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Abstract
Neutral aqueous zinc ion batteries (ZIBs) have tremendous potential for grid-level energy storage and portable wearable 
devices. However, certain performance deficiencies of the components have limited the employment of ZIBs in practical 
applications. Recently, a range of pristine materials and their composites with fiber-based structures have been used to 
produce more efficient cathodes, anodes, current collectors, and separators for addressing the current challenges in ZIBs. 
Numerous functional materials can be manufactured into different fiber forms, which can be subsequently converted into 
various yarn structures, or interwoven into different 2D and 3D fabric-like constructions to attain various electrochemical 
performances and mechanical flexibility. In this review, we provide an overview of the concepts and principles of fiber-based 
materials for ZIBs, after which the application of various materials in fiber-based structures are discussed under different 
domains of ZIB components. Consequently, the current challenges of these materials, fabrication technologies and corre-
sponding future development prospects are addressed.
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Introduction

Despite lithium-ion batteries (LIBs) being the most success-
ful commercial battery, their development for large-scale 
production is currently experiencing severe barriers due to 
high cost and safety concerns [1–3]. The organic electrolytes 
used in LIBs are mostly flammable, toxic, and cause serious 

pollution and endanger human health, thus necessitating 
strict battery manufacturing conditions [4–6]. Therefore, 
abundant research work has begun to focus on new battery 
candidates to partially replace the usage of LIBs [7]. Nota-
bly, aqueous zinc-ion batteries (ZIBs) are now emerging 
for grid-level energy storage and portable wearable devices 
owing to their high reliability, low toxicity, and high ionic 
conductivity efficiency of aqueous electrolytes [8–10]. In 
comparison with the lithium metal anode for LIBs as indi-
cated in Table 1, the zinc (Zn) metal anode endows the bat-
teries with higher ionic conductivity in aqueous electrolyte 
and higher volumetric capacity at a relatively lower cost 
[11–13]. Moreover, the neutral electrolyte generally causes 
less corrosion than the alkaline electrolyte, which enhances 
safety performance. All of these advantages make ZIB one 
of the most promising candidates in recent decades.

With the favorable prospects of ZIBs, substantial efforts 
have been given to their development and advancement [14, 
15]. Nevertheless, some performance issues arising from 
the selection of materials and structures for fabricating 
ZIB components should also be highlighted for continu-
ous improvement of the quality of ZIBs. An aqueous ZIB 
is generally composed of cathode, anode, electrolyte, and 
separator parts. For the cathode materials, researchers have 
extensively investigated active materials such as vanadium 

Hao Jia, Kaiyu Liu, and Yintung Lam have contributed equally to 
this work.

 * Hao Jia 
 jiahao@jiangnan.edu.cn

 * Wenqi Nie 
 wenqinie@163.com

 * Shou-xiang Jiang 
 kinor.j@polyu.edu.hk

1 Key Laboratory of Eco-Textiles, Ministry 
of Education, Jiangnan University, Wuxi 214122, 
People’s Republic of China

2 School of Textile and Garment, Anhui Polytechnic 
University, Wuhu 241000, People’s Republic of China

3 School of Fashion and Textiles, The Hong Kong Polytechnic 
University, Hong Kong 999077, People’s Republic of China

4 Department of Industrial Art (Textile), Kwame Nkrumah 
University of Science and Technology, PMB, Kumasi, Ghana

http://orcid.org/0000-0001-7171-5327
http://crossmark.crossref.org/dialog/?doi=10.1007/s42765-022-00215-x&domain=pdf


37Advanced Fiber Materials (2023) 5:36–58 

1 3

oxide  (VxOy) [16–19], manganese oxide  (MnxOy) [20–22], 
Prussian blue analogs [23], and organic electrode materials 
[24–26] in recent years. However, the electrochemical and 
physical properties of these materials are still inadequate for 
high-performance applications. For example, the transition 
metal oxides suffer from inherent low conductivity, which 
results in unsatisfactory capability and cycling stability [27, 
28]. The capacity of Prussian blue is restricted by severe 
release problems, especially at high operating voltages [29]. 
In addition, organic electrode materials often have lower 
solubility, conductivity, and voltage platforms [24, 30]. For 
the anode materials, most of the researchers tend to use Zn 
foil directly due to its higher corrosion resistance and capac-
ity retention rate in comparison to Zn powder [31]. However, 
Zn dendrites may form on Zn foil anodes due to the imbal-
ances in the electric field distribution [32, 33]. The presence 
of these dendrites intensifies the parasitic reaction of elec-
trolyte decomposition, which contributes to the formation of 
more non-conductive by-products and results in increased 
electrode interface impedance [34]. It is also worth noting 
that continuous growth of dendrites eventually pierces the 
separator and cause short circuits inside the battery, leading 
to the rapid decay of battery capacity [35–37].

With regards to the separator materials, there is no spe-
cific commercial separator available for current ZIBs, and 
the glass-fiber nonwoven fabric remains the most commonly 
used separator in many recent studies [38]. However, the 
challenge is that the glass-fiber separator always suffers from 
structural damage during repeated cyclic processes due to 
its poor mechanical strength [39]. Thus, it is necessary to 
develop novel functional separators for high-quality ZIBs. 
For the electrolyte materials, aqueous-soluble Zn salts with 
a mildly acidic or neutral pH in solution are often chosen as 
the electrolyte in ZIBs. Among them, zinc sulfate  (ZnSO4) 
is one of the most conventional electrolytes by virtue of its 
low cost, high solubility, and excellent electrochemical prop-
erties. To meet the current demands of bendable or wear-
able devices, aqueous ZIBs are expected to possess both 
high energy density and exceptional mechanical flexibility. 
Therefore, the types and structures of electrode materials, 
combinations of the battery components, and physical con-
formation of ZIBs have been brought to our attention.

Materials in fiber-based structures have been gain-
ing popularity for their potential uses because of their 

versatility in material combinations and structural designs, 
high mechanical flexibility, simple preparation methods, 
and numerous practical applications [40, 41]. Fibers are 
generally a kind of soft one-dimensional (1D) material 
with a large length-to-diameter ratio that can be manu-
factured into different dimensions or interwoven into a 
variety of structures for a wide range of applications [42]. 
With various breakthroughs in the development of fiber-
based flexible energy harvesting, energy storage, sensing, 
and display devices, the potential of fiber-based and their 
assemblies in the energy field has been confirmed [43, 
44]. Fiber-based materials can also be beneficial for every 
component of ZIBs as they allow softer, more efficient, 
and convenient applications [45–47]. In terms of the elec-
trodes, nanofiber materials with exceptional flexibility and 
high specific surface area can provide a shortened diffu-
sion pathway and sufficient active sites between the elec-
trolytes and active materials of electrodes [48–50]. They 
can also adapt themselves to volume variations induced by 
the ion intercalation/deintercalation processes, achieving 
improved recycling stability [20, 51]. Besides, functional 
fibers like ceramics and polymers can ensure uniform and 
efficient ion conduction when acting as a separator mate-
rial [52, 53]. More impressively, fiber-based materials with 
diverse morphologies can be employed to fabricate various 
constructions for flexible ZIBs [54, 55]. These fiber-based 
structures can greatly boost energy storage technologies 
especially for individualized flexible and wearable elec-
tronic applications.

In this review, we aim to provide a thorough overview 
of the concepts, principles, and applications of fiber-based 
materials for ZIBs. A variety of recently discovered fiber-
based materials and their assemblies are highlighted in the 
fields of cathodes, anodes, current collectors, and sepa-
rators, as illustrated in Fig. 1. Lastly, current challenges 
including electrochemical performances, large-scale pro-
duction, and applicability of ZIBs in wearables are dis-
cussed, and the corresponding future research approaches 
are proposed. Moreover, the prospects of fiber-based ZIB 
manufacturing and their applications in flexible wearable 
electronics are reconnoitered. We believe that this review 
will serve as the fundamental guidance framework for the 
future development of fiber-based materials for ZIBs.

Table 1  Comparison between the metal anode in LIBs and ZIBs

Element Ionic radius [Å] Standard 
potential versus 
(SHE)

Theoretical gravi-
metric capacity 
(mAh·g−1)

Theoretical volumetric 
capacity (mAh·cm−3)

Ionic conductivity (S·cm−1) Cost of 
metal anode 
(USD·kg−1)

Li 0.76  − 3.04 3860 2061 10–3-10–2 (organic electrolytes) 19.2
Zn 0.75  − 0.76 820 5855 10–1-6 (aqueous electrolytes) 2.2
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Fiber‑Based Materials for Current Energy 
Storage Applications

Fiber-based structures have demonstrated great potential as 
one the most ideal candidates for developing functionally 
versatile materials for next-generation energy storage appli-
cations [56]. Fibers are known to have significantly a longer 
length than their width, and they can exist as nanofiber form 
having a diameter of less than one micrometer [57, 58]. The 
fiber morphology allows their conversion into multiple con-
structions including yarns, fibrous mats and fabrics for a 
number of purposes. It is also worth mentioning that fibers 
can be made from a diverse range of materials originated 
from natural or man-made sources. These features encourage 
their versatility in designing various battery components. 
For instance, recent studies have shown that many electrodes 
have been successfully developed by using metal-based, 
carbon-based, and polymer-based materials in fiber-based 
structures [59, 60]. One of the main advantages of fibers 
is their extremely high surface area to volume ratio, which 
increases the contact area between the electrolyte and the 
electrode, thus contributing to the increased utilization of 
surface active sites [61, 62]. In addition, the use of nanoengi-
neered fiber-structured materials could promote mass trans-
fer rates, resulting in smaller electrode polarization [63, 64]. 
Furthermore, the physical properties of these materials offer 
unparalleled benefits such as high mechanical flexibility and 
decent tensile strength, good stability and desirable durabil-
ity in practical applications [65, 66]. Fiber-based materials 
manufacturing construction system is a long tradition in the 

textile sector, currently supported by sophisticated tech-
niques. A number of functional homogeneous or composite 
fiber manufacturing and modification technologies are also 
available and accessible for different engineering applica-
tions [67]. Most of these are conducive to the manufacturing 
and development of high-performance ZIBs with fiber-based 
materials.

