while the EXAFS provides information on the coordination environments, including the coordination numbers and the bond
distances [1147,1148]. Due to the high-energy synchrotron and strong penetrating ability, hard XAS makes it easy to perform operand
measurements under ambient conditions [1149,1150].

Recently, synchrotron-based in-situ XAS was employed to probe the electronic structures and coordination environments of the
electrocatalysts for photoelectrochemical water splitting [1151]. The in-situ XAS uncovered the chemical and structural changes that
took place on both NiFeOOH and a-Fe;O3 and suggested the spontaneous formation of FeOOH species at the hematite/Ni(Fe)OOH
interface. These findings possibly play an important role in dictating the charge carrier transfer across the interface. In-situ XAS has also
been extensively utilized to probe the changes in electrocatalysts for the ORR, oxygen evolution, electrochemical CO5 reduction (ECR),
and CO oxidation [1152-1154]. For example, the in-situ XAS was used to investigate the synergistic catalytic effects of Co-Mn spinel
oxide catalyst for ORR, suggesting the oxidation state changes of Co and Mn under both steady-state and non-steady-state conditions
[1155]. Therefore, the Co-Mn spinel oxide catalyst exhibited a higher ORR activity than the individual Co304/C and MngO4/C and
commercial Pt/C catalysts in alkaline fuel cells. Another study also focuses on the understanding of ORR. Nitrogen-doped carbon-
supported Mn single atoms in the form of an Mn-Ny4 structure were designed [1156]. The in-situ XAS revealed that the Mn active site
changed with applied potential (OHadS—MnH+—N4 +e o MnL+—N4 + OH) during the alkaline ORR, suggesting that the MnL+—N4
without coverage of OH,g4s was the catalytic center. The combined density functional theory calculations further demonstrated that the
ORR performance was ascribed to much easier electron transfer from the Mn*-Ny site to the adsorbed *OH species, giving a high-
power density and extraordinary durability. The fast in-situ XAS could also be applied to probe the evolving electronic and crystal
structures under ECR conditions [1157]. In another study, high-pressure in-situ XAS was applied to correlate the structure,

82



C. Wang et al. Progress in Materials Science 154 (2025) 101494

composition, and catalytic performance of well-defined Cu and Cug 7Zng 3 nanoparticles supported on ZnO/Al;03 for methanol syn-
thesis reaction [1158]. The addition of Zn promoted the methanol formation selectivity for the CuZn/Al;03 and the CuZn/SiOy
catalysts, highlighting the importance of the intimate CuZn interaction for the CO5 + CO hydrogenation reaction. In-situ character-
ization techniques make the real-time monitoring of the structures of catalysts, the consumption and/or generation of intermediate
species, and reaction processes at the catalyst/electrolyte interface [1147].

These above in-situ spectroscopic characterizations are based on different mechanisms and allow material analysis at the molecular
and atomic levels. This has an irreplaceable great advantage for exploring the changes and related mechanisms of the composition and
structure of electrospun fiber samples when physical or chemical changes occur. Looking forward to the future, by combining different
characterization methods to conduct multi-angle and all-round in-situ analysis of electrospun nanofibers, it is believed that it will help
to understand the formation and reaction mechanisms of various electrospun nanofibers more comprehensively.

4.3. In-situ microscopy characterization

Versatile physical/chemical changes (including fracture, failure, and crystal growth) always occur during the fabrication and
utilization of nanofibers. In-situ microscopy techniques can dynamically observe the change in microstructure and even on the atomic
scale. Among these methods, in-situ TEM, SEM, and fluorescence microscopy provide important means for understanding the prop-
erties of electrospun fibers.

4.3.1. In-situ TEM characterization

Recently, in-situ TEM has played an important role in exploring the formation of nanofibers and revealing the molecular or atomic
mechanism involving structural evolution and property changes due to its high resolution, attracting considerable attention from
researchers. TEM allows direct observation of dynamic changes under different conditions. At the same time, it is superior and
comprehensive. It can also present many aspects of information including morphology, structure, and composition with the help of
other attachments such as selected area electron diffraction, energy dispersive spectroscopy, electron energy loss spectroscopy, etc. The
combined techniques give a direct observation under different external stimuli to explore micromechanical properties among atoms,
the atomic behavior of high-temperature reactions, the migration and morphology change of substances during the reaction process,
etc.

In-situ TEM provides an important theoretical basis for studying the mechanism of nanofiber formation behavior, structural evo-
lution, and property change. In terms of the nanofiber formation process and involved structural evolution, in-situ TEM directly helps
us understand the active state, structure, chemical distribution of elements, and diffusion mode of carbon atoms during the formation
of nanomaterials at the atomic level. For example, to deepen the in-depth understanding of the active state and active structure of alloy
catalysts, Huang’s team [1159] used in-situ TEM technology to study the dynamic changes of Ni-Co bimetallic catalysts in the growth of
carbon nanofibers. They prepared in-situ TEM samples by injecting suspended liquid of catalyst precursor onto a micro-electro-
mechanical system heating chip. After plasma cleaning, the loaded chip was installed in a fixator, subsequently, it was inserted
into the TEM chamber where the growth of carbon nanofibers was studied in a reaction atmosphere of a mixture of CoHy4, Hy, and He
(volume ratio 1:1:2) at 300 kV and 550 °C. Real-time TEM imaging showed that the prepared alloy catalyst was highly dynamic,
showing periodic deformation (elongation/contraction cycles) during the growth of the carbon nanofibers. Fragmentation of catalyst
nanoparticles was observed associated with catalyst deactivation and termination of carbon nanofiber growth. High-resolution atomic
scale imaging combined with in-situ electron energy loss spectroscopy further determined the active structure as a face-centered cubic
Ni-Co bimetallic alloy.

Similarly, Yassar et al. [1160] studied the formation and stability of metal nanoparticles on carbon nanofiber carriers using an
electrical-biasing in-situ TEM device and simulated high-temperature impact method. They first did this by impregnating carbon
nanofibers in a solution of metal salt precursors, followed by Joule heating in a TEM. In-situ observation results showed that the
formation of metal nanoparticles was closely related to the synchronous crystallization of carbon nanofibers. The phase transition from
amorphous carbon nanofibers to disordered turbostratic graphite was accompanied by the formation of defect edge planes and volume
expansion, which provided an ideal site for the nucleation and stabilization of nanoparticles. Through the intercalation of metal atoms,
strong bonding was formed to enhance its thermal stability. In summary, in-situ TEM can provide an intuitive view of the formation
mechanisms of nanomaterials at the atomic scale.

In view of nanofiber structural evolution and property change characterization, it is intriguing to explore the impact of mechanical
strength on the structural integration of nanofibers using in-situ TEM, which can provide a direct and quantitative way to investigate
the micromechanical properties and the tensile stress- and strain-induced structural transformation. In one study, a device was set up in
combination with the in-situ TEM to clarify the bond nature in the Pt monatomic chain, indicating the string tension between the Pt
atoms [1161] (Fig. 25A). Furthermore, microelectromechanical system (MEMS) device at the nanoscale, tensile stress at a value of up
to about 5 GPa was applied to individual gallium arsenide (GaAs) nanowires (Fig. 25B-F) [1162]. The local strain within the nanowire
along the length and the perpendicular directions were measured, respectively, by in-situ scanning TEM-nanobeam electron diffrac-
tion. To explore the mechanical stress- and strain-induced modification in the charge transport properties, an electrical measurement
device within in-situ TEM was set up. The conductivity of the nanowires was reduced under tensile strains. Such a phenomenon in GaAs
nanowires was derived from the modification of the valence band structure during the straining. Through in-situ TEM, the intriguing
correlation among lattice deformation, band structure, and charge transport in electrospun nanofibers can be better investigated.

Currently, liquid-cell electron microscopy attracts much attention because of its ability to in-situ image liquid-phase dynamics at
nano or even atomic-scale resolution. Many studies have explored dynamical events in liquids by focusing on only one cell. Versatile
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and substantial liquid cells were fabricated by coaxial electrospinning to demonstrate the bubble dynamics and the bubble-driven Au
nanoparticle motions statistically using in-situ TEM [1163]. Additionally, the in-situ TEM systems can be combined with the optical in-
situ studies. For example, an in-situ photon delivery system was developed by Waviks Inc. and could be mounted on any scanning TEM
system as an assist [820].

In-situ TEM has been used to observe and understand the chemical reaction phenomenon of nanofibers with in-situ heating as well.
For instance, it can be applied to the research of making high-quality contacts on semiconductors by exploring the axial metal-
—semiconductor interface. In one study, the Cu-Ge nanowire solid-state reaction in the nanometer spatial resolution was observed by
using in-situ heating in TEM [1164]. The thermal stability of inorganic nanomaterials is crucial for their catalytic performance. In-situ
heating TEM under an O, environment revealed sintering and structural decomposition of CeOy [1165].

The structural performance of nanowire electrode materials in batteries can be observed in real-time at the atomic scale through in-
situ TEM, which is the key to the design and improvement of electrode materials. For example, the in-situ cycling rate performance of
vanadium oxide-coated tin dioxide nanowire electrode was observed under the in-situ open-cell TEM while tuning the lithiation/
delithiation current (Fig. 26) [1166]. The layered vanadium oxide coating strategy led to the good rate performance of such a high-
capacity compositional material. Besides, the in-situ high-resolution TEM was applied to observe the lithiation/delithiation of LiFePO4
nanowires in real-time at the atomic level [1167]. Li-sublattice disordered solid-solution zone was preferentially formed at the surface
of the nanowires during electrochemical delithiation. In another study, in-situ TEM was applied to study suitable electrode materials for
potassium-ion batteries, the robust structural integrity of the red P encapsulated nitrogen-doped porous hollow carbon nanofibers
matrix electrode with small volume expansion during potassiation [1168]. Additionally, the evolution of nanofiber in the field
emission process can also be observed by in-situ TEM. The change of structure and electrical property of Fe-included carbon nanofibers
was observed under in-situ TEM [1169]. The fibrous amorphous and/or very fine crystallites changed into the graphitic hollow
structure, and thus the electrical property was improved. This kind of in-situ TEM research of carbon nanofibers can offer significant
information to benefit the application of electron-emitter sources in the future.

