
Overlooked Promising Green Features of Electrospun Cellulose-
Based Fibers in Lithium-Ion Batteries
Mohd Zahid Ansari, Seyedeh Nooshin Banitaba, Sanaz Khademolqorani, Ilunga Kamika,
and Vijaykumar V. Jadhav*

Cite This: ACS Omega 2023, 8, 43388−43407 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Lithium-ion batteries (LIBs) are accounted as promis-
ing power tools, applicable in a wide range of energy-based equipment,
from portable devices to electric vehicles. Meanwhile, approaching a
cost-effective, environmentally friendly, and safe LIB array has
remained sluggish yet. In this regard, cellulose, as a nontoxic natural
renewable polymer, has provided a stable and cohesive electrode
structure with excellent mechanical stability and reduced electrode
cracking or delamination during cycling. Additionally, the porous
configuration of the cellulose allows for efficient and faster ion
transport as a separator component. Miniaturizing cellulose and its
derivatives have revealed more fabulous characteristics for the anode,
cathode, and separator resulting from the increased surface-to-volume
ratio and superior porosity, as well as their thin and lightweight
architectures. The focal point of this review outlines the challenges relating to the extraction and electrospinning of cellulose-based
nanofibers. Additionally, the efforts to employ these membranes as the LIBs’ components are elucidated. Correspondingly, despite
the great performance of cellulose-based LIB structures, a research gap is sensed in this era, possibly due to the difficulties in
processing the electrospun cellulose fibers. Hence, this review can provide a source of recent advancements and innovations in
cellulose-based electrospun LIBs for researchers who aim to develop versatile battery structures using green materials, worthwhile,
and eco-friendly processing techniques.

1. INTRODUCTION
Energy consumption has been turned into a major critical
concern in various health, environment, and economic fields.
According to the released data by the International Energy
Agency, it is estimated that worldwide energy consumption will
gradually increase by 25% from 2016 to 2040. Energy storage
devices have been introduced as key equipment to reduce fossil
fuels.1 Nowadays, the lithium secondary battery (LIB)
development has been considered by numerous researchers
and industries to progress the usage of a wide range of devices
from portable electric equipment to hybrid/electric vehicles.
Accordingly, the focus on the fabrication of optimized battery
structures via maximizing energy density, life cycles, and safety
has received wide attention in recent decades. Besides the
significance of the electrochemical performance and other
physical and chemical features, it is vital to apply environ-
mentally friendly materials and fabrication processes. Addi-
tionally, the recycling ability of the final battery structure and
the scalability of the synthesis procedure are important
parameters that should be attained in the battery industry.2−4

Li+ ion batteries could be prepared by attaching one or more
electrochemical cells depending on the required energy

density. Each cell consists of an anode, a cathode, and a
separator membrane immersed in a liquid electrolyte. During
the charging cycle, Li+ ions migrate to the anode side via the
separator, interacting with the electrons that have passed the
external circuit. Meanwhile, the reverse mechanism occurs
during the discharging procedure to fill the cathode reservoir
with the Li+ ions. In the commercial stage, graphite and
LiCoO2 electrodes are, respectively, employed as anode and
cathode structures.5,6 In addition, polypropylene or poly-
ethylene fibrous membranes are applied as the separator
element (see Figure 1a). Therefore, polymeric materials act as
one of the main substances in the battery structures. Despite
the fact that batteries are applied as an environmentally
friendly electrochemical device, the polymeric-based compo-
nents in such structures are mostly synthesized from
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petroleum. The application of these substances causes
biohazards and global warming, motivating researchers to
utilize sustainable materials. In this era, cellulose and its
derivatives, as water-processable polymers, have been reported
as progressing green battery components called paper
batteries.7−9 In accordance with the cellulose chemical
structure, the β-D-glucopyranose linear repeating unit is linked
through β-1,4 glycosidic bonds covalently. Additionally, there
are a large number of hydrogen bonds in intra- and
intermolecular structures of cellulose, forming various cellulose
structures. Flexible surface chemistry, low dimensional
changes, as well as high elasticity and anisotropy are well-
known cellulose characteristics, leading to the progression and
development of energy application devices.10 Cellulose-based
materials have shown great potential for fabricating stable and
cohesive electrode configurations with boosted mechanical
characteristics. They can suppress electrode cracking and
delamination during cycling procedures. Cellulose-based
separators could also provide versatile and faster ion transport
between the electrodes.11

The architecture of the battery structures acts as an
influential parameter on the final characteristics of the
fabricated batteries. On the basis of the literature, the synthesis
of the materials on the nanoscale can enhance the battery
performance. Downsizing the materials causes an increment in
the surface-to-volume ratio, improving the ideal properties in
each LIB component.12 Nanostructures can be synthesized
through various forms, in which nanofibrous membranes have
received tremendous attention due to their highly porous and
interconnected structures, as well as the presence of tiny pores.
The nanofibrous networks could be produced via a diverse
range of methods, including dry spinning, solution blow

spinning, hybrid dry-jet wet spinning, electrospinning, and so
forth. Between the mentioned fabrication procedures, electro-
spinning has the capability to produce homogeneous cellulose-
based fibers with customized features, which is schematically
shown in Figure 1b.13−17 The visualizing scientific landscape of
the electrospun nanofibers applicable in LIB structures is
depicted in Figure 1c, showing their potential for fabricating
various battery components. According to the Scopus resource
data, the published research on the nanostructure battery
elements has dramatically risen from 2013 to 2022. In addition,
1098 attempts have been conducted on the nanofibrous LIB
components in this period. It is noteworthy that among these
studies, 7% of the research cases have concentrated on
applying the electrospun cellulose or its derivatives in the LIBs
(Figure 1d).
Although there are few studies on the usage of electrospun

cellulose and its derivatives in LIBs, an increasing trend has
been observed, confirming the growing attention to the
application of green materials. Regarding the beneficial features
of the cellulose-based materials, along with their nanofibrous
configurations, the following sections are overviewed in this
paper to shed light on green and eco-friendly battery
preparation in the near future: extracting and electrospinning
of the cellulose and its derivatives and the efforts toward
synthesizing electrospun cellulose-based anode, cathode, and
separator.

2. CELLULOSE RESOURCES AND DERIVATIVES
The investigation of renewable resources originating from
biopolymer-based materials is a dynamic field of study that has
caught more attention in industries and scientific research.

Figure 1. (a) Structure of commercialized LIBs from the perspective of the applied materials and their challenges. Reproduced with permission
from ref 18. Copyright 2020 Elsevier. (b) Schematic illustration of electrospinning apparatus. Reproduced with permission from ref 19. Copyright
2021 Elsevier. (c) VOSviewer bibliometric map of LIBs based on electrospun cellulosic components, and (d) number of Scopus indexed published
papers with the keywords of nanostructures, electrospun nanofibers, and electrospun cellulose in LIBs.
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Cellulose is an organic polysaccharide, which could be
employed as an environmentally friendly and biocompatible
alternative to replacing the oil-based product.20,21 According to
its merits, cellulose is known as a promising candidate for the
fabrication of LIB elements. As an example, it could be applied
as a binder material in the electrode fabrication process. It
helps hold the active materials and conductive additives
together, forming a stable and cohesive electrode structure.
Additionally, it can act as a film-forming material, ensuring
uniform and smooth coatings on the electrode surface. Also,
excellent mechanical properties of cellulose, such as high
tensile strength and flexibility can enhance the mechanical
stability and integrity of the electrode assembly, reducing the
chances of electrode cracking or delamination during cycling.
This improved mechanical stability contributes to the long-
term performance and cycle life of the battery. Moreover,
cellulose is a porous material with a high surface area, which
allows for efficient ion transport within the battery. It is capable
of integrating the diffusion of lithium ions between the
electrolyte and the electrode, promoting faster charge and
discharge rates. It also has the ability to retain and hold the
electrolyte, preventing its loss and improving the overall

electrolyte utilization in the battery. Furthermore, it is a
naturally derived and nontoxic material, making it a safer
choice for battery applications. It can help mitigate safety
concerns associated with the use of conventional synthetic
binders or additives. The thermal stability of cellulose can
contribute to the overall thermal management of the battery,
reducing the risk of thermal runaway or fire hazards. Despite
remarkable features, some intrinsic characteristics, such as
insolubility in most common organic solvents and hydrophilic
nature, have restricted its applications.22 In this regard, several
attempts have been conducted to modify cellulose structure via
enzymatic or microbiological methods.23−25