Fiber‑Based Structures for Energy Storage 
Applications

Fiber can be a unit part for the construction of a wide range 
of 1D, 2D and 3D fiber assemblies, which offer high flex-
ibility in fabricating different practical structures. Hence, 
functional and substrate materials in fiber-based structures 
have high potential of being manufactured into different 
dimensions or interwoven into a variety of constructions to 
provide a diversity of functions [68, 69]. It is also worth not-
ing that the application of functional materials in construct-
ing fiber-based structures endows the materials with better 
electrical, mechanical properties and physical attributes as 
opposed to the corresponding material in bulk forms [70, 
71]. Numerous studies have already reported different fiber-
based constructions of active materials for the production 
of advanced ZIB components [72]. For instance, functional 
materials can be converted into different constructions such 
as mono or composite fibers, yarns, fabrics, and fibrous mats 
[73, 74]. Therefore, more materials are able to be utilized 
in distinct parts of ZIBs based on their electrochemical and 
physical behaviors.

Commonly used functional types of fibers, such as 
core–shell or coaxial structured [75, 76], hierarchical struc-
tured [77], and helical fiber [78] have been applied for 
energy storage applications. Specifically, core–shell fibers 
with outer and inner compartments have the synergistic 
properties of the two types of materials used [79]. Hierar-
chically structured fibers with highly porous networks can 
facilitate fast electron/ion transport and high mass loading 
[80]. These fibers can also contribute to the good pliability 
and high flexibility of energy storage devices [75]. More-
over, fiber electrodes could be parallelly wound onto the 
substrate fiber to obtain a helical structured fiber with high 
tensile stability for ultra-stretchable energy storage applica-
tion [81].

Yarn structures can yield better mechanical properties via 
twisting multiple yarns into helical or cable structures. For 
example, thin metal fibers may be twisted into more durable 
and flexible helical structured yarns, and the twisting process 
allows them to be employed in more demanding working 
environments. In addition, yarns made of distinct fiber mate-
rials can be constructed into a single yarn to gain synergis-
tic features. A functional yarn can be twisted with another 
stretchable substrate yarn into a double-helix structured 

Fig. 1  Application of fiber-based materials in ZIBs
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material [81]. With higher tensile strength, uniformity, and 
abrasion resistance, the cable yarns enable themselves to be 
folded without breakage and significant loss of functions 
[82].

Fabrics, fibrous films, and fibrous porous networks can 
be formed by different construction techniques, mainly 
categorized into woven, knitted and non-woven types. For 
example, nanofibers can be woven into porous networks or 
fabrics to enhance active material loading and allow rapid 
electron transfer. Besides, nanofiber films can be produced 
by electrospinning, which is a cost and time-effective strat-
egy to manufacture large-scale materials [83]. Moreover, 
the diverse fabric structure designs of functional materials 
contribute to the expansion of application fields. Notably, 
knitted structures can offer more remarkable stretchability 
than their woven or film counterparts. These fiber-based con-
struction methods for functional materials can enhance the 
production feasibility and scalability of wearable electronics, 
pushing forward the development of flexible and durable 
energy storage devices.

Demand for Functional Fiber‑Based Materials 
for ZIBs

Fiber-based functional materials have been gaining attention 
from various research groups attributing to their versatil-
ity and applicability for aqueous ZIBs [76]. Pristine met-
als, carbon, ceramics, polymers, and their composites have 
shown their necessity to be produced in fiber-based forms 
or incorporated into other fiber-based substrates for better 
electrochemical and mechanical performances, which can 
further encourage the development of efficient battery com-
ponents for ZIBs.

Metal‑Based Materials

Vanadium Vanadium oxide  (VxOy) is known to be a popu-
lar cathode material used in ZIBs. They have garnered sig-
nificant research attention owing to their high rate capac-
ity, excellent rate capability, and outstanding cycle stability. 
Taking  V2O5 as an example, it can achieve multiple redox 
reactions (i.e.  V2+,  V3+,  V4+, and  V5+) and provide a large 
ion transfer pathway with its specific layered structure and 
orthorhombic symmetry. One V atom coordinates with 
five O atoms to form a square pyramid chain with a shared 
corner. These pyramid chains are linked together to form 
layers, which can further be stacked on the c-axis to cre-
ate a layered structure. The distance between these layers 
is 0.43 nm, which is sufficiently large for the intercalation 
of 0.074 nm  Zn2+ ions. However, existing studies have con-
sistently shown that low electrical conductivity and phase 
transformation of the  V2O5 layered structure after  Zn2+ 
intercalation may lead to capacity attenuation [84–86]. Fur-

thermore, some studies have indicated that bulk  V2O5 have 
a comparatively less stable structure, weaker ionic and elec-
tronic conductivity, and a lower ion diffusion coefficient for 
 Zn2+ ions, resulting in unfavorable capacity loss [87]. Nev-
ertheless, it is interesting to find that the limitations can be 
alleviated by the formation of nanostructures.

The nanostructure of active materials plays a key role in 
the activation process, capacity, and stability of electrode, 
and the adoption of nanostructures is one of the most effec-
tive ways to improve the electrochemical performance of 
 VxOy cathode in aqueous ZIBs [88, 89]. The recent research 
on nanostructured  VxOy cathode mainly includes nanobelts 
[90], nanopapers [91], nanowires [92–96], and nanofibers 
[97, 98]. It is worth noting that  VxOy in nanofiber form pos-
sesses unique tunnel transport pathways with larger dimen-
sions and causes fewer structural changes on  Zn2+ interca-
lation, which is conducive to eliminating the limitations of 
solid-state diffusion of ions in the  VxOy electrode [99]. In 
addition, these vanadium-based metal oxides may be grown 
onto fiber-based templates or loaded into other heterogenous 
substrate materials to form hybrid fiber-based structures with 
defect engineering for the enhancement of electrochemical 
performance [100]. The mesoporous composite nanofibers 
formed after calcination can greatly benefit  Zn2+ insertion 
and permeability of electrolyte, which gives more satisfac-
tory performance than its bulk counterparts [48].  VxOy in 
fiber forms has demonstrated remarkable performance, oper-
ational stability, and production feasibility in recent studies, 
and this deserves further investigation in fiber-based  VxOy 
cathodes.

Manganese Manganese oxides  (MnxOy) are deemed as one 
of the most competent cathode materials in aqueous ZIBs. 
They may occur in variable valence states, which contrib-
ute to strong ion storage performance and high specific 
capacity. They can be produced in different crystallographic 
forms, including α-MnO2, β-MnO2, γ-MnO2, and δ-MnO2 
[97, 101–105]. It is notable that α-MnO2 has the higher 
theoretical capacity, voltage, and abundance among differ-
ent forms. However, typical α-MnO2 may suffer from severe 
capacity degradation if the battery is subjected to repeated 
charge–discharge cycles. In addition, the manganese-based 
materials including  MnxOy and their composites are also 
low-priced, low-toxic, and sustainable resources. Neverthe-
less, the poor intrinsic electronic conductivity, proton trans-
port and electrolyte penetration of  MnxOy reduce its specific 
capacitance [106]. Therefore, the issues concerning rapid 
capacity fading and sluggish transport kinetics should be 
addressed before adopting this material for practical appli-
cations.

Approaches like physical doping and nanoengineering are 
commonly employed to improve the properties of  MnxOy. 
In situ fabrication of  MnxOy composites with carbons and 
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polymers can be utilized to improve the rate and cycle per-
formances of the manganese-based cathode in ZIBs [107, 
108]. More so, the nanostructures of  MnxOy like nanofibers 
and nanowires on fiber-based hosts can shorten the ion and 
electron transport pathways, and these constructions can 
maintain higher mechanical integrity for a wider range of 
practical applications when compared with the bulk forms. 
Fiber-based structures of  MnxOy manifest their improve-
ment in electrochemical reversibility and stability, thus the 
rate capability and capacity retention of batteries can be 
enhanced. For example, α-MnO2 in nanofiber form can be 
synthesized using the hydrothermal method and applied as 
a cathode in Zn/MnO2 battery and exhibits excellent rate 
capability and high-capacity retention of 92% after 5,000 
cycles [97]. Although the electrodeposition and hydrother-
mal methods offer outstanding results, scaling up the actual 
manufacturing process is still challenging. Furthermore, the 
tap density of nanosized  MnO2 generated by electrodeposi-
tion and hydrothermal techniques is relatively lower, lead-
ing to a considerable reduction in cell-level energy density. 
Fiber forms of cathode materials have shown more promi-
nent electrochemical performance, yet more effort is still 
required to address the existing limitations.

Other Metals and  Metal Oxides Nanostructured molybde-
num trioxide  (MoO3) is another extensively studied transi-
tion-metal oxide, and it is also a recently highlighted mate-
rial in electrochemical storage. Orthorhombic α-MoO3 is in 
a thermodynamically stable phase with a layered structure 
parallel to (010), which allows guest atomic ions to insert 
splitters between the layers [109]. Thus,  MoO3 holds great 
promise for the high-performance cathode electrode in ZIBs. 
Nevertheless, the electrochemical instability of orthorhom-
bic  MoO3 nanowires can be induced by severe destruction 
and dissolution of active substances in an aqueous electro-
lyte [110]. To alleviate this impact, surface engineering of 
 MoO3 like coating and phosphating process, or electrolyte 
engineering may be employed to allow more decent capac-
ity retention, better cyclic stability, more rapid charge trans-
port, and higher surface reactivity. Fiber-based substrates 
may offer property enhancement to the molybdenum-based 
oxides. To be more specific, carbon cloth can increase the 
surface area and electron mobility of the coated α-MoO3 to 
overcome the intrinsic limitations including retarded fara-
daic kinetics and mass transport [111]. Porous mats fabri-
cated with nanobelts or nanofibers provided a considerable 
amount of interface for the reaction between active materi-
als and electrolyte [112].