4.3.2. In-situ SEM characterization

In-situ SEM enables the identification of element distribution and content in nanofibers, as well as the measurement of their me-
chanical properties. Its advantages lie in the large sample space, low damage, and minimal requirement for environmental vacuum,
allowing for the analysis of material deformation, fracture micro-zones, and chemical reactions in the specimen storehouse. There are
some reports on the experimental methods of studying the structural changes of fibrous materials by in-situ SEM.

First, in-situ SEM can be used to test the mechanical properties of nanofibers. For example, to uncover the relationship between the
cycle life of electrode materials and their mechanical properties, the tensile strength of Si nanowires was measured, and Young’s
modulus was calculated by the in-situ SEM strategy with a microelectromechanical force sensor and piezo-driven actuator [1170].
Additionally, real-time observation of the cracking process of nanofibrous materials by in-situ SEM plays an important role in the study
of their failure mechanism. To reveal the super-elasticity and fatigue resistance characteristics of hard carbon aerogel composed of
carbon fiber network, the stress and strain process of CNF network structural materials were monitored in real-time through in-situ SEM
(Fig. 27) [1171]. The results showed that the overall structure of the hard carbon aerogels was restored to its virgin shape even after
50% compression, and there was no obvious structural damage or irreversible deformation. In-situ SEM observation further confirmed
that the excellent mechanical properties of hard carbon aerogels were ascribed to the hard carbon welds between fibers in the
nanofiber network.

Recently, in-situ SEM has also been widely used to solve the problem of correlation and coupling between electrochemical and
mechanical properties of sensing materials, which deepens the comprehension of the functional mechanism of electrode materials. In-
situ SEM was employed to reveal the conductivity and sensing pathways of CNT fibers in the bionic flexible double-sided electronic skin
(Fig. 28) [1172]. In detail, mechanical components were used in a SEM to apply forces to the carbon nanotube sponge. The defor-
mation of the microfibers in the carbon nanotube sponge under external forces and the successive contact process of the deformed
fibers were also monitored in real time. The carbon nanotube fibers passed through each other to establish contact points, forming new
conductive paths. This also explained the sensing principle of piezoresistive sensors and realized the detection of force direction, which
would be of great significance for the application of the future human-computer interaction field.

In addition to testing the mechanical properties of materials, in-situ SEM can also be applied to evaluate the effect of molding and
modification of nanofibers. The electrochemical deposition and dissolution behavior of sodium metal on CNF current collector was
observed in real-time at the nanoscale using the in-situ SEM technique (Fig. 29) [1173]. These findings provided a possible solution for
uniform deposition of sodium metal on the negative electrode structure of fibrous form, inhibition of dendrite growth, and full uti-
lization of the internal space of the collector, which is an important guideline for the development of high-efficiency all-solid-state
sodium metal battery systems (e.g., NaOo, NaS).

4.3.3. In-situ fluorescence microscopy characterization

Fluorescence microscopy can characterize fluorescent substances for element tracking, morphology observation, and physical
performance analysis, raising continual interest in the characterization of electrospun nanofibers. The normal fluorescence techniques
required complicated sample preparation. One specific property tended to be confirmed by a combination of two or more types of
equipment. Moreover, it could only gain results for a single point in time. The exploration of the reaction process and the local var-
iations is always a great challenge.

With the advent of super-resolution and single-molecule fluorescence techniques, the real-time monitoring of single-molecular
diffusion and orientation, as well as morphology and dynamic interactions in nanoscale materials has been realized. Confocal
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fluorescence microscopy has become popular in the field of nanofibers because of its high resolution and real-time dynamic monitoring
of microstructures. The fibers can be viewed from any perspective without physical cutting, which is convenient for measurements of
fiber dimensions, microfibril angle, and 3D structure. Real-time analysis of process parameters helps to get more accurate conclusions
and a better understanding of the mechanism. In the 1990 s, Jang et al. [1174] successfully developed an image analysis procedure, in
which the fiber cross-sectional area and wall thickness could be indirectly defined with a maximum-gradient edge-finding technique.
They measured the transverse dimensions of wood pulp fibers under the monitor of confocal laser scanning microscopy. In the
following years, the Jang research group still strived in the confocal detection of fibers and obtained the evolvement rule of fibril angle,
collapse behavior, fiber coarseness, and structural analysis.

Recently, significant efforts have focused on in-situ fluorescence microscopy characterization of nanofibers, particularly their
adsorption properties. Li et al. [1175] reported a quantitative measurement, which could study the dynamic adsorption of cipro-
floxacin on CNF. In virtue of fluorescence spectrometer, they converted the fluorescence intensity into the concentration of cipro-
floxacin in-situ, which exhibited excellent correspondence with the pseudo-second-order model and the Langmuir model, respectively.
Nanofibers doped with fluorescent agents were also used as an acid indicator. Electrospun nano-porous luminescence PET nanofibers
showed extremely excellent adsorption of acid gases [1176]. The superior property made it a preference as a rapid indicator for acid
gases as there was a linear relationship between acid gas concentration and fluorescence intensity. The process could be accomplished
within 10 s and all the fibers could be recycled for further use.

Nowadays, in-situ fluorescence microscopy has been applied to medical, material, chemical and physical fields, etc. Although
confocal fluorescence microscopy is well-known as high-resolution and easy to operate, it is limited to such specific excitation
wavelengths, resulting in the limitation of its application scope. Furthermore, according to the site testing, experimental results are
often subjected to the surrounding environment, the laser-induced fluorescence systems, and the fluorescence reagents. As a result,
external interference may be a great challenge for relevant experiments.

To observe the microstructure and internal structure of nanofibers, it is inevitable to use in-situ TEM and SEM techniques. In
addition, in-situ observation based on fluorescence microscopy can characterize the structure as well as the function of the nanofibers
and ensure that the material can be recycled for further use. Therefore, in-situ fluorescence microscopy may play an important role in
the development and service process detection of nanofibers and their derivations. In-situ tools may be used more and more widely in
the characterization of materials by the further combination of these techniques. Moreover, with the development of technology, the
characterizations are expected to be easier to operate, and the new in-situ methods are expected greatly. The advantages and disad-
vantages of the different methods are displayed in Table 4.

Although these advanced characterization techniques have made breakthrough progress in the field of basic scientific research, at
present, the transition from fundamental research to industrial quality control poses significant challenges for advanced in-situ
characterization techniques. The key challenges and potential solutions are as follows:

(1) Cost and Complexity: The high cost and technical complexity of in-situ characterization equipment, along with the need for
skilled operators, hinder its integration into large-scale production lines. Future efforts should focus on developing cost-effective, user-
friendly instruments with simplified interfaces and increased automation. Miniaturized and modular designs for portable in-situ de-
vices suited to industrial environments are also needed.

(2) Characterization Speed and Data Processing: High temporal and spatial resolution in-situ techniques require substantial time for
data acquisition and processing, while industrial lines demand real-time or rapid detection. Fast-scanning and automated data pro-
cessing algorithms are essential for enhancing efficiency. Integrating machine learning and artificial intelligence will enable auto-
mated analysis and defect identification.

(3) Sample Preparation Complexity: Many in-situ techniques, particularly TEM, involve complex sample preparation, which limits
large-scale application. Simplifying preparation procedures and developing fast, minimal-treatment methods are critical. Research on
non-destructive or in-line characterization techniques will further reduce preprocessing requirements.

(4) Environmental and Operational Conditions: Industrial settings often present vibrations, temperature fluctuations, and other
adverse conditions compromising stability and accuracy. More robust and adaptable equipment designs, combined with vibration
isolation and temperature control systems, are necessary to ensure reliable performance in challenging environments.

(5) Data Standardization and Reliability: In-situ characterization techniques generate complex data, with potential inconsistencies
across different methods and instruments, complicating quality control standardization. Therefore, we should establish industry
standards and guidelines to ensure data comparability, along with unified databases and reference samples for calibration and vali-
dation, is imperative.

In summary, in-situ characterization holds great promise for industrial quality control, but overcoming current barriers requires
advances in cost reduction, automation, rapid detection, and standardization. Multidisciplinary collaboration and technological
innovation are key drivers for this transformation.

5. Electrospun nanofibers in industry

Over the past decades, electrospun nanofiber technology has made tremendous progress in the laboratory, with its ability to enable
the preparation of highly efficient, versatile, and controllable nanofibers by controlling the charge, electric field and rheological
properties as well as the choice of materials. How to migrate these laboratory results to industry remains a challenging task. Indus-
trialization requires higher manufacturing efficiency, more stable process control, and flexibility to adapt to different industrial needs.
This chapter will delve into the breakthrough applications of electrospun nanofibers in industry, covering a wide range of aspects from
industrial equipment, manufacturing technology, and product structure to marketing, as well as the problems, challenges, and

85



C. Wang et al. Progress in Materials Science 154 (2025) 101494
possibilities.
5.1. Industrial equipment and manufacturing technology

The high-value end-product opportunities of electrospun nanofibers have promoted the rapid development of electrospinning
industrial equipment. The main challenge lies in improving the production efficiency and operational stability of industrial systems. In
the past two decades, experts from academia and industry have proposed new principles and methods to launch industrial electro-
spinning systems. Currently, needle-array systems and needleless systems of electrospinning devices for mass production have been
developed and gradually applied in the industry [1177]. Additionally, the combination of 3D printing and straight line of electro-
spinning jet, so-called electro-hydrodynamic direct-writing [1178], has aroused great attention because fine fiber diameter and
constructability of 3D topology can be obtained. As the demand for nanofiber-based products continues to grow, ongoing research and
technological advancements in electrospinning will further drive the progress of industrial-scale production. By addressing the
challenges of production efficiency and system stability, electrospinning technology has the potential to revolutionize various in-
dustries and pave the way for new applications and breakthroughs.