Cellulose can be extracted from wood-based and nonwood-
based resources. Wood has been considered the most
widespread cellulose basis for industries.26 However, lately,
other nonwood resources, including agricultural waste, fibers
(cotton, flax, jute, etc.), marine animals, algae, and bacteria, are
getting more attention.27−29 Agricultural waste is one of the
nonwood-based sources that hold more than 85% of cellulose,
hemicellulose, and lignin.30 This massive inexpensive waste can
be used to prepare valuable products; for instance, about 100
million dry tons of dry corn stover can be collected annually in

Figure 2. General information regarding cellulose and its derivatives. (a) Various cellulose resources and (b) chemical structure of cellulose and its
derivatives, including cellulose xanthate (CX), carboxymethyl cellulose (CMC), methylcellulose (MC, R could be H or CH3), cellulose acetate
(CA), cellulose carbamate (CC, R could be H or CONH2), and hydroxyethyl cellulose (HEC), (c) hierarchical structure of the cellulose from the
meter to the nanometer scale. Reproduced with permission from ref 52. Copyright 2020 MDPI. (d) Solid loading, as well as fiber diameters of the
electrospun cellulose and its derivatives. Reproduced with permission from ref 19. Copyright 2021 Elsevier.
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the United States.31 Xu et al.31 extracted cellulose from
agricultural waste corn stover and reported more than 93%
purity. In another attempt, Nang An et al.32 investigated
cellulose extraction from Vietnamese agricultural wastes,
including coconut husk fibers, rice husk, and Nypa fruticans
trunks. In accordance with this study, highly crystalline
extracted cellulose with complete lignin removal and improved
thermal stability was obtained that could be applied in several
potential applications.
Different forms of cellulose have been extracted from various

sources so far, including microcrystalline cellulose (MCC),33

microfibrillated cellulose (MFC),34 cellulose nanofibers,35

cellulose nanocrystals (CNC),36 and bacterial cellulose
(BC).37 Nevertheless, interest in nanocellulose materials
(CNF, CNC, and BC) has recently increased dramatically
due to their special chemical and physical properties. Among
them, cellulose nanofibers and CNC can be obtained using
top-down approaches, while BC is synthesized by a bottom-up
process.
Cellulose nanofiber possesses high mechanical strength,

thermal stability, functionalization possibility, and small
thermal expansion.38 Correspondingly, it has been regarded
as a latent matrix for numerous applications, such as drug
delivery, energy storage, optoelectronic conversion, filtration,
and many more.39−41 In accordance with the literature,
cellulose nanofiber could be obtained through chemical,
mechanical, oxidation, and biological methods. The chemical
approach is based on acid digestion in which cellulose
nanofibers are obtained by destroying amorphous areas of
fibers.42 In the case of the mechanical way, a high rpm mill is
used to grind wood pulps, and a high-intensity ultrasonic step
helps to isolate nanofibers.43 Using an oxidizing agent, such as
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO), leads to better
defibrillation through the mechanical method and, therefore,
higher profit for cellulose nanofibers.44 In the case of the
biological procedure, a cellulolytic enzyme is applied to break
the fiber structure. Meanwhile, it would be better to couple it
with other methods, i.e., chemical or mechanical, due to its
time-consuming process.38 After extraction of cellulose nano-
fibers through different approaches, a high-temperature acid
treatment could result in the production of CNC. Magnificent
physicochemical properties and high surface area make CNC a
supreme candidate for vast applications of water purification,
membrane, nanocomposite, electronic, and biomedical.45

BC is special, highly crystalline, and pure natural cellulose
without lignin and hemicellulose, produced by some micro-
organisms like Acetobacter xylinum.46 It is assumed that the
bacteria produce cellulose as a defensive mechanism to protect
themselves from UV and severe chemical conditions.47 BC
properties can be controlled in situ by using production
conditions. It is widely accepted as a functional material for
different applications, and its chemical structure is quite similar
to plant cellulose.47

The cellulose chemical structure can be modified, providing
tuned functionality for the desired application. Cellulose
hydroxyl groups can be used for different degrees of
substitution to obtain cellulose derivatives.48,49 These cellulose
derivatives are mainly divided into cellulose esters and
cellulose ethers. Cellulose acetate, xanthate, sulfate, phosphate,
and phthalate are the most common cellulose-ester derivatives,
while methyl, ethyl, carboxymethyl, hydroxyethyl, hydroxy-
propyl, sulfonyl, and cyanoethyl cellulose are the most known
cellulose-ether derivatives.50 Among cellulose esters, cellulose

acetate (CA) is the most popular. It is synthesized by adding
acetic anhydride, glacial acetic acid, and sulfuric acid to
cellulose. In contrast, methylcellulose (MC) is the most
commercially related cellulose-ether.51 MC is synthesized by
the substitution of hydroxyl groups with methoxy groups.
Although MC is water-soluble, it is insoluble in most organic
solvents.50 Figure 2a−c shows the chemical formula of the
native cellulose and its derivatives.
In recent decades, remarkable progress has been observed in

battery performance through using nanoscience. Fabricating
nanostructural battery elements have offered unique properties
due to their small size, high surface area, and improved
electrochemical reactivity. Nanostructured materials, such as
nanowires, nanoparticles, or nanotubes, can be used as active
materials in both the positive (cathode) and negative (anode)
electrodes. These nanostructured electrodes provide shorter
diffusion paths for lithium ions, facilitating faster charging and
discharging rates. The solid electrolyte interface (SEI) layer
forms on the electrode surface as a result of electrolyte
decomposition during battery cycling. By incorporating
nanostructured materials, such as nanocomposites or nano-
coatings, the SEI layer can be engineered to be more stable and
protective, reducing side reactions and improving battery cycle
life. Additionally, nanostructured current collectors, such as
nanoporous metals or nanofiber-based networks, can enhance
the overall electrode performance by improving electron
transport and reducing resistance.
Among various methods of downsizing polymers, electro-

spinning is a technique used to produce nanofibers by applying
an electric field to a polymer solution or melt. Electrospun
nanofibers can be used to fabricate separator membranes with
enhanced properties for Li-ion batteries. These nanofiber-
based separators offer improved mechanical strength, thermal
stability, and electrolyte absorption, contributing to enhanced
battery safety and performance. Electrospinning can also be
employed to create three-dimensional (3D) electrode
architectures by depositing active materials onto conductive
nanofiber networks. These 3D electrode structures provide
high surface area, efficient ion transport, and improved
electrode−electrolyte contact, resulting in enhanced energy
storage capabilities. Electrospinning enables the fabrication of
flexible and stretchable battery components, such as electrodes
and separators. These flexible Li-ion batteries are promising for
wearable electronics, smart textiles, and other applications
requiring conformable power sources. The next section
represents the electrospinning of cellulose and its derivatives
as a robust technology to produce cellulose-based nanoma-
terials.

