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Abstract 
Recent advances in next-generation energy storage devices have focused on flexible and wearable all-solid-state lithium 
batteries (ASSLBs), mainly because of their advantages in terms of safety and extensive applications. Among various tech-
nologies for the preparation of flexible electrodes, electrospinning is a straightforward operation and cost-effective mean 
for the facile fabrication of flexible nanofibers and the versatile design of nanofiber structure. Herein, current technologies 
for engineering electrospun nanofiber structures and their state-of-the-art implementation in flexible ASSLBs are reviewed. 
First, current strategies for nanofiber structural design, including advances in high-specific surface area, superior mechanical 
flexibility, and various nanostructures, are systematically discussed. Subsequently, the utilization of electrospun nanofibers 
in ASSLBs is reviewed. Electrospinning of flexible and highly ion-conductive solid-state electrolytes (SSEs) is emphasized, 
and current nanofiber structural designs for SSEs and electrodes for ASSLBs are introduced. Despite these advances, there 
have not been enough studies of the integration of versatile electrospinning techniques in nanofiber structural design for both 
SSEs and electrodes. In the final section, promising pathways to implement versatile electrospinning in flexible ASSLBs 
with superior electrochemical performance and stable cycling properties are discussed. Thus, this review provides a holistic 
overview of the state of the art of electrospinning for high-performance flexible ASSLBs, which could safely power next-
generation flexible devices.
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1 Introduction

Recently, numerous efforts have been made to make 
flexible and wearable all-solid-state lithium (Li) bat-
teries (ASSLBs) that are considered a promising power 
source for next-generation emerging electronics due to 
their safety, high energy density, excellent mechanical 
performance that integrates bendability, foldability and 
stretchability, and, in general, light weight [1, 2]. These 
combined characteristics are highly desired in the mod-
ern electronics industry due to their great potential for the 
fabrication of various flexible and wearable electronics, 
such as roll-up displays, touchable screens, smart textiles 
and clothing, portable electronic devices, electronic skin, 
wearable health monitors, and military garment devices 

[3, 4]. Flexibility represents one of the most significant 
and challenging issues for flexible and wearable ASSLBs 
because flexibility is required to maintain electrochemical 
performance under repeated external mechanical bending, 
folding, and stretching [5]. One technology to fabricate 
flexible and wearable electronics is that of clothing. Tex-
tiles are ubiquitous in our daily life and an excellent sub-
strate in which to embed nanomaterials for the fabrication 
of devices [6]. Functional textiles have been developed 
that are flexible, lightweight, and comfortable to wear, 
and they have great potential for use in smart clothing, 
with novel functions such as communicating, sensing, 
monitoring, computing, and actuating [7]. Despite these 
attractive potential opportunities, clothing technology has 
limitations; for example, it is challenging to permanently 
maintain the functions of smart clothing after frequent 
washing. In this regard, versatile fiber technology to inte-
grate functional materials into fabrics is one of the most 
important technologies that can be applied to fabricate 
flexible and wearable electronics [7]. The as-spun fibers 
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are generally flexible, bendable, lightweight, and long 
lasting. Spinning technologies have been widely used for 
next-generation energy storage devices with high energy 
density, high power density, flexibility, portability, and 
manufacturing scalability [4].

Numerous fiber spinning technologies have been devel-
oped to fabricate fibers with diameters ranging from microns 
to nanometers. Nanofibers have many attractive characteris-
tics, such as high surface area, large surface-to-volume ratio, 
superior mechanical strength, and excellent flexibility [8, 
9], which have attracted extensive interest for fabricating 
energy storage devices. The techniques to make polymers 
into nanofiber materials are diverse, including self-assembly, 
phase separation, templating synthesis, mechanical draw-
ing, melt blowing, centrifugal spinning, and electrospinning 
(Table 1) [8, 10–13]. These nanofiber fabrication technolo-
gies have different working principles and advantages; how-
ever, each technology has disadvantages. As summarized 
in Table 1, self-assembly, mechanical drawing and melt 
blowing are only applicable for certain polymers that sat-
isfy specific requirements. Phase separation and templat-
ing synthesis involve systems with elaborate and complex 
controls, and centrifugal spinning lacks the capability to be 
used in the design of nanofiber structures. Different from 
these nanofiber spinning technologies, electrospinning rep-
resents one of the most facile and versatile technologies 
that can easily manipulate the diameters of the produced 
fine fibers from tens of nanometers to microns [14]. More 
importantly, electrospinning is suitable for fiber structural 
design. Aligned patterns with oriented fiber deposition can 
be implemented by using different fiber collectors [9, 15]. 
The compositional structures of nanofibers can be designed 
as various types of structures that are comprised of binary, 
ternary, and even higher-order blends of polymer precursors 
[16]. Electrospinning possesses several additional advan-
tages, such as low-cost facilities, and is feasible for most 
synthetic and natural polymers or polymer blends [17]; it 
also has excellent operability, reproducibility, and scalabil-
ity [9, 18]. The resultant electrospun nanofibers generally 
have high aspect ratios and are randomly deposited to form 
a bendable, flexible, and freestanding mesh with nano-scale 
vacancies among the fibers. Notably, electrospun nanofibers 
are generally deposited to form mats that have been referred 
to as nanowires, nanomeshes, nanomembranes, nanofilms, 
or nanocomposites (of polymer blends) in different fields. 
Owing to these numerous advantages, electrospinning has 
demonstrated its great potential as the next-generation nano-
technology for practical applications to address current chal-
lenges in energy-related devices, such as fuel cells, dye-sen-
sitized solar cells, supercapacitors, Li-ion batteries, sodium 
ion batteries, Li-sulfur batteries, sodium-sulfur batteries, 
and Li-oxygen batteries [19–28]. In this review, we specifi-
cally introduce the applications of electrospun nanofibers in Ta
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flexible and wearable ASSLBs and, unlike existing reviews, 
we focus on this emergent next-generation energy storage 
technology.

Electrospinning technology has attracted increasing atten-
tion for preparing flexible and wearable ASSLBs, especially 
high-performance solid-state electrolytes (SSEs). Current 
SSEs can be generally divided into solid-state inorganic 
electrolytes (SIEs) made from glasses and ceramics, solid-
state polymer electrolytes (SPEs) made of polymeric solid 
hosts and Li salts without liquid solvents, and composite 
electrolytes of these organic polymers and inorganic sub-
stances [2]. One of the most significantly challenging issues 
of these SSEs is their low ionic conductivity (IC) compared 
to liquid electrolytes, especially for SPEs in which most 
polymers have weak IC [29–31]. Multiple strategies have 
been developed to enhance IC, primarily including the 
integration of ion conductive inorganic nanofillers and the 
nanoengineering of ion conduction routes [32–34]. Among 
these improvements, electrospinning is a versatile means to 
functionalize each part of the ASSLBs. For example, elec-
trospinning has enabled the fabrication of aligned nanow-
ires that remarkably increased the IC of SSEs and used to 
prepare nanostructured anodes of ASSLBs [35] and cathode 
carbon nanofiber hosts in all-solid-state Li-sulfur batteries 

[36]. More importantly, the excellent flexibility and benda-
bility of as-electrospun nanofibers are critical for fabricating 
portable and safe ASSLBs. The integration of electrospin-
ning technology in ASSLB manufacturing, therefore, has 
opened a promising avenue to transform the IC of SSEs, 
the performance of assembled ASSLBs, and the practical 
implementation of ASSLBs.

In this review, we synthesize current knowledge of 
electrospinning technology for nanofiber structure design 
and key challenges of flexible and wearable ASSLBs. As 
shown in Fig. 1, we systematically review the versatility of 
electrospinning in designing nanofiber structures and their 
current applications in SSEs, anodes, and cathodes of ASS-
LBs. This review begins with a comprehensive overview of 
electrospun nanofibers and strategies to control their pat-
terns, porous structures, and compositional nanostructures. 
In the following section, we emphasize the mechanism of 
how these structural designs can enhance the IC of SSEs and 
the performance of ASSLBs. The application of electrospun 
nanofibers as hosts for fabrication of both anodes and cath-
odes of ASSLBs is investigated thereafter. In the last parts 
of the review, future directions and perspectives for utilizing 
electrospinning nanofibers to make flexible and wearable 
ASSLBs are discussed.

Fig. 1  The scope of this review consists of a timely overview of the versatility of electrospinning technology in the structural design of nanofib-
ers and their applications in SSEs, anodes, and cathodes of ASSLBs
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2  Structural Design of Nanofibers Through 
Electrospinning

The inherent merits of a high specific surface area and good 
mechanical flexibility have built the foundation of electro-
spun nanofibers for extensive applications in both conven-
tional and next-generation energy storage devices. These 
properties of electrospun nanofibers can be further enhanced 
through facile control of nanofiber geometrical and archi-
tectural structures [27, 37]. In this section, we introduce the 
mechanism of how electrospinning produces nanofibers and 
summarize the widely used strategies to generate aligned 
patterns, porous structures, and complex nanostructures. 
These structural designs of electrospun nanofibers have 
broadly impacted the synthesis of nanofibers for tissue 
engineering, drug delivery, nanocomposites, membranes, 
and biomedical and many other functional applications 
[37–41]. In particular, some structural designs have ena-
bled the enhancement of the electrochemical performance 
of energy storage devices, such as supercapacitors, Li-ion 
batteries, and ASSLBs [26, 27, 35, 42, 43]. Reviewing these 

mechanisms and nanostructural engineering technologies 
will provide holistic guidance for the future development of 
flexible and wearable ASSLBs as promising flexible energy 
storage devices.

2.1  Mechanism of Electrospinning For Nanofiber 
Fabrication

Overall, an electrospinning system is simply comprised of 
three main components: a micropumping unit, a high-volt-
age power supply system, and a winding system (Fig. 2A). 
The micropumping system controls the injection of the pre-
cursors at a certain low rate, the electric voltage is vari-
able from 5 to 35 kV, depending on the spinnability of the 
precursors, and the winding system uses a rotating metal 
collector to gather the as-spun nanofibers. Most commercial 
electrospinning units are built in sealed boxes that contain a 
ventilation system to remove evaporated solvents (Fig. 2A) 
[44] and means to easily control the temperature, humidity, 
and atmosphere in the box when sensitive precursors are 
applied.

Fig. 2  A Fundamentals of electrospinning and manipulation of 
the patterns of the as-spun nanofibers. Schematic illustration of the 
electrospinning setup. Reprinted with permission from Ref. [44]. 
Copyright 2017, The Royal Society of Chemistry. B A typical elec-
trospinning jet showing the bending instability of the Taylor cone. 
Reprinted with permission from Ref. [45]. Copyright 2012, Elsevier 

Ltd. C A representative scanning electron microscopy (SEM) image 
of nanofibers fabricated from electrospinning, which were randomly 
deposited to form a nanomesh. Reprinted with permission from 
Ref. [48]. Copyright 2018, Elsevier Ltd. D Strategies to electrospin 
nanofibers with aligned patterns. Reprinted with permission from 
Ref. [50]. Copyright 2007, Mary Ann Liebert, Inc.
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The formation of nanofibers and their electrostability are 
complex since all the electrospinning parameters can have 
large effects on the morphologies, diameters, and uniformi-
ties of the resultant nanofibers. When a pendant droplet of 
precursor is injected from the spinneret, an electric potential 
is applied to the spinneret to electrify the droplet, and elec-
tric charge subsequently accumulates on the droplet surface 
and deforms the droplet into a Taylor cone (Fig. 2B) [12, 45, 
46]. The shape of this Taylor cone is controlled by two elec-
trostatic forces, i.e., electrostatic repulsion between the sur-
face charge of the droplet and the Coulombic force exerted 
by the applied strong external electric field [14]. Neverthe-
less, to form a well-shaped Taylor cone, both characteristics 
of electrospinning dopes and operation parameters should 
be well-controlled. The characteristics include the electrical 
conductivity and molecular weight of the polymer precursor, 
the viscosity and concentration of the spinning dope, the 
surface tension of the droplet, and the dielectric constant 
of the solvent, while the operation conditions are mainly 
comprised of the injection rate, applied voltage, distance 
between the tip of the spinneret and the collector, needle size 
and shape, collector geometry and winding speed, and ambi-
ent parameters [14, 15, 47]. It is still impractical to quantita-
tively determine the effects of each factor on the quality of 
the as-spun nanofibers; however, the manipulation of some 
key parameters can generally produce a stable Taylor cone 
and corresponding uniform, defect-free, fine nanofibers (as 
shown in Fig. 2C) [48].

2.2  Manipulation of the Aligned Patterns 
of Nanofibers

As-spun nanofibers are commonly deposited on the collec-
tor at random (Fig. 2C and 2D-a). However, the design of 
aligned nanopatterns and the structured orientation of the 
formed nanofibers has enabled the implementation of elec-
trospinning in numerous fields where structured materials 
are essential. Applying electrospun biopolymers as scaf-
folds in tissue engineering has motivated the manipula-
tion of nanofiber patterns because cells cultured on aligned 
nanofiber scaffolds can proliferate along the fiber orienta-
tion [49]. The alignment of the electrospun nanofibers can 
be regulated by controlling the winding system, including 
the rotation speed and the collector shape [50]. A rotatable 
cylindrical collector (Fig. 2D-b) has been widely used to 
dynamically collect as-spun nanofibers. When the rotating 
speed matches the deposition rate of the polymer jet, the 
spun nanofibers can be wound tightly on the surface of the 
collector in a circumferential manner, resulting in oriented 
patterns to some extent [50, 51]. Nevertheless, increasing 
the winding speed has limitations. The Taylor cone can be 
destabilized when the rotating speed exceeds the deposition 
rate of the polymer jet, which could lead to the formation 

of discontinuous fibers. Another strategy to form aligned 
nanofibers is to replace a smooth collector with one that has 
sharp edges, such as a disc-type fiber collector (Fig. 2D-c), 
which can effectively concentrate the electrical field onto the 
collector edge and attract and continuously wind jet fibers 
[14, 52]. In general, a rotating disc collector that combines 
the merits of faster winding and sharp edges can successfully 
form highly aligned nanofibers.