5.1.1. Needle-arrays systems

Conventional single-needle electrospinning systems have very low nanofiber production efficiency and can only achieve a flow rate
of 0.1-5 mL/h, with a final fiber yield of only 0.1-1.0 g/h [1179-1181]. Multi-needle or needle-array systems are a replication of the
single-needle laboratory system, which can substantially increase production and have been widely used in industrial electrospinning
machines (Table 5). However, it still presents several challenges: (i) inhibition and maldistribution of the jet caused by the super-
position principle of electric field [1182], (ii) significant evaporation of solvent in solution electrospinning, and (iii) running inter-
ruption due to blockage at needle-tips [1183].

Theoretically, the higher the density of the needle array, the higher the efficiency of electrospinning. However, the superposition
principle of electric fields may result in lower electric field intensity for the needles in the central region, while those in the exterior
zone experience higher electric field intensity [1184]. In the central region, some of the needles may not undergo jetting, whereas
needles in the exterior zone demonstrate a noticeable whipping effect and result in a larger deposition area. Therefore, controlling the
strength of the electric field at the location of each needle so that it remains consistent is central to optimizing the needle array system.

Introducing electrodes is an efficient way to scale up multi-needle electrospinning processes. A variety of auxiliary electrodes can
be employed to generate secondary electric fields in the needle arrays to ensure overall electric field uniformity. For example, Kim et al.
[1185] added a cylindrical electrode around the five-needle system in 2006 and revealed that the initial streamlines and jets of
nanofibers from the nozzles could maintain stable jet motion without any interruption near charged jets. Therefore, this method
significantly enhanced the productivity of nanofibers to its maximum potential. In 2010, a shield ring was utilized on multiple needles,
and the uniform electric field near the tips of the needles produced the same effect [1186]. In 2012, an auxiliary plate was connected to
a three-needle system to improve the electrospinning efficiency and achieve uniform fiber distribution [1187]. In 2019, a needle-
assisted electrode was introduced into a multi-needle system, and the electrospinning efficiency was seven times higher and resul-
ted in thinner and more evenly distributed nanofibers [1188]. In 2022, a laterally charged plate was applied as an auxiliary electrode in
a linear array of 20 needles, achieving electric field homogenization [1189]. Incorporating a parallel side plate as an auxiliary elec-
trode in the multi-needle electrospinning process facilitates the homogenization of the electric field, semi-vertical angle of the elec-
trospinning jet, and fiber deposition area.

Adjusting the needle arrangement pattern, including the arrangement of needles and their spacing, is another efficient way to
achieve electric field uniformity under the combined effect of the external electric field and the repulsive force between the jets. In
2005, three types of multi-jet electrospinning heads: series, elliptic and concentric were developed, and the concentric electrospinning
head was determined to be the most efficient type, with a high productivity of 1 mg PVA per minute [1190]. In 2014, various ar-
rangements of 1-7 nozzles were designed, and the degrees of nanofibers and breaking stress of filaments decreased as the average
offsets increased for the same number of needles [1191]. In 2015, the mass production of electrospun nanofibers was achieved by a
modified upward cylindrical-type multi-nozzles system in both laboratory and industrial settings [1192]. In 2018, three types of needle
distribution with higher needle density were designed, the trapezoidal arrangement at a distance of 15 mm produced a homogeneous
electric field, while other arrangements required a distance of over 30 mm [1193]. The height of the needles or their distance from
each other can also be adjusted to create a uniform electric field with multiple needles. By adjusting the needle length to create a
convex arc at the tip of the needles, the homogeneous field intensity was achieved [1194]. This method was also applied by other
researchers to eliminate the “end effect” [1195]. In 2020, needles arranged in an arc array could result in a uniform field intensity
[1196,1197].

Besides the induction of needle arrays, another way to improve the efficiency of needle electrospinning is to utilize air assist to
increase the jet flow rate and improve jet stability. In 2014, a modified air-jet electrospinning technology was developed to achieve a
40-fold increase compared to the single-needle electrospinning setup [1198]. In 2020, an air cover was designed to assist airflow on the
basis of an arc array needle, and the critical voltage of the jet was reduced, and the electrospinning efficiency and stability were
improved with the addition of the auxiliary airflow [1196]. In the same year, coaxial gas-assisted needle was designed with an in-
termediate shaft supplying gas and the outer shaft supplying solution, and 4.7 times higher productivity was achieved than that
without gas assistance [23].

Unsuitable electric field strength, flow rate, and solvent volatility may lead to clogging of the needle tip, causing interruption of
fluid flow. To solve this problem, using a large-diameter needle and high flow rates could effectively avoid blocking the needle tip
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[1199]. The stability of multi-needle electrospinning technology can be effectively enhanced through the methods. At the same time,
these methods can be combined to further enhance the stability of multi-needle electrospinning. It is believed that through continuous
research and technical advancements, the stability and fiber quality of this technology can be further enhanced, enabling it to play a
more significant role in practical applications.

5.1.2. Needleless electrospinning

Needleless electrospinning involves creating multiple jets of polymer solution or melts on a free surface under high electric field
intensity, eliminating the need for conventional needle-like structures. The concept of needleless electrospinning was first introduced
in a patent back in 1979, which proposed the use of a ringlike nozzle [1200]. Subsequently, the Czech Republic made significant
advancements in 2004 by developing needleless electrospinning equipment that utilized a rotating roller and wire electrode [1201].
This breakthrough not only facilitated the industrialization of the technology but also gave rise to the establishment of the well-known
national brand “Nanospider”. The structural differences allow needleless electrospinning to avoid the problems associated with
traditional multi-needle electrospinning methods and offer improved efficiency, reduced clogging, and enhanced practicality. With
continuous research and development, it holds promising potential for various applications in the field of nanofiber production and
beyond.

As shown in Table 6, different types of needleless electrospinning equipment have been developed to reduce the required voltage
and increase production yield. The shape of the nozzle surface in these devices ranges from flat to curved, from 2D to 3D, to maximize
the nozzle output while ensuring uniform electric field strength. The simplest linear spinning system, for example, can be categorized
into wire electrospinning (Fig. 30A) [1202], linear laser electrospinning [1203], linear melt differential electrospinning (Fig. 30B)
[1204], moving conventional yarn (Fig. 30C) [1205], and linear flume nozzle (Fig. 30D) [1206]. These systems are relatively easier to
operate compared to needle-array systems. On the other hand, curved structures encompass spiral coils (Fig. 30E) [1207], rotary cones
[1208], parallel ring arrays [1209], wheel nozzle [1210], umbrella-like melt differential nozzle (Fig. 30F) [1211], string electro-
spinning [1212], and annular nozzle [1213]. These curved structures lead to a more uniform distribution of jets due to the homog-
enization effect caused by repulsion between adjacent jets. Additionally, multiple jets can be categorized from cylinder [1214],
splashing [1215], bubbles [1216], and magnetic fluid as curved surface systems, which eliminate the need for complicated flow rate
control but may require higher voltage. Systems based on 3D structure, such as pyramid (Fig. 30G) [1217], conical wire coil (Fig. 30H)
[1218], threaded rod nozzle [1219], and two-level coil [1220], exhibit higher efficiency in converting polymer solutions into
nanofibers.

A major challenge faced by the industry is the solidification of the solution remaining on the surface of the needleless nozzle, due to
the large free liquid surface of the open vessel which is susceptible to solvent evaporation, water vapor absorption, etc. To address this
issue, researchers often employ a screening board in needleless electrospinning with a bathing or dipping system. This board covers the
solution tank to slow down solvent volatilization and maintain the solution concentration. Elmarco’s “Nanospider” technology in-
troduces a moving case attached to a wire electrode which clears and coats the solution during each cycle, thereby enhancing effi-
ciency. This concept has also been applied to the online self-cleaning threaded rod nozzle to further improve efficiency [1243].

Apart from the advancements in nozzle design, efforts are being made to optimize the process parameters and improve overall
system efficiency [1244]. Optimizing parameters such as electric field intensity, solution concentration, flow rate, and nozzle rotation
speed can significantly impact the electrospinning process and resultant nanofiber characteristics. Additionally, from an industriali-
zation perspective, ongoing research is focused on improving the scalability and reproducibility of needleless electrospinning tech-
nology, which is crucial for successful integration into various industries. It is essential to scale up the process for large-scale
production without compromising the quality and uniformity of nanofibers.

In conclusion, needleless electrospinning has witnessed significant progress and presents a promising alternative to traditional
needle-based electrospinning. The diversification of nozzle designs, continuous optimization of process parameters, and exploration of
new materials are driving the technology forward. As researchers and industries collaborate to address challenges and discover new
opportunities, needleless electrospinning is poised to play an increasingly vital role in the nanofiber manufacturing landscape.

5.1.3. 3D printed electrospinning

Direct-writing electrospinning (DWE) technology can combine the advantages of traditional electrospinning and 3D printing while
mitigating their disadvantages, enabling the accurate regulation of both deposition points and the number of layers for achieving a 3D
structure with electrospun fibers [977,1245]. In DWE, the electrospinning head (or spinning nozzle) can follow a program-controlled
path, so that programmed 3D fiber structures with excellent orientation can be obtained in DWE. In contrast to additive manufacturing
technology, DWE provides the optimal balance between high resolution and production speed through electrically induced stretching.
DWE can be classified into solution and melt DWE based on the employed material state. The former is often called NFES because of the
short spinning distance [45], while the latter is named melt electrowriting (MEW) [1246]. Although the materials applied are different,
the critical concern in the DWE process remains controlling the pathway of a single jet and its precise deposition. In general, there are
three ways to realize the precise deposition of fibers during the DWE: i) using a stable straight jet trajectory to limit the collection
distance to a few millimeters to centimeters; ii) reducing the applied voltage to reduce the jet whip during electrospinning; iii) using a
moving stage as a collector paired with precise relative motion between it and the polymer source, which exerts a drag force on the jet
to force its flight along a straight path. Nowadays, using the above three strategies ultimately results in precisely programmed
geometries.