3. CELLULOSE ELECTROSPINNING METHODS AND
CHALLENGES

Cellulose nanofibers could be synthesized through various
procedures, including mechanical, chemical, combined, and
electrospinning. In the mechanical methodology class, cellulose
nanofibers can be fabricated via high-pressure homogenization
or grinding technologies. Additionally, acid hydrolysis and
enzymatic hydrolysis are the potential chemical solutions for
generating cellulose nanostructures.53 Table 1 provides the
method used in each procedure, along with the reported
advantages and disadvantages. Accordingly, the electrospinning
procedure ensures the fabrication of more uniform fibers with
less damage through a feasible procedure.54

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.3c05068
ACS Omega 2023, 8, 43388−43407

43391

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05068?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Electrospinning has been established as a highly versatile
technique for the fabrication of submicron fibers. Various
solvent solutions and melt forms of different polymers have
been successfully applied to prepare related nonwoven mats.
During the electrospinning procedure, a high voltage is applied
to charge the polymer droplet at the tip of the needle. Upon
overcoming the surface tension, a fine polymer jet flies from
the needle toward the grounded collector, and solvent
evaporation takes place through this distance.55 Besides
many influential parameters affecting this technique, the
volatility of the chosen solvent is a key factor. In other
words, a highly volatile solvent could lead to quick solvent
evaporation and therefore clog the needle. In contrast, a
solvent with low volatility results in sticking the fabricated
fibers together on the collector and forming a uniform film.56

Besides, it has been proved that the morphology of the
resulting fibers is governed by a set of different variables, such
as solution composition, process settings, and ambient
conditions.57

Similar to various synthetic and natural-based polymers,
cellulose-based electrospun nanofibers have also been intro-
duced in various studies for a wide range of applications,
including water treatment,58 biomaterials,59 sensors,60 and
electro-conductive material,61 batteries, and many more.
Although cellulose is insoluble in the most common solvents,
the electrospinning of cellulose using some recently developed
solvents like N-methylmorpholine-N-oxide (NMMO), lithium
chloride (LiCl) salt/dimethylacetamide (DMAc), and ionic
liquids (ILs) have been performed so far.62 It is worth noting
that direct electrospinning of cellulose has always been
challenging. Electrospinning of more readily cellulose deriva-
tives and subsequent conversion to cellulose is another indirect
route to fabricate cellulose electrospun fibers.56 Various
attempts have been made so far to fabricate the cellulose
through the electrospinning procedure, as a raw material or as
derivatives, such as acetate, carboxymethyl cellulose, hydrox-
ypropyl cellulose, methylcellulose, and hydroxypropyl methyl-
cellulose. The polymer concentration and the final fiber
diameter obtained through the electrospinning of cellulose and
the mentioned derivatives are shown in Figure 2d. As is
apparent, the polymer concentration was varied in the range
from 0.1 to 55 wt %, leading to the formation of fibers with
diameters from nano- to microscales.19

3.1. Cellulose Electrospun Nanofibers via a Direct
Method. NMMO is a nonvolatile solvent with the ability to
dissolve cellulose by breaking the intermolecular interaction
between cellulose chains. Direct electrospinning of cellulose
using NMMO/water tertiary system is inspired by industrial
Layocell production. However, the remaining NMMO within
the fibers on the grounded collector changes the fibrous form
to a uniform film.56 Intending to address this issue, Kim et al.63

applied shielded heating units to maintain the temperature of
the syringe and needle at 70−110 °C. Figure 3a depicts the
schematic illustration of the employed procedure. Moreover, a
commercial three-dimensional cellulose filter was applied to
the collector to adsorb the excess solvent from as-spun fibers,
and also a coagulation bath of water with a controlled
temperature of 10 °C was subjected right after the rotating
collector. The results demonstrated that the applied setup
could successfully maintain the fibrous structure of collected
fibers and cellulose electrospun nanofibers with a diameter of
250−750 nm and approximate crystallinity of 40−60% (Figure
3b,c). The authors claimed that increasing the spinneretT
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temperature decreases the fibers’ diameter by reducing the
spinning dope viscosity. Besides, the cooling coagulation bath
leads to retaining the crystallinity of cellulose.
Another well-known solvent system for direct cellulose

electrospinning is dissolving a nonvolatile lithium chloride
(LiCl) salt in dimethylacetamide (DMAc). This solvent system
provides sufficient volatility for the electrospinning process.
Nevertheless, a post-treatment is necessary to remove LiCl salt
from the electrospun fibers. It is reported that the presence of
LiCl in the solvent system is essential to dissolving cellulose by
bridging the electrostatic interaction between polymer chains
and DMAc.65 Kim et al.63 compared the cellulose electrospun
nanofibers from NMMO/water and LiCl/DMAc solvent
systems. They reported that applying a coagulation bath after
the collector is required to stabilize fibers’ form in both solvent
systems. The X-ray diffraction studies indicated that cellulose
fibers prepared using LiCl/DMAc are mostly amorphous.
ILs are organic salts containing cations and anions in liquid

form at low temperatures. Having unique properties of
nonvolatility, nonflammability, and chemical/thermal stability,
ILs have been widely used as green solvents.22 However, there
are still some concerns about ionic liquids like recyclability,
purification, and high cost.19 ILs may be combined with some
organic or inorganic compounds such as tetrabutylphospho-
nium chloride and sodium chloride.19 Studies have demon-
strated that some hydrophilic ILs can be used to dissolve
cellulose to fabricate electrospun fibers.66 1,3-Diallyl-2-ethyl
imidazolium acetate, 1-allyl-3-methylimidazolium chloride, 1-
butyl-2,3-dimethylimidazolium chloride, and 1-butyl-3-methyl-
imidazolium chloride are some conventional ILs that have
been investigated for cellulose dissolution.67−69 However, as
ILs are low-volatile melted salts, using a coagulation bath to
collect the fibers as well as remove IL is necessary. The applied
voltage for electrospinning of ILs-based solvents is higher than

conventional electrospinning, so it ranges between 15 and 35
kV.19 Viswanathan et al.70 fabricated cellulose and cellulose-
heparin composite electrospun fibers using 1-butyl-3-methyl-
imidazolium chloride as IL solvent. The concentration of the
prepared solution and applied voltage were reported as 10%
(w/w) and 15 kV, respectively. This research group utilized an
ethanol bath to collect and consequently extract IL from the
fibers. The diameter of the resulting fibers was reported in the
range of microns to nanometers.

3.2. Cellulose Electrospun Nanofibers via the Indirect
Method. Unlike the poor solubility of cellulose, its derivatives
possess significantly improved solubility in some conventional
organic and inorganic solvents. Cellulose acetate (CA) is one
of the best starting materials to achieve cellulose nanofibers
through electrospinning. Acetic acid, acetone/DMAc, and
acetone/DMF/water are some solvent systems that have been
applied in several studies.71−73 It is reported that using a binary
and the ternary solvent system can help to control the
evaporation rate in the air gap.73 The resulting CA nanofibers
can be easily converted to cellulose by a deacetylation reaction.
Zhang et al.64 fabricated CA nanofibers using acetic acid as a
solvent. The deacetylation process was performed by 0.5 M
NaOH/ethanol at 25 °C for 24 h, and the resulting cellulose
nanofibers were characterized. Figure 3d,e illustrates the
schematic of the employed setup for the fabrication of CA-
based nanofibers and the SEM image of the prepared
nanofibers, respectively. They investigated the morphological
structure and air filtration performance and reported more
than 98% efficiency for both CA and cellulose nanofibers. To
reduce the deacetylation process time, Ahmed et al.74 applied
ultrasonic energy. They dissolved CA in acetone/DMF and
prepared CA nanofibers by the electrospinning method.
Through the deacetylation step, nanofibers were treated with
NaOH/ethanol solution under ultrasonic energy for different