Furthermore, additional strategies have been developed 
to form aligned nanofibers. For example, a frame col-
lector (Fig. 2D-d) has been widely used for forming thin 
nanofiber mesh, and single nanofibers can be easily peeled 
off the mesh [50, 53]. This method has enabled the study 
of single nanofiber properties. For instance, single poly-
acrylonitrile (PAN) nanofibers have been obtained by using 
a frame collector, and the relationship between nanofiber 
mechanical performance and molecular orientation of PAN 
in the nanofibers has been demonstrated [53, 54]. Further-
more, other fiber collectors with very complicated structural 
designs, such as drum collectors, tube collectors with knife-
edge electrodes, and twin blade collectors, have been used 
for aligning nanofiber jets [15]. Xie et al. [55] prepared radi-
ally aligned nanofibers by using a collector with a ring elec-
trode and a sharp needle located in the center. In addition, 
Kessick et al. [56] reported that changing the power supply 
system can benefit alignment. They replaced the typically 
used direct current (DC) power supply with an alternating 
current (AC) high-voltage power supply to charge the elec-
trospinning dopes of polyethylene oxide (PEO). The align-
ments of the PEO nanofibers were much improved.

2.3  Generation of Porous Structures in Electrospun 
Nanofibers

Porous structures can enable high specific surface areas of car-
bon nanofibers, which are highly preferable for energy storage 
devices such as supercapacitor electrodes and Li-ion battery 
anodes [57, 58]. In addition to high specific surface areas, 
porous nanofibers fabricated from electrospinning have high 
aspect ratios and improved pore interconnectivity, all of which 
have been extensively investigated to improve the mechanical 
strength and performance of electrodes in conventional bat-
teries [57]. Recently, porous electrospun nanofibers have been 
prepared as hosts for solid electrolytes for ASSLBs (details 
are provided in Sect. 3.1). Some porous structures can provide 
sufficient amounts of interconnected voids to contain solid 
electrolytes. The resultant solid electrolyte can have improved 
mechanical strength and flexibility and greater Li-ion conduc-
tivity for some polymer electrolytes. When a battery under-
goes external bending and twisting, the porous structures can 
dissipate the generated strain because of their relatively low 
bending stiffness [5]. The underlying relationship between the 
porosity of the porous structures and their relative flexibility 
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(α), as shown in the following equation, reveals that the flexi-
bility of a solid material increases exponentially with its struc-
tural porosity [5, 59]. Therefore, applying porous structures 
in battery components can certainly enhance the flexibility of 
entire ASSLBs [5].

where α is the relative flexibility of the solid material, Bb is 
the bending stiffness ratio of the solid structure, and Bp is the 
bending stiffness ratio of the porous structure with porosity ρ.

As mentioned above, vacancies can naturally form 
between fibers in as-spun nanofibers and contribute to 
mesoporous structures. These pores can be regulated by 
controlling electrospinning conditions, such as the applied 
voltage, tip-to-disc distance, and injection rate. More porous 
structures in nanofibers have been produced with the devel-
opment of several technologies.

2.3.1  Pore Formation by Solvent Evaporation

Porous structures can be produced by designing the solvent 
composition of electrospinning dopes. Selecting a binary 

(1)
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solution system of two solvents that have significantly dif-
ferent boiling points can induce different evaporation rates 
and thus generate pores in the electrospun nanofibers. In 
another approach, two precursors can form an emulsion (so-
called emulsion electrospinning, Fig. 3A) [57]. For instance, 
a blend of a high molecular weight polyacrylonitrile (PAN) 
in N,N-dimethylformamide (DMF) (solvent with a low 
molecular weight pitch in tetrahydrofuran (THF)) was used 
to prepare electrospun nanofibers [60]. Fast evaporation of 
THF produced ultramicroporous structures in the as-spun 
nanofibers, which were then carbonized; the ultramicropo-
rous structures improved the specific capacitance and energy 
density when the carbonized PAN/pitch nanofibers were 
used as the electrode of a supercapacitor [60].

2.3.2  Pore Formation by Sacrificial Polymers

Porous structures can be generated by using sacrificial poly-
mers. With this strategy, electrospinning dopes are generally 
comprised of two polymer components, one of which serves 
as the sacrificial polymer that can be easily removed by dis-
solution or thermal treatment. Poly(methyl methacrylate) 
(PMMA) is a widely used sacrificial polymer that can be ther-
mally degraded and thus creates abundant porous structures 
when the as-electrospun nanofibers are thermostabilized (nor-
mally at 250 °C). PMMA has been used to prepare PMMA/

Fig. 3  Different strategies to produce porous structures in electro-
spun nanofibers for energy storage applications: A emulsion elec-
trospinning. Reprinted with permission from Ref. [57]. Copyright © 
2017, Elsevier Ltd.; B sacrificial polymer. Reprinted with permission 
from Ref. [61]. Reprinted with permission from Ref. [62]. Reprinted 
with permission from Ref. [65]. Copyrights © 2009, 2019 and 2015, 
American Chemical Society, John Wiley & Sons, Inc. and Springer 
Nature Ltd., respectively; C catalytic carbonization. Reprinted with 

permission from Ref. [69]. Copyright © 2011, Elsevier Ltd.; D chem-
ical activation. Reprinted with permission from Ref. [75]. Copyright 
© 2018, American Chemical Society; and E self-assembly of a block 
copolymer. Reprinted with permission from Ref. [78]. Copyright © 
2017, John Wiley & Sons, Inc. Reprinted with permission from Ref. 
[79]. Copyright © 2019, American Association for the Advancement 
of Science
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metallic tin/PAN electrospun nanofibers [61]. The porous 
structures created by PMMA thermal degradation were car-
bonized to encapsulate tin (Fig. 3B-a), which significantly 
improved the cycling stability of tin in Li-ion batteries [61]. 
Other widely used sacrificial polymers and organics include 
poly(vinyl alcohol) (PVA), polyvinyl pyrrolidone (PVP), 
polystyrene (PS), and paraffin oil. For example, a porous 
 SiO2/Li2SO4/PVA nanofiber was prepared by electrospin-
ning and used as the host of the polymer electrolyte in an 
ASSLB [62]. The PVA polymer was degraded to generate 
mesopores in the  SiO2 nanofiber when it was calcined at 
500 °C (Fig. 3B-b) [8]. The porous structure can facilitate the 
infiltration of the polymer electrolyte of PEO/LiTFSI (lithium 
bis(trifluoromethanesulfonyl)imide) and improve the contact 
of the polymer electrolyte with the fibers, which can thus 
enhance the IC and electrochemical stability of the assem-
bled ASSLBs [62]. A similar strategy was used to synthesize a 
 TiO2 nanofiber in which PVP, paraffin oil and Ti(OBu)4 were 
blended and electrospun. After heating to 500 °C to convert 
Ti(OBu)4 into  TiO2, PVP and paraffin oil degraded and gen-
erated porous structures in the  TiO2 nanofiber [63]. PS has 
also served as the sacrificial phase to prepare porous PAN 
nanofibers. PS can be decomposed during the carbonization 
processing of PAN [64, 65]. Controlling the PS dosage in the 
electrospinning dopes has enabled the regulation of the porous 
structures in the resultant carbon nanofibers (Fig. 3B-c) [65].

2.3.3  Catalytic Formation of Pores

Catalysts have been used to generate mesopores during 
nanofiber carbonization processing. Catalysts are generally 
added to polymer solutions during the preparation of elec-
trospinning dopes (also called template electrospinning) and 
used to simultaneously catalyze the graphitization of the pre-
cursor polymer and create porous structures. Such a strategy 
has been widely used to prepare PAN-based mesoporous 
carbon nanofibers for supercapacitor electrodes. Various 
catalysts have been used, such as zinc chloride [66], nickel 
acetate [67], and vanadium pentoxide [68]. Moreover, a car-
bon nanofiber made from a tetraethyl orthosilicate (TEOS)/
PAN blend was prepared with ultramicropores on the outer 
surface (Fig. 3C), which TEOS served as the bifunctional 
component that produced gases to generate pores and formed 
 SiOx to catalyze the formation of the porous structures by 
etching the carbon atoms that were formed in the thermo-
stabilization process [69]. Controlling the catalyst content 
in the spinning dopes can normally result in different pore 
sizes and volumes and thus enhanced specific surface areas.

2.3.4  Activation of Carbon Nanofibers

Activation is efficient for creating micropores in carbon 
nanofibers, which can significantly increase the specific 

surface areas. Thus, nanofibers with activated carbon have 
broad applications, such as separation, purification, storage 
for natural gas and catalysts, and energy storage [70–73]. 
The activation reaction can be carried out using both steam 
[74] and powdery potassium hydroxide (Fig. 3D) [75]. The 
reactions are normally conducted under an inert atmosphere 
and at a high temperature (900 °C) for 1 h [75, 76]. Moreo-
ver, activation has been integrated with the abovementioned 
catalytic carbonization to develop micropores after the gen-
eration of mesopores and thus create hierarchical porous 
structures in the carbon nanofibers [66, 77].

2.3.5  Pore Formation in Block Copolymer‑Based Nanofibers

In a recent breakthrough, self-assembly of block copoly-
mers was used to generate and control the alignment of 
electropun nanofibers. A PAN-b-PMMA block copolymer 
was synthesized by addition-fragmentation chain transfer 
polymerization and electrospun to fabricate carbon nanofib-
ers for electrodes (Fig. 2E-a) [78]. Under thermal annealing, 
microphase-separated structures formed with well-aligned 
PAN and PMMA microdomains. Under high-temperature 
carbonization, the PAN was converted into carbon and gen-
erated mesopores, while the PMMA degraded and created 
micropores (Fig. 2E-b) [79]. These designed hierarchical 
pores served as ion-buffering reservoirs and reduce ion 
transport distances, which largely improved the capacitive 
performance of the assembled pseudocapacitor (Fig. 2E-b) 
[80, 81]. Additionally, many block copolymers have been 
synthesized and used as SSEs of ASSLBs for their enhanced 
Li-ion conductivities, which are reviewed in Sect. 3.1.4.1.

Notably, hollow nanofibers from electrospinning have 
also been thought to be porous structures. We review their 
structure in the following section of nanostructure design, 
since most hollow nanofibers were enabled by core–shell 
nanofiber architecture design.

2.4  Nanostructure Design of Electrospun 
Nanofibers

Designing the nanostructure of electrospun nanofibers 
has greatly expanded their functionalization and applica-
tion. Building complex nanostructures, on the other hand, 
poses challenges to researchers, as they cannot be easily 
and robustly fabricated through conventional “bottom-up” 
or “top-down” methods [82]. Electrospinning represents a 
novel and versatile simple technique to achieve the nanoscale 
design of the structure and architecture of nanofibers. Cur-
rently, most nanostructure designs using electrospinning are 
based on a core–shell structure that is produced by coaxial 
electrospinning (Fig. 4A) [82, 83]. The structure of the spin-
neret with the associated pumping system can enable the 
electrospinning of binary liquids, ternary liquids, and even 
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higher-order mixtures of liquids to define the nanostructure 
of the resultant nanofibers. As shown in Fig. 4A, core–shell, 
side-by-side, and Janus structures can be formed by the 
coaxial electrospinning of two fluids, while the tricoaxial 
electrospinning of three liquids can fabricate much more 
complex nanostructures. Using these coaxial electrospin-
ning technologies, multiple types of hollow nanofibers have 
been developed to encapsulate functional nanomaterials into 
electrodes for energy storage applications. These nanostruc-
tures mainly include single microtube (hollow nanofiber); 

fiber-in-tube, tube-in-tube, and multichannel microtubes; and 
inter-fiber connections. The mechanisms for preparing these 
nanostructures and their typical applications in energy stor-
age are discussed in this section.

2.4.1  Hollow Nanofibers

Hollow nanofibers have received extensive attention for their 
wide applications in energy storage, microfluidics, catalysis, 
drug release, nerve guidance, oxygenators, and many other 

Fig. 4  Design of nanostructures of electrospun nanofibers: A coaxial 
electrospinning enables the design of core–shell and complex nano-
structures. Reprinted with permission from Ref. [82]. Copyright 
© 2020, John Wiley & Sons, Inc.; B a typical hollow nanofiber. 
Reprinted with permission from Ref. [90]. Copyright © 2004, Ameri-
can Chemical Society; C an electrospun nanofiber with a fiber-in-
tube structure enabled by tricoaxial electrospinning using a specially 
designed tricoaxial spinneret. Reprinted with permission from Ref. 
[91]. Copyright © 2019, Elsevier Ltd. Reprinted with permission 
from Ref. [93]. Copyright © 2010,  American Chemical Society; D 
an example of the fabrication of a nanoparticle-in-tube nanofiber. 
Reprinted with permission from Ref. [97]. Copyright © 2009, John 
Wiley & Sons, Inc.; E a typical strategy to prepare a tube-in-tube 
nanostructured electrospun nanofiber (a) and its morphologies (b 
and c). Reprinted with permission from Ref. [98]. Copyright © 

2020, Royal Society of Chemistry. Reprinted with permission from 
Ref. [99]. Copyright ©  2020, Royal Society of Chemistry and John 
Wiley & Sons, Inc.; F multichannel microtube structures of electro-
spun nanofibers. Reprinted with permission from Ref. [101]. Copy-
right © 2007, American Chemical Society; G a concentric lamellar 
structure of nanofibers enabled by self-assembly of a coaxially elec-
trospun block copolymer. Reprinted with permission from Ref. [104]. 
Copyright © 2006, American Chemical Society. Reprinted with per-
mission from Ref. [105]. Copyright © 2009, American Chemical 
Society; H nanofibers with interconnection structures among fibers 
prepared by coaxially electrospinning two different polymers (a and 
b) or electrospinning a polymer with two fractions that have distinct 
thermostability. Reprinted with permission from Ref. [108].  Copy-
right © 2011, Elsevier Ltd.
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devices [84–88]. Generally, hollow nanofibers are prepared 
from core–shell nanofibers fabricated by using coaxial elec-
trospinning, where the sacrificial phase is used as the core 
to generate the hollow nanotube [89]. The first hollow elec-
trospun nanofiber was reported by Loscertales et al. [90] 
who used olive oil or glycerin as the core fluid to produce 
hollow silica nanofibers (Fig. 4B). The method was later 
modified by Lallave et al. [16] by adding ethanol into the 
outer shell phase to prepare hollow carbon lignin nanofibers. 
Many other polymers have also been reported as sacrificial 
fluids for coaxial electrospinning. For example, a PAN-
derived hollow carbon nanofiber was prepared by coaxially 
electrospinning a PAN/PMMA core/shell nanofiber in which 
PMMA was subsequently degraded during a thermostabiliz-
ing process to form the hollow structures [77]. The result-
ant hollow PAN-based carbon nanofiber displayed excellent 
capacity and load-bearing capability when it was used as the 
electrode material for a supercapacitor [77].

