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ABSTRACT

The fast-moving development of emerging portable electronics and the rise of electric transportation with smart
grids promote the ever-growing demand for sustainable, environmentally friendly, safe and large-scale elec-
trochemical energy storage technologies. Notwithstanding lithium-ion batteries (LIBs) have dominated the
current market as commonly used energy storage devices, the limited resources of lithium and the soaring costs
have greatly restricted their long-lasting applications in the future. Therefore, sodium-ion, potassium-ion, and
sodium-metal batteries have emerged as promising next-generation energy storage systems due to their abun-
dance and cost-effectiveness. This review explores the transformative potential of cellulose nanocrystals (CNCs),
derived from renewable biomass, as sustainable and high-performance materials for these emerging battery
technologies. CNCs exhibit exceptional mechanical properties, biodegradability, and scalability, positioning
them as ideal candidates for reinforcing electrodes and separators in nanocomposites. Herein, particular
emphasis is placed on designing and fabricating aligned microstructures using appealing strategies such as
unidirectional ice-templating and highly aligned electrospinning, which can tailor enhanced electrochemical
performance and stability. By integrating CNC-based nanocomposites with the tailored aligned microstructures
into battery designs, this unique review highlights principles, research progress and advancements that pave the
way toward sustainable, safe, low-cost, efficient, and scalable energy storage solutions for a net-zero-emission
future and circular economy.

1. Introduction

anthropogenic sources being net-zero, has gained considerable attention
among policymakers and researchers, and increasingly governments of

In line with the Paris Climate Agreement, adopted in 2015 [1], a total
of 131 countries announced and agreed to implement national net-zero
targets; these bring all greenhouse gas emissions to net zero by 2050 to
stabilise global mean temperature [2]. However, an analysis of coun-
tries’ current commitments and actions to reach GHG emission
neutrality has concluded that they are insufficient to meet the goal of the
Paris Agreement to limit the increase in global mean temperature to well
below 2 °C while pursuing efforts to limit it further to 1.5 °C above
pre-industrial levels [3,4]. Currently, the concept of carbon neutrality,
which is defined as carbon dioxide (CO3) emissions from all

parties have formulated neutrality targets [5]. Notably, the global
climate change crisis is substantially associated with COy emissions
stemming from the excessive use of carbon-based fossil fuels, accom-
panied by the acceleration of energy consumption for transportation,
lighting, heating, and cooling in the twenty-first century [6]. Therefore,
a viable and long-term solution to future a net-zero emission energy
system is decarbonising by electrifying and generating electricity from
renewable sources (e.g., wind, solar, tidal, geothermal) as a substitute for
carbon-based fossil fuel power generation [7]. Owing to the intermittent
nature of renewable clean energy, the efforts to research and develop
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energy storage devices and technologies (e.g., rechargeable batteries,
etc.) need to be pursued synchronously to achieve an efficient, reliable
and affordable emission-free energy system.

Currently, fossil fuel depletion and CO, emission concerns accom-
panied by global warming issues have accelerated the development of
mid- and large-scale rechargeable batteries for the development of
emerging electric vehicles and grid-scale storage markets [8]. It is worth
noting that electric vehicle sales have already exceeded a million units
per year and are projected to grow markedly to reach about 30 million
units per year by 2030, driven by increasing reliance on renewable en-
ergy sources and growth in demand for carbon-neutral and
emissions-free energy storage devices with better performance (i.e.,
lower costs and/or high energy density) [9]. The cost of current
lithium-ion batteries (LIBs) is about US$150 k Wh™! and energy density
has further been raised to ~265 Wh kg~! [10], making them the pre-
vailing high-energy-density technology [11]. Today, LIB technology
dominates the energy storage landscape from portable electronics (e.g.,
mobile phones, laptops, etc.) to the rapidly expanding transportation
market (e.g., e-scooters, electric bicycles and vehicles, autonomous
aircraft, etc.) [12,13].