The development of DWE has undergone several stages. In 2003, Kameoka et al. [1247] proposed a method of preparing ordered
patterned fibers by electrospinning. A silicon scanning tip was used as a nozzle immersed in a polymer solution, and the collection
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distance and applied voltage were reduced to 0.5-1 cm and 4-6 kV, respectively. This was the first report of obtaining the electrospun
fibers orderly using the DWE technique. Although this research provided a foundation for further exploration of DWE, the alignment
degree of the deposited fiber is relatively low. To enhance the alignment of the single fiber, a method of direct-writing nanofibers using
a tungsten tip nozzle and a controllable x-y stage was proposed [1208]. By further reducing both the spinning distance and voltage to
500 pm and 600 V, respectively, this approach achieved significant improvements in order degree. The concept of NFES is illustrated in
Fig. 31 [1248]. This study provided a one-step method for preparing pre-designed fibers. Furthermore, 3D PEO fibers were made under
an extremely low spinning voltage of 200 V [1249].

To meet the demands of various applications, researchers have begun developing melt DWE. In 2011, the MEW technique using
melt polymer as a spinning source was applied to produce ordered fibers for bioengineering applications [1178]. The viscosity of the
polymer source was higher than that of NFES in this process, which suppressed the whipping of the jet and resulted in a long, straight,
and stable path for the jet. In brief, the DWE technology has undergone rapid development in less than 20 years, progressing from
initial orderly fiber deposition to complex 3D structure construction. In terms of precise deposition, high resolution, and eco-
friendliness, the DWE technique would become one of the main manners of manufacturing complicated 3D models in the future.

Nowadays, the research of DWE mainly focuses on the following aspects [1245,1250]. Firstly, the success of constructing a pre-
designed model by DWE primarily depends on the relative motion between the jet speed and the collector translation speed
[1245]. Increasing the translation speed of the collector causes the jet path to deviate from its straight-line trajectory due to the strong
drag force induced by the motion of the collector (Fig. 32A-C). Only when the translational speed of the fiber collector exceeds the jet
velocity can the jet channel remain straight and orderly for fiber deposition. This collector translation speed is called critical trans-
lation speed. Furthermore, as the jet speed remains constant, the deposited fibers transition from a coiled state to a straight state with
an increasing translation speed of the collector (Fig. 32D-G). Although critical translation speed plays a significant role in the DWE
process, other processing parameters such as voltage, needle-to-collector distance, raw materials, temperature, and humidity are
equally important for ensuring high-quality output. Specifically, increasing the electrospinning voltage can cause disordered fiber
deposition by increasing the speed and whipping of the jet. It should be noted that DWE fibers are usually coarser than those obtained
from traditional electrospinning, which may limit its application.

Secondly, the improvement of DWE apparatus can be categorized into three main aspects. One is realizing the manipulation of
processing parameters by creating DWE setup. For example, the use of print omics has been demonstrated to inspect processing pa-
rameters through the digital loop of inputs/outputs, enabling real-time automated parameter control [1251]. The second method
involves scaling up systems to meet industry output requirements, with the most commonly used approach being the implementation
of multiple nozzles [1252-1254]. The final approach involves integrating other technologies, such as traditional electrospinning
[1255,1256], coaxial electrospinning [1257,1258], and 3D printing [1259], to make structures with special functions. Furthermore,
commonly employed materials include various polymers, and researchers are also investigating the materials utilized in DWE to
enhance the versatility of this technique [1260,1261]. Finally, it is about finding the potential applications of the DWE technique,
which is mostly used in electronic components, flexible devices, and biomedical scaffolds.

In conclusion, DWE is a technique that evolved from the combination of traditional electrospinning and 3D printing. It exhibits
clear advantages over both methods. Compared to traditional electrospinning, DWE can achieve ordered patterns, while compared to
3D printing, it offers higher resolution capabilities. Over time, DWE has made significant progress in terms of process, setup, materials,
and applications. However, several weaknesses need to be overcome: (i) the thicker fibers compared to traditional electrospinning; (ii)
the effect of processing parameters matching on the fiber path; (iii) the influence of residual charge on the accuracy of deposition and
height of the 3D structure; (iv) low production efficiency. To solve the above problems and broaden the applications of the DWE
approach, the prospects of this technique will be driven by the following aspects: (i) optimizing the parameters and processing
techniques, selecting suitable materials and reducing fiber diameter; (ii) developing economical DWE equipment with a well-
programmed system; (iii) exploring alternative methods for scale-up production, apart from multiple nozzles; (iv) employing
coating or additives to expand the ranges of materials; (v) exploring the principle of DWE technique based on theoretical simulation
and path planning. By addressing these challenges and exploring the potential improvements, the application of DWE is expected to
expand further, enabling its adoption in a wider range of fields and opening new opportunities for precise and scalable nanofiber
fabrication.

5.2. Structure of nanofibrous products for various applications

The fibrous structure of electrospun products is highly influenced by the specific application. In general, nanofibrous structures can
be classified into four main types: supported nanofiber membrane, self-supported nanofiber membrane, nanofiber yarn, and composite
nanofiber yarn. Understanding the unique characteristics and properties of these nanofibrous structures is crucial in customizing
electrospun products to meet diverse application requirements. By leveraging the advantages offered by these structures and opti-
mizing their fabrication techniques, researchers and industry can further unlock the potential of electrospun products in various fields.

5.2.1. Supported nanofiber membrane

This type of structure involves depositing nanofibers onto a solid substrate or support material. The presence of a supporting layer
enhances mechanical strength and stability, making it ideal for applications requiring robust filtration, separation, and protective
barriers. To improve the mechanical durability of electrospun nanofibers, they are usually supported on a substrate consisting of
microfibrous materials whose intrinsic mechanical behavior is different from that of electrospun nanofibers. This ensures their ability
to withstand mechanical impact when used in various applications such as air filters, water treatment membranes, and waterproof and
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moisture-permeable fabrics.

For example, nanofiber-based air filters with high efficiency have been available on the market for over 30 years (Fig. 33A) [165].
Electrospun nanofiber membranes can significantly improve air filtration efficiency for blocking particulate dust while maintaining a
low-pressure drop with a thin layer. Similarly, the COVID-19 outbreak has spurred significant advancements in the development of
advanced facemasks and protective clothing that offer superior protection while maintaining wear comfort [1262]. Within the past
several years, numerous commercial facemasks featuring a nanofibrous layer have been introduced to the market. In these products, a
thin layer of nanofibers is directly electrospun onto a conventional melt-blown or spun-bond nonwoven fabric [1263,1264]. By uti-
lizing nonwoven fabric for mechanical stability and processability, the addition of a thin layer of nanofibers can significantly enhance
filtration efficiency while having a minimal impact on breathing resistance.

These examples illustrate the practical benefits of using supported nanofiber structures in real-world applications. The combination
of electrospun nanofibers and a suitable substrate material allows for the simultaneous customization of mechanical properties and
functionality, enabling their successful integration into a wide range of advanced products and technologies. Continued research and
innovation in this area hold great promise for further enhancing the performance and versatility of supported nanofiber membranes in
diverse industrial and healthcare applications.

5.2.2. Self-supported nanofiber membrane

Self-supported nanofiber membranes are freestanding and do not rely on additional support, which possess distinct advantages in
applications independently requiring high mechanical integrity and performance [1267]. For example, PI is a high-performance
polymer that yields electrospun nanofibers with outstanding mechanical properties. Based on their porosity and thickness, self-
supported PI nanofiber membranes could serve as advanced separators in various types of batteries, which exhibited excellent ther-
mal stability, significantly enhancing operational safety and reducing charging time (Fig. 33B) [1265]. Through designing nanofibrous
membranes for enhanced functionality, further research and optimization of self-supported nanofibrous membranes are critical to
unlocking their full potential in driving the next generation of innovative and efficient devices. It also holds great promise for
advancing various fields such as sustainable energy technologies.

5.2.3. Nanofiber yarn

Nanofiber yarn is formed by collecting and twisting electrospun nanofibers into continuous and thread-like flexible structures,
which have been applied in various fields, including textiles, wearable electronics, and biomedical applications [1268,1269]. Various
techniques have been developed to produce nanofiber yarns, including the auxiliary electrode method [1270], water bath method
[1271], and rotating collector method [1207]. For example, it is possible to continuously manufacture nanofiber yarn by employing a
rotating funnel as an intermediate collector to create a cone-shaped fibrous structure prior to being drawn into a nanofibrous yarn
structure (Fig. 33C) [1207]. The twist level of the nanofiber yarn can be effectively controlled by adjusting the rotating speed of the
device (Fig. 33D). Various polymeric materials have been successfully transformed into nanofiber yarns, which can be utilized
independently [1272] or further processed to create woven or knitted textile structures for various applications, such as tissue scaffolds
[1273] and strain sensors [1274]. With the production of nanofiber yarns by these innovative technologies, the application potential of
electrospinning can be extended beyond fiber membranes. In addition, the versatility of nanofiber yarns offers new opportunities for
integrating nanofiber structures into traditional textile processing, allowing for the creation of functional fabrics with enhanced
properties. The continued advancement of nanofiber yarn production and its integration into textiles hold promise for driving
innovation in various industries.