Metal materials generally possess excellent conductiv-
ity and mechanical strength; therefore they are potential 
candidates for the preparation of the battery components, 
especially current collector and supporting framework for 
yarn-shaped battery. The fiber-based structures like the yarn 

form of stainless steel offer superior strength, conductivity, 
corrosion resistance, thermal stability, and higher flexibility 
compared to conventional cellulose yarns [113]. Thus, they 
can act as a reliable electrode substrate for the deposition 
of anode and cathode materials [114]. For instance, highly 
porous iron fibers have great mechanical integrity and con-
nectivity within their fibrous structure, and this iron fibrous 
material can provide high conductivity at a lower cost [115]. 
Furthermore, the remarkable conductivity and tensile prop-
erties of silver fibers enable them to be adopted as another 
efficient current collector [81]. To increase the flexibility 
of the yarn-shaped electrode, metal material can deposit 
on another soft material to obtain a conductive and flexible 
electrode [116]. Fiber-based structures can widen the struc-
tural designs of metal-based materials, which further pro-
vide more compatible components for a high-performance 
battery.

Carbon and Ceramic‑Based Materials

Carbon materials are mostly strong, stable, and compatible 
with various materials, which are favorable for the formation 
of composites [117, 118]. They are available in various types 
of physical and chemical structures, and thus are universally 
found in the ZIB components for enhanced electrochemical 
functionality, structural flexibility, and mechanical integrity. 
Carbon materials usually serve as functional dopants, sub-
strates, frameworks, or active surface ingredients to promote 
the electrochemical performance of the battery. The fiber-
based structures of these versatile materials offer a multi-
tude of advantages, mainly including functional enhance-
ment and wider practical designs. One of the distinguished 
improvements of ZIB components with carbon materials is 
the minimization of dendrite growth of Zn. Recent stud-
ies have indicated that hierarchical nanofiber-based current 
collector substrate materials gained a higher electroactive 
surface area and more uniform electric field, resulting in the 
efficient inhibition of Zn dendrite growth [30]. In addition to 
Zn anodes, carbon fiber materials can assist the promotion 
of stability and redox kinetics in cathodes.

In particular, carbon nanotube (CNT) and carbon cloth 
fiber-based structures are widely found in recent energy 
storage studies, owing to their outstanding electrochemical 
performance and mechanical advantages. CNT fibers con-
structed with aligned CNTs can inherit the advantages of 
CNTs and show an additional property of macroscopical 
mechanical flexibility, exhibiting greater potential for wear-
able electronics. CNT fibers together with templates like 
metal–organic framework (MOF) can also form a highly 
conductive 3D nitrogen-doped porous carbonaceous skel-
eton. This core–shell hierarchical structure enables mass 
loading of active materials onto the fiber-shaped cathode 
without the use of binders, favoring the improvement in 
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volumetric capacity, electronic conductivity, and diffusion 
efficiency of the ZIB system [119]. Moreover, a CNT-based 
framework for pristine α-MnO2 can increase the tapped 
density of α-MnO2, which enhances the cell-level energy 
density [20]. Furthermore, carbon cloth, a 2D fabric made 
of carbon fiber, offers a softer alternative to stainless-steel 
foil. It offers outstanding mechanical strength, lightweight 
structure, and excellent electrical conductivity for more 
demanding applications.

To enhance the performance of carbon materials, dif-
ferent modification techniques or assemblies of multiple 
materials can be adopted. Flexible carbon nanofibers may 
be modified easily via embedding functional ingredients 
within the carbonaceous matrix [83] or surface engineer-
ing, with deposition technologies. Different combinations of 
carbon-based fibers and nanosheets can be potentially used 
as ZIB components for wearable applications. For example, 
single-walled CNT fibers and reduced graphene oxide (rGO) 
nanosheets are good complementary materials. Mesoporous 
CNT fibers can prevent restacking between rGO nanosheets, 
thus increasing the surface area. On the other side, rGO 
nanosheets can endow CNT fibers with better electrical con-
ductivity [120]. With all these beneficial properties, ease of 
modification and integrability, fiber-based carbon materials 
are ideal for preparing various cathodes, anodes, and current 
collectors to improve the energy storage performance and 
practicability of ZIBs.

Ceramic materials usually have good hardness, low ther-
mal expansion, and great chemical resistance. Their exten-
sive range of physical and chemical properties means that 
they are suitable for use as ZIB components. Glass fiber 
(GF) is one of the mostly used separators for ZIBs. The 
fibrous fabric endows GF with a higher surface area for bet-
ter absorption of electrolytes, contributing to better ionic 
transportation. Nonetheless, GF separator has low mechani-
cal strength and uneven large pores, thereby the formed Zn 
dendrites have a high chance to pierce through the fragile 
GF separator, eventually causing a short circuit in the cell 
[121]. Therefore, modification strategies like decorating GF 
materials with polar constituents, vertical graphene, GO 
and nitrogen-doped carbon should be adopted to enhance 
the mechanical properties and optimize their performance. 
Besides, Na super-ionic conducting (NASICON)-type, and 
Li super-ionic conducting (LISICON)-type ceramics are 
normally used as crystalline solid electrolytes, and some 
studies have started to explore their potential as separators 
in liquid electrolyte batteries [122].

Polymer‑Based Materials

The majority of the natural and synthetic polymeric materi-
als can be easily manufactured into a variety of fiber-based 
constructions using well-established technologies. Most 

of these polymers are commercially available at reason-
able prices and are thus favorable for large-scale produc-
tion. More importantly, a considerable number of studies 
have shown their advantageous modifiability in versatile 
applications.

Naturally occurring organic polymers like cellulose and 
protein are abundant and renewable, so they encourage the 
sustainable production of functional fiber-based materials. 
Cellulose fibers, the most prevalent natural organic polymer 
on the planet, have high mechanical strength, good hydro-
philicity, decent insulation performance, and favorable bio-
degradability [123]. Their homogeneous porous morphol-
ogy and rich hydroxyl groups also contribute to their use as 
separators [124]. In addition, numerous studies of advanced 
natural fiber materials could be served as references for fiber 
modification. For example, their properties may further be 
enhanced with the incorporation of ceramic materials like 
high dielectric constant zirconium dioxide  (ZrO2) that can 
aid Zn plating/stripping [53]. Furthermore, cellulose can be 
a pore builder for channelling electrolytes and an internal 
wicking agent for extending the operation period of the Zn 
anode [125].

Most synthetic polymers have the advantages of mechani-
cal flexibility to withstand applied force, versatility to cus-
tomize functional groups, and good modifiability to be pro-
duced by novel processing technologies [126]. For instance, 
polyacrylonitrile (PAN) and polyacrylamide (PAM) can be 
utilized for the production of solid-state electrolytes in ZIBs. 
Most of the polymers can easily be chemically modified and 
physically shaped into the desired 3D hierarchical structures 
for better ionic conductivity, flexibility, and mechanical 
strength [127]. Furthermore, conductive polymers with a 
conjugated character like polypyrrole (PPy) and poly(3,4-
ethylene dioxythiophene) (PEDOT) can confer other mate-
rials with better electrical conductivity, capacity and redox 
reversibility for developing flexible electronics [170]. In 
addition to the interactions between anions and oxidized 
nitrogen-containing groups in PPy, cations can also be stored 
in reduced nitrogen-containing groups for providing addi-
tional capacity. Hence, the conductivity of the cathode can 
be greatly improved by using a conductive polymer fiber 
cathode in ZIBs. The versatility and tunability of fiber-based 
structures holds a promising prospect in structural designs 
of high-performance ZIBs.

Organic Materials

Furthermore, organic material is another kind of attractive 
cathode candidate for ZIBs due to their structural versa-
tility, sustainability and light weight [128]. However, the 
organic cathode materials suffer from low conductivity, 
severe structural damage and dissolution problems in the 
electrochemical process, which result in unsatisfactory rate 
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performance and unreliable cycle durability. These limita-
tions can be alleviated by the adoption of nanostructures 
and quinone-containing materials. Nanofibrous membrane 
endows the organic cathode materials with a greater number 
of micro and nanopores, contributing to a higher interfacial 
contact area between the electroactive groups and electro-
lytes [129]. It is worth noting that organic cathodes with 
quinone compounds exhibit higher capacity with a lower 
solubility in aqueous conditions [25]. Moreover, develop-
ing organic–inorganic hybrid cathode material with a dual 
energy-storage mechanism is another strategy to enhance the 
cycling stability of organic materials.

Preparation Method of Fiber‑Based Materials

The preparation of functional fiber-based materials 
involves different types of physical and chemical fabrica-
tion approaches. Fiber-based forms of synthetic and organic 
materials can be manufactured and functionalized with 
sophisticated techniques such as spinning, hydrothermal 
synthesis, deposition, and template-assisted fabrication of 
homogeneous or heterogeneous materials. The modification 
or functionalization of the raw materials may be achieved at 
the pre-, mid-, or post-stages of fiber formation depending 
on the material types and functions required. Since spinning 
and chemical synthetic techniques have been extensively 
studied, they enable the controlled synthesis of fiber-based 
materials with specific diameters, morphologies, tensile 
properties, and chemical functions. In addition, multiple 
techniques may be utilized to fabricate more complicated 
morphologies and compositions. Different homogeneous 
metals, metal oxides, carbon, ceramics, polymers or their 
composites can be employed to produce functional mate-
rials in fiber forms using the aforementioned strategies, 

allowing these materials to be used in a wider range of work 
environments.

Spinning Approach

Spinning is a simple and effective method for the large-scale 
production of fibers. In recent years, electrospinning has been 
commonly adopted to produce functional nanofibers using 
polymeric materials doped with active ingredients, or sol–gel-
derived materials for ZIB components. Electrospun materi-
als can be prepared with a spinneret and injection syringe for 
extruding the polymeric solution at a constant rate, a high-
voltage power supply for charging the polymeric droplets, and 
a charged metal collector for receiving the nanofibers drawn 
by different forces including electrostatic force, viscoelastic 
force and air drag force [130], as illustrated in Fig. 2a. The 
fiber diameter, material dimension and density can be simply 
tuned with the parameters of the electrospinning setup. This 
technology can efficiently prepare 1D nanofibers, 2D non-
woven films, and 3D frameworks with fiber diameters at the 
micro and nano levels [131]. It is also easier to obtain fibrous 
films with higher porosity via random stacking of electrospun 
nanofibers. The porous structures are beneficial for ion migra-
tion throughout the network, which improves the conductivity 
performance of the battery. In addition, carbon-based fibrous 
networks with rich mesoporous structures can also be prepared 
by the calcination of electrospun polymeric fibers. These elec-
trospun fibers have a large surface area-to-volume ratio and 
good flexibility to accommodate various configurations [132]. 
Besides, carbon nanofiber arrays are conventionally drawn 
through dry spinning. Fine metal fibers can also be prepared by 
spinning at excessively high temperatures, and they can sub-
sequently be transformed into yarn structures with the use of 
twist-bundle drawing. Furthermore, some composite structures 

Fig. 2  Schematic illustration of a fabricating nanofibers with elec-
trospinning setup; Reproduced with permission from ref [133], 
Copyright 2015, The Royal Society of Chemistry. b intercalation 
of PEDOT and ammonium ions into vanadate layers via sonication; 

Reproduced with permission from ref [134], Copyright 2021, Wiley–
VCH. and c preparing 3D porous Zn anode by using an etched cop-
per template; Reproduced with permission from ref [135], Copyright 
2019, American Chemical Society
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like core–shell fiber may be attained by coaxial electrospinning 
or wrapping a tough supporting fiber with functional electro-
spun nanosheets.