Figure 3. Fabrication of cellulose nanofibers through a direct method. (a) Schematic illustration of the electrospinning device, (b) SEM image of
cellulose nanofiber at room temperature, and (c) SEM image of cellulose nanofiber at a heated condition. Reproduced with permission from ref 63.
Copyright 2006 Elsevier. Production of cellulose nanofibers via an indirect method. (d) Electrospun system used for indirect cellulose nanofiber
synthesis and (e) SEM image of tree-like cellulose nanofiber. Reproduced with permission from ref 64. Copyright 2018 Elsevier.
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periods. Their result demonstrated complete deacetylation
within 1 h, and no morphological damage was detected.
Other cellulose derivatives are also soluble in suitable

solvents for electrospinning, and several studies have reported
the fabrication of electrospun nanofibers of these materials for
different applications. Silva et al.75 explored the electrospinning
of hydroxypropyl methylcellulose (HPMC) with different
molecular weights. They used ethanol/water as the solvent
system and studied the rule of solution parameters on fiber
production. They concluded that low-molecular-weight
HPMC results in rodlike and round particles, while high-
molecular-weight HPMC causes bead-free fibers at a
concentration of 1.5% (w/v) and beaded-fibers at 1% (w/v).
Wu et al.76 investigated the effect of the THF/DMAc solvent
system of ethyl cellulose on the resulting electrospun
nanofibers morphology. The authors claimed that using a
multicomponent solvent system leads to a narrower diameter
distribution of fibers compared to a single-component solvent.
Moreover, the small tubercle fibers’ surface was evident when
the multicomponent solvent system was applied.

4. ELECTROSPUN CELLULOSE-BASED ANODE
STRUCTURES

An anode is a polarized electrical device in the battery structure
that directly influences the battery capacity and performance
via its morphology and the employed content since they are
responsible for storing and releasing Li+ ions during the

charging and discharging procedure.77 A variety of synthetic
and natural-based materials have been introduced as anode
materials so far. Among a wide range of substances, alloying,
silicon, and carbon-based materials have received large
attention. The choice of anode material is crucial in
determining the performance and characteristics of LIBs. In
most commercialized LIBs, graphite has been applied as an
anode for years, while low capacity, as well as poor safety, have
motivated researchers and manufacturers to substitute it with
alloying- and silicone-based structures. This category of anode
electrodes is normally synthesized based on aluminum, silver,
magnesium, tin, and antimony elements, providing 2 to 10
times superior capacity compared with the common structures.
In contrast, volume expansion during lithium intercalation
causes capacity loss in the first cycle and irreversible capacity
fading during subsequent cycling procedures. Additionally,
researchers have focused on silicon-based anodes to overcome
the mentioned obstacles through providing superior gravi-
metric and volumetric capacity and low cost. Meanwhile, the
high-volume fluctuations cause several critical issues, including
unsteady and irregular electrical delamination, ineffective
electron transfer, particle cracking, and many more. As a
result, the LIB’s development has significantly become
restricted using these anode materials.78−80

Carbon-based substances are currently applied in most
commercialized battery structures, resulting from their out-
standing electronic conductivity, affordable cost, and wide-

Figure 4. Characteristics of the walnut shell-based anode materials. Images of the CNFs-1000 (a) before and (b) after 3 cycles and (c−e) FESEM
images of the prepared fibers at different carbonization temperatures after 200 galvanostatic charge−discharge cycling procedures. Electrochemical
performance of the walnut-derived CNFs. (f) CV curves at a scan rate of 0.5 mV s−1, (g) impedance spectra, (h) cyclic performance, and Columbic
efficiency at 100 mA g−1 current rate. Reproduced with permission from ref 89. Copyright 2018 Royal Society of Chemistry. Properties of the
cellulose nanofibers embedded with polypyrrole. (i) Schematic illustration of the synthesis procedure, (j) SEM, (k) TEM, (l) CV curves, and (m)
specific capacity over 2000 cycles at a current density of 500 mA g−1. Reproduced from ref 90. Copyright 2023 American Chemical Society.
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spread availability. In addition, carbon structures offer a
desirable hierarchical configuration for the insertion of Li+ ions
during the charging procedure. Nevertheless, carbon structures
have also revealed similar challenges to the graphite anode,
suggesting further evaluations in this era. The formation of
dendrite structures during cycling on the carbon-based
structures is the main issue dealing with these materials,
hindering their practical usage. Carbonaceous-based anodes
can be evaluated from two points of view: (a) morphology and
structure and (b) the initial resource material.81,82 On the basis
of the literature, the microstructure, morphology, and crystal
regions of the carbonaceous materials affect the litigation/
delithiation process and the final battery capacity. Accordingly,
recent efforts have been dedicated to the fabrication of carbon-
based anodes in the form of nanoscale arrays, which can be
synthesized into zero-, one-, two-, and three-dimensional
nanostructures. Downsizing of the materials into the nanoscale
causes approaching the electrocatalytic ability increment,
shorter diffusion distances, higher range of electroactive sites,
fast charging, and longer life span. One-dimensional carbon
structures, known as carbon nanofibers (CNFs), result in a
higher capability for storing and energy conversion compared
with other nanoscale configurations and the standard graphite-
based anodes due to their interconnected structures. In
addition, they can transport Li+ ions via short radial directions,
improving the capability rate and efficiency.83−85

CNFs could be prepared from synthetic and natural polymer
resources. Polyvinylpyrrolidone (PVP), polyacrylonitrile
(PAN), and poly(vinyl alcohol) (PVA) are common synthetic
sources, while cellulose and lignin are well-known natural ones.
The comparative investigations on the anode efficiencies
according to their precursors have represented cellulose as one
of the most efficient resources because of its outstanding
structural and textural features. Cellulose-based CNFs are
capable of providing a high charging capacity (535 mA h−1

g−1). In addition, they attest to the green and cost-effective
production of anode materials from abundant and renewable
resources. Moreover, cellulose-based materials could be
synthesized in different forms, resulting from their great
designability and versatility.86 Furthermore, these materials
have shown high surface area, proper electrical conductivity,
enhanced mechanical stability, unique flexibility, and compat-
ibility with lithium.86−88

Cellulose-based carbon materials could be carbonized
without a need for a catalytic supporter, under an inert
atmosphere and at high temperatures (above 2000 °C) to gain
an amorphous structure. They also lead to the formation of
nongraphitized and disordered materials and cause high
specific capacity due to the high surface area. On the other
hand, global warming has motivated researchers to concentrate
on deriving the precursor materials from green and environ-
mentally friendly sources. Since the 1990s, biomass awareness
has become the modern chemistry basis, promising non-
harmful features of chemical procedures and products in a
global vision, containing technological, scientific, and ethical
concerns. In 2018, Tao et al.89 liquefied walnut shells at 150
°C for 2 h using phenol, followed by a resinification stage for
the mixture of the liquefied walnut shell, sodium hydroxide,
and formaldehyde. Then, they added PVA solution with a
weight concentration of 12% to provide a proper electro-
spinning solution. The prepared electrospun fibers were then
carbonized at three different temperatures of 1000, 1500, and
2000 °C under an argon condition, named CNFs-1000, CNFs-