5.2.4. Composite nanofiber yarn

Composite nanofiber yarn is a textile material that consists of a combination of two or more different types of nanofibers, which
gives extensive potential applications in various fields [1274-1276]. By utilizing the manufacturing techniques for nanofiber yarn, it is
possible to produce composite nanofiber yarns that exhibit improved application performance or additional functionalities. For
example, by wrapping electrospun PAN nanofiber threads onto commercial cotton yarn and carbonizing the composite structure, a
highly sensitive yarn-structured strain sensor was created for wearable electronic applications [1277]. Electrospinning can be further
integrated with the fiber web processing of traditional textile engineering to achieve large-scale production of composite nanofiber
yarns [1278]. In this method, nanofibers are electrospun onto a regular fiber web before undergoing drawing, roving, and spinning
processes. As a result, the produced composite yarn contains nanofibers that are distributed and composed in a controlled manner
(Fig. 33E) [1266]. By combining electrospun nanofibers with conventional textile fibers, composite nanofiber yarns not only increase
surface area but also offer additional functions, such as moisture release/transfer [1266] and antibacterial properties [1279]. This
innovative approach opens up more possibilities for the emerging application of nanofibers while expanding the functionalities of
traditional textile materials. The prospects for the application of composite nanofiber yarns are highly promising in various fields,
including smart textiles, sensors, and medical materials.

5.3. 5.3 Major manufacturers and batch-produced products of electrospun nanofibers
5.3.1. Market demand and major manufacturers

Electrospinning is currently experiencing steady growth in market demand. The significant attention garnered across various in-
dustries can be attributed to its high efficiency, low cost, diverse applications, and wide-ranging applicability. At present, its main

market demand is as follows. (i) Biomedical and healthcare applications: electrospinning technology is extensively utilized in the
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medical field to produce medical-grade nanofiber materials, such as medical masks, band-aids, wound dressings, and tissue engi-
neering scaffolds, and the demand for high-efficiency filtration and protective performance has significantly increased, especially in
response to the COVID-19 outbreak. (ii) Environmental protection and filtration: electrospun fiber products have been applied in air
filtration, water treatment, and pollutant capture, particularly in automotive, industrial, and household applications. (iii) New energy
and electronics: electrospun fibers have been applied to electrode materials to enhance the energy density, conductivity and flexibility
of batteries and supercapacitors for a variety of electronic products. (iv) Textile and clothing industry: electrospun fibers can be used
for functional modification of textiles, such as enhancing the waterproof, antibacterial, moisture-regulating, and flame-retardant
properties of the fabrics. There are many electrospinning equipment manufacturers around the world, such as Elmarco/Nano-
spider, Electrospinning Company, Inovenso, Linari Engineering and Beijing Beijing Ruili Analytical Instrument (China) Co., Ltd.,
which constantly promote the innovation and development of electrospinning technology. With the continuous expansion of the
application of electrospinning in many industries, more and more companies devote themselves to this field and are committed to
meeting the needs and challenges of different industries. With the continuous development of nanotechnology and the expansion of its
applications, the electrospinning market is expected to continue growing, which may lead to the emergence of more manufacturers,
providing innovative and high-performance nanofiber materials for various industries.

5.3.2. Batch-produced products

Electrospinning equipment mainly includes laboratory-level equipment, large-scale equipment, and electrospinning accessories.
Product applications encompass a wide range of fields, including biomedical, air and water filtration, batteries, sensors, cosmetics,
clothing, and food packaging. Numerous foreign companies have emerged as pioneers in the industrialization of electrospinning and
the electrospinning equipment developed has been industrialized. The industrialization of electrospinning technology has overcome its
technical bottleneck, particularly in recent years. The advancement of needleless electrospinning technology has been instrumental in
driving the industrialization of electrospinning equipment.

The global nanofibers market is poised for growth and is projected to increase from USD 1383 million in 2023 to USD 6940 million
by 2030 [134]. This trajectory indicates a compound annual growth rate of 25.92 % from 2023 to 2030. Specifically, North America
accounted for the largest share of the global nanofibers market with a share of about 35 % and a market size of about US$ 484.91 Mn.
This is mainly due to advanced R&D infrastructure and high demand. Asia Pacific is the fastest-growing market with a share of about
25 % and a market size of about US$ 345.65 Mn. Especially in China and India, it mainly benefits from government investments and
technological advancements.

Key growth drivers include the expansion of application areas, such as the increasing use of nanofibers in medical, filtration, energy
storage, and electronics. In the field of biomedical engineering, electrospinning is used to fabricate scaffolds. It can produce synthetic
polymer ultrafine fibers with diameters ranging from several micrometers to tens of nanometers. These ultrafine fibers possess high
specific surface area, flexible surface functionality, and excellent mechanical properties, which enable them to physically simulate the
extracellular matrix structure of natural tissues. They can be used to manufacture wound dressings, medical prostheses, drug delivery
systems, DNA release systems, and tissue engineering scaffolds. For instance, fiber membranes prepared by electrospinning can serve
as effective drug carriers for transdermal drug delivery. A fiber membrane containing tandospirone, prepared by meltblown elec-
trospinning, can be used for related biomedical purposes. Compared with coatings, electrospun fiber membranes have the advantages
of breathability and high drug-loading rate. However, the use of organic solvents in solution electrospinning poses pollution and safety
risks, limiting its industrialization and direct application in the biomedical field. Meltblown electrospinning can mitigate this issue to a
certain extent.

In the textile field, it can be used to manufacture textile products such as windproof, waterproof, and breathable fabrics for
clothing. Foshan MBRT Nanofiberlabs Technology Co., Ltd. [https://www.nanofiberlabs.com/] produces nano-fiber new material
products including windproof, waterproof, and breathable fabrics for clothing. Its R&D team owns more than 200 patents, cooperates
with more than 10,000 customers, and has more than 100 industrial cooperation cases worldwide. It is committed to the technological
innovation and customer service of nano-fibers in multiple fields such as textiles, striving to create more valuable products and provide
high-quality services.

In the filtration field, it is used to manufacture air filtration media. The products of Foshan MBRT Nanofiberlabs Technology Co.,
Ltd. include nano-fiber new material products such as air filtration media. Nanometer or micrometer fibers prepared by electro-
spinning technology can effectively intercept particulate impurities in the air due to their small fiber diameter, thereby achieving the
purpose of air filtration and purification.

In the battery field, it can be used to manufacture battery separators. Jiangxi Advanced Materials Nanofiber Technology Co., Ltd.
[https://www.hinanofiber.com/] uses polyimide to produce lithium-ion power battery separators for automobiles. The nano-fiber
separators formed by electrospinning have good high and low-temperature properties, which can effectively improve the safety
characteristics of lithium-ion batteries and effectively improve the rate discharge characteristics of lithium-ion batteries.

Table 7 shows the global companies that provide electrospun nanofiber products. Technological advancements, such as advances in
production technology have improved the efficiency and quality of nanofiber production and reduced costs, as well as increased
environmental demand. This is because the use of nanofibers in renewable energy and eco-friendly products helps to reduce envi-
ronmental impact and meet the growing demand for environmental protection.

5.4. Current challenges, possibilities and comparisons with other nanofiber-producing technologies
Electrospinning technology presents immense opportunities for producing nanofiber materials with extensive applications in
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various fields [10]. Despite the potential benefits, several challenges must be addressed to scale up and industrialize the electrospun
nanofiber production. These challenges include improving production rates, implementing effective quality control measures,
developing solvent recycling methods, and enhancing mechanical strength (Fig. 34). The limited productivity of electrospun nano-
fibers poses a significant challenge, impeding their widespread application. Currently, manufacturing equipment for electrospinning
nanofiber membranes can now be equipped with up to 1200 nozzles for multi-jet electrospinning. These membranes have a thickness
ranging from 40 to 50 pm, and the production rate reaches approximately 12-15 m2/h [1280]. To increase production rates, the
approach can be expanded by utilizing multiple modules, like conventional fiber manufacturing processes, to further increase the
number of nozzles. This has a direct impact on productivity and provides an opportunity to industrialize electrospinning technology.
Certainly, the superior properties of electrospun nanofibers compared to conventional fiber membranes also make them relatively less
demanding in terms of actual throughput. For example, electrospun nanofibers were successfully utilized to enhance melt-blown PP
face masks to N-95 levels during the COVID-19 pandemic [27]. The PP face mask, when covered by an electrospun nanofiber thin layer
(ca. 3 pm), can achieve an air filtration efficiency of up to 99.1 % against 300 nm NaCl aerogels with a low-pressure drop of only 72 Pa.
The production rate of manufacturing face masks is satisfactory due to the minimal number of nanofibers required, which is the key
factor in achieving success.

Ensuring quality control of electrospun nanofibers in the manufacturing process is another critical challenge. Critical concerns such
as thickness uniformity, fiber diameter, distribution, and the elimination of beads and dripping must be addressed to achieve elec-
trospun nanofiber products with high efficiency and quality [10]. Thickness uniformity issues are caused by the multi-nozzle approach
and can be improved by assigning specific movement patterns to the multi-nozzles or exploring other electrospinning methods.
Additionally, fiber diameter and distribution equally affect the uniformity of nanofibers, which can influence their morphology and
properties. Thus, in the pursuit of large-scale production, optimizing the multiple-nozzle electrospinning process should focus on
improving the delivery system of the electrospinning solution, enhancing electrical field distribution, and ensuring stability to achieve
uniform fiber diameter [1281]. Defects like drippings and beads significantly reduce the mechanical properties and porosity of
electrospun nanofibrous membranes, but a general quality criterion for large-scale production has not yet been established.