Synthetic Chemical Approach

The chemical approaches of fabricating nanofibers to improve 
the resultant functionality of materials have been successfully 
demonstrated in numerous studies. The hydrothermal method 
is one such promising strategy to prepare nanofibers in a con-
siderable number of scenarios. The hydrothermal method gen-
erally involves the dissolution and recrystallization of hetero-
geneous substances in solvent within an enclosed reactor under 
high temperature and high pressure, which can facilitate the 
growth of primary particles to nanofibers [136]. The virtues 
of this method include high quality fabricated nanofibers, mild 
synthetic conditions, and good homogeneity [132]. Forma-
tion of nanofibers may be subsequently followed by the facile 
vacuum filtration method to form a nanofibrous film. In addi-
tion, the sonochemical method can assist with the intercalation 
of foreign materials like conducting polymers and ions into the 
nanofiber crystal lattice of transitional metal oxide cathode for 
improving electrical conductivity, as shown in Fig. 2b [134].

Deposition, in particular chemical vapor deposition 
(CVD) and electrodeposition, allows both uniform forma-
tions of functional materials on fiber-based substrates and 
controls the growth of active materials in the nanofibrous 
form using chemical vapor or electric current [137]. Depo-
sition methods can be applied to versatile types of active 
and substrate materials, and these methods also promote 
the formation of binder-free electrodes. Besides, low-cost 
coating-based methods like dip-coating can be adopted for 
soluble or solution-processible materials [138]. For the prep-
aration process, templates are commonly used to assist the 
fabrication of functional fiber-based materials as they can 
efficiently guide the growing direction of active materials 
into predefined morphology. Specific structures such as 3D 
hierarchical skeleton and porous structures can be developed 
through the use of templates like MOFs, carbon nanofibers, 
nickel foams, and 3D porous copper materials [133, 135, 
139]. They offer a simple way to produce structures with a 
large surface area for both electrical conductivity and mass 
loading of active ingredients. For instance, a 3D porous cop-
per skeleton was prepared by chemical etching method for 
Zn deposition, as shown in Fig. 2c.

Applications of Fiber‑Based Materials 
for ZIBs

Fiber-based structures have demonstrated great potential 
and many application possibilities in advanced functional 
materials. In this study, we focused on the multitude of 

applications of fiber-based materials in ZIB components, 
namely cathodes, anodes, current collectors, separators, and 
electrolytes.

Fiber‑Based Materials as Cathodes

Vanadium‑Based Fiber Cathodes

Nanostructured  V2O5 cathodes used in the assembly of 
aqueous ZIBs have become one of the most effective ways 
to improve electrochemical performance [89]. The electro-
chemical performances of vanadium-based cathodes with 
different nanostructures are summarized in Table 2, and 
the nanofibers have been identified to have better electro-
chemical activity among these nanostructures. Following 
the compact nature of  V2O5 cathodes, Yang et al. studied 
the intercalation pseudo-capacitance behavior and ultrafast 
kinetics of  Zn2+ in the unique tunnels of  VO2 nanofibers in 
aqueous ZIBs, as shown in Fig. 3a [99]. The  VO2 nanofib-
ers endowed a high and stable reversible capacity of 357 
mAh·g−1, which was much higher than that of its raw mate-
rial of bulk  V2O5 (< 300 mAh·g−1) [140]. Moreover,  VO2 
nanofibers maintained satisfactory capacity even at a high 
current density of 300 C.

Electrospinning is one of the most widely used methods 
for the large-scale production of  VxOy nanofibrous cathode 
materials. Volkov et al. proposed a sol–gel electrospinning 
method for the preparation of  V2O5 nanofibers with an aver-
age diameter of 390 nm (Fig. 3b) [49]. The resultant cathode 
material was used for rechargeable ZIBs, and a high specific 
capacity of up to 282 mAh·g−1 was obtained with remark-
able electrochemical stability after 500 cycles. The excel-
lent electrochemical performance of the sol–gel electrospun 
cathode was attributed to the robust surface chemistry com-
bined with the intercalation pathway, resulting in the overall 
increase of the specific capacity. In addition, the contribu-
tion of Zn ion intercalation could be magnified by the water 
molecule insertion into the material structure, which could 
shorten the initial activation process.

Based on the shortened initial activation process, Chen 
et al. further constructed porous  V2O5 nanofibers via cal-
cination of the electrospun fibers [48]. The calcined fiber-
like material exhibited a richly mesoporous structure, 
which greatly favored the electrolyte permeation and  Zn2+ 
insertion, as illustrated in Fig. 3c. This  V2O5 nanofibers in 
such open and stable structure produced a highly revers-
ible capacity of 319 mAh·g−1 at 20 mA·g−1 with a capacity 
retention of 81% over 500 cycles. More so,  V2O5 nanofibers 
with 3D porous structures could be rationally synthesized 
by electrospinning with PAN and the subsequent pyrolysis. 
Functional physical defects like pore pathways and caves 
could be developed within the carbonized fiber skeletons, 
and chemical defects on  VxOy were created synchronously 
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via the pyrolysis process of individual PAN fiber. When used 
as a cathode, the  V2O5 nanofibers enabled capacity retention 
of 83% after 1,000 cycles at 5 A·g−1 [100]. Furthermore, 
two transition metal oxides including  Zn2V2O7 and  V2O5 
in poly(methyl methacrylate) were used to make the core 
covered with PAN shell, which gave a 1D hybrid fiber, with 
a central hollow shell and an inner carbon network after 
carbonization [75]. The core–shell hierarchical structure 
allowed quick electron/ion transit and high mass loading 
of the oxides, while the 1D structure ensured pliability and 
flexibility. It was shown that hybrid fibers containing the 
active materials had better electrochemical characteristics 
and higher rate capabilities.

Constructing a 3D skeleton by template method has 
proved to be another effective strategy to increase the 

electrochemical properties of electrode materials [144]. Due 
to their immense surface area, high porosity, and rich carbon 
content, MOFs have been proven to be viable templates for 
generating 3D carbon skeletons with excellent conductivity 
[139]. For instance, a fine core–shell nanocomposite could 
be created with 3D porous nitrogen-doped carbon nanoar-
rays derived from ZIF-67 on a CNT substrate fiber as the 
core and 2D thin  V2O5 nanosheets as the shell. The unique 
hierarchical core–shell structure not only increased the mass 
loading of  V2O5 nanosheets (Fig. 3d), but also improved 
electron transport and ion diffusion, thus gaining greater 
volumetric and specific capacity, and higher rate capability 
[119].

Another simple method for preparing nanofibrous cath-
ode materials is hydrothermal synthesis. Kheawhom et al. 

Table 2  Comparisons of the electrochemical performances of the typical reported vanadium-based cathodes formed with different materials in 
various nanostructures

Cathode material Electrolyte Specific capacity Energy/power density Cycling performance Ref

VO2(B) nanofibers 3 M Zn(CF3SO3)2 357 mAh·g−1 at 0.1 A·g−1 297 Wh·kg−1 at 
180 W·kg−1

91.2% retained after 300 
cycles at 5 C

[99]

V2O5 nanofibers 3.5 M
ZnSO4

357 mAh·g−1 at 0.05 A·g−1 – 36% retained after 500 
cycles

[49]

Porous  V2O5 nanofibers 3 M Zn(CF3SO3)2 319 mAh·g−1 at 20 mA·g−1 – 81% retained after 500 
cycles at 588 mA·g−1

[48]

CNTF@NC@  V2O5 gel electrolyte 457.5 mAh·cm−3 at 0.3 
A·cm−3

40.8 mWh·cm−3/ 
5.6 W·cm−3

85.3% after 400 cycles [119]

Na3V2(PO4)3 nanoparticles 0.5 M Zn(CH3COO)2 97 mAh·g−1 at 50 mA·g−1 74% retained after 100 
cycles at 50 mA·g−1

[141]

Na1.1V3O7.9 nanoribbons 1 M Zn(CF3SO3)2 223 mAh·g−1 at 
300 mA·g−1

– 92.6% retained after 500 
cycles at 1 A·g−1

[142]

V2O5·nH2O 3 M Zn(CF3SO3)2 372 mAh·g−1 at 
300 mA·g−1

90 Wh·kg−1/ 6.4 kW·kg−1 71% retained after 900 
cycles at 6A·g−1

[16]

Zn3V2O7(OH)2·2H2O 1 M
ZnSO4

213 mAh  g−1 at 50 mA·g−1 214Wh·kg−1 68% retained after 300 
cycles at 200 mA·g−1

[143]

CuV2O6 nanobelt ZnSO4 427 mAh  g–1 at 0.1 A·g–1 317 Wh·kg–1 99.3% after 3,000 cycles at 
5 A·g–1

[90]

V2O5
nanopaper

2 M
ZnSO4

341.3 mAh·g−1 at 1.0 
A·g−1

277.5 Wh·kg−1 76.9% retained after 500 
cycles at 10 A·g−1

[91]

V2O5 nanowires 3 M
ZnSO4

276 mAh·g−1 at 1.0 A·g−1 – 55% retained after 500 
cycles at 1 A·g−1

[92]

H2V3O8 Nanowire/Gra-
phene

3 M Zn(CF3SO3)2 394 mAh·g−1

at 1/3 C
168 Wh  kg−1 at 1/3 C 87% after 2,000 cycles [93]