Nevertheless, the limited reserve and uneven geo-distribution of
lithium (20 ppm) resources (see Fig. 1) within the Earth’s crust greatly
constrain the applications of LIBs in large-scale energy storage systems
[14,15]. This phenomenon propels an ever-growing demand for alter-
native post-LIBs as alternative systems to replace current systems, due to
the present requirements of further reducing costs and increasing energy
density. Considering the abundance of sodium (23 000 ppm) and po-
tassium (17 000 ppm) in the Earth’s crust, sodium- and potassium-ion
batteries (SIBs/PIBs) have gained intensity as a topic of research due
to their competitive cost and low redox potential (—2.71 V for Na/Na,
—2.93 V for K*/K and —3.04 V for Li*/Li vs. standard hydrogen elec-
trode (SHE)) [16]. In addition, SIBs and PIBs share identical
rocking-chair mechanisms that Na/K ions rock forth and back between
the intercalation-type electrodes during charge/discharge cycles, with
that of LIBs based on the ions in the same alkali metal group. Conse-
quently, from a manufacturing perspective, SIBs/PIBs can be industri-
alized using similar infrastructure and manufacturing machinery to
conventional LIBs; meanwhile, the electrode architecture and cell design
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could be readily transferred from LIBs to SIBs/PIBs. Generally, electrode
(i.e., anode and cathode) materials, separators and electrolytes are core
components of sodium/potassium-ion batteries.

Unfortunately, the commonly used graphite anode for LIBs is not
appropriate for SIBs/PIBs; it is difficult to find suitable anode materials
to accommodate the repeated insertion/extraction in a stable manner of
the larger-sized Na-ion (1.02 10\) and K-ion (1.38 10\) in comparison to that
of Lit (0.76 10\) [18,19]. Additionally, the insertion of larger ions into the
anode material could lead to slow kinetics and a significant volume
expansion/contraction during charge-discharge cycles, resulting in un-
satisfactory rate capability and poor cycling performance [20]. Among
numerous anode materials, hard carbons are one of the most promising
choices for next-generation battery technologies beyond lithium due to
their high reversible capacities. Nevertheless, most hard carbon mate-
rials are obtained by directly carbonizing natural precursors, and the
obtained structural features without rational design cannot fully meet
the specific requirements of storing sodium or potassium ions at the
same time. Therefore, engineering the carbon structures by developing a
controllable method is an urgent and challenging area of research for the
further development of sodium- and potassium-ion batteries. Mean-
while, some reported hard carbons are fabricated from fossil fuels rather
than renewable resources, which also hinders their overall
sustainability.

Moreover, driven by the forecasted growth of the electric vehicles
market, the other pivotal issue of each post-LIB technology for
competitive industrial application is to lengthen the driving range of all-
electric vehicles including hybrid electric vehicles, plug-in hybrid elec-
tric vehicles and electric vehicles; this will enable a reduction in the
dependence on fossil fuels [21]. A promising solution toward higher
energy density is substituting the insertion-type anodes in SIBs/PIBs
such as carbonaceous materials with Na metal. Notably, sodium metal
holds considerable promise as an anode material due to it being abun-
dant, having a high theoretical capacity (1165 mAh g~ 1), and low redox
potential (—2.714V vs. a standard hydrogen electrode). Therefore,
sodium-metal batteries (SMBs) are deemed to be one of the most
promising high-energy and low-cost energy storage systems for
next-generation large-scale applications [22,23]. However, the major
impediments to the development of SMBs are associated with the
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Fig. 1. The global distribution of Li resources until 2019. The amounts in each location are proportional to the circle areas. Reprinted with permission from Ref. [17]

(Copyright © 2021, Springer Nature).
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uncontrolled dendrite growth formed during Na plating/stripping, a
degradation of battery cycle life, a battery short-circuiting, and even-
tually fire and tragedies when Na dendrites penetrate the separator to
reach the cathode [24]. It is noteworthy that most long-term stable so-
dium metal anodes are evaluated in ether-based electrolytes.
Carbonate-based electrolytes are the existing commercial and widely
used choice for lithium-ion/-metal batteries due to their low cost and
better oxidation stability that allows for high-voltage cathode materials.
Nevertheless, there are few reports about the long cycle life of SMBs in
carbonate-based electrolytes, owing to a higher reduction potential
compared to ether-based electrolytes. Therefore, it is a challenging area
of research to achieve the long-term cycling stability of SMBs in low-cost
carbonate-based electrolytes.