The use of large quantities of organic solvents in the electrospinning process raises health and safety concerns, as well as envi-
ronmental issues related to solvent evaporation. The concentration of the electrospinning solution is typically 10-20 wt%, with the
remaining 80-90 wt% being solvent which, if not recycled, will be released into the atmosphere. In addition, most of the solvents used
are volatile, environmentally harmful organic compounds. Therefore, effective solvent recovery or reprocessing methods must be used
when scaling up production. Water can be used as a solvent for dissolving polymers and manufacturing electrospun nanofibers, but this
method is only applicable to water-soluble polymers [1282]. Other solvent-free options, such as melt electrospinning [1283] and
emulsion electrospinning [1273], have been recently developed. A typical electrospinning process requires post-treatment of the
evaporated solvent. If pure solvents are used, solvent condensation can be conducted, but if solvent mixtures are employed, solvent
burning may be adopted. In order to achieve carbon emission reduction and neutralization, alternative methods such as absorption,
condensation, and collection have been explored. The potential hazards of electrospun nanofibers on human beings and other living
species are mainly related to the residual solvent from the electrospinning process and the inhalation safety, as they belong to a class of
1D nanomaterials similar to asbestos, which may be more susceptible to inhalation due to their size, triggering respiratory and lung
health problems.

Lastly, the mechanical strength of electrospun nanofibrous membranes imposes limitations on their overall applications [1284]. In
addition to attachment to a mechanically supported substrate, the mechanical enhancement of the nanofibers themselves can be
achieved by aligning the fibers through specific collection methods and thermal stretching, or by incorporating inorganic nano-
particles. However, the limited number of contact points and different material properties of electrospun nanofibers randomly
deposited on a substrate can lead to relatively weak adhesion between nonwoven structured nanofibers, especially between different
layers of the membrane. There are several pathways available to enhance the adhesion between nanofibers and the substrate, as well as
between different layers of the membrane, such as pre-treating the substrate, utilizing solvent vapor welding [1285], employing dilute
solvent vapor welding [1286], or applying hot-press crosslinking. These methods effectively improve the mechanical strength of the
nanofibrous membrane, even during scaling-up processes.

It is worth mentioning that a two-nozzle electrospinning setup can be utilized to engineer an interpenetrating nanofibrous network,
where two types of nanofiber components are intertwined to form a composite membrane [1287]. In this case, one nanofiber
component functions as the mechanical support (i.e., substrate), while another serves as the functional component, providing various
functionalities such as adsorption capacity to the composite membrane. The adhesion problem between the nanofibers and the sub-
strate can be effectively solved by creating an interpenetrating nanofibrous structure that integrates the substrate component with the
barrier layer.

Conventional fiber manufacturing processes have also faced these problems and have been successfully solved, providing valuable
insights and solutions to the challenges that arise in the electrospinning process. For example, productivity can be increased using
multiple modules, while mechanical strength can be improved via melt-blown techniques. In addition, the fiber uniformity can be
controlled for quality assurance, and solvents can be recycled to reduce waste. In addition to electrospinning, various other techniques
have been developed for the generation of nanofibers, including bicomponent extrusion, phase separation, template synthesis, and
drawing. Bicomponent extrusion refers to the process of extruding two different polymers together through a single nozzle, resulting in
a fiber with distinct properties from each polymer [1288]. Examples of bicomponent fibers include core-sheath, eccentric, islands-in-
the-sea and segmented pie fibers. In the process of phase separation, a polymer is initially mixed with a solvent and then separated into
different phases due to physical inconsistency. The extraction of the solvent phase results in obtaining polymer nanofibers [1289].
Template synthesis is a commonly employed method for the production of inorganic nanofibers, such as carbon nanotubes and
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nanofibers [1290]. The drawing process can be characterized as dry spinning at a molecular level, but this process is not continuous.
Only viscoelastic materials can remain sufficiently solid to hold up the developed stress during pulling. Although various techniques
can produce nanofibers, electrospinning is considered the most promising due to its simple process, controllable fiber size, repeat-
ability, and scalability of production.

In conclusion, the industrialization of electrospinning technology presents both opportunities and challenges, indicating that there
is still ample room for improvement. The exceptional properties and diverse applications of electrospun nanofibers facilitate their
production scaling up.

6. . Future perspectives of electrospinning and electrospun nanofibers

Although significant progress has been achieved in the field of electrospinning technology, there still exist numerous opportunities
for further development and improvement concerning engineering challenges, industrialization, and standardization of electrospun
fibrous products (Fig. 35).

6.1. Fabrication, properties and functions of electrospun nanofibers

The field of electrospun nanofibers has witnessed remarkable advancements, and several challenges still need to be addressed to
fully unleash their potential. These key challenges include producing high-performance nanofibers with comprehensive properties,
achieving precise structures, and integrating multiple functions. At present, researchers are diligently working to tackle these chal-
lenges, pushing the boundaries of electrospinning technology and exploring new practical applications and industrial scalability for
this promising field.

6.1.1. High-performance electrospun nanofibers

Electrospinning has proven its capability to produce a diverse range of nanofibers with distinct properties, and achieving
comprehensive, high-performance characteristics in electrospun fibers remains an ongoing challenge. Taking the thermal resistance
function as an example, electrospun polymeric fibers exhibit good toughness but lack sufficient thermal resistance [1291], while
electrospun ceramic fibers demonstrate excellent thermal properties but suffer from mechanical defects such as brittleness
[1097,1292,1293]. A solution to this challenge lies in preparing composites using a combination of polymers and inorganic materials
through electrospinning. By harnessing the individual strengths of each component, electrospun nanofibers with a balanced combi-
nation of thermal resistance and mechanical performance can be created. Various electrospinning techniques can be explored to
achieve this, such as the application of composite solutions using coaxial electrospinning [1294], triaxial electrospinning [1295], or
side-by-side electrospinning [1296]. These techniques allow for precise adjustments to the components and structures of the resulting
electrospun composite fibers. Another promising avenue is the development of electrospun carbon fibers, as the natural electrical
conductivity lends itself to applications such as in the energy and electronics sectors [1297,1298]. While traditional carbon fibers have
demonstrated exceptional mechanical performance and widespread commercial applications, the mechanical properties of electro-
spun carbon fibers still fall short of their commercial counterparts. Consequently, the pursuit of high mechanical performance elec-
trospun fibers that can rival conventional carbon fibers remains a significant challenge.

6.1.2. Ordering of electrospun nanofibers

Electrospun nanofibers with various morphologies can have great potential for different applications. In addition to the con-
struction of individual nanofiber with specific structure and assembling the nanofibers into a construct with typical architecture, it is
also a challenge to precisely weave them into knitted fabrics on a large scale. Knitted fabrics can be categorized into two approaches:
textile warp knitted fabric and weft knitting fabric [1299,1300]. The unique characteristics of knitted fabrics are determined by their
own structures, which depend on the arrangement of yarn within each stitch. The utilization of technology further defines the
implementation of specialized knitting stitches. In weft knitting fabric, yarn is arranged horizontally (parallel) to form a circular
pattern, while in warp knitting, yarn is arranged longitudinally to create a circular pattern. These different knitting technologies
greatly influence the fabric style, allowing for the creation of new knitted fabric styles using the same material by combining the two
methods. When designing knitting products, meticulous attention must be paid to the fabric’s physical and mechanical properties,
particularly tensile strength, elongation, and elasticity in various directions [1301]. These factors are critical for ensuring the fabric’s
durability and usability in diverse applications. Therefore, the development of suitable devices or equipment for fabricating fabrics
from electrospun nanofibers will be crucial for their wider commercial applications in the future. Such advancements would enable the
integration of electrospun fibers into a broader range of textile products, benefiting industries that require specialized fabrics with
enhanced properties.

6.1.3. Multi-functional electrospun nanofibers

Electrospinning stands as one of the most promising methods for multi-functional applications. Looking ahead, electrospinning
technology and electrospun nanofibers hold tremendous potential across various fields, including stimuli-responsive nanofibers, smart
fibers and textiles, and intelligent biomedical fibrous materials.

Stimuli-responsive electrospun nanofibers. Stimuli-responsive polymers represent intelligent materials capable of sensing and
interacting with their surrounding environment. The combination of electrospinning with such materials forms smart fibers that are
capable of changing their physical and chemical properties in response to external stimuli and are therefore known as stimulus-
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responsive electrospun nanofibers. The successful construction of such electrospun nanofibers paves the way for the innovative
development of various smart fibers [1302,1303]. Notably, their smaller size enables a much faster response to external stimuli
compared to bulk stimuli-responsive hydrogels, as the inverse relationship between size and responsiveness allows for efficient
diffusion of external stimuli throughout the material [1304].

External stimuli responses encompass factors such as temperature, pH, light, electricity, and magnetic fields, significantly influ-
enced by material properties [1305-1308]. The potential development directions for stimuli-responsive electrospun nanofibers are as
follows: (i) tailoring stimulation-responsive electrospun nanofibers with smaller diameters and new morphologies or specific func-
tions, (ii) exploring stimulation-responsive electrospun nanofibers with hollow or multi-channel structures to offer larger specific
surface areas for loading functional or bioactive components, (iii) enhancing intelligence by designing multiple stimuli-responsive
electrospun nanofibers rather than single-stimulus responsive ones, and (iv) scaling up production and reducing preparation costs
to facilitate their industrialization and practical applications. By addressing these research directions, the full potential of stimulus-
responsive electrospun nanofibers can be unleashed, paving the way for innovative applications in different industries. The utiliza-
tion of these intelligent materials holds the promise of revolutionizing fields such as medicine, sensors, and wearable technology,
contributing to a smarter and more interconnected world.