V6O13-δ
nanowires

polymer electrolyte max. 231 mWh·cm−3 97% after 1,000 cycles 
at alternative 13 and 4 
A·g−1

[94]

CuV2O6 nanowire 3 M Zn(CH3F3SO3)2 338 mAh·g−1 at 
100 mA·g−1

74 Wh·kg−1 100% retained after 1,200 
cycles at 5 A  g−1

[95]

ZnVO nanowire 3 M Zn(CF3SO3)2 140 mAh·g−1 at 2 A·g−1 – 77.1% retained after 700 
cycles at 2A  g−1

[96]

E-AVNF nanofiber 2.5 M Zn(CF3SO3)2 344 mAh·g−1

at 0.5 A·g−1
124 Wh·kg−1 at 

16,000 W·kg−1
94% retained
after 1,000 cycles at 10 

A·g−1

[134]

V2O5 nanofibers 3.0 M Zn(OTf)2 211.36 mAh·g−1 at 
100 mA·g−1

– – [98]
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explored unique binder-free, centimeter-long, and single-
crystal  V2O5 nanofibers (BCS-VONF) for the fabrication 
of ZIB cathodes [98]. BCS-VONF on carbon fabric could 
be produced using a simple one-step hydrothermal pro-
cess. The usage of a binder-free electrode could reduce 
the electrode weight, avoid the use of hazardous solvents, 
and improve electrochemical performance. To address the 
issue of random and uncontrolled interlayer distance with 
vanadium-based materials, Ahn et al. presented a simple 
sonochemical approach for regulating the interlayer of the 
vanadate nanofiber crystal structure with PEDOT [134]. 
The conducting polymer intercalation helped to increase 
the number of active sites on the vanadate, and speed up the 
 Zn2+ ion intercalation/de-intercalation process by extending 
the electron channel and widening the distance between the 
vanadate layers.

Manganese‑Based Fiber Cathodes

α-MnO2 delivers superior electrochemical performance 
due to its large size of spinel [2 × 2] and [1 × 1] [51]. As 
shown in Fig. 4a, the [2 × 2] tunnel structures along the 
c-axis consist of four  MnO6 octahedral elements with 
shared edges. The large spinel sizes allow ions to be 
inserted, which can determine the electrochemical per-
formance of  MnO2. In addition, in-situ methodologies 
have been used to develop composite materials containing 

carbon and manganese-based oxides for ZIBs to increase 
the rate and cycle performances, which can improve the 
practicability of manganese-based cathodes [145]. For 
example,  MnO2 nanowires anchored with graphene quan-
tum dots (GQDs) have been devised and explored as a 
cathode material for ZIBs to address issues like rapid 
capacity fading and slow transport kinetics [146]. As 
shown in Fig. 4b, the increased amount of GQD compo-
nent can greatly enhance the cycling stability of  MnO2 
cathode by accelerating the transport kinetics and inhibit-
ing the manganese dissolution.

Notably, Ren et  al. attempted to coat α-MnO2/rGO 
nanowires with conductive polypyrrole (PPy) via in situ 
self-polymerization [51]. It demonstrated that the PPy coat-
ing layer not only stabilized the structure of α-MnO2 but 
also enhanced the conductivity of the composite cathode. 
In addition, rGO grown on α-MnO2 provided additional 
adsorption sites for  Zn2+, which could further improve the 
capacity of cathode materials. Specifically, α-MnO2/rGO-
PPy maintained a reversible capacity of 213.8 mAh·g−1 for 
100 cycles at 0.5 A·g−1, more superior to those of α-MnO2/
rGO and α-MnO2. Furthermore, Liu et al. proposed a simple 
and scalable chemical precipitation/spray granulation pro-
cess (Fig. 4c) for the production of α-MnO2 nanofibers/CNT 
integrated microspheres as a cathode material for aqueous 
ZIBs [20]. When compared to pristine α-MnO2, α-MnO2 
uniformly anchored on the CNT framework could display 

Fig. 3  a Schematic view of  Zn2+ intercalation/de-intercalation with 
 VO2 (B) nanofibers projected along the direction of the b- and c-axes; 
Reproduced with permission from ref [99], Copyright 2018, Wiley–
VCH. b scanning electron microscope (SEM) image of annealed 
 V2O5-nanofibers and distribution chart of nanofibers diameter; Repro-
duced with permission from ref [49], Copyright 2021, Elsevier. c 

Long-term cycling performance of porous  V2O5 nanofibers cathode at 
a current density of 2 C; Reproduced with permission from ref [48], 
Copyright 2019, Elsevier. and d Schematic illustration of the forma-
tion mechanism of the NC@V2O5 hierarchical core–shell structure on 
a CNT fiber; Reproduced with permission from ref [119], Copyright 
2013, The Royal Society of Chemistry
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considerably higher tap density, thus effectively improving 
the electrochemical stability.

Lately, electrospinning technology is widely adopted to 
produce hierarchically porous nanofibrous films for man-
ganese-based applications. For instance, Yang et al. [147] 
synthesized a core–shell structure cathode by encapsulat-
ing  Mn3O4 nanoparticles in the carbon fibers  (Mn3O4@C) 
via coaxial electrospinning and carbonization, as shown in 
Fig. 4d. Different samples were generated and examined in 
this study by altering the concentration of precursor PAN. 
The highly porous amorphous carbon shell and a large 
number of core void spaces of  Mn3O4@C contributed to 
the long-term cyclability. A specific amount of carbon shell 
not only served as a barrier layer to prevent  Mn3O4 from 
dissolving into the electrolyte but also altered the surface 
of the active elements to assist the uniform current flow in 
the electrode. Similarly, Wu et al. developed MnO@N–C 
composite fibers using manganese(II) acetate and poly(vinyl 
pyrrolidone) through electrospinning, followed by anneal-
ing [150]. The MnO@N–C cathode possessed a reversible 
capacity of 176.3 mAh·g−1 at 500 mA·g−1, even after 200 
cycles, and 100.5 mAh·g−1 in a large current density of 1.2 
A·g−1. For revealing the current progress, the electrochemi-
cal behaviors of manganese-based cathodes with different 
fiber-based structures and composite materials were sum-
marized in Table 3. It is obvious that the crystal types and 
morphologies had a significant impact on the capacity and 

cycling characteristics of  MnxOy. More efforts are expected 
to further optimize the related structures to achieve long-
term cycling stability for practical application.

Other Material Cathodes

Structural carbon materials like carbon nanofibers have 
been widely adopted in electrochemical energy conver-
sion and storage devices owing to their superior mechani-
cal, electrical, and chemical capabilities. Using two types 
of rationally designed fiber electrodes, Chen et al. have 
recently achieved the first quasi-solid-state Zn-ion hybrid 
fiber capacitors (ZnFC) [120]. The cathodes were CNT/GO 
composite fibers formed hydrothermally in capillary col-
umns, whereas the anodes were graphite fibers coated with 
a thin layer of Zn metal. The assembled ZnFC demonstrated 
ultrahigh volumetric energy density, long cycling life, and 
outstanding mechanical flexibility under different deforma-
tion conditions. Notably, the ZnFC showed superior cycling 
stability of 98% capacitance retention after 10,000 cycles, 
and it could be easily integrated into flexible devices to pro-
vide a promising energy storage solution for wearable elec-
tronics. Similarly, Jian et al. constructed flexible core–shell 
diamond/carbon fibers for a binder-free positive electrode 
[156]. Diamond/Zn supercapacitor, using flexible diamond 
fibers as cathode and current collector, also possessed excel-
lent gravimetric and volumetric energy densities, and also 

Fig. 4  a The crystal structure of α-MnO2 with  MnO6 octahedral 
units, in which the small spheres (red) represent O and the large 
spheres (gray) represent Mn; Reproduced with permission from ref 
[51], Copyright 2021, Springer Nature. b Cycling performance with 
the Coulombic efficiency of  MnO2,  MnO2-10GQDs,  MnO2-20GQDs, 
and  MnO2-40GQDs; Reproduced with permission from ref [146], 
Copyright 2021, American Chemical Society. c Schematic illustration 

of the preparation of α-MnO2 nanofibers (NFs) and α-MnO2/CNT 
hierarchically assembled microspheres (HMs) and SEM images of 
the corresponding products at different synthetic stages; Reproduced 
with permission from ref [20], Copyright 2019, Elsevier. d Transmis-
sion electron microscope (TEM) image of the  Mn3O4@HCFs-7.5 and 
the magnified TEM image of a concerned area of  Mn3O4@HCFs-7.5; 
Reproduced with permission from ref [147], Copyright 2020, Elsevier
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power densities in conjunction with excellent mechanical 
flexibility and long cycling life.

Transitional metal oxides such as nanostructured molyb-
denum oxides have been highlighted in their prospect in 
advanced electrochemical storage. To date, there are only a 
few published studies on the use of molybdenum oxides as 
ZIB electrodes. Lu et al. examined the electrochemical prop-
erties of orthorhombic  MoO3 nanowires as Zn storage elec-
trodes, proving their potential in ZIBs as high-capacity cath-
odes [110]. To enhance the practicability of  MoO3 cathodes, 
different approaches have been taken to minimize the occur-
rence of instability caused by operating in an aqueous elec-
trolyte. For example, a  MoO3 nanowire cathode operating 

with a quasi-solid electrolyte could deliver decent capacity 
retention over 70.4% after 400 cycles. This observation indi-
cated that the quasi-solid electrolyte gave better performance 
than the aqueous electrolyte delivering capacity retention 
of only 27.1%. Furthermore, successful surface engineering 
of  MoO3 can be exploited as an alternative to quasi-solid 
electrolyte. Lu et al. [157] investigated fiber-shaped ZIBs 
based on the P-MoO3-x@Al2O3 cathode. They concluded 
that  Al2O3 coating could alleviate structure collapse or dis-
solution of  MoO3, resulting in better cyclic stability. In addi-
tion, the phosphorylation process could introduce oxygen 
vacancies and surface phosphate ions, thus giving  MoO3 
rapid charge transport and surface reactivity.