2. Definitions, strategies, and applications

The progress of developing the advanced and low-cost SIBs/PIBs
faces key challenges in finding appropriate anode materials to store
Na'/K* quickly and stably for tailoring the satisfactory rate and cycling
capability. Materials sustainability is also an overriding factor in large-
scale applications of SIBs/PIBs as next-generation sustainable batte-
ries. Hard carbon derived from biomass as non-graphitic carbon with
larger interlayer spacing and disordered structures has attracted
numerous research interests as a potential anode material [25-27]. As
an appealing alternative to non-biodegradable graphene and carbon
nanotubes (CNTs) [28], cellulose nanocrystals (CNCs) that were
extracted from biomass possess additional merits of biodegradability,
sustainability, and scale-up availability with cost-competitiveness,
which can be used as nano-reinforcements of nanocomposites due to
their high Young’s modulus. Therefore, CNCs-derived porous aerogels as
sustainable and mechanical templates have been reported in consider-
able literature [29-31], allowing the fabrication of well-ordered struc-
tures by a unidirectional ice-templating strategy.

In this review, the relative definition, working principles, strategies
and recent research progress on post-lithium-ion batteries using plants-
derived CNCs as precursors as electrodes and separators of SIBs, PIBs
and SMBs are summarised, in pursuit of sustainable post-lithium-ion
technologies with low cost, high performance, and safety properties to
avoid catastrophic battery incidents. Furthermore, this review provides
a deeper understanding of how aligned microstructures can be engi-
neered to control cellulose nanocrystal-based nanocomposites and sub-
sequently tailor their electrochemical performance for next-generation
batteries. While many post-lithium-ion technologies are being manu-
factured at a laboratory or pilot scale, the review presented herein is
devoted to the rational design and fine-tuning of key components (i.e.,
electrodes, separators) with favourable performances via processing-
structure-property disciplines using CNCs-based nanocomposites for
substituting current LIBs for industrial-scale manufacturing of post-
lithium-ion batteries to realize the net-zero emission energy systems in
the near future.

2.1. Cellulose nanocrystals
2.1.1. Structure of cellulose

Cellulose is one of the most abundant natural biopolymers on earth
with an estimated annual production of about 1.5 x 10"2 tons [32] ; it
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can be extracted from plants including flax, cotton, ramie, hemp, jute,
trees/plant, algae, or it can be generated by other non-plant sources such
as bacteria and tunicates (sea squirts) [33,34]. Hence, cellulose is a vital
renewable, biodegradable, and biocompatible material, and is increas-
ingly being regarded as a green and environmentally friendly alternative
to fossil-fuel-based polymers. In 1838, the first discovery of the isolation
of cellulose from plant material was reported by the French Chemist
Anselme Payen, and a committee that reviewed his work coined the term
‘cellulose’ [35]. Cellulose is a linear-chain carbohydrate polymer con-
sisting of D-glucose (C¢H19Os) units joined via p-1,4 glycosidic linkages
(Fig. 2), with a degree of polymerization (DP) in the range of 1000—30
000 [36,37]. Cellulose in its native state (termed cellulose I) forms
crystal structures in the cell walls of plants and trees, whereby polymer
chains associate via hydrogen bonding to generate bundles of fibrils
(also called microfibrillar aggregates, see Fig. 3) [38]. From a morpho-
logical point of view, the crystal structures comprise two sub-allomorphs
in which highly ordered regions (i.e., crystalline phases) are interspersed
with disordered domains (i.e., amorphous phases) in the fibril structure
[39]. The presence of amorphous portion varies from species to species,
where amorphous domains represent up to 50 % of the structure for
some plants while the crystalline regions correspond to approximately
100 % of cellulose generated/extracted from bacteria and some algae
[40]. The varying intra- and intermolecular hydrogen-bonding network,
as well as the conformations in cellulose, give rise to six interconvertible
polymorphs of cellulose (cellulose I, II, III;, IIIy;, IV, IVy), depending on
raw material sources and extraction methods [41]. Cellulose I (native
state) contains two crystal forms (allomorphs), namely cellulose Ia and
1B, where Ia is rich in cellulose from algae and bacteria and I is prev-
alent in tunicates [36]. The distinction between cellulose Ia and Ip lies in
their hydrogen bonding patterns associated with parallel-conformation
chains (see Fig. 4); a metastable phase (i.e., Ia) can be converted to
the thermodynamically stable phase (i.e., If) via high-temperature
annealing [42].