1500, and CNFs-2000. Figure 4a,b shows images of the
carbonized CNFs-1000 before and after the cycling procedure.
In addition, FESEM images of the various prepared fibers are
depicted in Figure 4c−e. On the basis of the results, an
increase in the temperature caused a reduction in the diameter
of CNFs from 170 to 110 nm, possibly due to the release of
more molecules at higher temperatures. Also, a slight difference
was observed between the fiber diameters before and after the
calcination procedure, corroborating a superior yield of carbon
compared with other biomass-based precursors. In addition,
the homogeneity and geometry of the electrospun fibers
remained unaltered after 200 cycles. Figure 4f also depicts the
CV curves of the obtained fibers. On the basis of the obtained
plot, the redox peaks at 0.5 V were attributed to the insertion
of the Li+ ions into the nanopores of the fabricated fibers.
Among the prepared electrospun fibers, the CNFs-1000 fibers
exhibited the lowest charge transfer resistance, possibly due to
the desirable pore volumes and more graphitelike crystallite
layers (Figure 4g). In various current densities from 30 to 2000
mA g−1, the CNFs-1000 anode structure represented the
highest electrochemical performance with stable cycling after
returning to the 30 mA g−1 (Figure 4h). Moreover, these fibers
presented a stable discharge capacity of 239.6 mAh g−1 after
the 200-cycling process, while other structures only maintained
122 and 99 mAh g−1 due to the same reason discussed above.
It is worth noting that the decrease in capacity during the first
ten cycles could be assigned to the SEI formation. Meanwhile,
the capacity improvement after the 10th cycle could be related
to the creation of a gelatinous layer on the CNFs, providing
additional capacity.
In 2023, Liu et al.90 developed a bacterial cellulose-based

CNF applicable as an anode structure of potassium ion
batteries. To this end, polypyrrole was added to the bacterial
cellulose, followed by a carbonization procedure, which is
schematically described in Figure 4i. SEM and TEM images of
the deployed structure are shown in Figure 4j,k, confirming the
formation of a 3D network configuration with a diameter
ranging from 20 to 40 nm. CV curves of the provided
architecture are displayed in Figure 4l, confirming the insertion
of potassium by the appearance of a peak in 0.01 V, as well as
the potassium extraction via the peak at 0.25 V. Cycle stability
of the highlighted structure at a high current density of 500 mA
g−1 in 2000 cycles was also investigated (see Figure 4m).
Accordingly, the reversible specific capacity of 176 mAh g−1

was observed due to the synergetic effect achieved by the
composition of bacterial cellulose and polypyrrole, as well as
N-doping sites of the polypyrrole content.
Two main strategies have also been applied in several

attempts to boost the electrochemical performance in carbon-
based anodes, including the fabrication of porous structures
and the development of composite structures through
combining carbon materials with alloy- and metal-type
substances.91 To figure out the effect of porosity on the
resulting performance, Wang et al.8 employed KOH activation
to produce porous carbon nanofibers from bacterial cellulose
precursors. The fabricated structure could deliver a high
discharge capacity of 857.6 mAh g−1 after 100 cycles and retain
the capacity of about 325 mAh g−1 after 4000 cycles. On the
other hand, conjoining the cellulose-based anode nanofibers
with metal-based components has also been declared an
influential method. For example, Li and Huang92 deposited
silver nanoparticles and titania on the carbon nanofibers
derived from the cellulose with varied concentrations of 0.5,
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1.0, 1.5, and 2 M silver nitrate solutions to obtain samples A, B,
C, and D respectively. Figure 5a schematically shows the
fabrication procedure employed for the production of the
anode structures. Correspondingly, sample Ag-NP/titania/
carbon-D illustrated a high specific capacity of 540 mAh g−1 in
the initial charge/discharge cycle (Figure 5b). In addition, this
sample showed a superior rate performance in comparison
with the other designed anode structures, due to the highest
loading density (Figure 5c). The obtained results clearly
showed the effect of the silver nanoparticles on the
enhancement of the conductivity, superior specific surface
area, and more feasible electron transportation. Similar
attempts have also been reported to benefit the advantages
of both cellulose-based carbon nanofibers and Fe3O4,

93,94

SnO2,
95 Sn,96 Si,97,98 and so on. Wang and Huang99 developed

a ternary nanocomposite based on carbon nanofibers loaded by
Ag and SnO2 nanoparticles, which is shown in Figure 5d. The
galvanostatic discharge/charge cycling performance of the

designed anode structure at the current density of 100 mA g−1

is provided in Figure 5e. On the basis of the results, loading the
highest amount of Ag nanoparticles caused approaching the
highest capacity retention of 700 mAg h−1 after 120 cycles.
Additionally, this sample exhibited superior specific capacities
at various current rates, resulting from the improved cycling
stability and electrochemical performance provided by the
presence of carbon structure and Ag nanoparticles, respectively
(see Figure 5f). Notably, the nanofibrous appearance after the
cycling procedure was similar to the structure before cycling,
showing the great structural durability benefitting from the
presence of Ag nanoparticles, which could reinforce the
mechanical strength and inhibit the agglomeration of SnO2
nanocrystals. A similar trend was also carried out by this group
through substituting Cu nanoparticles with Ag ones.100

In 2023, Ma et al.101 produced a composite, containing
bacterial cellulose/Fe2O3/Fe3M/CNT for potassium and
sodium ion batteries. The synthesis procedure is schematically

Figure 5. Properties of the Ag-NP/titania/cellulose-based carbon anode structure. (a) Schematic illustration of the method used for the fabrication,
(b) cycling performance of the prepared samples at a current density of 100 mA g−1, and (c) charge−discharge profile of the samples at different
current rates. Reproduced with permission from ref 92. Copyright 2015 Royal Society of Chemistry. Characterization of CNF loaded by SnO2 and
Ag nanoparticles. (e) specific capacity at 100 mA g−1 over 120 cycles, and (f) specific capacity at various current densities. Reproduced with
permission from ref 99. Copyright 2019 Elsevier. Features of the bacterial cellulose/Fe2O3/Fe3M/CNT anode structure: (g) synthesis process, (h)
SEM (top) and TEM (bottom) illustrations, (i) CV curves, (j) voltage−time behavior, and (k) specific capacity. Reproduced with permission from
ref 101. Copyright 2023 Elsevier.
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illustrated in Figure 5g. SEM images of the prepared anode
materials showed the creation of a jungle-like CNT network on
the bacterial cellulose surface with the average diameter and
length of 0.35 and 9 μm, respectively, which could enhance the
electron transport and cyclability (see Figure 5h). The TEM
illustrations displayed average thickness 6.4 nm of carbon on
the nanoparticles in the composite and the lattice fringe
formation of Fe nanoparticles (see Figure 5i). CV curves of the
bacterial cellulose/Fe2O3/Fe3M/CNT in various voltage rates
of 0.1 to 0.9 mV s−1 are provided in Figure 5j, showing an
increment in the depotentiation peak by the rise in the voltage
rate. The voltage versus time is also depicted in Figure 5k,
attesting to the K+ ion diffusion coefficient as a result of rising
in the nanotube carbon on the bacterial cellulose surface. The
long-term cyclability at 400 mA h−1 of the designed composite
is shown in Figure 5l, showing the 280.4 mAg h−1 specific
capacity after 1000 cycles, which demonstrates the positive
effect of the provided highly stable 3D network structure. With
regard to similar mechanisms in the lithium, sodium, and
potassium batteries, the proposed structure in the mentioned
effort could also be deployed in Li+ ion batteries.
Besides cellulose resources, cellulose derivatives such as

cellulose acetate, hydroxyethyl cellulose, methylcellulose, and
carboxy methyl cellulose have also been employed as anode-
based materials. In one research study, Han et al.102 engineered
a carbon nanofiber structure derived from cellulose acetate
doped with Fe3O4 nanoparticles. During the synthesis stages,
CA/Fe(acac)3 was first electrospun, and then deacetylation
and carbonization processes were conducted to produce a fine
Fe3O4@CNFs structure. The prepared anode showed high
discharge capacities of 773 and 596 mAh g−1 at 1 and 2 A g−1.
Qiu et al.103 also prepared a nanofibrous composite anode
membrane based on carboxy methyl cellulose, which
demonstrated a discharge capacity of 226.4 mAh g−1 at the
first cycle. Table 2 summarizes other findings obtained toward
substituting the graphite with the cellulose- and cellulose-
derivative-based electrospun fibers.
In summary, a great need has been declared for the

investigation of novel anode materials in recent years to
overcome the low capacity of the common graphite anode. So,
it has been widely suggested in various studies to apply to
alloy-, silicon-, and carbon-based components. In most
reported anode structures, poor conductivity has hindered
the final practical usages, in which the addition of carbon
materials could be a valuable method. Besides the inherent
features of carbon-based materials, they could be easily
extracted from green resources, such as cellulose and its
derivatives, which provide a safer, cost-effective, and eco-
friendly fabrication method.