2.4.2  Fiber‑in‑Tube Structure

The fiber-in-tube structure is generally fabricated by using 
tricoaxial electrospinning, although the technology was 
first introduced to prepare hollow carbon nanofibers [16]. 
For tricoaxial electrospinning, the middle fluid serves as 
the sacrificial phase that separates the core and shell flu-
ids during spinning and results in as-spun nanofibers with 
sandwich-like structure; the outer shell and inner core can 
be prepared from the same dope or different dopes to fab-
ricate homogenous fiber-in-tube and a heterogeneous fiber-
in-tube nanostructures, respectively [91, 92]. For example, 
a  TiO2 fiber-in-TiO2 tube nanofiber was prepared by using 
the  TiO2 precursor tetrabutyl titanate [Ti(OBu)4] for both 
outer and inner fluids, while paraffin oil was used as the 
middle fluid [93]. The collected as-spun nanofibers were cal-
cinated at 450 °C to degrade the middle layer and synthesize 
 TiO2 in situ, forming a  TiO2 nanofiber in the  TiO2 nanotube 
structure (Fig. 4C) [93]. Moreover, two incompatible poly-
mers can be incorporated into a heterogeneous fiber-in-tube 
nanofiber using this tricoaxial electrospinning technology. 
In a typical example, PS, PAN, and paraffin oil served as 
the shell, core, and sacrificial fluid, respectively, to fabricate 
a PAN fiber-in-PS core nanofiber [93]. These fiber-in-tube 
nanostructures might be used in microelectronics, lumines-
cent devices, nanocables, drug delivery devices and other 
applications [94–96].

2.4.3  Nanoparticle‑in‑Tube Structure

Hollow carbon nanofibers can be encapsulated in  situ 
or infiltrated with guest functional nanomaterials. An 

interesting example was reported by Yu et al. [97] who used 
mineral oil/tributyltin (TBT) as the core fluid and PAN 
in the shell fluid to coaxially electrospin tin nanoparticle-
encapsulated hollow carbon nanofibers for the anodes of 
Li-ion batteries. Mineral oil was easily removed by dissolv-
ing the as-spun nanofibers in a solvent (o-octane), while 
tin nanoparticles were synthesized in-situ from TBT and 
encapsulated in the hollow PAN carbon nanofibers during 
the carbonization process (Fig. 4D) [97].

2.4.4  Tube‑in‑Tube Structure

Nanofibers with tube-in-tube nanostructure have been the 
subject of strong interest for energy storage applications due 
to their relatively large specific surface area and abundant 
inner surface, which can provide an effective area for con-
tact between the electrode and electrolyte and many active 
sites for redox reactions [98]. In addition to energy stor-
age, tube-in-tube nanofibers have also been applied in drug 
delivery systems owing to their inherent structural merits. 
Theoretically, a tube-in-tube nanofiber can be fabricated 
by tetracoaxial electrospinning with the second and fourth 
inner fluids as the sacrificial phases. However, the limited 
ability to spin most nanofibers with very fine inner layers 
might hinder this application. In practice, most tube-in-tube 
nanofibers were prepared from a solid electrospun nanofib-
ers derived from polymer blends (mostly commonly PAN 
and PVP) combined with thermally active materials, such 
as  SnO2 [99] and cobalt(II) acetylacetonate-iron(III) acety-
lacetonate (Co(acac)3-Fe(acac)3) [100]. In these studies, the 
first-stage thermal treatment converted them into hollow 
nanofibers of Sn/SnO2 and  CoFe2O4. After that, polypyr-
role (PPy) was infiltrated into the hollow fibers, which could 
generate tubes by partial pyrolysis during the next stage of 
thermal treatment for polymer carbonization (Fig. 4E-a). 
In this process, the thermal reaction of the active materials 
assisted the tube generation. The resultant Sn@C (Fig. 4E-
b) and  CoFe2O4@C nanofibers (Fig. 4E-c) with tube-in-
tube structures were used as the anode of a Li-ion battery, 
which had high specific capacity with excellent long cycle 
performance.

2.4.5  Multichannel Microtubular Structures

Nanofibers with interesting multichannel microtubular struc-
tures were first reported by Zhao et al. [101] who used multif-
luid electrospinning. This complex nanostructure was inspired 
by the multichannel microtubular structures of many birds’ 
feather that were thought to function as heat shields and ther-
mal insulators.  TiO2 nanofibers with two to five microchan-
nels (Fig. 4F-a to 4F-d, respectively) were fabricated by using 
a spinneret with the corresponding number of channels. The 
 TiO2 precursor Ti(OiPr)4, and PVP were dissolved in ethanol 
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and used as the shell dope, while paraffin oil served as the 
core dope. The microtubes were generated by sacrificing the 
organic compounds during calcination at 500 °C. Compared 
with the single hollow nanofibers introduced above, multi-
channel structures may possess considerable advantages, such 
as independent addressable channels, better mechanical stabil-
ity, and larger surface-to-volume area [102]. However, such 
multichannel microtubular structures have not been exten-
sively applied in functional material synthesis, perhaps due 
to their complex structures for practical control. Nevertheless, 
such nanofibers showed great potential for biomimetic super 
lightweight thermo-insulated textiles, multicomponent drug 
delivery devices, vessels for macro- and nanofluidic devices, 
highly efficient catalysts, and electrodes [102].

2.4.6  Concentric Lamellar Structure

Block copolymers generally present self-assembly proper-
ties such as microphase separation driven by the degree of 
incompatibility between the A and B blocks [103]. This self-
assembly can result in the formation of interesting ordered 
aggregates that have been used to produce porous (Sect. 2.3.5) 
and ordered lamellar structures. The ordered lamellar property 
of a PS-b-PDMS block copolymer has been integrated with 
the advantages of electrospinning to fabricate a concentric 
lamellar structure with long-range order [104, 105] which is 
highly interesting for applications such as wearable power 
sensors, drug release systems, photonic bandgap fibers, and 
optical waveguides [106, 107]. In their study, PMMA and 
PS-b-PDMS copolymers were used as the outer and inner 
liquids for coaxial electrospinning, respectively. After thermal 
annealing at 160 °C for ten days, the PS and PDMS moieties 
in the block copolymer separated to form a lamellar struc-
ture in which the dark layers were identified to be PDMS, 
due to their higher electron density, and the light layers were 
PS (Fig. 4G-a). More interestingly, PMMA as the outer shell 
layer confined the self-assembly into a concentric cylindrical 
structure (Fig. 4G-a) and the number of layers (N in Fig. 4G-
b). The PMMA outer shell determined the diameter of the 
as-spun nanofiber (D in Fig. 4G-b), and the layer thickness 
(L0 in Fig. 4G-b, defined for an AB-BA layer) produced by 
the self-assembly was 56 nm. As shown in Fig. 4G, N equals 
D/L0, which provides a simple strategy to control the self-
assembly of the layers. By this technology, nanofibers as 
many as nine concentric lamellar layers have been fabricated 
(Fig. 4G). The continuity of the concentric lamellar structure 
was confirmed by transmission electron microscopy (TEM) 
(Fig. 4G-c), which reached 1–10 cm in length.

2.4.7  Interfiber Connection

In general, the as-spun fibers from electrospinning are 
randomly deposited to form a nanomesh with a lack of 

interfiber connections, which could result in unstable pore 
structures and charge transfer efficiency when they are used 
as electrodes for energy storage [108]. Building sufficient 
fiber–fiber connections can shorten the charge transfer path-
way and facilitate charge transfer among fibers [109]. Side-
by-side coaxial electrospinning has been used to prepare 
interconnected PAN-based carbon nanofibers (Fig. 4H-a) 
[108]. PAN was electrospun on one side of the fiber, and 
PVP was electrospun on the other side. PVP is a thermoplas-
tic polymer that serves as the sacrificial polymer, which can 
be melted first to form connections among fibers and then 
partly degraded during carbonization processing to main-
tain the interconnection structure (as displayed in Fig. 4H-
b). The capacitance was increased approximately 1.5-fold 
when this interconnected PAN-based carbon nanofiber was 
used as the electrode of a supercapacitor compared to that 
of a PAN/PVP carbon nanofiber without interconnection 
structures. Moreover, the fused structure of the interfiber 
connection can be tuned by changing the composition of 
the electrospinning dopes. Dallameyer [110, 111] studied 
industrial lignin/PEO electrospun nanofibers. Two lignin 
fractions with distinct glass transition temperatures (Tg, 
152 and 230 °C) were blended. By increasing the ratio of 
the low-Tg lignin fractions, the as-spun nanofibers can form 
largely fused interfiber structures under thermostabilization 
while keeping the fiber scaffold (Fig. 4H-c). Since lignin is 
an abundant industrial waste derived from natural plants, 
lignin and lignin-based electrospun nanofibers have been 
widely used to fabricate sustainable energy storage devices 
[112–117]. Similar to the abovementioned fused PAN/PVP 
nanofibers, this interfiber-connected structure could benefit 
electrochemical performance, if lignin-based nanofibers are 
used, for energy storage devices.

Overall, these studies have provided novel strategies to 
generate various nanostructures in nanofibers or fused inter-
connection structures among nanofibers. These interesting 
nanostructures have enabled multiple functionalizations of 
electrospun nanofibers in electrodes and many other applica-
tions, which can inspire innovative designs of transfer path-
ways to enhance ion or charge transference when electro-
spun nanofibers are used for SSEs or electrodes of ASSLBs, 
respectively.

3  Advances of Electrospinning in ASSLBs: 
The‑State‑of‑the‑Art

Current applications of electrospinning technology have 
been focused on the fabrication of flexible and highly 
ion-conductive SSEs, including electrospinning polymer 
nanomeshes as hosts, electrospinning ion-conductive 
ceramic nanofibers for solid composite electrolyte fab-
rication, and designing special electrospun nanofibers 



Electrochemical Energy Reviews            (2022) 5:18  

1 3

Page 11 of 37    18 

for enhancing Li-ion transportation. All these applica-
tions represent state-of-the-art use of electrospinning 
technology for ASSLBs. However, these applications 
have not yet integrated the versatility of electrospinning 
in nanofiber structure design, except for the preparation 
of aligned ceramic nanofibers. Despite the SSEs, appli-
cations of electrospinning in the electrodes of ASSLBs 
have been the subject of relatively few studies, and only 
a few publications have focused on the anodes of ASS-
LBs, the cathodes of all-solid-state Li-sulfur batteries 
and an all-solid-state sodium-ion battery. In this section, 
we systematically summarized these existing applica-
tions of electrospinning technology in the fabrication of 
both SSEs and electrodes of ASSLBs, which represents a 
timely review of how electrospun nanofibers can perform 
in advancing the development of next-generation flexible 
and wearable battery technologies.

3.1  Electrospun Nanofiber for SSEs

SSEs, key components of ASSLBs, are critical for bat-
tery safety, high temperature resistance, and nonvolatili-
zation [118]. Nevertheless, current SSEs still encounter 
great challenges with regard to low ionic conductivity, 
poor interfacial contact with electrodes, and narrow elec-
trochemical stability windows [29, 31]. Electrospinning 
technologies can address these challenging issues of 
SSEs through structural designs. Current strategies for 

making SSEs from electrospun nanofibers include elec-
trospinning ion-conductive polymer nanofibers, ion-con-
ductive ceramic nanofibers, and nanofibers with aligned 
or porous structures for enhanced ion conductivity. It is 
possible that regulating polymer chemistry can concur-
rently enhance ion conductivity and electrospinnability. 
All these studies have demonstrated the great potential 
and promising future of electrospinning technology in 
fabricating high-profile SSEs.

3.1.1  Electrospun Polymer Nanofibers as Matrices

Electrospinning is a facile approach to fabricate membranes 
composed of polymer nanofibers that have controllable 
thickness, high porosity, and good flexibility. Such electro-
spun membranes are good matrices for the preparation of 
SSE layers. In comparison with conventional preparation 
protocols, infiltrating SSEs, including solid polymer elec-
trolytes (SPEs) and solid ceramic electrolytes (SCEs), into 
the electrospun polymer matrix endows the solid electro-
lyte layers with unique properties, such as decreased thick-
ness, considerable flexibility, enhanced film formability, and 
accelerated ion conduction. In this section, the application of 
an electrospun polymer nanofiber matrix in the preparation 
of SPEs and SCEs is discussed.

Conventional SSEs layers are prepared through cold 
pressing methods and generally are limited by their large 
thickness and high rigidity. Such thick SSEs can decrease 
the energy density of the assembled cell, and the pellet is not 

Fig. 5  Electrospinning of polymer nanofibers as a matrix for infiltrat-
ing SSEs: A electrospinning of randomly deposited PI as the host for 
the infiltration of a sulfide  (Li6PS5Cl0.5Br0.5) for solid ceramic electro-
lytes. Reprinted with permission from Ref. [119]. Copyright © 2010, 
Elsevier Ltd.; B electrospinning of PI nanofibers as the host for cast-
ing a solid ceramic electrolyte  (Li6.75La3Zr1.75Ta0.25O12, LLZTO) and 
the punched ASSLBs working in harsh environments. Reprinted with 
permission from Ref. [120]. Copyright © 2019, American Chemical 

Society; C electrospinning of the randomly deposited PVDF nano-
mat as the host for a composite polymer electrolyte. Reprinted with 
permission from Ref. [118]. Copyright © 2020, American Chemical 
Society; and D electrospinning of ion-conductive nanofibers from PI-
g-PEO polymer as the framework for a composite polymer electro-
lyte. Reprinted with permission from Ref. [123]. Copyright © 2005, 
IOP Publishing
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suitable for flexible batteries to be used in wearable electron-
ics. To overcome these limitations, combining rigid SSEs 
with soft polymers is a promising strategy. Recently, Kim 
et al. [119] developed a thin and flexible SSE through the 
infiltration of a sulfide  (Li6PS5Cl0.5Br0.5) into an electro-
spun polyimide (PI) membrane, as shown in Fig. 5A, which 
delivered excellent thermal stability (> 400 °C) along with 
reasonable ion conductivity (5 ×  10−5 S  cm−1). The PI poly-
mer has high thermal stability, making it a suitable host for 
the hybrid solid electrolyte layer. In addition, the PI-derived 
nanomats obtained through electrospinning were flexible, 
robust, and porous. The assembled  LiNi0.6Co0.2Mn0.2O2 
(NCM)/graphite ASSLBs using  Li6PS5Cl0.5Br0.5-infiltrated 
PI had a high capacity (146 mAh  gNCM

–1, 30  °C), high 
energy density (110  Whkg cell

−1, 30 °C), promising cycling 
performance (88.1% capacity retention after 25 cycles at 
0.2 C, 30 °C) and excellent thermal stability (only marginal 
degradation at 180 °C).