Table 3  Comparisons of the electrochemical performance of the typical reported manganese-based cathode materials for aqueous ZIBs

Cathode material Electrolyte Specific capacity Energy/power density Cycling performance Ref

α-MnO2 nanofibers /CNT 0.1 M  MnSO4 296 mAh·g−1 at 0.2 A·g−1 0.98 Wh·cm−2 at 
0.2 A·g−1

96% retention over 
10,000 cycles at 3 A·g−1

[20]

α-MnO2 nanofiber 2 M  ZnSO4 + 0.1 M 
 MnSO4

285 mAh·g−1 at 1.44 V 170 Wh·kg−1 at C/3 92% over 5,000 cycles at 
1.44 V

[97]

MnO2@CNT composite 
fiber

PAM 302.1 mAh·g−1 at 
60 mA·g−1

53.8 mWh·cm–3 98.5% retained after 500 
cycles at 2 A·g−1

[36]

MnO2-40GQD 2 M  ZnSO4 + 0.2 M 
 MnSO4

295.7 mAh·g−1 at 0.1 
A·g−1

– 88.99% after 100 cycles 
at 0.1 A·g−1

[146]

α-MnO2/rGO nanowires 3 M Zn(CF3SO3)2 248.8 mAh·g−1 at 0.5 
A·g−1

– 85.9% after 100 cycles at 
0.5 A·g−1

[51]

α-MnO2 1 M  ZnSO4 or 1 M 
Zn(NO3)2

210 mAh·g−1 at 
105 mA·g−1

– 77% retained after 100 
cycles at 1,260 mA·g−1

[148]

MnO2 nanospheres 2 M
ZnSO4 + 0.1 M  MnSO4

275 mA·g−1 at 0.3 A·g−1 161 Wh·kg−1at 
5.7 kW·kg−1

56 mAh·g−1 after
600 cycles at 0.3 A·g−1

[22]

ZnMn2O4 3 M Zn(CF3SO3)2 150 mAh·g−1 at 
500 mA·g−1

70 Wh·kg−1 94% retained after 500 
cycles at 500 mA·g−1

[149]

β-MnO2 Zn(CF3SO3)2 225 mAh·g−1 75.2 Wh·kg−1 94% retained after 2,000 
cycles

[101]

Mn3O4@HCFs 2 M  ZnSO4 + 0.15 M 
 MnSO4

215.8 mAh·g−1 at 0.3 
A·g−1

225.8 Wh·kg−1 96.9% retained at 
400 mA·g−1 after 1300 
cycles

[147]

MnO@N–C 2 M  ZnSO4 249.5 mAh·g−1 at 0.1 
A·g−1

– 70.7% retained after 200 
cycles at 200 mA·g−1

[150]

PANI-MnO2 2 M  ZnSO4 + 0.1 M 
 MnSO4

280 mAh·g−1 at 
200 mA·g−1

– 90% retained after 200 
cycles at 200 mA·g−1

[151]

δ-MnO2 nanoflake 1 M  ZnSO4 250 mAh·g−1 at 
83 mA·g−1

– 100% during 100 cycles [104]

γ-MnO2/rGO 2 M  ZnSO4 + 0.2 M 
 MnSO4

230 mAh·g−1 at 0.4C – 80% retained after 200 
cycles at 0.4C

[105]

MnO2@CNT fiber Zn salt 322 mAh·g−1 at 0.1 A  g−1 437 Wh·kg−1 85% retained after 100 
cycles

[82]

MnO2@CNT
paper

2 M  ZnSO4 121 mAh·g−1 at 0.1 A·g−1 84 Wh·kg−1 at 0.2–1.8 V 91% retained after 1,000 
cycles at 1 A·g−1

[152]

PPy-MnO2@SS
yarn

gel 143.2 mAh·g−1 at 1 C – 60% retained after 1,000 
cycles at 2 C

[153]

MnO2@Carbon fiber ZnCl2 and  NH4Cl 158 mAh·g−1 at 0.07 
A·g−1

– - [154]

MnO2@Carbon
paper

PVA/ZnCl2/MnSO4 gel 366.6 mAh·g−1 at 0.74 
A·g−1

504.9 Wh·kg−1 83.7% after 300 at 1.11 
A·g−1

[155]
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Furthermore, Wang et al. developed a fiber-based ZIB via 
the synergistic interfacial design of the quinone-rich polydo-
pamine (PDA) as organic redox-active cathodes and nano-
binders on the carbon substrate [158]. Removing soluble 
monomers or oligomers and increasing the proportion of 
quinone groups were verified to be the key to improving the 
specific capacity and cycle stability. Besides, Zhang et al. 
explored the feasibility of poly(2,5-dihydroxy-1,4-benzo-
quinonyl sulfide) (PDBS) as a novel flexible organic cath-
ode for Zn ion storage with elastic structural factors [159]. 
The malleable polymer chain structure could be arbitrarily 
rotated and bent for the facile Zn ion insertion, indicating 
the unique advantages of organic electrode materials in Zn 
ion storage. Furthermore, Liang et al. rationally designed 
an organic (ethylenediamine, EDA)-inorganic (vanadium 
oxide) hybrid nanoribbon cathodes for ultrahigh-rate and 
ultralong-life ZIBs [160]. It demonstrated that the embedded 
EDA could not only facilitate the Zn ion mobility in the V–O 
layered structure by increasing the layer spacing but also 
involved in Zn ion storage as a bidentate chelating ligand. 
This hybrid nanoribbon electrode delivered a high specific 
capacity (382.6 mAh·g−1 at 0.5 A·g−1), elevated voltage 
(0.82 V) and long-term cyclic durability (over 10,000 cycles 
at 5 A·g−1). All these results have profoundly demonstrated 
the great potential of organic material kind cathode and 
more extensive research is required.

Fiber‑Based Materials as Anodes

Despite being a promising candidate for energy storage, Zn 
anode may suffer from quick loss of capacity during usage. 
The influencing factors could be a high degree of Zn den-
drite formation, corrosion, hydrogen evolution, and passiva-
tion that have occurred on the electrode [161]. To address 
these issues, researchers have conducted extensive studies 
to exploit techniques for enhancing the performance of Zn 
anodes, including unique anode structures, optimal electro-
lyte compositions, new separator materials, and Zn anode/
electrolyte interfacial modifications [162]. In terms of sim-
plicity, efficiency, and operability, the interfacial modifica-
tion strategy between electrode and electrolyte is therefore 
regarded as a better strategy. It can inhibit the generation of 
Zn dendrite and side reactions, which can improve the cycle 
life and charge–discharge performance of the Zn anode. For 
instance, a pasted Zn electrode could be manufactured from 
an aqueous mixture of Zn oxide, polytetrafluoroethylene, 
lead oxide, and cellulose fibers to inhibit the corrosion of 
the Zn anode induced by the pore plugging of a separator 
and suppress hydrogen evolution [125]. Cellulose fibers also 
showed great potential for enhancing wettability and miti-
gating the porosity changes of the anode. The result dem-
onstrated the addition of 10% cellulose fibers to the pasted 
Zn electrode enhanced both cycle life and peak power drain 

capability [125]. Besides, the structures of current collectors 
also play an active role in the design of 3D Zn electrodes. 
Coating Zn on 3D fiber-based materials like porous con-
ductive graphene foam [163], flexible carbon cloth [155], 
interwoven CNT paper [127], and nickel-titanium wire [153] 
have successfully minimized the dendrite formation on Zn 
anode. These studies also demonstrated that active materials 
in fiber-based structures had the potential to improve the rate 
capability and durability of ZIBs.

Fiber‑Based Materials as Current Collectors

Current collectors are key components to collect electrons 
from electrodes and transport the electrons to the external 
circuit. Therefore, it is crucial for current collectors to pos-
sess rapid conductivity, good chemical and electrochemi-
cal stability, high mechanical strength, and decent adhesion 
to the active substance of the electrode. To achieve these 
requirements, conductive fiber-based materials such as car-
bon, metal, and conductive polymers are generally selected 
for flexible current collectors in ZIBs.

Carbon‑Based Current Collectors

Carbon nanomaterials generally possess high electrical con-
ductivity, light weight, good porosity and rough surfaces 
that facilitate high-quality mass loading for the battery and 
enhance surface adhesion to the electrode. 1D carbon fib-
ers like CNT are often interwoven into porous networks or 
films for promoting active material loading and rapid elec-
tron transfer. Ma et al. suggested the fabrication of CNT 
fibers with a diameter ranging from 80 to 100 μm through 
direct dry-spinning for supporting the vertical growth of 
 MnO2 nanosheets [82]. Subsequently, a cable-type Zn/MnO2 
micro-battery was constructed with  MnO2@CNT and Zn 
wire, and this battery could be folded into arbitrary shapes 
without sacrificing electrochemical performance (Fig. 5a). 
Besides, Wang et al. used graphite fiber as a skeleton for Zn 
metal anode in hybrid aqueous ZIB to fabricate a self-sup-
ported Zn@GF (graphite felt) negative electrode [164]. The 
graphite felt ensured a dendrite-free cycling performance 
of ZIBs, profiting from a larger electroactive area for rapid 
transporting electrons and even faster Zn deposition.

2D carbon materials, for instance carbon cloth, are often 
utilized as a flexible current collector in sandwich-type flex-
ible ZIBs or conductive substrates. Zhi et al. reported that 
a sandwich flexible quasi-solid ZIB (Zn/E-MoS2) could be 
prepared by hydrothermal growth of active materials directly 
on the surface of carbon cloth to expand the interlayer-spac-
ing of  MoS2, and Zn nanosheets were electrodeposited on 
the surface of carbon cloth as the negative electrode, and 
the electrodes were operated in a gel electrolyte [165]. As 
depicted in Fig. 5b, the Zn/E-MoS2 battery showed excellent 
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cycling stability for 500 cycles and maintained good electro-
chemical performance even under severe deformation condi-
tions. Xia and Zhi et al. also reported their studies on sand-
wiched flexible Zn-MnO2 batteries using carbon cloth as a 
flexible substrate [166, 167]. Both flexible batteries could 
deliver reliable working properties under various bending 
deformations.