2.1.2. Production of cellulose nanocrystals

Notably, a novel form of cellulose, namely cellulose nanomaterials
(or nanocellulose), has attracted significant research interest as a
prominent and ideal biopolymer in the last two decades, accompanied
by the commercialisation of cellulose nanomaterials on a large scale
[44]. Generally, the term cellulose nanomaterials describes particles
with at least one dimension at the nanoscale (<100 nm) [40]. A few
years ago, the Technical Association of the Pulp and Paper Industry
(TAPPI) dedicated the standard terms and definition for cellulose
nanomaterials (TAPPI WI 3021) based on the nanocellulose size [45].
The nomenclature and abbreviation of various cellulose nanomaterials
are illustrated in Fig. 5. More specifically, cellulose nanomaterials can be
classified into nano-structured materials and cellulose nanofibres. The
first category contains microcrystalline cellulose (MCC) and cellulose
microfibrils (CMCs), while the second category consists of cellulose
nanofibrils (CNFs) and cellulose nanocrystals (CNCs). Broadly, nano-
cellulose includes five broad categories based on the cellulose source:
CNC (also previously called cellulose nanowhiskers and nanocrystalline
cellulose), CNF (also referred to as nano/micro fibrillated cellulose),
tunicates-CNCs (t-CNCs), algal cellulose (AC) and bacterial cellulose
(BC) [46].

For brevity, two primary types of cellulose nanomaterials extracted
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Fig. 2. Chemical structure of cellulose. Reprinted with permission from Ref. [37] (Copyright © 2017, Springer Nature).
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Fig. 3. Schematic illustrating the hierarchical structures of cellulose units in the tree cell wall. Reprinted with permission from Ref. [43] (Copyright © 2010,
IOP Publishing).
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Fig. 4. Hydrogen-bonding networks in cellulose I and If. Top: the two various hydrogen-bond patterns in cellulose I (left and right); Bottom: the dominated
hydrogen-bond network in cellulose Ip with chains at the origin (left) and centre (right) of the unit cell. C atoms are indicated by black spheres; O atoms are denoted
as red spheres and H atoms are indicated by blue spheres. Reprinted with permission from Ref. [41] (Copyright ©2004, American Chemical Society).
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Fig. 5. Standard terms and definition of cellulose nanomaterials (TAPPI

WI3021). Reprinted with permission from Ref. [40] (Copyright © 2014, John
Wiley & Sons).
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from plants, namely CNFs and CNCs, generally comprise pre-treatment
steps (e.g., purification and high-pressure homogenisation or micro-
fluidization) and nano-refinement approaches (e.g., mechanical shear
or acid hydrolysis) [47]. On the one hand, nano-refinement by me-
chanical treatments (e.g., cryo-crushing, grinding, high-intensity ultra-
sonication, or extrusion, etc.) under high shear forces to comminute the
cellulose materials, resulting in the retainment of particles called CNFs
[48]. CNFs exhibit an entangled and flexible network structure, with a
fibre/fibril morphology involving long and wide nanofibres (typically
20-100 nm in width; >1 pm in length) with an aspect ratio of 10-100
[49]. On the other hand, nano-refinement by acid hydrolysis (typically
sulfuric, hydrochloric, or phosphoric acid) preferentially cleaves the
chains in the disordered regions (amorphous regions) of the fibril
structure, followed by centrifugation, dialysis, and ultrasonication pro-
cesses to obtain the remaining crystalline domains, referred to CNCs (see
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Fig. 6). CNCs are stiff, consisting of rigid, rod-shaped, and highly crys-
talline nanoparticles with 5-20 nm in width, 50-350 nm in length, and
an aspect ratio of 5-30 [50]. In contrast with CNFs, CNCs possess a
higher crystallinity (54%-88 %) and superior mechanical properties (i.
e., tensile strength of 7.5-7.7 GPa and on-axis tensile modulus of
110-220 GPa) [51,52]. Hence, CNCs are regarded as cost-effective and
promising nano-fillers or reinforcements in nanocomposites to replace
conventional synthetic polymer composites for the development of
various applications. This is attributable to the exceptional reinforcing
capability (i.e., high stiffness and mechanical strength) of CNCs (also
referred to as crystalline cellulose) among several reinforcement mate-
rials (see Table 1) [53].

2.1.3. Applications of cellulose nanocrystals (CNCs)
Notably, CNCs were first produced in 1947 by Nickerson and Harbrle
who observed that amorphous regions within the native cellulose

Table 1
Properties of crystalline cellulose and other reinforcement materials. Reprinted
with permission from Ref. [53] (Copyright © 2011, Royal Society of Chemistry).