Smart electrospun nanofibers. Smart electrospun nanofibers stand at the forefront of the functional fiber revolution, encompassing
various cutting-edge applications such as optical fiber [1309], grating fiber [1310], light scattering fiber [1311], conductive fiber
[1312], piezoelectric fiber [1313], thermo-sensitive fiber [1314] and photochromic fiber [1284]. Additionally, they have facilitated
the emergence of thin, flexible power supplies for microelectronic component chip calculators [1315]. The rapid development of
advanced technologies, including sound and image recognition, smart fibers and smart textiles are spurred by the increasing popularity
of microsensors, mobile phones, and mobile networks. These technologies find widespread applications in diverse fields such as
communications, electronics and power, medical care, health care, protective clothing, and smart city construction
[1300,1316-1318]. The advancement of smart textiles is currently hindered by the weight of numerous electrical wires and battery
stacks, thereby impeding their seamless integration into the luxury fashion industry. To overcome this limitation, future fashion
designers must gain access to innovative wearable technology and smart products that are lightweight, thin, and washable. Embedding
conductive fibers and yarn into very small devices still requires extensive research and development, necessitating cross-border
collaboration among experts from different disciplines. By addressing these challenges and exploring novel avenues for innovation,
smart electrospun nanofibers will undoubtedly continue to revolutionize various industries and drive the development of intelligent
textiles with enhanced functionality and practical applications. As researchers and engineers work together to overcome current
limitations, the future of intelligent textiles promises to be even more remarkable and transformative.

Intelligent electrospun biomedical nanofibers. Intelligent electrospun nanofibers have emerged as versatile platforms, exhibiting
high surface area, tunable mechanical properties, and tailored functionalities. Personalized medicine is set to benefit immensely from
these fibers, as they enable the design and production of nanofibers with precise properties to cater to individual patient needs. This
avenue opens doors for targeted drug delivery, facilitating improved therapeutic outcomes and minimizing side effects [1319].
Furthermore, the integration of biosensing capabilities into these nanofibers offers the prospect of real-time health monitoring and
early disease detection, pushing the boundaries of preventive medicine [1320]. Even so, this exciting journey is always accompanied
by challenges. The future trends of smart electrospun biomedical nanofibers can be outlined as follows. (i) Optimizing the electro-
spinning process to ensure consistent and reproducible results becomes critical for ensuring precision and efficiency, and thus the
complex interactions among the parameters require a deeper understanding [1321]. (ii) Biocompatibility remains a cornerstone
concern as these nanofibers find their way into the human body, and rigorous testing and validation are essential to ensure that
promising innovations do not compromise patient safety. (iii) The translation from laboratory-scale production to large-scale
manufacturing presents economic and technological hurdles that must be overcome for these advancements to benefit a broader
population. In conclusion, the trajectory of intelligent electrospun nanofibers in biomedicine is poised for continued growth and
transformative impact. The synergy of cutting-edge technology and medical innovation holds the potential to revolutionize di-
agnostics, treatments, and patient outcomes. Through interdisciplinary collaboration and dedication, the era of intelligent electrospun
nanofibers in biomedicine is not only on the horizon but promises to reshape the future of healthcare.

Smart stealth electrospun nanofibrous materials. Modern electronic reconnaissance equipment now covers nearly all valuable
electromagnetic wavebands, and detection technology is advancing toward sophisticated intelligence. Among various detection
methods, radar and infrared detection stand out as the most effective and common ones [1292,1322]. As a result, enhancing stealth
performance has become a key research focus in the field of current stealth technology. In particular, the development of infrared/
radar-compatible stealth materials has garnered significant attention [1323]. Electrospun nanofibers exhibit new absorption chan-
nels due to their small size effect and low-frequency oscillation properties, which have been considered to be one of the best candidates
for wave-absorbing materials [1324]. The powerful wave-absorbing ability allows the use of nanofibers in stealth applications to
increase the efficacy of stealth technology. By leveraging the unique properties of nanofibers, researchers can explore novel ap-
proaches to enhance the absorption and attenuation of electromagnetic waves to improve the stealth performance of equipment.

6.2. Industrial production of electrospun nanofibers
6.2.1. New principles and equipment designs for nanofiber manufacturing

Over the years, electrospinning as an emerging technique has gradually matured and achieved industrial breakthroughs. However,
there are still some challenges to overcome the industrial production issues of electrospun nanofibers. New principles and equipment

designs are further required to promote sustainable development of electrospinning and electrospun nanofiber manufacturing. High-
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speed centrifugal electrospinning is a promising improved process for nanofiber manufacturing, which combines the principles of
centrifugal spinning and electrospinning, and its core components are centrifuge and reservoir [1325]. Centrifugal electrospinning
equipment uses a rotating body with holes or meshes that rotate at high speed to eject the spinning fluid by centrifugal force, which
enters the electrostatic field and forms a large number of jets to produce a large number of fibers. The centrifugal needleless elec-
trospinning device invented by Liu’s team (Patent: CN103255485B) not only achieved the process of large-scale and continuous
production of nanofibers but also overcame the problem of uneven fiber diameter. Therefore, compared to traditional electrospinning,
high-speed centrifugal spinning appears more suitable for industrial-scale production, as evidenced by the successful preparation of
ethyl cellulose (EC)/PVP fibers with microporous and nano-porous structures [1326]. However, centrifugal electrospinning mostly
uses polymer solutions as spinning raw materials, where most of the used solvents are toxic and can cause environmental pollution if
not handled properly, and solvent volatilization in the process of nanofibers preparation reduces the production efficiency [1181].

In the quest for green polymer nanofiber manufacturing, “zero solvent” melt electrospinning has emerged as a significant devel-
opment direction [1283,1327]. Breakthroughs in principle exploration, method innovation, process equipment development, and
industrial application have propelled this technique forward. The establishment of a physical model and analysis of melt differential
electrospinning have led to a better, theoretical understanding of jet spacing and fiber diameter correlation [1328]. The electro-
spinning efficiency has been significantly improved compared to the capillary method. Innovative approaches, such as electric field
homogenization methods and equipment, have been devised [1329]. Moreover, modular design concepts and multi-field coupling melt
differential electrospinning techniques have paved the way for industrialized production processes and equipment, culminating in the
world’s first set of melt electrospinning nanofiber production lines [1330,1331]. For example, Chen’s group has innovated the
development of polymer melt differential electrospinning (PMDES) method [1211], which utilizes particular flow channel to uni-
formly disperse the polymer melt over the cone of a differential nozzle, so that tens of thousands of fiber jets are generated from a single
nozzle under the effect of an electric field. Moreover, this breakthrough makes it possible to produce polymer fibers without the use of
any solvents, thus truly demonstrating a zero-pollution process. This breakthrough solves the challenges of nozzle clogging and low
single-nozzle productivity that are common in conventional electrospinning and opens a new path to industrial-scale manufacturing.
Simultaneously, Yang’s group used needle-free melt electrospinning technology to prepare oriented PP fibers [1332]. Using this
technology, the effect of oriented fiber membrane arrangement on filtration efficiency was studied. ANSYS software was used to
conduct electric field simulation as a guide, the optimal distance from the nozzle to the electrode and the influence of electric field
strength on fiber diameter were studied by experiments. It was determined that due to the short duration of the electric field action, the
stretching effect is not significant, and therefore the fiber diameter remains larger even if the conditions are of higher electric field
strength. Besides, the oriented fiber film has higher retention efficiency for particles of 0.5 pm and maintains the same permeation flux
as the native membrane. This set of theoretical calculations to design to practical testing and optimization paves the way for subse-
quent industrial production. However, melt electrospinning tends to produce larger fibers due to the higher viscosity and lower
conductivity of the polymer melt [1283]. Therefore, Chen’s group proposed a new dual-electrode structure melt differential elec-
trospinning [1333]. This investigation has revealed the impact of different dual-electrode structures on the quantity, diameter, and
distribution range of fibers. When the sum of the upper and lower electrode voltages is kept constant and varied over a range, the low
voltage in the two-electrode structure increases the number of fibers and reduces the fiber diameter. On this basis, Chen et al. reported
a melt electrospinning writing technique by combining melt electrospinning with 3D printing technology [1334]. Therefore, melt
electrospinning writing technology is an emerging method combining melt electrospinning and 3D printing stage [1178]. This
research has combined micromolding and turning processes to successfully mass-produce tadpole-like magnetic polycaprolactone/
Fe304 (PCL/Fe304) microrobot. On the one hand, melt electrospinning writing enables programmable electrospinning that exhibits a
high level of controllability in terms of fiber deposition position, fiber diameter and fiber shape in series production. On the other hand,
complex shapes or geometries can also be designed under automatic computer control by melt electrospinning writing. This research
also provides a theoretical reference for subsequent industrial mass production of complex structures, advanced shape design and
multifunctional micro-robots.

Besides, with the promotion of sustainability strategies, the development of biodegradable and environmentally friendly elec-
trospun fiber products has also become an important development direction. The global problem of waste disposal has also prompted
the search for solutions with biodegradable polymers that have properties comparable to those of petroleum-based materials. Xu et al.
used the “electrostatic spinning-electrospray” strategy to obtain biodegradable and renewable PLA fiber membranes without sacri-
ficing the biodegradability of PLA nanofiber membranes [1335,1336]. The surface roughness and electret properties are improved to
provide excellent PM capture performance. These PLA fiber membranes are not only expected to replace traditional polymer air filters,
masks, protective clothing, etc. but also provide a new way to subsequently solve the plastic/microplastic pollution caused by dis-
carded masks based on traditional polymer fibers. In addition to PLA, Polyhydroxyalkanoate (PHA) polymers are commonly used in
the production of every day and biomedical materials as an all-bio-based, fully degradable natural polyester. However, the preparation
of pure PHA fibers is still a challenge at present. With the development of biorefinery technology, the cost of PHA production will
continue to decrease; and the optimization of modification technology will further enhance the performance of PHA and expand its
applications, thus promoting the green and sustainable development of human society as an emerging bio-based biodegradable ma-
terial [1337,1338]. PHBV/PLA composite fiber with the trade name of ‘Hoso®’ is now available in the market, and the fabrics made
from it are soft and smooth, with good drape, dyeing rate and color fastness, and at the same time, it has high antibacterial and mite
repellent properties. In addition, companies such as Blue Crystal Microbial and Microstructure Factory have also made many efforts
and advancements in the mass production and application of PHA [https://www.bluepha.com/blog/pha-phbh] [https://www.
phabuilder.com/]. It is believed that in the near future, electrospun PHA fibers will be applied in more fields, injecting new vitality
into the cause of environmental protection.
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In conclusion, the pursuit of new principles and equipment designs for green nanofiber manufacturing has yielded remarkable
advancements. Researchers are driving innovations represented by high-speed centrifugal spinning and “zero-solvent” melt electro-
spinning, pushing the boundaries of sustainable and efficient nanofiber production. These developments have far-reaching implica-
tions for various industries, including fashion, electronics, and environmental protection. As scientists continue to explore and
optimize these technologies, the path toward a greener and more sustainable future becomes increasingly tangible.