5. ELECTROSPUN CELLULOSE-BASED FIBERS AS
CATHODE STRUCTURES

Another crucial component in the LIBs is the cathode
electrode. During the discharging procedure, Li+ ions migrate
toward the cathode electrode and react with the electrons
moved back from the anode material. In commercial LIBs, the
capacity of the anode electrode is 1 order of magnitude larger
than the cathode one. Accordingly, developing the LIBs has
been restricted, resulting in the capacity mismatch between the
employed electrodes. Toward approaching an ideal and high-
capacity battery configuration, there should be a large
difference between the energy levels of the negative and
positive electrodes. Therefore, the cathode energy is desirable

to be as low as possible, implying the need for cathode arrays
with higher oxidation state stabilization. In contrast, the anode
energy should lie as high as possible. On the basis of the theory
mentioned, various efforts have been devoted to designing a
cathode structure with higher specific capacity and rate
capability. In this era, researchers have focused on the
modification of morphology and microstructure of the applied
materials as well as their electrochemical features.112

Cathode structures are mainly categorized into two classes
based on their energy-storing mechanisms, including inter-
calation- and conversion types. In the intercalation-based
cathodes, the applied structure acts as a host for reversible
insertion and extraction of the Li+ ions during cycling
procedures. The intercalation cathodes can also be classified
into three groups transition metal oxides (TMs), chalcoge-
nides, and polyanion compounds, in which TMs have received
more attention due to superior energy storage capacity along
with an outstanding operating voltage. Meanwhile, the cathode
conversion type experiences breaking of the chemical bonds
during the charging cycle and so recombining in the
discharging process. Metal halides are well-known conver-
sion-based cathodes, suffering from poor electron conductivity
as well as high volume expansion which has restricted their
practical usage. In the case of TM structures, LiCoO2 and
LiNiCoMnO2 have been widely applied in the commercial
market. Nevertheless, the Co element is expensive and owns
limited resources, motivating the researchers to substitute it
with other valuable chemical elements and compounds.
Correspondingly, LiFePO4 has been extensively evaluated
due to its low toxicity features, high safety performance, and
great stability in high temperatures. Of note, this structure has
revealed a low diffusion coefficient and poor electric
conductivity, which is highly essential for developing electric
and hybrid vehicles. Downsizing the LiFePO4 particle size, the
introduction of conductive materials and polymers into the
structure, and cationic doping have been the main strategies
applied so far to compensate for the drawbacks declared for the
LiFePO4 structure.

113,114

To the best of our knowledge, there are a few attempts
considering the enhancement of the chemical performance in
the cathode materials using environmentally friendly techni-
ques. In 2011, Li et al.115 added carboxymethyl cellulose as a
binder into the Li[Li0.2Mn0.56Ni0.16Co0.08]O2. Carboxymethyl
cellulose is a fluorine-free binder that can be easily dissolved in
water. The resulting homogeneous electrode could reveal a
high discharge capacity of 255.4 mAh g−1 at 0.2 C and a very
high voltage of 4.8 V, due to providing better structural
stability. In another attempt, Zolin et al.116 introduced a
natural microfibrillated cellulose, carboxymethyl cellulose, as a
binder into the LiFePO4 cathode structure to obtain a
discharge capacity of 165 mAh g−1 at 0.1 C through providing
a proper mechanical integrity, as well as a fabulous reversible
cycling stability. In another attempt carried out in 2020, Park
et al.117 extracted CNFs from the cellulose and combined them
with LiFePO4 and GO to prepare the LFP/G/cCNF cathode
structure. In accordance with the obtained results, the rGO
was well-attached to the LFP/cCNF, causing a reduction in
contact and internal resistances. In fact, the presence of CNF
in the structure led to preventing □-□ stacking of GO sheets
and attesting the uniform attachment of the LFP nanoparticles
to the GO sheets. Also, the LFP/G/cCNF cathode structure
represented higher performances at various current densities,
especially at C-rates higher than 5 C. Moreover, the resulted
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LFP/G/cCNF material illustrated an outstanding cycling
stability over 500 cycles. The observed trends could be due
to the presence of CNF in the structure, which boosted the
electron conductivity and acted as a bridge between LiFePO4
and GO via making hydrogen bindings. Wang et al.118

prepared a MXene film embedded with cellulosic CNF and
compared it with the Cu anode. The structure of the evaluated
electrochemical cell is depicted in Figure 6a. Correspondingly,
similar charge/discharge profiles were obtained for both
prepared cells, showing a reversible capacity of 151 mAh g−1

at 0.2 C after 100 cycles for this novel anode structure.
Noteworthy, high stability of 95.5% was observed for the
MXene@CNF array, while the Cu anode lost 10% of the
efficiency after the cycling process (see Figure 6b,c). In fact,
uneven deposition of the Li atoms, and the aggregation of dead
Li metals on the Li foil, caused a rapid decrease in the
discharge capacity. Yoo et al.119 examined the properties of an
environmentally friendly cathode/separator combined struc-
ture based on pillar[5]quinone (P5Q) and CNF. The results
implied great entangling of the CNF in the P5Q configuration.
The Li stripping/plating procedure was also evaluated to
determine the stability of the cell, illustrating the superior
stability of the CNF separator compared with the polyolefin-
based membrane. This could be due to a highly porous
structure and the presence of nanopores in the CNF, leading to
a high affinity to electrolyte uptake and uniform flux of the Li+

ions. Furthermore, a homogeneous SEI layer could be grown
on the surface of the electrode in this case.
In 2023, Jiang et al.120 figured out the CNF-based cathode

structure loaded by LFP and metal−organic frameworks.
Figure 6d shows a schematic illustration of the synthesis
procedure employed to obtain the mentioned 3D network
structure. Figure 6e,f represents the TEM image and elemental
mapping of the attained structure, corroborating the
distribution of LFP nanoparticles with 100−200 nm on the
carbon-CNF conductive network. Figure 6g also displays the
enhanced specific capacity of the provided cathode config-
uration, which could be linked with the promotion of the Li+
ion transfer by the fabricated carbon network, as well as the N-
doping carbon matrix and the interconnected carbon network.
The cellulose-based carbon nanofibers could integrate the
number of active sites toward obtaining a better interaction
with LFP and providing a feasible pathway for transferring
electrons in the structure. Furthermore, an improved electro-
lyte/electrode interface and boosted Li+ ions’ diffusion
channels were provided by using the metal−organic frame-
work.
Overall, exploring a high-energy power and lifetime cathode

structure has remained a big challenge in approaching a high-
density LIB with a long cycle life. Several strategies have been
proposed to compensate for the downsides of the commer-
cialized cathode materials, including nanostructure manipu-

Figure 6. Cathode structure based on MXene film filled with cellulose-based CNFs. (a) Schematic illustration of the prepared electrochemical cell,
(b) voltage vs capacity, and (c) charge/discharge cycling at 0.2 C. Reproduced with permission from ref 118. Copyright 2020 Elsevier. Features of
combined pillar[5]quinone/CNF cathode-separator structure; CNF/LFP cathode material. (d) Schematic illustration of the synthesis process, (e)
TEM image, (f) elemental mapping, and (g) specific capacity. Reproduced with permission from ref 120. Copyright 2023 Elsevier.
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lation, creating defects in the cathode configuration, doping
with various chemical elements, TM substitution, etc. On the
other hand, growth in the attitudes and concerns to apply
green materials rather than subsequent recycling of synthetic
substances has led to switching from common materials and
methodologies to environmentally friendly substances and
green routes.