Simple surface modification techniques can also be 
employed to enhance the electrochemical properties of car-
bon cloth. For example, Tong et al. reported the preparation 
of a Zn-MnO2 flexible battery using nitrogen-doped carbon 
cloth as the collector [168]. Nitrogen-doped carbon cloth had 
a higher surface area, more active sites, and better conduc-
tivity, thus achieving uniform deposition of Zn and  MnO2. 
Moreover, Lu et al. proposed a flexible current collector by 
introducing the random CNT arrays on carbon cloth via the 
chemical vapor deposition method [169]. When compared 
to a pristine deposited Zn electrode, the 3D CNT framework 
on carbon cloth established a more uniformly distributed 
electric field for the dendrite-free Zn deposition process, as 
shown in Fig. 5c. This resulted in highly reversible Zn plat-
ing/stripping with high Coulombic efficiency with much less 
formation of Zn dendrites or other byproducts.

Metal‑Based Current Collectors

Metal fibers with high conductivity and mechanical prop-
erties are suitable to be applied as flexible current collec-
tors in ZIBs [113]. Zhi et al. found that stainless steel 316L 
could be spun at high temperatures to produce micron-sized 
filaments, which could then be drawn continuously using a 
twist-bundle drawing technique [114]. The as-drawn highly 

conductive long yarns were as flexible as cotton yarns owing 
to the intrinsic flexibility of micron-sized stainless-steel fila-
ments. A nickel–cobalt (NiCo)//Zn wrist band battery was 
successfully prepared by uniformly electrodepositing Zn 
nanosheets and NiCo hydroxide nanosheets onto these con-
ductive stainless-steel yarns, which served as an excellent 
fiber-based current collector, as shown in Fig. 5d. In addi-
tion, such conductive metallic yarns could be facilely woven 
by conventional weaving machine, which demonstrated a 
promising commercial potential for dual functions of wear-
ability and energy storage.

Other studies also illustrated the use of common metal 
fibers for fabricating ZIBs. 3D fiber-based system was cre-
ated by employing iron fibers as an anode collector that 
provided a consistent platform for supporting Zn efficiently 
[115]. Similarly, silver fibers with good electrical conduc-
tivity (7.4 ×  104 S·m−1) and mechanical stability (38.39 cN/
dtex) were adopted as an ideal flexible current collector [81]. 
A flexible all-solid fiber-based battery could therefore be 
constructed using the obtained fiber electrodes with a helix 
structure, which exhibited a promising prospect of wearable 
applications.

Conductive Polymer‑Based Current Collectors

The electrochemical and lithe character of conductive poly-
mers like PPy makes them a suitable candidate for producing 
flexible and wearable devices. In this regard, Li et al. devel-
oped a novel PPy/poly(3,4-ethylenedioxythiophene) poly-
styrene sulfonate (PEDOT:PSS) core-sheath fiber as ZIB 
cathode with an ultrahigh conductivity of 3700 S·cm−1[170]. 
The deposited PPy possessed a rough surface texture with 

Fig. 5  a Flexibility of the Zn/MnO2 cable battery; Reproduced with 
permission from ref [82], Copyright 2018, American Chemical Soci-
ety. b Cycling stability of Zn/E-MoS2 batteries at 1.0 A·g−1; Repro-
duced with permission from ref [165], Copyright 2018, Elsevier. c 
SEM images of CNT (d) and CC (f) after plating Zn with the capac-

ity of 5 mAh·cm−2; Reproduced with permission from ref [169], 
Copyright 2019, Wiley–VCH. d Free-standing solid-state yarn bat-
tery powering LEDs (upper right), and a pulse sensor (bottom right); 
Reproduced with permission from ref [114], Copyright 2017, Ameri-
can Chemical Society
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well-distributed nanogranules, which offered a large number 
of active sites and enhanced rapid ion diffusion kinetics. 
The assembled fiber-based ZIB delivered a high capacity 
of 162.3 mAh·g−1 at 0.08 A·g−1 and capacity retention up 
to 92.4% for 1,000 cycles with a Coulombic efficiency of 
around 100%. Besides, it demonstrated amazing integrability 
with high energy density applications, outstanding mechani-
cal flexibility, and wide temperature resistance, proving its 
applicability in harsh environments.

The aforementioned fiber-based current collectors 
reported in earlier experiments were summarized in Table 4. 
It is notable that relevant studies are still extremely limited, 
and thus future investigation in this area is imperative. Nev-
ertheless, it is anticipated that breakthroughs in high-perfor-
mance ZIBs can be made based on the pioneering research 
indicated above.

Fiber‑Based Materials as Separators and Gel 
Electrolytes

Separator significantly contributes to the total performance 
of ZIBs because it can isolate the cathode from the anode 
to prevent short circuits induced by electron transmission 
between electrodes and provide efficient pathways for carrier 
transmission. An ideal separator should possess sufficient 
pores, high mechanical strength, good ionic conductivity, 
and appropriate electrolyte wettability [171]. In addition, it 
is expected to modulate the Zn deposition process to further 

inhibit the formation of Zn dendrites. However, the perfor-
mance of most commercial separators is far from satisfac-
tory. Hence, modifications are required to improve their per-
formance, and the development of new separator materials 
is also anticipated.

Ceramic‑Based Separators

GF is one of the most often utilized separator materials for 
ZIBs in current studies, but the undesirable growth of Zn 
dendrite on it has retarded the development of ZIBs. To alle-
viate this issue, some studies have recently been focused 
on the modification of GF. For example, Wang et al. cre-
ated GF@SM, a novel form of glass microfiber made with 
supramolecule (SM) [39]. Polar groups like amino, carbonyl, 
and triazine groups were prevalent in GF@SM. Those polar 
groups had favorable adsorption on  Zn2+ ions, and thus hin-
dered the buildup of  Zn2+ ions and dendrites in the nearby 
area.

Besides, Sun et al. [171] designed a bifunctional sepa-
rator by in situ growth of nitrogen-doped carbon (NC) on 
a pristine GF separator (Fig. 6a). NC/GF separator could 
effectively inhibit the formation and growth of Zn dendrite, 
resulting in stable charge/discharge cycles for more than 
1,100 h under 1 mA·cm−2/1 mAh·cm−2. Zhang et al. dis-
covered that GO-modified GF separator could stabilize Zn 
anode by promoting the prior formation of non-protruding 
crystal planes of Zn metal [172]. More notably, Sun et al. 

Table 4  Comparisons of the electrochemical performance of the typical reported current collector materials for aqueous ZIBs

Electrode material Current collector Specific capacity Energy/power densities Cycling performance Ref

Zn wire//MnO2@CNT Fiber CNT fiber 322 mAh·g−1 at 0.1 A·g−1 437 Wh·kg−1 85% retained after 100 
cycles

[82]

Zn@GF// HQ-NaFe Graphite felt – – 95% retained after 150 
cycles at 100 mA·g−1

[164]

Zn//MoS2@CC Carbon fiber cloth 202.6 mAh·g−1 at 0.1 A·g−1 148.2 Wh·kg−1 98.6% retained after 600 
cycles at 0.1 A·g−1

[165]

Zn@VMG //P-MnO2-x@
VMG

Carbon cloth 302.8 mAh·g−1 at 0.5 A·g−1 369.5 Wh·kg−1 90% retained after 1,000 
cycles at 2 A·g−1

[166]

Zn foil//MnO2@N-CC Carbon cloth 353 mAh·g−1 at 1 A·g−1 440 Wh·kg−1 93.6% after 1,000 cycles at 
1 A·g−1

[168]

Zn@CNT//MnO2 CNT 300 mAh  g−1 at 1 A·g−1 126 Wh  kg−1 88.7% after 1,000 cycles at 
20 mA·cm−2

[169]

Zn//NCHO@Conductive 
Yarns

Stainless steel yarn 5 mAh·cm−3 32.8 mW·cm−2 60% retained after 1,000 
cycles

[114]

Zn@IF//MnO2 Iron fiber – – 78% retained after 200 
cycles

[115]

eG//P-Zn@SFB Silver fiber 32.56 mAh·cm−3 at 
10 mA·cm−3

36.04 mWh·cm−3 76.5% after 1,000 cycles at 
50 mA·cm−3

[81]

Zn@CFs//PEDOT:PSS fiber Carbon fiber 162.3 mAh·g−1 at 0.08 A·g−1 210.1 Wh·kg−1 92.4% after 1,000 cycles at 
0.16 A·  g−1

[170]

Zn@CNT//MnO2@CNT CNT paper 306 mAh·g−1 148.2 mW·cm−2 97% retained after 1,000 
cycles at 2,772 mA·g−1

[127]
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reported that the vertical graphene grown on the GF separa-
tor could homogenize the electric field and reduce the local 
current density, enabling impressively high rate capacities 
and durable cycle performance (93% over 5,000 cycles at 
5 A·g−1) [173]. Although modification of GF separators 
has been confirmed to be efficient in improving the cycle 
performance, the high cost of modification procedures still 
constrains their commercial application.

Polymers‑Based Separators

Natural Fiber‑Based Separators Recent research works 
revealed that polymeric materials like cellulose could be 
an alternative to GF for the fabrication of separators. For 
instance, Wong et al. designed a cellulose-film (CF) separa-
tor with homogenous dense nanopores using cotton-derived 
cellulose materials, which endowed the separator with a high 
concentration of hydroxyl groups and high tensile modulus 
[124]. As shown in Fig. 6b, the CF separator (33.6 kJ·mol−1) 

demonstrated to have lower activation energy (Ea) than the 
GF separator (43.4 kJ·mol−1), indicating that the CF separa-
tor was effective in removing water sheath in [Zn(H2O)6]2+ 
and enhanced Zn deposition kinetics. Furthermore, the CF 
separator could significantly improve the Zn stripping/plat-
ing reversibility by minimizing Zn dendrite growth and 
other unfavorable side reactions. Chen et al. proposed coat-
ing the Zn anode surface with cellulose fiber composite 
using a simple vacuum filtration process [174]. The inti-
mate contact and high degree of compatibility between the 
cellulose-based separator and the electrode were essential 
for cell performance optimization. Such rational structural 
design substantially enhanced the electrochemical kinetics, 
and effectively addressed the challenges faced by the Zn foil 
anode.