Electrospun PI nanofibers have also been used as hosts 
for electrolyte fillers composed of  Li6.75La3Zr1.75Ta0.25O12 
(LLZTO), polyvinylidene fluoride (PVDF) and LiTFSI to 
fabricate hybrid polymer electrolytes (Fig. 5B-a) [120]. 
This hybrid polymer electrolyte had an ion conductivity of 
1.23 ×  10−4 S  cm−1, where PI nanofibers provided a network 
to host LLZTO in PVDF and prevented Li dendrite growth 
(Fig. 5B-a). The assembled solid-state  LiNi0.5Co0.2Mn0.3O2/
Li pouch cells exhibited excellent cycling stability (152.6 
mAh  g−1 with capacity retention of 94.9% at 0.1 C after 80 
cycles at 25 °C), even in harsh external environments, such 
as folding, cutting, and nail penetration (Fig. 5B-b), suggest-
ing the high safety of this ASSLB [120].

A similar strategy that introduced SPEs into an electro-
spun polymeric matrix was also developed to address the 
challenges in the formation of films from some polymer 
electrolytes, such as PEO and polymerized ionic liquids. 
These polymer electrolytes have considerable ionic con-
ductivities but poor film formability and weak mechanical 
strength, which have significantly impeded their applications 
in ASSLBs. Employing an electrospun polymer matrix has 
successfully addressed this challenging issue. Wang et al. 
[121] reported using a PVDF nanomat prepared by electro-
spinning to cast polymerized ionic liquids for a composite 
polymer electrolyte (Fig. 5C) that had a high ionic conduc-
tivity (4.5 ×  10−4 S  cm−1). The robust PVDF membrane suc-
cessfully enhanced the mechanical strength of ionic liquid-
based electrolytes. Similarly, Zhou et al. [122] cast organic 
ionic plastic crystals (OIPCs) on an electrospun PVDF 
template to prepare a composite polymer electrolyte. The 
resultant freestanding and robust electrolyte layer had an 
ionic conductivity of 1.0 ×  10−5 S  cm−1 at room temperature. 
Notably, the ionic conductivity of the PVDF/OIPC electro-
lyte decreased slightly compared with that of OIPCs alone 
because the PVDF polymer matrix has no ion conduction 

property. Moreover, it is still debated whether electrolytes 
derived from ionic liquids and polymerized ionic liquids 
can be considered as  solid electrolytes, although such 
electrolytes generally do not undergo leakage and solvent 
evaporation.

To circumvent the low ionic conductivity of the polymer 
matrix itself, grafted copolymers with higher ionic conduc-
tivity have been synthesized and electrospun into nanofibers 
for composite polymer electrolytes. Watanabe et al. [123] 
grafted PEO onto PI to synthesize a PI-g-PEO copolymer, 
which was then electrospun into nanofibers to infiltrate the 
PEO/LiTFSI electrolyte (Fig. 5D). The as-prepared com-
posite polymer electrolyte was as thin as 19 µm and had an 
ionic conductivity (1 ×  10−4 S  cm−1 at 40 °C) much higher 
than that of each individual component (2.8 ×  10−5 S  cm−1 
for the PI nanofiber membrane and 3 ×  10−6 S  cm−1 for the 
PEO electrolyte matrix at 40 °C). The enhanced ionic con-
ductivity was attributed to the decreased crystallinity of the 
PEO moieties and the intrinsically high ionic conductivity 
of the nanofibers.

General guidance for electrospinning polymers for SSEs 
can be summarized from the above studies. The following 
characteristics are preferable for the polymeric matrix: (1) 
porous structures formed between fibers to enable the infil-
tration of ceramic electrolyte and percolation for efficient ion 
conduction; (2) high thermal stability to avoid degradation 
in the subsequent annealing process for solution-processed 
sulfide electrolyte; (3) good mechanical strength to main-
tain the intact structure; and (4) good chemical and electro-
chemical stability with respect to the solvent and ceramic 
electrolyte.

3.1.2  Electrospun Ion‑Conductive Ceramic Nanofibers

In addition to polymer nanofibers, electrospinning has been 
used to fabricate ion-conductive ceramic nanofibers. Com-
positing polymer electrolytes with ceramic nanofibers is 
another promising strategy to fabricate composite polymer 
electrolytes with enhanced ionic conductivity and mechani-
cal strength. As mentioned above, employing ionic conduc-
tors in composite polymer electrolytes can accelerate ionic 
conduction due to the decreased degree of crystallization of 
the ion-conductive polymers and the generated ion-conduc-
tive paths in the solid polymer electrolytes. In other words, 
3D solid-state electrolytes fabricated on 1D nanofibers can 
facilitate  Li+ transport. This compositing polymer electro-
lyte generally can not only enable higher ionic conductivity 
but also reinforce the composite electrolyte.

As early as 2005, Wang et al. [124] reported the integra-
tion of ceramic conductive fibers made of  La0.55Li0.35TiO3 
into a polymer electrolyte (PEO-LiN(SO2CF2CF3)2), which 
demonstrated an enhanced room temperature ionic conduc-
tivity of 5.0 ×  10−4 S  cm−1 and an increased transference 
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number of 0.7. However, the  La0.55Li0.35TiO3 fibers, as 
shown in Fig. 6A, had diameters as large as 15 μm, since 
these fibers were made from a wet spinning method that 
can only produce micron-scale fibers. As a comparison, Liu 
et al. [125] fabricated  Li0.33La0.557TiO3 (LLTO) nanowires 
through electrospinning. The electrospun LLTO nanofibers 
had much smaller diameters of 140 nm (Fig. 6B). An unprec-
edented room temperature ionic conductivity of 2.4 ×  10−4 
S  cm−1 was achieved when 15 wt% (wt% means the weight 
percentage) nanowires were incorporated with the PAN-
LiClO4 electrolyte, which represented an improvement of 

more than three orders of magnitude compared with the 
ionic conductivity of the PAN-LiClO4 electrolyte without 
LLTO nanowires. When a certain number of ceramic nanow-
ires was added, the conduction of Li ions in this composite 
electrolyte mainly took place in the polymers and on the 
surfaces of the ceramic wires, as illustrated in Fig. 6B. The 
A-site vacancy-enriched surfaces provided fast pathways for 
Li ion hopping. Likewise, PVDF-based electrolytes were 
also reinforced by other ceramics, such as  Li0.33La0.55TiO3 
[126] and  Li7La3Zr2O12 [127].

Fig. 6  Electrospinning of ceramic/polymer composites into nanofib-
ers as templates for polymer electrolyte infiltration: A photos of 
 La0.55Li0.35TiO3 fibers with diameters of 15 μm. Reprinted with per-
mission from Ref. [124]. Copyright © 2015, American Chemical 
Society; B schematics of the preparation of  La0.55Li0.35TiO3 nanofib-
ers via electrospinning and the ion conduction paths in the PAN/
La0.55Li0.35TiO3 composite electrolyte. Reprinted with permission 
from Ref. [125]. Copyright © 2019, American Chemical Society; C 

electrospinning of ceramics/polymer (LLZO/PVP) nanofibers for pol-
ymer composite electrolytes (PEO/LiTFSI). Reprinted with permis-
sion from Ref. [128].  Copyright © 2018, Royal Society of Chemisty; 
and D schematic illustration of ion conduction pathways in composite 
polymer electrolytes by using (a) no fillers, (b) ion-conductive fillers, 
and (c) ion-conductive fillers with enhanced surface ionic conductiv-
ity. Reprinted with permission from Ref. [134]. Copyright © 2019, 
Elsevier Ltd.
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In the preparation of ceramic nanowire-based SSEs, the 
dispersion of ceramic nanowires in the polymer is critical 
because ceramic nanowires easily aggregate, which can 
reduce the ionic conductivity. To address this challenge that 
occurs in the mixing process, Fu et al. [128] developed a 
freestanding ion-conductive ceramic  (Li6.4La3Zr2Al0.2O12) 
membrane through electrospinning and then infiltrated 
it with polymer electrolyte (PEO-LiTFSI), as shown in 
Fig. 6C. The ceramic nanofibers had diameters of 138 nm 
and formed a 3D network for ionic conduction that enabled 
a high room temperature ionic conductivity of 2.5 ×  10−4 S 
 cm−1. Meanwhile, this solid-state composite electrolyte had 
enhanced mechanical strength. When it was coupled with 
Li metal, good cycling stability was achieved, suggesting 
effective dendrite suppression. Similar designs were also 
reported in other works, where the fabricated solid com-
posite electrolyte delivered enhanced ionic conductivities 
(>  10−4 S  cm−1), good stability with respect to Li, and a 
widened electrochemical stability window [129–133]. Nota-
bly, employing solid-state nuclear magnetic resonance, Yang 
et al. [134] confirmed that the transport of Li ions in these 
solid-state composite electrolytes is based on intrapolymer, 
intraceramic fiber, and interfacial transport, as illustrated in 
Fig. 6D. The ionic conductivity was greatly increased when 
the interfacial transport was enhanced.

3.1.3  Structure‑Designed Electrospun Nanofibers For SSEs

Although electrospinning is versatile for designing numer-
ous nanostructures of nanofibers that have attracted exten-
sive attention for applications in supercapacitors and multi-
ple types of batteries using liquid electrolytes, their current 
applications in ASSLBs are just at the initial stage. The 
utilization of randomly fabricated nanofibers as scaffolds 
for polymer electrolyte infiltration was the main focus. 
Reported nanostructure designs of electrospun nanofibers 
for the enhancement of ionic conductivity of solid polymer 
electrolytes have started to use the well-aligned patterns and 
porous structures of electrospun nanofibers. It was reported 
for the first time, by Liu et al. [35], that well-aligned LLTO 
nanowires have been fabricated by electrospinning and 
used as fillers to be added to PAN/LiClO4/DMF solutions. 
The SSEs were prepared by casting the well-aligned LLTO 
nanowires and PAN/LiClO4 solution into a film by using a 
doctor blade. In comparison with random LLTO nanofibers, 
the aligned nanowires can provide a straight pathway, with-
out crossing junctions to interrupt ionic transport, resulting 
in fast ion conduction along the nanowire (Fig. 7A). The 
ion conductivity measured at 30 °C was 6.05 ×  10−5 S  cm−1, 
representing a tenfold increase compared with that of the 
random ceramic nanowires (5.40 ×  10−6 S  cm−1).

Likewise, a well-aligned ceramic  Li6.4La3Zr2Al0.2O12 
(LLZO) nanofiber film was prepared by electrospinning its 

precursors with PVP polymers [135]. After calcination at 
800 °C in air for 4 h, densified LLZO ceramic nanofibers 
were obtained (Fig. 7B). Their SSEs were prepared by cast-
ing the PVDF/LiClO4/N-methyl pyrrolidone solution into 
aligned LLZO nanofiber films, which had an ion conduc-
tivity of 1.16 ×  10−4 S  cm−1 at 30 °C. The ASSLBs made 
of this aligned LLZO-based SSE, a high-voltage cathode 
of  LiNi0.8Co0.15Al0.05O2 (NCA), and a lithium metal anode, 
have exhibited a high termination charging voltage (4.6 V 
under 0.2 C at 25 °C), high initial discharge capacity (146 
mAh  g–1 at 0.2 C), and high coulombic efficiency (> 95%).

In addition to the aligned patterns, porous structures of 
nanofibers have been advanced for SSE fabrication. Yu et al. 
[62] prepared a freestanding  Li2SO4-doped mesoporous 
 SiO2 nanofiber film through electrospinning and used it as 
a host for polymer electrolytes. As shown in Fig. 7C-a, the 
electrospinnability of tetraethyl orthosilicate (TEOS, as the 
 SiO2 precursor) and  Li2SO4 was enabled by PVA polymers. 
The porous structure was generated by the degradation of 
the PVA polymer during calcination at 500 °C in air, as 
introduced in Sect. 2.3.2. PEO and LiTFSI were dissolved 
in acetonitrile and dropped onto  SiO2 porous nanofibers to 
make SSEs.  Li2SO4, which is inherently Li-ion conductive, 
improved the interaction between PEO and  SiO2 nanofib-
ers at their interfaces (Fig. 7C-b). All these  SiO2 nanofiber 
structural designs enabled the preparation of SSEs with a Li-
ion conductivity of 3.9 ×  10−5 S  cm−1 at 25 °C. The ASSLB 
full cell assembled from this  SiO2 nanofiber-based SSE, 
 LiFePO4 cathode, and Li metal anode had stable cycling 
performance with high specific capacities (over 80 mAh  g−1, 
50 cycles at 0.5 C, 60 °C).

In summary, with the incorporation of these structurally 
designed electrospun nanofibers to enhance Li-ion conduc-
tivity, it is certain that a more complex functional nano-
structure design has great potential to enhance the ionic 
conductivity of SSEs and the electrochemical performance 
of assembled ASSLBs.

Notably, solvents have been used in the preparation of all 
the above SSEs. Although the solvents were removed, the 
utilization of solvents for ASSLB fabrication is still under 
debate for the possible deterioration in the ionic conductiv-
ity of SSEs and the cycling performances of ASSLBs. First, 
the electrospinning of the precursors of ceramic nanofibers 
must be enabled by a polymer, which needs to be dissolved 
for electrospinning. As summarized in Table 2, PVP is the 
most commonly used polymer, and a DMF/acetic acid cosol-
vent with a certain ratio is a generally used solvent to dis-
solve PVP and disperse the precursors. Most solvents used 
for the preparation of ceramic nanofibers can be removed 
during the electrospinning process. The possibly remain-
ing trace solvents can be completely removed in subsequent 
high-temperature heating treatments, such as calcination/
sintering. Second, all aforementioned SSEs were prepared 
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by dissolving the ion conductive polymer and Li salt in 
organic solvents and then compositing them with ceramic 
nanofibers. The most common solvents used in this process 
are DMF, acetonitrile, and NMP (Table 2). Acetonitrile 
has a relatively low boiling point (82 °C), while DMF and 
NMP have much higher boiling points at 153 and 202 °C, 
respectively (Table 2). Even though vacuum drying has been 
widely used to remove solvents, as summarized in Table 2, 
trace solvents may remain in the SSEs, especially when 
high-boiling point solvents such as DMF and NMP are used 
[35]. Additionally, the strength of the interactions between 
the solvent and polymer in SSEs can impact the removal of 

the solvents; for example, PAN with abundant nitrile groups 
is very polar and can form strong dipole–dipole interactions 
with DMF, which can remain in the SSEs even after dry-
ing at 120 °C for 1 week [136]. Boiling points, interactions 
with the polymer used for SSEs, and proper drying methods 
should thus be considered during the selection of solvents.