6. FABRICATION OF SEPARATORS BASED ON
CELLULOSE NANOFIBERS

A separator, a thin porous membrane, is used in the LIBs to
avoid surficial contact between the anode and cathode
electrodes while transmitting the Li+ ions between the
electrodes in the charge/discharge cycles. With regard to its
role in the battery, the separator should be resistant to the
electrons to overcome battery discharging and be ionically
conductive to accelerate the migration of the Li+ ions during
cycling. Wettability, structural stability, chemical stability, and
uniform and homogeneous thickness are other crucial
properties of an ideal battery separator. Polyethylene and
polypropylene nonwoven membranes have been applied as
separators in commercialized LIBs due to their proper
mechanical strength and chemical stability. However, these
structures suffer from poor wettability and thermal shrinkage,
weakening the final electrochemical performances. Polyvinyli-
dene difluoride (PVDF) and its copolymer with polyolefin

have also been introduced as a modified separator generation,
while the resulting environmental concerns and inappropriate
performances motivated researchers to develop green sub-
stances. Among a wide range of natural-based polymers,
cellulose and its derivatives have illustrated great hydrophilicity
features, as well as proper thermal, dimensional, and chemical
stability.
Filtration dewatering, papermaking, phase inversion, coating,

casting, freeze-drying, and electrospinning methods have been
widely used to prepare cellulose-based separators so far.
Among them, nanofibrous structures produced through the
electrospinning procedure can excel in the pore size and
porosity characteristics which both play crucial roles in the
separator membrane function.121 On the basis of the literature,
electrospun cellulose-based separators have revealed appro-
priate wettability, electron resistance, and electrolyte uptake.
As an example, Gwon et al.122 synthesized bacterial cellulose
nanofibrous membranes as a separator using a fermentation
method, which maintained 80% of the capacity after 1000
cycles. This could correspond to the cross-linked three-
dimensional network structure of the cellulose, which could
provide superior porosity, crystallinity, and electrolyte
wettability, along with lower resistance. In 2018, a three-layer
nanofibrous structure containing Cladophora green algae-
derived cellulose and a plasma-treated polyethylene was
engineered using the papermaking process as a high energy

Figure 7. Characteristics of the PAN/cellulose acetate electrospun separator. (a) Schematic illustration of the fabrication procedure, (b) SEM
image, and (c) ionic conductivity. Reproduced with permission from ref 127. Copyright 2023 Elsevier. PLLA/cellulose acetate/halloysite
nanotubes gel polymer electrolyte. (d) SEM image, (e) impedance spectra, and (f) discharge capacity. Reproduced with permission from ref 145.
Copyright 2016 Royal Society of Chemistry. Characterization of electrospun sulfonated bacterial cellulose loaded by polyaniline. (g) SEM
illustration and (h) impedance spectra. Reproduced with permission from ref 146. Copyright 2017 Elsevier. Analysis of the PEO-based gel
electrolyte embedded with bacterial cellulose nanofibers. (i) Impedance spectra and (j) specific capacity. Reproduced with permission from ref 147.
Copyright 2021 Wiley.
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density separator, demonstrating 97.5% capacity retention after
65 cycles. The observed stability of the commercial PE could
be linked with the sustaining of smooth and glossy surfaces
even after cycling. Meanwhile, the inhomogeneous current
distribution could occur in the PE structure, resulting in the
creation of a porous Li deposit and yielding more dead Li
atoms. The presence of uniform and even pore distribution in
the engineered structure could be responsible for the cell’s
longer lifetime.123

Considering the cellulose derivatives, Huang et al.124

extracted cellulose acetate from cigarette filtration recycling
and electrospun a cellulose/fluoropolymer core−shell nano-
fibrous structure as a battery separator. On the basis of the
obtained data, the fabricated fibers represented 355% electro-
lyte uptake, a high ionic conductivity of 6.16 mS cm−1, and a
rate capability of 75.4% after 100 cycles, possibly due to the
appropriate ionic conductivity, along with the integrated Li+
ion transference number and better interfacial compatibility
between the electrolyte and the designed separator. In another
attempt, Wang et al.125 fabricated a multilayer electrospun
separator containing cellulose acetate and PVDF nanofibers.
The reason for selecting cellulose acetate as an element in the
electrospun separator is stated as its feasible electrospinning
process. The results revealed that the designed separator could
retain 91% of the capacity after 50 cycles, which could be
attributed to the superior structural durability provided by the
cellulose acetate skeleton. The features of cellulose acetate-
based nanofibers could be further improved through the
addition of nanoparticulate fillers. As an example, a porosity of
78% and a discharge capacity of 79 mAh g−1 was reported by
Boriboon et al.126 through the incorporation of 10% titania
nanoparticles into the cellulose acetate nanofibers. In this
attempt, more lithium-ion transference numbers could be
approached because of providing more anionic interaction of
titania with the employed anionic salt.
In 2023, Xie et al.127 also suggested using an electrospun

layer composed of CA and PAN nanofibers. Figure 7a shows a
schematic illustration of the procedure employed to fabricate
this structure. Since ester compounds of CA lead to poor
stability in ester-based electrolytes, alkaline hydrolysis was
employed in this evaluation to transform some ester functional
groups into hydroxyl ones. In accordance with the obtained
results, finer fibers were fabricated through a rise in the ratio of
CA due to its better compatibility with the DMF solvent and
reducing the solution viscosity (see Figure 7b). The designed
membranes represented 61.47% porosity and 121.4% electro-
lyte uptake, resulting in a high ionic conductivity of 1.148 mS
cm−1. Additionally, the lithium transference number was
enhanced from 0.26 (PE) to 0.44 due to providing a higher
affinity to the liquid electrolyte by the presence of nitrile, ester,
and hydroxyl groups. Moreover, the alkaline hydrolysis step
caused the generation of more hydroxyl groups on the surface
of the nanofibrous layer, causing the interaction with PF6− and
so limited its movements and increased the ionic conductivity
(see Figure 7c). Evaluation of cellulose/aramid,128,129 bacterial
cellulose/SiO2,

130 and deacetylated cellulose acetate/PVDF131

nanofibrous separators have also been conducted in this year
using other techniques rather than the electrospinning
procedure. Table 3 summarizes other advancements carried
out toward engineering versatile cellulose-based separators.
Generally, exploring versatile separators requires strong

scientific efforts, focusing on the electrical and mechanical
property improvement in the LIB structures. Compatibilization T
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between the electrodes and the separator component enables
easy migration of the Li+ ions during cycling processes.
Considering both efficient fabrication methods and environ-
mentally friendly concerns, electrospinning of the cellulose and
its derivatives has been suggested as a promising technique for
the separator component. Notably, future research can be
carried out to improve the battery performance via the
addition of highly efficient additives into these electrospun
membranes.