Currently, functional cellulose separators can be con-
structed with the incorporation of other materials to increase 
the electrochemical performance of the Zn anode. By using 
an unusually stable crystal orientation operation in  Zn2+ ion 
electrodeposition process, a cellulose/GO composite separa-
tor could facilitate the formation of a super stable dendritic 
free anode [52]. Since GO had outstanding Zn lattice com-
patibility, good stability, and a large specific surface area, 
this allowed the Zn deposited on the GO substrate to be com-
pact, homogeneous, and nondendritic [175]. Besides, Cao 
et al. developed a  ZrO2/cellulose composite separator, which 
could promote the nucleation process, accelerate the ion dif-
fusion kinetics, and also obviously undermines the side reac-
tions and hydrogen evolution reaction of Zn anode (Fig. 6c) 
[53]. Additionally, Xue et al. modified a commercial CF 
separator by coating a layer of g-C3N4 nanosheets onto it, 
achieving enhanced electrochemical properties [176]. There-
fore, different approaches may be taken to modify cellulose-
based separators for high-performance ZIBs.

Synthetic Fiber‑Based Separators

Polymeric fibrous membranes have the advantages of high 
mechanical flexibility, easy adaptation to strain, and high 
versatility in terms of customizing the various functional 
groups [178]. In the past few years, fibrous separators pre-
pared by electrospinning technology have been widely used 
in the research of batteries because of their high porosity, 
superior ion migration ability, and variable functionaliza-
tion. These are essential in achieving uniform distribution 
of electric charges on the electrode surface [179, 180]. 
Among them, PAN polymers have attracted great research 
interest due to their good chemical inertness, flame retar-
dancy, and electrochemical stability in aqueous ZIBs. For 
instance, Liang et al. designed a 3D long-range ordered PAN 
nanofiber separator [177]. In addition to the uniform porous 
structure of nanofibers, the nitrogen atoms on the surface of 
the separator also contributed to the uniform distribution of 

Fig. 6  a Long-term galvanostatic cycling of Zn//Zn symmetric cells 
at a current density of 1  mA·cm−2 and a capacity of 1 mAh·cm−2; 
Reproduced with permission from ref [171], Copyright 2021, 
Springer Nature. b Arrhenius curves and corresponding desolvation 
activation energy values of Zn//Zn cells with GF and CF separators; 
Reproduced with permission from ref [124], Copyright 2021, Else-
vier. c Fabrication process of  ZrO2/cellulose composite separator and 
its advantages; Reproduced with permission from ref [53], Copyright 
2021, Elsevier. d x-ray diffraction (XRD) pattern of the Zn electrode 
after 1,600 cycles at a current density of 1.766  mA·cm−2 with or 
without GF and PAN separator; Reproduced with permission from 
ref [177], Copyright 2021, Wiley–VCH. and e Schematic illustration 
of the structure of the solid-state ZIB and its thickness (0.11  mm); 
Reproduced with permission from ref [127], Copyright 2008, Royal 
Society of Chemistry
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the ion flux and guided the cation transport through available 
N-Zn bonds. The Zn anode with a PAN separator demon-
strated long-term stability and gave a dendrite-free deposi-
tion layer with a preferred (101) crystallographic orientation, 
as demonstrated in Fig. 6d.

Based on the electrospun PAN nanofiber, Zhi et al. further 
developed a high-performance hierarchical polymer electro-
lyte by crosslinking porous gelatin-g-PAM hydrogel in PAN 
fiber membrane pores [127]. This electrolyte exhibited high 
Zn ion conductivity and superior mechanical properties, 
enabling a wearable solid-state ZIB product with excellent 
flexibility and ultra-thin thickness (Fig. 6e). More notably, 
the solid-state ZIBs operating in polymer electrolytes can be 
a safer alternative to the conventional flexible LIBs operat-
ing in a liquid electrolyte, and it can also operate stably in a 
variety of harsh conditions. However, the ionic conductivity 
and electrochemical window of the polymer electrolytes still 
require substantial improvement before their practical usage 
in flexible ZIBs.

Conclusions and Outlook

Investigations on the high-performance ZIBs has become 
particularly important owing to their potential applications 
in grid energy storage systems, more environmentally 
benign manufacturing process, as well as the abundance 
of Zn resources. In addition, the increasing demands for 
novel wearable electronics and implantable medical kits 
have necessitated the development of ZIBs as a viable 
alternative to both traditional and flexible LIBs. Similar 
to flexible LIBs, the advancement of flexible ZIBs heavily 
relies on the pliability of the electrode materials and the 
battery constructions for achieving high performance and 
stability under mechanical deformation. It is worth noting 
that fiber-based materials have gained much attention in 
the development of advanced flexible ZIBs for wearable 
technology. Diverse morphologies, mechanical properties 
and electrochemical behaviors of fiber-based materials can 
efficiently boost the performance of ZIB electrodes. To 
attain the overall flexibility of ZIBs, pliable fiber-based 
materials like carbons, polymers, and their composites 
are commonly used to replace the materials of current 
collector, separator and binder used in traditional LIBs. 
However, pliable and layered active electrode materials, 
which are used in traditional LIBs, can generally be an 
ideal choice for flexible ZIBs with some exceptions show-
ing performance lapses. Furthermore, polymeric materi-
als may be applied as flexible solid-state electrolytes to 
replace traditional liquid electrolytes. It should be noted 
that lower ionic conductivity and narrower electrochemical 
window of some recently developed ZIB components still 
limit their practical usage in flexible ZIBs. Nevertheless, 

the progressive improvement of fiber-based ZIB compo-
nents together with the recent breakthrough in flexible 
cathode materials have enhanced the electrochemical per-
formance of ZIBs, bringing them a step closer to practical 
application.

It is important to address the existing shortcomings and 
challenges before the full application potential of fiber-based 
ZIBs can be realized in wearable electronics. The gravimet-
ric and volumetric energy densities of ZIBs are generally 
less than that of commercialized batteries. These are evi-
dent challenges in preventing the complete implementation 
of ZIBs in the flexible wearable electronics industry. More 
specifically, ZIB capacity retention and cycle life are limited 
by repetitive mechanical bending deformations. The per-
formance of ZIBs can likely be improved through material 
modification, material optimization, and advanced system 
architecture development. More so, inadequate studies on 
the performances of ZIBs in practical conditions, insufficient 
research about the integration and connection of ZIBs in 
wearable electronics, unresolved problems in automated pro-
duction processes, and high battery preparation costs impede 
the advancement of ZIBs towards more practical uses. As a 
result, future ZIB research studies and development should 
concentrate on the following areas:

(a) Optimal design of ultra-flexible high-performance elec-
trode materials

  As flexible ZIBs need the ability to tolerate mas-
sive deformations, the electrode materials should meet 
stringent quality standards. With excellent versatility, 
high conductivity, outstanding mechanical quality and 
great chemical stability, carbon fiber-based materials 
have become one of the highlighted materials for the 
fabrication of various types of flexible electrodes. The 
diverse morphology range and intrinsic nature of these 
materials can synergize with different active ingredi-
ents to yield exceptional electrochemical performance 
in flexible ZIBs for meeting commercial standards.

(b) Optimization of solid, gel, and hybrid polymer electro-
lytes

  The employment of solid and gel fiber-based elec-
trolytes in ZIBs can efficiently resolve the leakage 
problem, caused by conventional liquid electrolytes. 
The use of hybrid or composite structures, such as 
inorganic–organic polymer electrolytes, offers another 
approach to improving ionic conductivity and electro-
chemical stability of the cell. Significant progress has 
been made in the development of these electrolytes, 
yet more effort is still needed to understand the unique 
ion transport mechanism. For designing polymer elec-
trolytes in flexible ZIBs, materials with higher cation 
transport numbers, wider electrochemical windows, 
and lower operating temperatures are preferred. The 
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utilization of single-ion conducting polymers may also 
solve the undesirable contribution of anions to ionic 
conductivity.

(c) Construction of advanced battery architectures
  More effort is needed in the construction of advanced 

fiber-based functional ZIB architectures in different 
dimensions with specific morphologies in the micro/
nanoscale. These will enable diverse application pos-
sibilities for ZIB in various scenarios, expanding its 
practical usefulness in various energy storage fields. In 
addition, some studies have started to explore the all-in-
one integrated configuration with a seamless interface, 
improving both mechanical and electrochemical per-
formance. Moreover, green chemistry can be adopted 
to minimize the employment of harmful reagents, 
non-biodegradable active materials, and complicated 
production methods for manufacturing energy storage 
devices.

(d) Integration and connection considerations for wearable 
technology

  The application of ZIB systems for wearable elec-
tronic applications may involve their integration onto 
or into substrates. The choice of integration methods 
requires consideration of the material nature, material 
structure, and construction of the whole device. This 
ensures that the ZIB system can withstand the dam-
age risks during the integration process and retain its 
normal performance. The physical or chemical ways 
for connecting electrical devices with substrates and 
electronic devices should also guarantee sufficient 
flexibility under natural deformation, consistency in 
electrical contact, and feasibility of production under 
specific conditions.

(e) Ongoing advancements in ZIB systems for practical 
applications

  From a practical point of view, washable and highly 
stable rechargeable ZIB systems can greatly boost the 
wearable application of this type of battery. Treatments 
including encapsulation or fabrication with waterproof 
materials can increase the tolerance of ZIBs to wash-
ing conditions. In addition, stable rechargeable ZIB 
systems can be operated efficiently alongside energy 
harvesting units. This supports the advancement of 
combining energy conversion and energy storage 
devices for acquiring self-powering wearable electron-
ics. Besides, the human/textile interface design of fiber-
based electronics can promote wear comfort.

(f) Scalability and automation for ZIB production

Although ZIBs have yet to gain significant commer-
cial momentum in comparison to LIBs, their commercial 
potential is enormous. Extensive research has revealed that 
great outcomes of ZIB production can be achieved on a 

laboratory scale. Thus, these fundamental studies can sup-
port the investigation of large-scale automated methods for 
the cost-effective manufacturing of ZIBs, particularly the 
mass production of flexible electrodes, current collectors, 
separators and electrolytes for efficient battery assembly 
and battery integration. The fabrication of some fiber-based 
structures can be well supported by current textile manu-
facturing facilities, equipped with a sophisticated automatic 
production line. For some complicated morphologies, the 
fabrication may be feasible by template-assisted methods, 
3D printing, laser technology or a hybrid approach integrat-
ing different manufacturing techniques.
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