Materials p(gem™2) o5 (GPa) E4 (GPa) Er (GPa)

Kevlar-49 fibres 1.4 3.5 124-130 2.5

Carbon fibres 1.8 1.5-5.5 150-500 -

Steel wire 7.8 4.1 210 -

Clay nanoplatelets - - 170 -

Carbon nanotubes - 11-63 270-950 0.8-30

Boron nanowhiskers - 2-8 250-360 -

CNCs 1.6 7.5-7.7 110-220 10-50
Note.

p = density, o5 = tensile strength, E, = elastic modulus in the axial direction, Er
= elastic modulus in the transverse direction.
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Fig. 6. (a) The hierarchical structure of cellulose in plants or trees from meter to the nanometer scale. (b) Schematic illustrating the strong acid hydrolysis of
cellulose to obtain the CNCs. Reproduced with permission from Ref. [54] (CC-BY Open Access, 2020). (c) The laboratory-scale preparation of cellulose nanocrystals
(CNCs). Reproduced with permission from Ref. [55] (Copyright ©2020, Springer Nature).
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structure were preferentially attacked in the hydrolysis of aqueous hy-
drochloric or sulfuric acids at boiling temperatures [56]. Inspired by this
work, Ranby reported that the colloidal suspensions of cellulose fibres
were obtained by controlled sulfuric acid, and cellulose micelles were
imaged with electron micrographs in 1949 and 1951, respectively [57,
58]. Following these reports, Mukherjee and Woods confirmed the first
TEM images of the rod-like single crystallites extracted from different
cellulose sources (i.e., ramie hemp, jute, and cotton) [59]. After opti-
mizing the acid-hydrolysis process, Marchessault et al. demonstrated
that the presence of rod-like particles stable suspension of cellulose
nanocrystallites which can form birefringent gel and liquid crystals
alignment [60]. The scientific interest in CNCs has been reignited from
the 1990s until now; a timeline illustrating the correlated research and
development milestones is displayed in Fig. 7.

Owing to the high tensile strength and modulus, excellent colloidal
stability, the tendency to form liquid crystals tendencies and non-
toxicity, CNCs have attracted considerable attention as a prominent,
sustainable, low-cost nanomaterial that is biodegradable, non-
petroleum based, having minimal environmental, animal/human
health impact [53,61,62]. In the last two decades, numerous research
has focused on developing diverse applications of CNCs and
CNC-reinforced nanocomposites (Fig. 8), where CNC-based nano-
composites can be used as one-dimensional (1D) electrospun nanofibres,
two-dimensional (2D) membranes, and three-dimensional (3D) aero-
gels. Their diverse applications range from water purification technol-
ogies, biomedical engineering, food and cosmetic modifiers, and energy
storage and electronics sectors to construct a desirable carbon-neutral
and cost-effective alternative to fossil fuel-based polymers for indus-
trial up-scaling [55,63,64].

2.2. CNC-reinforced nanocomposites

Today, a wide range of polymers have been reported as the matrices
for CNC-reinforced nanocomposites, such as poly(vinyl alcohol) (PVA)
[651, poly(lactic acid) (PLA) [66], polystyrene (PS) [67], polyurethane
(PU) [68], poly(ethylene oxide) (PEO) [69], and polyetherimide (PEI)
[70]. This section of the literature review focuses on providing a
generalized description of CNC/PEO and CNC/PEI nanocomposites, as
described below.

2.2.1. CNC/PEO nanocomposites

PEO is a benign water-soluble polymer compound with a chemical
structure of H—(O—CHy—CHjy),—OH with a high molecular weight
(>20 000 g/mol) [71]. As a commercially available product, PEO has
several advantages such as low cost, low toxicity [72], high safety, easy
fabrication, good electrochemical stability and high-temperature sta-
bility (up to 150-200 °C) [73], suitable for a variety of applications such
as chemical, medical, biological, and electrochemical applications [71].
Specifically, PEO is one of the most commonly used binders for both
cathodes and anodes in lithium-ion batteries [74-76], and cathodes in
lithium-sulfur batteries [77-79].