Foran et al. [137] systematically reviewed the impacts of 
retained solvents on the performances of both solid poly-
mer electrolytes and ASSLBs, although most understand-
ing presented in the work is based on conventional lithium-
ion batteries using liquid electrolytes. On the one hand, the 
remaining solvents in the SSEs, even at ppm-level content, 

Fig. 7  Nanostructural design of nanofibers through electrospinning 
to enhance the ionic conductivity of the SSEs: A illustration of the 
possible mechanism by which aligned electrospun ceramic nanofib-
ers enhance Li-ion conductivity. Reprinted with permission from Ref. 
[35]. Copyright © 2017, Springer Nature; B an example of the prepa-
ration of well-aligned LLZO ceramic nanofibers through electrospin-
ning as a scaffold for polymer electrolyte preparation. Reprinted with 
permission from Ref. [135]. Copyright © 2012, American Chemi-
cal Society; and C preparation of a  SiO2 nanofiber with mesoporous 

structures through electrospinning for a composite polymer electro-
lyte. Reprinted with permission from Ref. [62]. Copyright © 2019,  
John Wiley & Sons, Inc. In panel (C), (a) is the schematic for the 
preparation of the  SiO2/Li2SO4/PEO composite polymer electrolyte, 
and (b) displays the fast  Li+ conduction of the composite polymer 
electrolyte that is enabled by the embedded  SiO2/Li2SO4 nanofibers. 
Reprinted with permission from Ref. [62]. Copyright © 2019,  John 
Wiley & Sons, Inc.



 Electrochemical Energy Reviews            (2022) 5:18 

1 3

   18  Page 16 of 37

can enhance the lithium ion conductivity [137]. The under-
lying mechanism for such enhancement is (1) solvents may 
decrease the crystallinity of the polymer and lower its Tg, 
which can improve the mobility of the polymer and enhance 
lithium ion hopping in and/or between polymer chains; (2) 
polar solvent has a high affinity to lithium ions, which can 
enhance ion dissociation and increase ion mobility; and (3) 
solvent can serve as a plasticizer to better separate polymer 
chains, which can increase the free volume between poly-
mer chains and thus improve polymer segmental mobility 
[137]. On the other hand, although solvent can enhance the 
ionic conductivity of SSEs, it may reduce the electrochemi-
cal performance of the assembled ASSLBs when the sol-
vent content exceeds a certain amount, for example, several 
hundred ppm [137, 138]. The impacts of solvents on the 
assembled lithium battery performance mainly include: (1) 
solvent interaction with the anode to trap lithium ions and 
induce irreversible loss in rate capacity; for example, mois-
ture can form C–OH sites with a graphite anode to disturb 
the formation of the solid-electrolyte interface (SEI) layer 
[137, 139] and acetonitrile has been reported to degrade 
the SEI layer formed between a lithium metal anode and a 
 LiPF6-acetonitrile electrolyte [140]; (2) a hygroscopic cath-
ode may absorb moisture, and water decomposition during 
charging can increase the rate of aging and corrosion, thus 
decreasing battery cycling stability [141, 142]; (3) the poly-
mer electrolyte might be more hygroscopic than the cathode 
and absorb moisture that can result in decreased cycling per-
formance, rate capacity, and mechanical performance [137, 
139].

Overall, complete removal of solvents is certainly an 
essential requirement for ASSLBs. Studies on conventional 
lithium batteries can deliver fundamental understanding 
about how remaining trace solvents impact battery per-
formance, but how the trapped solvents can impact the 
electrochemical and other performance attributes (such as 
mechanical properties) of ASSLBs is still under study. The 
most commonly used drying technologies, as presented in 
Table 2, are probably not capable of reducing the solvent 
content to an acceptable level, such as several hundred mol/
μmol. However, the solvent level and its impacts are sel-
dom reported in most works about ASSLBs. More attention 
from academia is urgently needed to address the mechanistic 
understanding of solvent impacts and to develop efficient 
solvent removal technologies for ASSLBs.

3.1.4  Polymer Modification to Enhance the Ionic 
Conductivity of SSEs

Electrospinning is versatile and universal for processing 
most polymers into nanofibers. Because of this inherent 
merit, chemical modification of existing Li-ion conduc-
tive polymers could be implemented in electrospinning 

technology. In this section, we review current chemical 
modifications of polymer structures for enhanced ionic 
conductivity and transference number. The regulated poly-
mer structures can be integrated with the structural design 
of electrospinning, as discussed above, to enable superior 
SSEs. Although the possible impacts of such chemical modi-
fications on the geometry and ion-conducting properties of 
the resultant nanofibers have not yet been reported, the exist-
ing strategies for enhancing polymer ionic conductivity by 
regulating polymer properties could concurrently improve 
the electrospinnability and elaborate structural design of 
electrospun nanofibers. In this section, we systematically 
reviewed how chemical regulation of polymers can enable 
high-performance SSEs, which can provide guidance for 
SSE improvement that could be of great interest to readers.

PEO was the first polymer reported by Fenton et al. [143] 
to conduct Li ions and has attracted extensive attention for 
making SPEs because PEO has a high donor number for  Li+ 
ions, chain flexibility, high dielectric constant, and strong 
 Li+ solvating ability [144]. The mechanism, as revealed, 
involves the dissociation of a Li salt by the polymer back-
bone and the transport of the resulting ionic species via ion 
hopping or chain segmental motion (Fig. 8A) [31]. Although 
PEO is among the best Li-ion conductive polymers known 
to date, its ion conductivity and transference number along 
with those of many other polymer electrolytes have been 
sought and still need to be improved. Numerous chemical 
modifications and polymer structural designs have been 
developed in recent years, focusing on (1) lowering the Tg 
and reducing the crystallinity of polymers to enhance Li ion 
transport, and (2) controlling the dielectric constant and the 
solvation site of polymers to enhance Li salt dissociation and 
the transference number. These chemical modifications have 
enabled the high ionic conductivity of polymers and could 
improve the miscibility of the modified polymer with guest 
molecules for enhanced electrospinnability, especially poly-
mers with decreased Tg and increased dielectric constants.

3.1.4.1 Strategies for  Polymer Design to  Enhance Ionic 
Conductivity The design of polymer structures to enhance 
ionic conductivity mainly addresses the reduction of pol-
ymer crystallinity to decrease the number of Li transport 
blocks and the decrease in Tg to improve polymer segmental 
motion. Several strategies have been developed to regulate 
and synthesize novel structured polymers. The first strategy 
is to engineer polymer side chains (Fig. 8B). As developed 
by Sun et al. [145] three types of comb-like peptoid (n = 20) 
homopolymers with ethylene oxide (EO)n side chains of 
different lengths were synthesized. When the side chain 
increased from one EO unit to three EO units, the Tg of the 
polymer decreased from 38.6 to − 26.4 °C. As a result, the 
ionic conductivity increased ten-fold, although it was meas-
ured at a very high temperature of 100 °C.
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The second extensively used strategy is to synthe-
size hyperbranched EO-based polymers [146], which can 
reduce polymer crystallinity to enhance ionic conductivity. 
Hawker et al. [147] used methyl 3,5-dihydroxybenzoate as 
the branching point to prepare a PEG-based hyperbranched 
polymer (Fig. 8C) that had an ionic conductivity of 7 ×  10−5 
S  cm−1 at 60 °C. Moreover, Nishimoto et al. [146] copoly-
merized 2-(2-methoxyethoxy)ethyl glycidyl ether (MEEGE) 
with EO to form a P(EO/MEEGE) with ether branching 
units that was followed by photopolymerization in the pres-
ence of acrylic acid to form a hyperbranched polymer. The 
ion conductivity was as high as 1 ×  10−4 S  cm−1 at room 
temperature.

Third, many block copolymers have been synthesized 
to form well-ordered molecular structures and to sup-
press polymer crystallinity, such as PS-b-PEO [148], PP-
b-PEO-b-PP [149], and PS-b-PEO-b-PS [150]. In addi-
tion to these linear AB and ABA block copolymers, more 
complex brushed block copolymers have been synthesized 

(Fig. 8D), which have a polynorbornene backbone with 
PS and PEO (PS-b-PEO-b-PS) brushes [151]. In compari-
son with linear AB and ABA block copolymers, this ABA 
brush block copolymer had improved ion conductivity and 
lower elastic modulus [151]. A triblock copolymer was 
also synthesized by grafting a Li salt (poly(styrene tri-
fluoromethane sulfonylimide of lithium, P(STFSILi)) to 
the PEO polymer [152]. The resultant BAB block copoly-
mer of P(STFSILi)-b-PEO-b-P(STFSILi), as shown in 
Fig. 8E, has revealed synthetic improvement in single-ion 
conductivity (1.3 ×  10−5 S  cm−1 at 60 °C), transference 
number, mechanical strength, and stable electrochemi-
cal window up to 5 V versus  Li+/Li [152]. Recently, a 
three-dimensional intercalated block copolymer of PEG-
b-hexamethylene diisocyanate trimer was reported, which 
had a high ionic conductivity of 5.7 ×  10−4 S  cm−1, a high 
transference number of 0.49, and a wide electrochemical 
window up to 4.65 V [153].

Fig. 8  Strategies to enhance the ionic conductivity of solid polymer 
electrolytes by modifying polymer molecular structures: A mecha-
nism of ionic conduction. Reprinted with permission from Ref. [31]. 
Copyright © 2019,  Springer Nature; B side-chain engineering of 
polymer. Reprinted with permission from Ref. [145]. Copyright © 
1999, American Chemical Society; C polymer branching. Reprinted 
with permission from Ref. [147]. Copyright © 2012, IOP Publishing; 

D polymer brush. Reprinted with permission from Ref. [151]. Cop-
yright © 2013,  Springer Nature; E block copolymer for the single 
polymer conductor (ionomer). Reprinted with permission from Ref. 
[152]. Copyright © 2021, Elsevier Ltd.; and F polymer crosslinking. 
Reprinted with permission from Ref. [154]. Reprinted with permis-
sion from Ref. [155]. Copyrights © 2015 and 1995,  John Wiley & 
Sons, Inc. and IOP Publishing, respectively
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Fourth, crosslinked polymers were designed with tunable 
structures to concurrently enhance the ionic conductivity 
and lower the mechanical properties to resist Li dendrite 
growth. For example, a polyethylene-PEO polymer was 
synthesized by ring-opening metathesis polymerization 
(ROMP) in which PEO served as the cross linker (Fig. 8F-a) 
[154]. Pan et al. [155] used an inorganic crosslinker, poly-
hedral oligomeric silsesquioxane (POSS), to synthesize a 
PEG-based crosslinked polymer electrolyte (Fig. 8F-b). The 
structure of the crosslinked polymer can be easily tuned by 
changing the ratio of POSS and PEO.

Finally, low molecular weight polymers that have a high 
dielectric constant have been used as polymer plasticizers, 

such as PEG [154], propylene carbonate [156], butylene car-
bonate [156] and ethylene carbonate [156, 157], to enhance 
the ion conductivity of polymer electrolytes. Such plasticiz-
ers can decrease the crystallinity of the polymer and enhance 
Li-ion dissolution. Moreover, with the help of plasticizers, 
it is possible to tune the processability of the polymer elec-
trolyte by changing the rheology of the polymer composites 
to assemble polymer electrolyte membranes into all-solid-
state batteries.

3.1.4.2 Strategies for  Polymer Design to  Increase Li‑Salt 
Dissociation and  Ion Transference Number Despite the 
crystallinity and segmental motion of the polymers, their 

Fig. 9  Strategies to enhance Li-salt dissociation and the ionic trans-
ference number of solid polymer electrolytes by modifying polymer 
molecular structures, functional groups, and interactions: A tuning 
solvation sites to enhance ion conductivity through the synthesis 
of polymer structures. Reprinted with permission from Ref. [158]. 
Copyright © 2020, Elsevier Ltd.; B enhancement of the hydrogen 
bonding system. Reprinted with permission from Ref. [159]. Copy-
right © 2016, American Chemical Society; C modification of PEG 

polymer functional groups. Reprinted with permission from Ref. 
[160]. Copyright © 2014, American  Chemical Society; D utilization 
of Lewis acid polymers. Reprinted with permission from Ref. [144]. 
Copyright © 2012, American Chemical Society; and E comparison 
of ionic conductivity and the transference number of reported poly-
mers. Reprinted with permission from Ref. [31]. Copyright © 2019, 
Springer Nature
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interactions and connectivity with Li ions are other main 
considerations for ionic conduction. Another pathway to 
enhance Li-ion conductivity, therefore, is to alter Li-salt 
dissociation and ion-polymer interactions. For this pur-
pose, polymer backbone and side-chain structures, func-
tional groups, and ion-polymer coordination have been 
designed. As shown in Fig. 9A, a series of polymers with 
polyester-based backbones and PEG-based side chains were 
synthesized [158]. These polymers differed with respect to 
oxygen-containing links, including double-bonded carbonyl 
oxygens (green), ester oxygens (orange) and ether oxygens 
(purple) in the backbone and ether oxygens (blue) in the 
side chains (Fig. 9A-a), therefore providing different solva-
tion sites for Li ions. According to the molecular dynamics 
simulation, these oxygen atoms displayed different distri-
butions in the polymers (Fig.  9A-b), and a more uniform 
distribution of solvation sites (1a and 3b in Fig. 9A-b and 
9A-c) instead of a higher number of binding atoms has been 
reported to enhance the connectivity of Li ions to the poly-
mers (Fig. 9A-c).

Regarding ion-polymer interactions, Liu et  al. [159] 
reported regulation through the formation of hydrogen 
bonds, where aramid nanofibers (ANFs) were added into 
the PEO/LiTFSI polymer electrolyte to form hydrogen bonds 
with both PEO and LiTFSI (Fig. 9B-a), which facilitated 
Li-ion dissociation, prevented PEO crystallization, and regu-
lated the ionic transport path along the ANF (Fig. 9B-b). 
In their study, up to 5% addition of ANF (Fig. 9B-c) dis-
played the most improved ionic conductivity. The ASSLBs 
assembled using this ANF-based solid polymer electrolyte, 
 LiFePO4 cathode, and Li-metal anode exhibited a high spe-
cific capacity (159 mAh  g−1 at 0.1 C, 30 °C) and cycling 
stability (135 mAh  g−1 after 100 cycles at 0.4 C, 40 °C).