7. ELECTROSPUN CELLULOSE-BASED POLYMER
ELECTROLYTES

Solvent-free and gel polymer electrolytes have been introduced
in many studies as new components of the next generation of
batteries. These membranes act as both electrolytes and the
separator through separating the electrodes and transferring
the Li+ ions during charging/discharging cycles. The all-solid-
state electrolytes are commonly synthesized through the
casting of a polymer/salt solution. In accordance with the
literature, PEO has been extensively reported as the best
polymer matrix for such configurations due to its low glass
transition temperature and highly amorphous structure.137

Lithium salts, such as LiClO4, LiBF4, and LiTFSi, are also
employed in the matrix to feasible ion transferring between the
electrodes. Despite the beneficial features of polymer electro-
lytes, poor ionic conductivity has restricted their practical
applications. Correspondingly, additive loading, manipulating
the structure, and fabrication techniques are the strategies that
have been used to increase the electrochemical features. As an
example, the electrospinning method could modify such
properties via providing a highly porous structure with
interconnected pores, facilitating the ion movements.138

Combining the polymers also causes enhancing the
amorphous phases and increases the ionic conductivity. As a
result, cellulose biopolymer has been utilized as a polymer
agent in various attempts.139−141 As an example, Samad et
al.142 reported the ionic conductivity of 10−4 at 100 °C for a
gel polymer, composed of a PEO polymer host loaded with
laboratory-graded MCC/PEO particles. According to the data
obtained, the introduction of MCC/PEO reinforcement
particles enhanced the mechanical features of the PEO
electrolyte matrix without any adverse effect on the electro-
chemical performance. It is declared that the enhancement of
mechanical properties could be linked to the interaction
between the polymer host and the embedded particles on the
submicron level. Abdulkadir et al.143 also introduced a gel
polymer electrolyte synthesized through electrospinning of
cellulose acetate and PVA polymers as well as K2CO3 and SiO2
as additives. Accordingly, the ionic conductivities of 3.73 ×
10−3 and 7.54 × 10−3 S cm−1 were approached at room
temperature and 100 °C, respectively. In different research,
Bhute et al.144 designed an electrospun PVDF/cellulose
acetate-based gel polymer electrolyte loaded by Ag and TiO2
nano fillers. Approaching improved conductivity could result
from the addition of CA, which caused an improvement in the
wettability, and embedding of the nanofillers, which inclined
the PVDF amorphous regions. The obtained results exhibited
the ionic conductivity of 6.8 × 10−3 S cm−1 at ambient
temperature for this configuration. In an attempt, Zhu et al.145

electrospun a biodegradable PLLA/cellulose acetate gel
electrolyte embedded with halloysite nanotubes. The SEM
image of the synthesized fine fibers is illustrated in Figure 7d.
Impedance spectra of the PLLA/cellulose acetate, PLLA/

cellulose acetate/halloysite nanotubes, and Celgard 2500 are
depicted in Figure 7e. On the basis of the obtained curves, the
PLLA/cellulose acetate gel showed the highest resistance,
resulting from some reactions between lithium electrode and
active hydroxyl groups which might be due to the low
acetylation degree. However, the addition of the additive
caused a resistance reduction of 150 Ω. However, the larger
conservation rate of the liquid electrolyte resulted in better
cycling performance of the designed gel electrolyte compared
with that of the Celgard 2500 (see Figure 7f).
In 2017, Yue et al.146 synthesized polyaniline on the surface

of electrospun sulfonated bacterial cellulose via an oxidative
polymerization mechanism. Two parameters were analyzed on
the obtained features, containing immersion of bacterial
cellulose in 0.02, 0.04, and 0.06 M NaIO4 as well as stirring
of the solution in various 24 and 48 h reaction times. It was
observed that the SP48-0.06 electrospun sample, displayed in
Figure 7g, leads to the highest ionic conductivity and proper
oxidative decomposition potential of 1.5 V, which could be
linked with its sulfonation degree (Figure 7h). Moreover, Li et
al.147 incorporated bacterial cellulose nanofiber into a PEO-
based gel electrolyte to obtain a stable behavior to 4.98 V, 35.5
Ω after 10 cycles, and higher electrochemical stability (see
Figure 7i,j).
Overall, various attempts have been made to substitute the

cellulose-based gel polymer electrolytes in the battery
structures. However, to the best of the authors’ knowledge,
no report has been found so far using solvent-free electrospun
cellulosic polymer electrolytes which could be a great research
line in future works, since all-solid-state polymer electrolytes
could result in the fabrication of a flexible, lightweight, and
versatile LIB structure.

8. CONCLUSION AND PERSPECTIVE
The rapidly developing energy storage power tools require
designing versatile and high-performance system components.
In this era, lithium-ion batteries are counted as one of the most
promising and fast-growing devices due to their high energy
density and lightweight. Meanwhile, approaching a versatile
and highly efficient LIB structure through a green and eco-
friendly route is still challenging. Downsizing the element
materials has been introduced as an influential strategy toward
reaching superior efficiencies. Accordingly, electrospinning has
been declared as a controllable, scalable, and affordable
strategy to synthesize fine, highly porous fibrous layers
containing homogeneously distributed, tiny, and intercon-
nected pores. Electrospun fibers have gradually increased the
electrochemical and stability behaviors of the battery electro-
des, boosted the electrolyte uptake and ion conductivity of the
separators, and enhanced the overall performance of solid-state
electrolytes.
Research studies in the field of employing electrospun fibers

obtained through natural resources have been quite exciting
within the past few decades to decline the usage of petroleum-
based synthetic polymers, reduce the environmental impacts,
and so inhibit global warming. Without a doubt, cellulose and
its derivatives are known as one of the most common green
materials, resulting from their outstanding thermal and
mechanical stability, inherent hydrophilicity, affordable cost,
and so forth. Electrospun cellulose-based structures have
revealed desirable characteristics as battery components,
possibly because of high surface-to-volume area, porous
configuration, nontoxicity, renewability, and biodegradability,
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which facilitates transportation and storage of the lithium ions
through a homogeneous structure.
Despite the fabulous features of the electrospun cellulose-

based battery components, such structures are still unable to be
applied in commercial architectures, confirming further
essential elucidations in this technological field. Figure 8
summarizes the current advantages, challenges, and future
directions for employing cellulose and its derivatives to
synthesize LIB components. Researchers are actively working
on improving the energy density of cellulose-based batteries.
By optimizing the structure and composition of cellulose
electrodes, as well as designing novel nanofibrous architectures,
the energy stored in the batteries is likely to be enhanced. This
would make them more competitive with existing LIBs and
enable longer-lasting power for various applications. In
addition, with the increase in demand for sustainable energy
solutions, there is a growing focus on developing cellulose-
based LIB elements using waste biomass or agricultural
byproducts to further decrease the environmental impact of
battery production. This aligns with the goals of approaching a
circular economy and reducing reliance on nonrenewable
resources. Also, the flexibility and versatility of cellulose-based
electrodes make them well-suited for integration into flexible
and wearable devices. As the field of wearable electronics
continues to expand, cellulose-based batteries can play a crucial
role in providing lightweight and conformable power sources.
This could enable the development of wearable sensors, smart
textiles, and other innovative applications in healthcare, fitness,
and consumer electronics. Moreover, as cellulose is abundant
and can be sourced from a variety of plant materials, cellulose-
based electrospun batteries have the potential for large-scale
production at a lower cost compared to traditional battery
materials. This scalability and cost-effectiveness make them
attractive for commercialization and widespread adoption.
Additionally, cellulose-based electrospun batteries have the
potential to be biodegradable and environmentally friendly at
the end of their life cycle. Researchers are exploring the

development of cellulose-based electrodes that can be easily
recycled or safely disposed of, which is particularly important
as electronic waste continues to be a global concern.
Eventually, the formation of cellulose-based electrospun fibers
is challenging, requiring more investigations to approach novel
strategies or substitution mechanisms.
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