Recently, Beard and Eichhorn [80] fabricated highly porous carbon
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crystal properties
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aerogels derived from CNC/PEO in a solvent-free aqueous environment
via the freeze-drying method of ice gels followed by a carbonisation
process at 600 °C, which reduced the environmental effect and improved
ease of processing. They used PEO as a binder of CNCs nanoparticles and
investigated the effect of the slow and rapid freezing rate on the
morphology of CNC/PEO aerogels, exploring how to form tunable pore
structures by control of the freezing rate. Xu et al. [81] produced
CNC/PEO nanocomposite films by solution casting, showing improve-
ments of 23 %, 44 %, and 512 % in Young’s modulus, stress-at-failure,
strain-at-failure, respectively, at a CNC content of 7 wt%. As a result,
these reported works showed great potential for the use of CNC/PEO as
precursors with a solvent-free aqueous synthetic process for carbon
aerogels as electrodes applied in low-cost, sustainable energy storage
applications.

2.2.2. CNC/PEI nanocomposites

PEI is one of the important classes of high-performance engineering
thermoplastics [70], and its chemical structure is shown in Fig. 9. Its
aromatic ring structure along the backbone enhances the thermal
properties (i.e., decomposition temperature at 510 °C and relative
thermal index (RTI) of 170 °C with high long-term heat resistance,
mechanical and chemical properties (resistance with most chemicals
such as hydrocarbons, halogenated solvents), and dimensional stability
(low and uniform coefficient of thermal expansion) [82]. Additionally,
its flexible aromatic ether linkages allow good processability which can
be easily processed by injection or blow moulding, extrusion, casting, or
fibre spinning [83]. Hence, in many structural applications, PEI could
substitute metals and other high-performance materials, which have
been widely applicable in high-performance applications such as the
electronic and electrical industry as well as automotive and aerospace
parts [84].

Notably, CNCs are a good choice as a reinforcement of nano-
composites owing to their excellent mechanical properties and struc-
tural features, as confirmed by Wang et al. [86] who demonstrated that
the CNCs could reinforce PEI electrospun nanofibrous interleaves,
leading to increases of 28 % and 20 % respectively in the Mode-I and
Mode-II interlaminar fracture toughness of carbon fibre/epoxy com-
posites in comparison to those interleaved with neat PEI nanofibres.
Moreover, Chae et al. [70] reported the effect of CNC concentration on
the mechanical and structural properties of CNC/PEI nanocomposites
fibres via a dry-jet wet-spun technique, showing that the incorporation
of CNCs with a 5 wt% concentration could improve the tensile modulus
of PEI polymer fibres with a 114 % enhancement. They also revealed
that the degree of orientation of CNC nanofillers along the fibre axis had
a noticeably positive correlation with an increasing draw ratio or me-
chanical stretching force upon drawing. This accordingly increased the
tensile strength and modulus of nanocomposite fibres due to the
enhanced long-range order and the stiffening effect of imide rings by
hydrogen bonding.

Fabrication of
CNC aerogels ‘Cellulose nanocrystals’
- T defined as a standard
term (by the ISO, CSA
Group and TAPPI)

Use of CNCs in
electronics

CNCs usedin
drug delivery

2006
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Preparation of CNC
nanocomposites

Fabrication of
CNC hydrogels
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in emulsions incement

First commercial
production of CNCs

Fig. 7. Research milestones and terminology progress of CNCs in history. Reprinted with permission from Ref. [55] (Copyright © 2020, Springer Nature).
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Fig. 8. Schematic illustration of CNCs and CNCs-based nanocomposites applicable in the design of thin electrospun fibres, membranes, and aerogels for various
applications. Reprinted with permission from Ref. [63] (Copyright © 2017, Elsevier).
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Fig. 9. The chemical structure of polyetherimide (Ultem® 1000). Reprinted
with permission from Ref. [85] (Copyright © 2014, Elsevier).

2.3. Unique strategies or microstructures
2.3.1. Ice-templating strategy

2.3.1.1. Fundamental principles. Ice-templating (i.e., freeze-casting) is
one of the most widely utilized and well-tried strategies for fabricating
porous materials, enabling the formed pores to a replica of growing ice
crystals after sublimation [87]. The first observation of the microstruc-
ture formation of gels dependent on the freezing rate can be traced back
to 1926 [88], while several elaborate and epoch-making reports have
aroused a surge of interest in ice-templating techniques over the last two
decades [89-91].