Moreover, a strategy has been reported to change the 
chain-end functional groups of PEG to increase both the 
Li ion transference number and ionic conductivity at room 
temperature [160]. As shown in Fig. 9C, the end-chain 
hydroxyl groups of PEG were methacrylated and produced 
two types of PEG-derived polymers with methacrylate at 
one end (poly(ethylene glycol) methyl ether methacrylate, 
PEGM) or both ends (poly(ethylene glycol) methyl ether 
dimethacrylate, PEGDM).

Finally, the Li-ion transference number was enhanced by 
improving the ion-polymer coordination. Most strategies to 
increase the ion-polymer coordination focused on the inter-
molecular interaction between  Li+ and the polymer, for 
example, decreasing Tg and thus the segmental motion of the 
polymers. These strategies have been applied for Lewis base 
polymers such as the traditional PEO polymer, which can 
form relatively strong cation-polymer interactions. Unlike 
from these modifications, Savoie et al. [144] used Lewis acid 
polymers (polyborates) that exhibit strong anion-polymer 

coordination to indirectly enhance Li-ion dissociation and 
transference numbers (Fig. 9D).

In summary, the ionic conductivity and transference num-
ber of the generally used polymers are shown in Fig. 9E. Pol-
yesters of poly(ethylene carbonate) (PEC) and poly(vinylene 
carbonate) (PVCa) showed balanced values of the ionic con-
ductivity and the transference number [31]. However, the 
higher ionic conductivity and its trade-off with the transfer-
ence number still need to be much improved to reach values 
on the order of  10−3 S  cm−1 at room temperature, which is 
critical for achieving the implementation of ASSLBs in the 
near future.

3.2  Electrospinning of Nanofibers for the Electrodes 
of ASSLBs

The current focus of applying electrospinning technology 
to ASSLBs is heavily focused on SSEs, as systematically 
reviewed in Sect. 3.1. For electrodes, to the best of our 
knowledge, only a few published works have used electro-
spinning technology to make anodes or cathodes of ASS-
LBs, although numerous works have utilized electrospun 
nanofibers for the electrodes of liquid Li-ion batteries. Since 
a large number of reviews have already introduced state-
of-the-art applications of electrospinning in liquid Li-ion 
battery systems [25, 28, 42, 161–165], we focus only on 
ASSLB electrodes in this section. The inherent advantages 
of nanofibers, including their shortened ionic diffusion 
pathways, higher specific surface area with improved inter-
facial contact between electrodes and electrolytes, and the 
freestanding feature of the formed nanomats, contribute to 
the foundation of flexible ASSLB electrodes [161]. Basi-
cally, electrospun nanofibers in ASSLB electrodes have been 
advanced as skeletons to support or confine the deposition 
of active materials. The versatility of electrospinning tech-
nology in controlling porosity has been exploited for the 
anodes of ASSLBs. Such functionalization has also been 
enabled by electrospinning highly ion-conductive ceramic 
nanofibers as sulfur hosts for the cathodes of all-solid-state 
Li-sulfur batteries. These advancements could initiate fur-
ther development of both anodes and cathodes by exploring 
the versatility of electrospinning in the structural design of 
electrodes for addressing current challenges in ASSLBs.

3.2.1  Fabrication of ASSLBs Anodes Through 
Electrospinning

Anodes in ASSLBs generally include conventionally utilized 
graphite and its alternatives, such as silicon (Si), tin (Sn), 
and germanium (Ge) [100]. Carbon nanofibers have been 
made by using electrospinning to confine the active materi-
als that are used as the anode of the ASSLBs. One of the 
most challenging issues of the ASSLB anode lies in the large 
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volumetric expansion, such as 320% for Li–Si alloy during 
charging [166] and 260% for Li-Sn alloy during Li insertion 
[100], which can generate anisotropic stresses on pulver-
ized alloy nanoparticles and thus significantly reduce the 
stability of the resultant ASSLBs. To address the challenge, 
Nam et al. [100] reported a confining strategy through the 
electrospinning of alloy-carbon nanofibers in which tin was 
confined by carbon to prevent pulverization. To fabricate this 
alloy-carbon fiber, tin acetate and PAN polymers were elec-
trospun into nanofibers and then calcinated to form tin@car-
bon nanofibers (Fig. 10A-a). Controlling the porosity of the 
PAN-derived carbon nanofibers was critical to confine the 
tin in the carbon nanofibers. The carbon matrix also served 
as the conductive framework to minimize anisotropic stress 

during charge–discharge processes. As shown in Fig. 10A-b 
and 10A-c, tin nanoparticles (average diameter 15.18 nm) 
were evenly distributed inside carbon nanofibers without the 
exposure of tin, which was achieved by effectively control-
ling the calcination conditions. The total pore volume of 
the resultant tin@carbon nanofiber was as low as 0.021 7, 
enabling excellent cycling performance of the anode after 
assembly with glass SSEs (77.5Li2S-22.5P2S5), which had 
an initial capacity of 762 mAh  g−1 at 0.05 C and 592 mAh 
 g−1 at 0.5 C, and a coulombic efficiency over 99.5% after 50 
cycles (60 °C).

Likewise, other nanofiber fabrication technology with 
plasma-enhanced chemical vapor deposition (PECVD) has 
been used to make a core–shell, Si-coated, vertically aligned 

Fig. 10  Applications of electrospinning technology to electrodes of 
all-solid-state batteries: Apreparation of an anodeof an all-solid-state 
Li-ion batterythrough electrospinning (Reprinted with permission 
from Ref. [100]. Copyright © 2015, Royal Society of Chemistry.) 
where (a) is the fabrication scheme of Sn/carbon nanofibers, and (b) 
and (c) are FE-SEM (field emission scanning electron microscopy), 
HR-TEM (high-resolution transmission electron microscopy) and 
EDS (energy-dispersive X-ray spectroscopy) elemental mapping of 

Sn of the Sn/carbon nanofibers, respectively; B fabrication of a cath-
ode of an all-solid-state Li-sulfur battery through electrospinning 
(Reprinted with permission from Ref. [36]. Copyright © 2019, Else-
vier Ltd.) where (a) is the schematic of a CNF/S-PEO/LLTO bilayer 
structure, (b) and (c) are FE-SEM and HR-TEM images of the pre-
pared CNF/S nanofibers, respectively, and (d) and (e) are FE-SEM 
and HR-TEM images of the PEO/LLTO solid composite electrolyte, 
respectively.
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carbon nanofiber (Si-VACNF) anode [166, 167]. The single 
Si-coated fiber had an average diameter at approximately 
450 nm at the tip and a gradually tapered structure, which 
reduced the polarization and increased the electrochemical 
surface area. Although this Si-VACNF anode was employed 
as the host to infiltrate a flexible gel polymer electrolyte 
(GPE) composed of poly (vinylidenefluoride-hexafluoropro-
pylene) (PVDF-HFP) and LiTFSI, its functionalization in 
minimizing the interfacial resistance and accommodating 
the anisotropic stress could motivate the fabrication of an 
ASSLB anode for high capacity and cycling performance.

3.2.2  Fabrication of an ASSLB Cathode Through 
Electrospinning

Regarding the cathode of ASSLBs, electrospinning tech-
nology has been applied to all-solid-state Li sulfur batter-
ies and all-solid-state sodium-ion batteries. Therefore, we 
review current applications of electrospun nanofibers in 
these two types of all-solid-state batteries in this section. 
Most all-solid-state Li-sulfur batteries have to be oper-
ated at or above 60 °C because of the low electronic and 
ionic conductivity of the sulfur cathode. A mechanically 
robust conductive matrix is necessary to buffer the volume 
change of sulfur during charging and discharging. Carbon 
nanofibers with micro- and mesopores are ideal matrices 
for loading sulfur because of their good electrical conduc-
tivity and numerous porous structures to confine sulfur 
expansion during lithiation and avoid pulverization during 
delithiation. Zhu et al. [36] prepared PAN-based carbon 
nanofibers (the average diameter 224 nm) through electro-
spinning and then dropped sulfur/carbon disulfide solution 
onto them (Fig. 10B-a, -b, and -c), which served as the 
cathode of an all-solid-state Li-sulfur battery. Electrospin-
ning was also used to prepare LLTO ceramic nanofibers 
in their study, which were then added to a PEO polymer 
solution for polymer/ceramic composite electrolytes. The 
PEO-LLTO mixture was directly dropped onto the sulfur/
carbon nanofiber (CNF-S) cathode to assemble a bilayer 
structure without an additional electrolyte and separa-
tor layer for an all-solid-state Li-sulfur battery assembly 
(Fig. 10B-a, -d and -e). At room temperature, the bilayer 
framework of CNF-S/PEO-LLTO had a reversible capacity 
of 384 mAh  g−1 at 0.05 C and 262 mAh  g−1 at 0.2 C, and 
over 99% coulombic efficiency after 50 cycles.

Sodium-ion batteries (SIBs) have also attracted extensive 
attention for several advantages of sodium, including its nat-
ural abundance, low price, and similar chemical properties 
to Li [168–171]. However, the large radius of  Na+ (1.02 Å) 
requires cathode materials with a large open framework and 
robust structure [172, 173]. Nanofibers represent a promis-
ing solution to this challenge, although typical solvother-
mal methods other than electrospinning have been used to 

prepare cathodes for all-solid-state sodium batteries. With 
this nanofiber fabrication technology, Gao et al. [174] pre-
pared a  Na3V2(PO4)3 (NVP) nanofiber for the cathode of an 
all-solid-state sodium-ion battery. The cathode was assem-
bled with an electrolyte of PEO/NaClO4/Al2O3, and metallic 
sodium served as the anode. The prepared nanofiber had 
shortened  Na+ insertion/extraction pathways and improved 
interfacial contact, and avoided NVP agglomeration, thereby 
achieving high packing density and high sodium-ion con-
ductivity. The assembled all-solid-state sodium-ion battery 
using this NVP nanofiber as the cathode had a high revers-
ible capacity of 107 mAh  g−1 at 0.2 C and 96 mAh  g−1 at 2 
C, and a good cycling stability of 87.5% capacity remained 
after 1 000 cycles at 2 C.

In summary, even though electrospinning has been used 
only to prepare the cathode of all-solid-state Li-sulfur batter-
ies, nanofiber-based cathodes represent a promising way to 
enhance the rate performance of all-solid-state batteries. The 
good electrochemical performance of the abovementioned 
all-solid-state Li-sulfur batteries and all-solid-state sodium-
ion batteries indicated that electrospinning as a facile tech-
nology for nanofiber fabrication could open a new avenue 
for cathode fabrication. It is also highly expected that the 
versatility of electrospinning in nanostructure engineering, 
as discussed in Sect. 2, could guide the structural design 
of both the cathode and anode of all-solid-state batteries 
toward high capacity, good cycling stability, and superior 
mechanical flexibility.

3.3  Relationship Between the Electrospun 
Nanostructure, Ionic Conductivity, 
and Electrochemical Performance of ASSLBs

As discussed in Sect. 3.1.3, the current application of elec-
trospun nanofibers for ASSLBs has been focused on the 
design of aligned structures, especially aligned ceramic 
nanofibers for composite polymer electrolytes. However, 
the relationship between the alignment of nanofibers and 
the electrochemical performance of ASSLBs is still elusive 
because various factors beyond the alignment of the ionic 
conductive material could play critical roles in defining 
ASSLB performance, such as the polymer binder, active 
materials of the cathode, solid electrolyte thickness, and 
temperature. Therefore, it is necessary to keep these vari-
ants constant to obtain comparable results to determine the 
relationship between nanofiber alignment and electrochemi-
cal performance of ASSLBs. In regard to this consideration, 
only Liu et al. [35] reported solid evidence that aligned elec-
trospun LLTO nanofibers can significantly enhance the ionic 
conductivity compared to LLTO nanoparticles and filler-
free solid polymer electrolytes (Table 3). In their work [35], 
aligned LLTO nanofibers were electrospun on interdigital Pt 
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electrodes; nevertheless, the electrochemical performances 
of the assembled ASSLBs were not presented.

More importantly, the angle of the alignment with respect 
to the ionic transportation path can result in significantly 
different ionic conductivities. As shown in Table 3, regard-
ing the ionic transport direction from one interdigital Pt 
electrode to the other, the CPEs (composite polymer elec-
trolytes) derived from the parallelly aligned LLZO nanofib-
ers (0°) had higher ionic conductivity than the CPEs with 
diagonally aligned LLZO nanofibers (45°) and much higher 
ionic conductivity than that of the CPEs with vertically 
aligned LLZO nanofibers (90°). A high ion conductivity 
(1.16 ×  10−4 S  cm−1) was also reported for the CPEs with 
parallelly aligned LLZO nanofibers (Table 4). For the full 
cell, the direction of the electrospun nanofibers should be 
extremely important for regulating the ion transport path 
among electrodes. As displayed in Fig. 11, nanofibers with 
Z-directions could have straighter ion transport paths along 
the nanofibers, and the ions could be efficiently transferred 
through the interfaces formed between the ceramic nanofib-
ers and solid electrolyte. As a comparison, the ion transport 
between the nanofibers with in-plane alignment (X- and 
Y-directions) is directed perpendicular to the fiber direction, 
which could decrease the ionic conductivity. The randomly 

deposited nanofibers, as discussed above, have cross junc-
tions that could result in lower ionic conductivity than that 
of the aligned nanofibers.