6.2.2. Advancing upstream and downstream markets for electrospun nanofibers

Electrospun nanofibers have been turned into a variety of upstream and downstream products. For example, ultra-strong, durable
and function-oriented nanofiber fabrics developed by electrospinning nanotechnology have been used in many consumer applications,
such as filtration [1339], defensive and protective clothing, and medical dressings [1340], household items, food packaging, cosmetics
[1341]. For example, Jiangxi Xiancai nanofiber Technology Co., Ltd. in China has developed nanometer-breathable protective clothing
using electrospun PI fibrous aerogel [https://www.hinanofiber.com/productinfo/666790.html]. The clothing features a nano-sized
superfine fiber “textile” with high porosity and small aperture, ensuring waterproof breathability, effective filtration of fine parti-
cles and warming requirements. Lime Co., Ltd. also offers technical textiles for the sports and leisure market, utilizing nanofiber
membrane lamination material that provides waterproof and windproof properties while maintaining high air permeability [https://
www.limenano.com/media/media.php?ptype = view&idx = 5290]. E-Spin Technologies has developed textile fabric laminates with
nanofiber layers, delivering exceptional breathability and comfort for wearers in outdoor and sportswear applications [https://
espintechnologies.com/air-filtration-media].

In addition to clothing, filter paper is also an application for electrospun nanofibers. Compared with the traditional wood pulp fiber
filter paper, the filtering efficiency of nanofiber filter paper is greatly improved [1342]. Nanofiber filter papers, with diameters
typically below 200 nm, achieve filtration efficiencies of more than 99.999 %, allowing for high dust tolerance and extended service
life. The development of nanofiber industrial filter papers addresses the increasingly serious issue of PM2.5 and escalating environ-
mental air pollution, demanding higher filtration efficiency and improved air permeability for industrial equipment air filters.
Nanofiber industrial filter papers offer a solution to enhance air filter performance, prolong equipment life, reduce particulate
contamination in equipment systems, and reduce maintenance frequency and operating energy consumption. For instance, Shi-
jiazhuang Chentai Filter Paper Co., Ltd. produces automotive filter papers, including electrospun nano-filter papers, breaking inter-
national monopolies and filling domestic gaps in the industry [https://www.chentai.net].

The integration of electrospinning technology with nanotechnology has propelled nonwoven nanofibers into modern high-
efficiency products. This trend is expected to extend further into various functional textile industry sectors, fostering innovation in
product applications. Future research will focus on producing environmentally friendly and multifunctional electrospun nanofibers,
streamlining manufacturing processes, and reducing costs. The ultimate objective is to transition electrospun nanofibers of various
types and functions from laboratory-scale research to industrial-scale production. As these advancements continue, nanotechnology
through electrospinning is poised to revolutionize multiple industries, promising a future of enhanced and innovative product
applications.

6.3. Standardization of electrospun nanofiber products

Standardization of electrospun nanofibrous products is of paramount importance for the development and commercialization of
this technology. Standardization ensures that products meet specific quality and performance requirements, promoting consistency,
safety, and reliability in their applications.

6.3.1. The significance of standardization

Standardization plays a crucial role in trust and confidence among consumers, researchers, and industries alike. By defining
uniform specifications and testing methods, standardization ensures that electrospun nanofibrous products meet the expected per-
formance criteria across different manufacturing processes and applications. It enables seamless integration and compatibility with
existing products and systems, facilitating the broader adoption of electrospun nanofibers in various fields such as textiles, medical
devices, filtration, and electronics. Moreover, standardization provides a basis for regulatory compliance and quality assurance. As
electrospun nanofibrous products find their way into critical applications like biomedical materials and protective clothing, adherence
to recognized standards becomes essential for ensuring safety and efficacy. Standardized testing methods enable the assessment of
product performance, durability, and other crucial attributes, making it easier to evaluate their suitability for specific use cases.
Furthermore, standardization supports research and innovation by creating a common language and framework for knowledge ex-
change. Scientists and engineers can rely on established standards to compare results, share data, and build upon existing research.
This collaborative approach drives advancements in electrospinning technology, fostering a more efficient and productive research
environment.

6.3.2. The establishment and upgrading of standards

The establishment and continuous upgrading of standards require the collective efforts of experts, industry stakeholders, and
regulatory bodies. In the early stages of electrospinning technology development, creating foundational standards is essential. These
standards may encompass parameters such as fiber diameter, mechanical properties, safety, and environmental impact. As the
technology matures and finds broader applications, more specialized standards can be introduced, addressing specific sectors and
applications. To ensure the effectiveness and relevance of standards, they must be periodically reviewed and updated. As technology
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advances, new insights and innovations may require adjustments to existing standards or the development of new ones. Additionally,
international harmonization of standards is crucial for promoting global trade and cooperation in the field of electrospinning. The
standardization process should be transparent and inclusive. Collaboration between academia, industry, government agencies, and
standardization organizations fosters a comprehensive and well-rounded approach to standard development. In conclusion, stan-
dardization is a vital aspect of advancing electrospun fibrous products from the laboratory to widespread commercial applications.
Meanwhile, artificial intelligence can be used to monitor the key parameters in the electrospinning process in real time, such as
voltage, flow rate, receiving distance, etc., and intelligently adjust according to preset standards or models. By promoting consistency,
safety, and quality, standardized electrospun nanofibers can unlock their full potential, revolutionizing various industries and
enhancing the overall quality of life.

6.3.3. Existing standards related to electrospun nanofibers

The properties of electrospun nanofibers make them ideally suited for a variety of applications, especially in the fields of face masks
and protective clothing [1343,1344], and the national standards related to electrospun nanofibers already exist for these two areas.
Regarding protective face masks, electrospun nanofibers have the characteristics of high porosity and low airflow resistance, which
mainly play the role of filtration and are especially suitable for medical-grade protective masks. In China, medical protective masks are
subjected to specific standards, as summarized in Table 8. These standards define essential performance criteria, including filtration
efficiency, bacterial filtration efficiency, and breathing resistance, ensuring the efficacy and safety of medical protective masks that
incorporate electrospun nanofiber-based filters. These masks play a crucial role in safeguarding public health by effectively filtering
out particles, pathogens, and pollutants.

Regarding protective clothing, the application of nanotechnology in clothing treatment requires compliance with relevant national
safety indicators and standards, as shown in Table 9.Table 10.Table 11.. By adhering to these national standards, clothing manu-
facturers can ensure the safety and reliability of nanotechnology-treated clothing. Electrospun nanofibers integrated into textiles can
confer various functional properties, such as antibacterial effects, stain resistance, and enhanced durability. Proper regulation and
adherence to these standards are essential to guaranteeing the quality and consumer acceptance of nanotechnology-enhanced clothing
products.

In conclusion, the existence of well-defined standards related to electrospun nanofibers in face masks and nanotechnology-treated
clothing is crucial in promoting public health, enhancing protection, and ensuring the safe and responsible use of these innovative
materials in various applications. As technology evolves and our understanding of nanomaterials improves, continuous research and
refinement of these standards will be essential to address emerging challenges and ensure the sustainable development of nanofiber-
based products.

6.4. Artificial intelligence for electrospinning

With the rapid advancement of the Internet of Things (IoT), intelligent products are gradually becoming part of everyday life.
Similarly, the electrospinning industry must integrate artificial intelligence (AI) to align with the developments of Industry 4.0. The
role of Al in electrospinning will primarily focus on parameter regulation and industrial production optimization.

Firstly, the integration of electrospinning and Al will allow machines to predict the characteristics of the spinning fluid jet—such as
diameter, morphology, and surface properties—and adjust spinning parameters to improve the consistency and quality of the nano-
fibers. This combination will facilitate full automation of the electrospinning process. Currently, large-scale production machines
(whether multi-needle or needleless) produce nanofibers with varying diameters. However, Al through big data analytics and machine
learning algorithms, can accurately predict and adjust key parameters like polymer solution concentration, spinning voltage, current,
distance, and nozzle rate. For example, Zhu et al. employed Al technology to determine optimal manufacturing parameters for
electrospun PVDF/PU nanofibers [1345]. Additionally, Al is expected to deeply analyze and mine data (such as fiber diameter,
morphology, and distribution) during the electrospinning process. This analysis can uncover the relationships between fiber properties
and spinning parameters, offering a scientific basis for further optimization.

Secondly, Al can significantly optimize the production process by quickly identifying bottlenecks and detecting operational
faults—such as voltage instability or abnormal flow rates—in real time. Using predictive algorithms, Al can monitor equipment
performance, provide early warnings of potential issues, and ensure stable operations, ultimately enabling process automation and
reducing the need for manual intervention. Additionally, AI can enhance production scheduling and efficiency by integrating data
acquisition, processing, and control systems into a fully automated setup. This system would enable remote monitoring and control of
high-voltage power supplies, as well as real-time data collection and analysis, streamlining the entire production process. In the future,
these systems will become more intelligent, adapting to changes in production plans, environmental conditions, and equipment
performance, ensuring smooth, continuous production through automatic adjustments.

In conclusion, Al offers tremendous potential for optimizing electrospun nanofibers design and improving production efficiency.
Although research on the direct integration of Al with electrospinning is still in its early stages, the continuous evolution of Al
technology is expected to drive its broader application in electrospinning, leading to transformative advancements in both material
science and the manufacturing industry.
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