Basically, the ice-templating strategy is a straightforward, low-cost,
and scalable assembly technique containing four fundamental process-
ing steps as follows: i) the preparation of a typical suspension or slurry
consisting of a solvent (e.g., environmentally-friendly water, etc.), solid
functional materials and binders; ii) freezing the suspension is the
dominating process to determine the resulting architectures and func-
tionalities, which involves multidirectional (isotropic) or unidirectional
(anisotropic) freezing approaches [92]. By unidirectionally freezing
concentrated suspensions, the suspended particles are expelled from the
growing ice crystals fronts and concentrated within aligned channels
between the forming ice crystals [89]; iii) the solidified ice crystals are

sublimated into a gas via lyophilization or freezing-drying at relatively
low pressure and temperature to construct porous scaffolds/aerogels; iv)
post-treatment for porous scaffolds, such as densification, carbonisation,
and infiltration of other components, endowing the final aerogels with
enhanced properties [93].

2.3.1.2. Unidirectional ice-templating. The ice-templating strategy is a
versatile, low-cost, and scalable assembly technique, allowing control
over the pore size and morphology by various types of freezing di-
rections, which can be classified into multidirectional, or unidirectional
ice-templating techniques [94]. Multidirectional (ie., isotropic)
ice-templating promotes the randomly formed ice crystals via the
isotropic freezing-casting throughout the suspension in a standard
freezer or immersing the sample into the polystyrene box filled with
cooling sources/agents (e.g., liquid nitrogen), resulting in
randomly-oriented pores after the sublimation to produce the homoge-
nous, porous aerogels with the nearly isotropic behaviour (see Fig. 10a)
[95]. Notably, unidirectional (i.e., anisotropic) ice-templating tech-
niques have been intensively investigated, which are depicted in
Fig. 10b. Generally, typical ice-templating equipment comprises three
essential components: cooling agents (e.g., liquid nitrogen), a thermally
conductive base (e.g., copper rod), and a thermally insulating mould (e.
g., Teflon). Unidirectional freezing of the suspensions is achieved by
pouring them into the polytetrafluorethylene (Teflon) moulds sitting on
a copper cold finger in contact with a liquid-nitrogen bath. The tem-
perature of the ‘cold finger’ is typically regulated via a thermocouple and
heat controller to control the velocity of the freezing front. More
importantly, the ice crystals thus formed with a preferential growth
direction will build uniformly aligned macropores with an anisotropic
orientation, and their pore morphology and size directly depend on the
particle size in the suspension and the speed of ice solidification [96]. It
is noteworthy that the solidification velocity can be influenced by the
cooling rate and material concentration, where a reduction in
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Fig. 10. Schematics illustrating (a) the basic principles of the ice-templating
process, (b) the multidirectional or unidirectional freezing method to control
ice crystal shape, and (c) the solidification velocity (i.e., cooling rate)-ice crystal
size correlations. Reprinted with permission from Ref. [94] (Copyright © 2021,
John Wiley and Sons).

solidification velocity results in an increase in the tip radius of an ice
crystal and the resulting macropore width (Fig. 10c) [97]. Consequently,
by controlling the freezing kinetics or cooling rate of the cold finger, the
aerogels with aligned microstructures or anisotropic porosity with the
tailored features and necessary physical parameters are obtained.

2.3.1.3. Ice-templated aerogels with aligned microstructures. The unidi-
rectional ice-templating technique offers a versatile and readily acces-
sible approach to fabricating highly anisotropic porous nanocomposite
aerogels with aligned microstructures [98]. These aerogels have been
researched for a wide range of applications including thermally insu-
lating ceramics [98], filtration or selective biological cell infiltration
[90], as well as electrodes of solid-state batteries [99], organic batteries
[100], and supercapacitors [101].

Notably, ordered and aligned architectures in advanced aerogels
favour simultaneous enhancements in both electrical conductivity and
mechanical strength [102]. Recently, Xu et al. [102] also used this
technique to report “core-shell” structured graphene aerogel fibres with
aligned pores from spinning liquid crystalline graphene oxide (GO) gels.
The well-aligned graphene aerogel fibres with interconnected pores
offer a high specific tensile strength of 188 kN m kg_l, high compression
modulus of 3.3 MPa (the value for graphene aerogels without sheet
alignment is 390 kPa), and good electrical conductivity ranging from
2.6 x 10% to 4.9 x 10° S m~'. Renewable and biopolymer-based nano-
composites comprising CNFs or CNCs as nano-reinforcing materials and
water-soluble polymer (e.g., PVA or PEO) as a matrix, were extensively
used for producing functional, ice-templated and aligned aerogels. Adu
et al. [103] used CNFs from paper mill sludge as precursors and poly
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(vinyl alcohol) (PVA) as a polymeric binder and fabricated CNF/PVA
porous foams with a lamellar channel structure via the unidirectional
ice-templating method, showing a low density of 0.03 g/cm® and
compressive strength of around 100 kPa at 20 % strain.