Nevertheless, ceramic nanofibers with Z-direction align-
ment, as shown in Fig. 11, have not yet been reported by 
using electrospinning technology. Other technologies, such 
as anode aluminum oxide (AAO) templating [175], ice tem-
plating [176, 177], free drying [178, 179], and porous films 
[180] have also been used to fabricate Z-directed alignments. 
All these Z-aligned solid electrolytes presented a high ionic 
conductivity at the level of  10−4 S  cm−1, which is much 
higher than that of the randomly deposited ceramic nanofib-
ers, as presented in Table 3. For example, AAO has been 
used as the template to prepare Z-aligned PEO polymers 
[175]. Lithium ions were reported to be transported at the 
interface of the ceramic (namely, AAO) and PEO, where 
the Z-aligned transport path significantly enhanced the ionic 
conductivity to 5.82 ×  10−4 S  cm−1 at the electrode level 
[175]. These data were nearly ten-fold higher than the ionic 
conductivity of the parallelly aligned LLTO/PAN composite 
polymer electrolyte (6.05 ×  10−5 S  cm−1, Table 3). The high 
ionic conductivity of the CPEs with Z-directed alignments 
can be attributed to the Z-direction having the shortest ionic 
transportation path [181]. These studies could motivate the 

Fig. 11  Schematics of the elec-
trospun nanofiber alignments 
in the SSEs. The red arrows 
suggest the possible ion trans-
portation paths in electrospun 
nanofiber-derived SSEs
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electrospinning community to prepare Z-aligned ceramic 
nanofibers for the fabrication of CPEs with much improved 
ionic conductivity.

With regard to the relationship between the electro-
chemical performances of the assembled ASSLBs and the 
alignment of nanofibers, we compared the reported ASS-
LBs using LLZO nanofibers with and without alignment. 
As shown in Table 4, the ASSLBs using the CPEs made 
of parallelly aligned LLZO nanofibers had a higher initial 
discharge capacity than those using the CPEs made from 
randomly aligned LLZO nanofibers; however, their cycling 
performance and coulombic efficiency were even lower. 
As the CPEs were infiltrated with different polymers and 
LLZO nanofibers, and the cells were assembled with differ-
ent cathodes using different active materials, it is difficult to 
conclude how the alignments of the nanofibers can impact 
the electrochemical performances of the ASSLBs based on 
current studies. Nevertheless, it is a matter of fact that higher 
ionic conductivity generally induces faster ion conduction 
and lower internal resistance, which can result in enhanced 
rate performances. That is, Z-aligned nanofibers associated 
with higher ionic conductivity than other parallelly, verti-
cally, or diagonally aligned nanofibers could present better 

electrochemical performance for the assembled ASSLBs 
provided the cells were made from the same cathode, anode, 
and other active materials, and the characterizations were 
conducted under consistent conditions.

3.4  Mechanical Properties of Electrospun 
Nanofiber‑Based ASSLBs

In comparison with the great efforts that have been devoted 
to investigating high lithium-ion conductivity, the mechani-
cal performances of SSEs and ASSLBs are less frequently 
discussed (see Table  5, where many publications lack 
mechanical strength data), although their importance has 
been realized by the research community. Mechanical per-
formance is an essential demand for the practical implemen-
tation of ASSLBs. On the one hand, mechanical properties 
must meet the requirements for cell processing, assembly, 
and operation [182]. On the other hand, the mechanical 
properties of SSEs play critical roles in suppressing lith-
ium dendrite growth, facilitating the interfacial resistances 
between the electrode and electrolyte, increasing the inter-
facial stability, and preventing the propagation of mechani-
cal fractures and cracks during fabrication, manufacturing 

Fig. 12  Representative SSEs derived from electrospinning displayed 
excellent flexibility and bendability: A a representative solid poly-
mer electrolyte made of electrospun PI,  Li6PS5Cl0.5Br0.5 and LiTFSI. 
Reprinted with permission from Ref. [119]. Copyright © 2020, Else-
vier Ltd.; B a representative LLTO-based composite ceramic electro-
lyte made from electrospun LLTO, PAN, SN and LiTFSI. Reprinted 
with permission from Ref. [184]. Copyright © 2018, American 

Chemical Society; C a representative LLZO-based composite 
ceramic electrolyte made from electrospun LLZO and infiltrated with 
PEO. Reprinted with permission from Ref. [128]. Copyright © 2018, 
Royal Society of Chemistry and D a representative LATP-based com-
posite ceramic electrolyte made from electrospun LATP with PAN 
(left) and PAN/PEO (right) and LiTFSI. Reprinted with permission 
from Ref. [185]. Copyright © 2020, Springer Nature
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and usage [183]. The demands for ASSLBs with superior 
mechanical properties have grown significantly with the 
thriving development of flexible and wearable ASSLBs 
and electronics. An ideal SSE design for ASSLBs is to con-
currently enable high ionic conductivity, low areal resist-
ance, a wide electrochemical stability window, and superior 
mechanical performance.

The nanomeshes produced by electrospinning generally 
have good flexibility and bendability. It has been widely 
revealed that the as-electrospun nanomeshes of both poly-
mers and ceramic-polymer composites are highly flexible, 
free-standing, bendable, and foldable. The assembled ASS-
LBs can even remain working after partial cutting (-. 5B). 
Such flexibility and bendability are normally demonstrated 
in photographs; for example, representative electrospinning-
derived solid polymer electrolytes [119], and LLTO-based 
[184], LLZO-based [128], and lithium aluminum titanium 
phosphate (LATP)-based [185] ceramic polymer electrolytes 
are shown in Fig. 12-A, -B, -C, and -D, respectively. How-
ever, quantitative characterizations of flexibility and bend-
ability are still largely lacking.

Tensile performances, including tensile strength, Young’s 
modulus, and elongation, have been presented for some elec-
trospinning-derived solid-state electrolytes and electrodes. 
As shown in Table 5, SPEs made of electrospun polymer 
nanomeshes with infiltrated polymers or ceramics nor-
mally have tensile strengths less than 15 MPa, but there are 
large variances in Young’s modulus and elongation. These 
mechanical performances could be largely defined by the 
applied polymers, in which the tensile strength, Young’s 
modulus, and elongation generally increase with increas-
ing molecular weight, crystallinity, and crosslinking of the 
polymer [31].

For the ceramic polymer electrolytes, as shown in 
Table 5, most electrospun ceramics, after infiltration with 
different kinds of polymers and ion conductive materials, 
had a tensile strength of approximately 10 MPa but exhibited 
significant variances in Young’s modulus and elongation, 
similar to those of the CPEs. It is unexpected that Wang 
et al. [131] reported that a CPE made from electrospun 
LLTO with the infiltration of PEO and LiTFSI had a remark-
ably higher Young’s modulus (980 MPa) and tensile strength 

Fig. 13  Lithium dendrites in electrospun ceramic nanofiber-based 
SSEs and assembled ASSLBs: A and B lithium plating and/or 
stripping processes in ASSLBs of Li||PEO-LiTFSI||LiFePO4 and 
Li||LATP/PAN-PEO-LiTFSI||LiFePO4, respectively. Reprinted with 
permission from Ref. [185]. Copyright © 2020, Springer Nature. C 
voltage profiles of the LATP/PAN-based ASSLBs at 0.3  mA   cm−2 
current density, 60  °C. Reprinted with permission from Ref. [127]. 

Copyright © 2016, National Academy of Science. D SEM images 
of the surface (D1) and the cross section (D2) of an SSE of LLZO/
PVDF-HFP/LiTFSI; and E lithium dendrite growth in an LLATO/
PVDF-HFP/LiTFSI SSE when LLATO exceeds a certain content (40 
wt%). Reprinted with permission from Ref. [134]. Copyright © 2019, 
Elsevier
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(16.18 MPa) than all other reported SSEs, as summarized in 
Table 5. In their study, hot pressing at 75 °C under a pres-
sure of 2 N  cm−2 was applied to the as-prepared SPE, which 
might be responsible for the extremely strong mechanical 
performance.

Different from the SSEs, the electrode made from elec-
trospinning had a much lower mechanical performance 
(Table 5) [36]. The reason has been attributed to weak car-
bon fibers made from electrospun PAN [36]; however, the 
performance of the fibers could be modified by optimizing 
the carbonization conditions, including temperature, ramp 
rate, vacuum, and inert gas.

For future directions to improve the mechanical perfor-
mance of SSEs and electrodes, process optimization and 
ceramic-polymer interlinking could be given more attention. 

First, as mentioned above, pressure can be applied to SPEs to 
make denser membranes, which could increase the interac-
tions and thus, the mechanical performance. Likewise, the 
carbonization process should be carefully controlled to pro-
duce high-quality carbon nanofibers. Second, ceramics can 
enhance the mechanical performance of fabricated SSEs. 
The most commonly used ceramics have excellent mechani-
cal properties; for example, the Young’s moduli of LLTOs, 
LLZOs, and LATPs are as high as 200, 150, and 115 GPa, 
respectively [182]. Meanwhile, the fracture toughness of 
LLTO, LLZO, and LATP is approximately 1 MPa  m−2 [182]. 
In fact, ceramics have been reported to increase the mechani-
cal performance of SSEs [36]. However, most composite 
polymer electrolytes still exhibited weak mechanical per-
formance (Table 5), which might be induced by the limited 

Table 3  Structural design 
of LLTO nanofibers by 
electrospinning and its impacts 
on the ionic conductivity of 
composite solid electrolytes 
[35]

LLTO pattern Composite polymer electrolyte Ion conductiv-
ity/(S  cm−1), 
30 °C

Filler-free electrolyte PAN/LiClO4 3.62 ×  10−7

Nanoparticle filling LLTO/PAN/LiClO4 1.02 ×  10−6

Electrospun nanofiber without alignment 5.40 ×  10−6

Electrospun nanofiber with parallel alignment (0°) 6.05 ×  10−5

Electrospun nanofiber with vertical alignment (90°) 1.78 ×  10−7

Electrospun nanofiber with diagonal alignment (45°) 2.44 ×  10−5

Table 4  Structural design of LLZO nanofibers by electrospinning and its impacts on the electrochemical performance of the assembled ASSLBs

NCA,  LiNi0.8Co0.15Al0.05O2; NMC,  Li[Ni1/3Mn1/3Co1/3]O2; s@LLAZO, silane-modified  Li6.28La3Al0.24Zr2O12

Solid Li-ion 
electrolyte

Composite 
polymer 
electrolyte

Cell Ion con-
ductivity/(S 
 cm−1)

ASSLBs performances

Capacity/
(mAh  g–1)

Voltage/V Cycling 
performance 
(capacity 
retention)

Energy 
density

Cou-
lombic 
efficiency

Reference

Electrospun 
LLZO 
nanofiber 
without 
alignment

LLZO/PEO/
LiTFSI

Li|| CPE||Li 2.5 ×  10−4, 
room tem-
perature

N.D N.D N.D N.D N.D [128]

s@LLAZO/
PEGDA/
LiTFSI

LiFePO4 or 
NMC||CPE||Li

4.9 ×  10−4, 
room tem-
perature

158 at 0.2 C, 
44 at 10 C, 
25 °C

N.D 95%, 100 
cycles

N.D 99.4% [133]

LLZO/
PVDF-
HFP/
LiTFSI 
(+ 10% 
LE)

Li|| CPE||Li 9.5 ×  10−4, 
room tem-
perature

140 at 0.2 C, 
81 at 2 C, 
25 °C

N.D 93%, 150 
cycles

N.D 99.9% [127]

LLZO/PAN/
LiClO4

Li|| CPE||Li 1.31 ×  10−4, 
20 °C

N.D N.D N.D N.D N.D [129]

Electrospun 
LLZO 
nanofiber 
with align-
ment

LLZO/
PVDF/
LiTFSI

NCA ||CPE ||Li 1.16 ×  10−4, 
30 °C

213 at 0.2 C, 
25 °C

4.6  ~ 82%, 20 
cycles

N.D  > 95% [135]
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Table 5  Mechanical performances of SSEs and electrodes of ASSLBs fabricated by using electrospinning technology

HPEI-PGC-PCL, hyperbranched polyethylenimine-polyglycolide-poly-ε-caprolactone; PEO-PPO-PEO polyethylene oxide-polypropylene oxide-
polyethylene oxide; YSZ  Y2O3-doped  ZrO2; ND no data
*Estimated from the reported stress–strain curve; **estimated from SEM; #melt electrospinning; ##the diameter refers to sulfur-incorporated car-
bon nanofibers derived from PAN electrospun nanofibers; T.S., tensile strength; MOE, modulus of elasticity; LATP, lithium aluminum titanium 
phosphate; LiFSI, lithium bis(fluorosulfonyl)imide; LLATO,  Li0.33La0.557Ti1−xAlxO3; LPSClBr,  Li6PS5Cl0.5Br0.5

Application of 
electrospinning 
in ASSLBs

Nanofiber 
precursor

Nanofiber structure SSE Mechanical properties Reference

Pattern Diameter/nm Composition Thickness/μm T.S./MPa MOE/MPa Elongation/%

Solid polymer 
electrolyte

PI, PEI Random 500 PI, PEI/
LPSClBr/
LiTFSI

40–70 N.D N.D N.D [119]

PI Random N.D PI/LLZTO-
PVDF/LiFSI

20 11.50 N.D 24.40 [120]

PVDF Random 500 PVDF/C3mpy-
rFSI/LiTFSI

100 3.60 11.2 200* [121]

PI-g-PEO Random 150 PI-g-PEO/PEO/
LiTFSI

20 3.30 93.0 7.30 [123]

LATP-PAN Random 400 LATP-PAN/
PEO/LiTFSI

N.D 10.72 N.D 43.00* [185]

Ceramic 
polymer 
electrolyte

LLTO Random 138 LLTO/PAN/
LiClO4

N.D N.D N.D N.D [125]

LLTO Aligned 645 LLTO/PAN/
LiClO4

N.D N.D N.D N.D [35]

LLTO Random N.D LLTO/PEO/
LiClO4

50–80 5.30* 8.50 60.00 [187]

LLTO Random 281–383 LLTO/PEO/
LiTFSI + hot 
pressing

70–100 16.18 980.0 200.00 [131]

LLTO Random 276 LLTO/PAN/
LiClO4

N.D N.D N.D N.D [129]

LLTO Random 260 LLTO/PEO/
LiClO4

N.D N.D N.D N.D [188]

LLTO Random 740 LLTO/PVDF/
LiTFSI

N.D 9.50 N.D 341.00 [126]

LLTO, PAN Random 500 LLTO@PAN/
SN/LiTFSI

55 3.10 N.D 41.00 [184]

LLATO Random 155 LLATO/PVDF-
HFP/LiTFSI

80 N.D N.D N.D [134]

LLZO Random 100 LLZO/PVDF-
HFP/LiTFSI 
(+ 10% LE)

100 5.30 N.D 47.00 [127]

LLZO Random 138 LLZO/PEO/
LiTFSI

40–50 N.D N.D N.D [128]

LLAZO Random N.D s@LLAZO/
PEGDA/
LiTFSI

50–80 4.20 29.5 19.10 [133]

Al2O3
# Random 200 Al2O3/PEO-

PPO-PEO/
SiO2/LiTFSI

50 N.D N.D N.D [189]

Al2O3
# Random 300 Al2O3/HPEI-

PGC-PCL/
LiTFSI

N.D N.D N.D N.D [190]

Li2SO4/SiO2 Random & 
porous

80 Li2SO4-SiO2/
PEO/LiTFSI

200* 4.20** N.D 170.00* [62]

YSZ Random 55 YSZ/PAN/
LiClO4

N.D N.D N.D N.D [191]

Anode Sn@PAN Confined 200–300** 77.5Li2S- 
22.5P2S5 glass 
SSE

N.D N.D N.D N.D [100]

Cathode PAN Random 237## PEO/LLTO 15 0.12 2.0 8.45 [36]
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compatibility between ceramics and the polymer. Such weak 
compatibility could limit the interconnected bonding, hinder 
dislocation mobility, and lead to brittle and weak behavior. 
Rational design can regulate polymer structures, enhance 
ceramic-polymer interfacial bonding, and improve the bulk 
mechanical properties of solid-state electrolytes [31, 186].

3.5  Lithium Dendrites in Electrospun Ceramic 
Nanofiber‑Based ASSLBs

Lithium dendrites originate from uneven deposition and 
dissolution of lithium metal; they can cause internal short 
circuits, which are a serious safety concern [182, 185], and 
thus represent a major challenging issue for ASSLBs. In 
our previous review, we systematically revisited the growth 
mechanism and suppression strategies addressing lithium 
dendrites in ASSLBs [192]. For ceramic-based SSEs, a 
mechanistic understanding of lithium dendrites refers to: 
(1) nonuniform interfacial contact (such as porous struc-
ture, void defects, and surface microstructure) that initiate 
dendrite growth; (2) grain boundary-induced lithium den-
drite propagation; (3) lithium plating inside SSEs; and (4) 
interphase-triggered lithium dendrite growth [192]. Never-
theless, for a long time, SSEs with a high shear modulus 
have been sought as an effective solution to suppress lithium 
dendrites [192]. As discussed in Sect. 3.4, most ceramics 
have excellent mechanical performance, which enables the 
high mechanical strength of the derived SSEs to meet the 
needs of ASSLBs (Table 5).

Several publications have reported that dendrite-free 
ASSLBs were fabricated by using ceramic-based SSEs 
prepared by electrospinning [127, 184, 185, 187, 193]. In 
addition to the high mechanical performance discussed 
above, the underlying mechanism of dendrite suppression 
was attributed to the structure of the prepared SSEs. As 
shown in Fig. 13A, an ASSLB of Li||LATP/PAN-PEO-
LiTFSI||LiFePO4 was assembled by using LATP/PAN elec-
trospun nanofiber-based SSEs. Compared with the ASSLB 

of Li||PEO-LiTFSI||LiFePO4 using the polymer SSE with-
out electrospun LATP/PAN nanofibers (Fig. 13B), LATP/
PAN nanofibers formed a layer that improved the interfacial 
property between LATP/PAN-PEO-LiTFSI and the lithium 
anode, which promoted the uniform deposition of lithium 
(Fig. 13A). In contrast, Li||PEO-LiTFSI||LiFePO4 had nonu-
niform lithium deposition (Fig. 13B). Electrochemical test-
ing showed that Li||LATP/PAN-PEO-LiTFSI||LiFePO4 had 
stable lithium plating/stripping behavior with a relatively 
steady voltage at 120 mV and no short circuit for 400-h 
charging-discharging cycles, but Li||PEO-LiTFSI||LiFePO4 
had a fluctuating voltage and large voltage polarization dur-
ing charge–discharge cycling (Fig. 13C). It was concluded 
that together with the much smaller change in impedance 
for the 400-h cycling time, the electrospun nanofiber layer 
in Li||LATP/PAN-PEO-LiTFSI||LiFePO4 significantly 
improved the interfacial compatibility between SSEs and 
the lithium anode, which prevented lithium dendrite growth 
[185]. Furthermore, an LLZO nanofiber-based LLZO/
PVDF-HFP/LiTFSI SSE was reported to have a smooth 
surface without cracks or interparticle spaces for dendrite 
penetration (Fig. 13D1), and it also had multiple LLZO 
nanofiber stacking layers (Fig. 13D2) that blocked lithium 
dendrite growth and thus prevented ASSLB short circuits 
[127].

To prevent the formation of cracks and spaces for 
lithium dendrite penetration, the pores and voids formed 
between electrospun nanofibers should be carefully elimi-
nated by infiltrating polymers. In this process, the ratio 
of ceramic nanofibers to polymers is important for lith-
ium dendrite suppression. Yang et al. [134] infiltrated a 
porous film composed of LLATO nanofibers by PVDF-
HFP/LiTFSI to prepare an SSE. When the content of the 
LLATO nanofiber exceeded 40 wt%, it was difficult to 
infiltrate the void spaces in the LLATO nanofiber film with 
the PVDF-HFP polymer. The remaining spaces formed 
cracks after assembling the ASSLBs, which induced pen-
etration of the lithium dendrites (Fig. 13E). The content 

Table 6  Comparison of the advantages, challenges, and performances of different types of electrospun nanofiber-based SSEs

Electrospun nanofiber-based SSEs Advantages Challenges Performances

Conventional casted SSEs Facial preparation, good uniformity 
of SSEs film

Low IC, high thickness, poor pro-
cessability of some polymers

IC  10−7–10−5 S  cm−1

Solid polymer nanofibers-based 
SSEs

Amenable for most polymers, thin 
SSEs, robust mechanical flexibil-
ity, strength, and bendability

Low IC of polymer, uniformity of 
SSEs

IC  10−5–10−4 S  cm−1

Solid ceramic nanofibers-based 
SSEs

Enhanced interfacial transport and 
thus IC, enhanced mechanical 
strength, effective dendrite sup-
pression

Mechanical rigidity, aggregation 
of ceramic nanofibers in SSEs, 
high cost of ceramics and their 
processing

IC≈10−4 S  cm−1

Solid aligned/porous ceramic/inor-
ganic nanofibers-based SSEs

Designed ion transport pathway and 
porous structure, high IC

Elaborate control of electrospinning 
condition and structure formation, 
high cost of ceramics and their 
processing

IC≈10−4 S  cm−1 (up to tenfold 
increase as to SSEs without 
alignment)
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of the added ceramic nanofibers (LLAZO) can be further 
increased to 70 wt% by the modification of the ceramic 
nanofiber surface, which resulted in the improved per-
colation of the polymer matrix (PEGDA) in the ceramic 
nanofiber film [133].

In summary, the high mechanical strength and lay-
ered structure of electrospun ceramic nanofibers in SSEs 
improved the interfacial stability between the solid electro-
lyte and lithium anode and blocked lithium dendrite growth. 
Meanwhile, the pores and voids formed between the elec-
trospun ceramic nanofibers should be carefully eliminated 
by infiltrating with polymers to prevent lithium dendrite 
penetration. However, other effects, such as those of grain 
boundaries, interphases, and lithium plating, on lithium 
dendrite formation and growth in electrospun ceramic 
nanofiber-based ASSLBs, are still elusive based on the avail-
able literature and await further study.

4  Summary and Perspective

ASSLBs have attracted widespread attention due to their 
numerous advantages, such as high degree of safety, electro-
chemical stability, and good cycling performance. ASSLBs 
with a high degree of flexibility have extensive applications 
as flexible and wearable electronics, where safety, mechani-
cal bendability, foldability, and stretchability are essential 
characteristics. Electrospinning is a versatile technology that 
can prepare nanofibers in the form of single fibers, randomly 
deposited nanomeshes, and well-aligned nanowires or nano-
meshes, all of which can be endowed with well-controlled 
orientation, high surface area, and superior mechanical 
flexibility. These merits are often augmented by the ease 
of design and synthesis of nanostructures in electrospun 
nanofibers, including interfibrous pores, hierarchical meso 
and microporous structures, and various nanoengineered 
hollow fiber, fiber-in-tube, nanoparticle-in-tube, tube-in-
tube, multichannel microtube, and lamellar nanostructures 
and fused physical interactions. Nevertheless, the current 
application of electrospinning in ASSLBs is still in the 
early stage. Electrospun nanofibers have been used to pre-
pare SSEs, including mainly: (1) electrospinning polymers 
into nanofibers to serve as electrolyte matrices; (2) elec-
trospinning ion-conductive ceramics into nanofibers (gen-
erally enabled in polymer blends) to infiltrate or mix with 
polymer electrolytes; and (3) electrospinning aligned and/
or porous ceramic or inorganic nanofibers to infiltrate or 
mix with polymer electrolytes. The advantages, challenges, 
and performance of these types of SSEs are summarized in 
Table 6. Compared to conventional SSEs made by polymer 
casting, electrospinning is amenable for most polymers. In 
addition, electrospun nanofiber-based SSEs have relatively 
reduced thickness and enhanced ionic conductivity and 

mechanical strength, although they generally involve more 
fabrication steps and less uniform SSEs. When the three 
types of electrospun nanofiber-based SSEs are compared, 
as shown in Table 6, solid polymer nanofiber-based SSEs 
are easily prepared and have robust mechanical flexibility, 
strength and bendability but lower ionic conductivity limited 
by the polymer. Ceramic nanofiber-based SSEs have much 
enhanced ionic conductivity and further enhanced mechani-
cal strength, but their fabrication needs more elaborate con-
trol, especially the electrospinning of aligned and/or porous 
nanofibers. However, the high cost of the raw materials of 
ceramics and the associated high cost in using high-temper-
ature sintering processes are major challenges for current 
ceramic-based SSEs [194]. Moreover, ceramic nanofibers 
should be well dispersed to avoid aggregation in composite 
SSEs. For the highest ionic conductivity, ceramic nanofiber-
based SSEs with well-aligned structures and cost-effective-
ness represent state-of-the-art for future SSEs.

Nanofiber structural design, as discussed in this review, 
can certainly enhance structure and charge transfer in energy 
storage; however, a very limited number of publications 
report synergies between nanofiber structural design and 
ASSLB fabrication. Such synergy of nanofiber engineering 
and ASSLB manufacturing for robust mechanical flexibil-
ity and electrochemical performance will transform future 
Li-battery design according to the following perspectives.

First, pore generation and porous structure control have 
been widely used to increase the surface area and enhance 
electrolyte accessibility in conventional electrodes for energy 
storage in liquid electrolytes, such as aqueous supercapacitors. 
Meanwhile, the porous structure has great potential to enable 
better flexibility of devices (Eq. 1). However, pores might 
impact Li-ion conduction differently in solid electrolytes. The 
pores formed among nanofibers are generally between hun-
dreds of nanometers and several microns in size, and they can 
be functionalized for hosting polymer electrolytes or accom-
modating ceramics, thus enabling considerable Li-ion con-
duction. Most likely, the macropores (> 50 nm) formed on 
nanofiber surfaces or in nanofibers generated by numerous 
technologies (Sect. 2.3) can perform the same functions; how-
ever, it might be difficult for polymer electrolytes or ceramics 
to enter fine pores, such as some mesopores (2–50 nm) and 
micropores (< 2 nm), and the resulting vacancies could play 
negative roles in Li-ion conduction. Further elucidation and 
direct evidence of such effects of different pore types on Li-
ion conduction in the solid-state are urgently needed.

Second, the transportation pathways of Li ions could be 
designed with versatile electrospinning. Currently, aligned 
ceramic nanofibers made from electrospinning are deposited 
in planes that are perpendicular to the Li ion transportation 
direction. Z-aligned transportation pathways that are paral-
lel to Li-ion transport directions could largely enhance the 
ionic conductivity of the ASSLBs. With specially designed 
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collector structures, Z-aligned nanofibers might be produced 
through electrospinning. Other complex nanostructures, such 
as electrospinning variant tubular structures, could open new 
avenues for structural engineering of SSEs and might shed 
new light on regulating the interfaces of polymer-Li salts and 
overcoming the mechanical limit of ceramic-derived SSEs.

Third, the molecular structures of ion-conductive polymers 
are of essential importance for Li-ion conduction. Chemical 
modifications of polymer structures are indubitably an effec-
tive way to augment SSE ion conductivity and transference 
number as well as the mechanical flexibility of ASSLBs. 
Because electrospinning technology is highly feasible for most 
polymers, it is adaptable for polymer structure modification 
and processing, which thus could provide a universal platform 
for manufacturing safe and flexible ASSLBs with superior 
electrochemical stability and good cycling performance.

Finally, controlling the uniformity of the nanomesh thick-
ness and surface roughness during electrospinning represents a 
challenging issue to be overcome for applications in ASSLBs. In 
general, an as-spun nanomesh is thicker at the center and thinner 
at the periphery. This nonuniform distribution of the electrospun 
nanofibers is induced by the inherent difference in the electrical 
potential between the jet and the deposition area because the 
electrical potential tapers off from the center to the periphery 
of the deposition area. The nonuniformity of a nanomesh can 
render poor contact at the SSE||electrode interface, increasing 
the interface impedance and thus deteriorating the electrochemi-
cal performance of the ASSLB [195]. Further development in 
the practical application of electrospinning in ASSLBs may 
encounter even more pronounced challenges related to uniform-
ity when multiple spinnerets are used in electrospinning. Instru-
mental design, such as movable spinnerets or collectors, could 
help improve the uniform deposition of electrospun nanofib-
ers. Other technologies focusing on reducing the impacts of the 
potential field gradient on the deposition of the electrospinning 
jets might provide other pathways for addressing the challenge. 
In the meantime, thin, robust and cost-effective SSEs represent 
a promising direction for future ASSLBs [186, 194, 196]. ASS-
LBs can benefit from thin SSEs with the advantages of high 
energy density, high power density, less utilization of inactive 
materials, and relatively low cost [186, 196]. Electrospinning is 
efficient for fabricating very thin films, which might easily reach 
the ideal SSE thickness, which is < 20 μm [189]. Electrospinning 
is thus expected to offer a highly desirable solution for thin and 
high energy density ASSLBs.

Overall, ASSLBs have emerged as the next generation 
energy storage devices for many flexible and wearable 
electronics and functional materials. Future technological 
advances will lead to the development of novel SSEs with 
superior mechanical properties and high ionic conductiv-
ity, electrodes with high capacity, and assembled ASSLBs 
with good cycling stability. Versatile electrospinning will 
undoubtedly play a significant role in nanoengineering both 

SSEs and electrodes with designed nanostructures to realize 
implementable ASSLBs.
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