Within the last decade, there has been a growing interest in CNC-
based composite aerogels due to their enhanced mechanical properties
of the resulting nanocomposites [104-106]. Seantier et al. [104] re-
ported that an addition of 10 wt% of CNCs into bleached cellulose fibres
aerogels resulted in an increase of up to 377 % in compression modulus
compared with neat bleached cellulose fibres (BCF) aerogels. Gawryla
et al. [106] utilized CNCs derived from tunicates and montmorillonite
clay as reinforcing nanofillers and PVA as a binder to fabricate nano-
composite aerogels via a simple freeze-drying method. Interestingly, 2.5
wt% clay and 2.0 wt% CNC nanocomposites aerogels synergistically
contributed to a three-dimensional (3D) rigid and porous network,
which is consistent with a more than three-fold increase in compressive
modulus attributed to the CNCs addition changing from 0.8 wt% to 2.0
wt% with the same concentration of clay (2.5 wt%).

Moreover, Ding et al. [107] demonstrated biomass-derived supere-
lastic carbonaceous nanofibrous aerogels with ordered honeycomb-like
and cellular architectures from konjac glucomannan and SiOy nano-
fibres, through a sol-gel electrospinning technique combined with a
unidirectional ice-templating and a carbonisation processes. There have
been few studies utilizing this unidirectional ice-templating technique
for carbonaceous aerogels as electrodes; Schubert et al. [100] reported
nonplanar polymer/carbon ice-templated porous electrodes for organic
batteries for the first time, which included the fabrication of
highly-aligned and pores parallel to the freezing direction at different
cooling rates and further investigated the cooling rate-pore diameter
relationship (Fig. 11).

2.3.2. Electrospinning strategy

2.3.2.1. Basic concepts. The electrospinning technology was invented
by Formhals who produced textile yarns from cellulose acetate in 1934
[108]. Taylor et al. [109] put forward the concept of what has become
known as the “Taylor cone” with the shape of the fluid droplet ascribing
from electrostatic forces in 1964. The essential components of the
electrospinning setup comprise a high-voltage power supply, a syringe
pump, a spinneret (basically, a stainless-steel needle with a blunt tip),
and a grounded collector [110]. During the typical electrospinning
process, a solution is injected into the syringe to produce a droplet as a
result of surface tension and then the charged jet is ejected from the
spinneret connected to the high-voltage power supply. This ejection
occurs because the Taylor cone is formed due to the electrostatic
repulsion, which eventually overcomes the surface tension and the
stretched fibres are solidified and deposited on the grounded collector
such as an aluminium plate or rotating drum (see Fig. 12a) [111].
Specifically, the effects of processing factors (e.g., voltage, viscosity, feed
rate, surface tension, etc.) on fibre diameter and formation properties via
an electrospinning method are illustrated in Fig. 13. Some key param-
eters affect the morphology and diameters of electrospun nanofibres. For
instance, the higher electrical conductivity of solvents and increased
voltage would cause the finer and smaller nanofibres; conversely, the
surface tension and viscosity tend to interfere with the formation of
longer and thinner jets from the spinneret, thus the lower surface tension
and viscosity would lead to the longer nanofibres with reduced fibre
diameters.

In the last few decades, electrospinning’s rapid and in-depth devel-
opment has increasingly attracted attention from the nanostructured
fibres or nanomaterials community [113-115]. It is a very simple and
effective technique to synthesise one-dimensional (1D) tubular/fibrous
nanomaterials with diameters ranging from tens of nanometres to
several micrometres. Remarkable progress has been made regarding the
applications of electrospun nanofibres or nanofibrous mats, directing
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their use towards filtration membranes [116], and biomedical scaffolds 2.3.2.2. High-speed electrospinning. To meet the specific requirements of
(e.g., drug release and biosensing, etc.) [117,118], and energy harvest- other broader applications, it is also desirable to access the functional/
ing/conversion/storage constituents (Fig. 12b) [119,120]. smart electrospun nanofibres with the manipulation of their
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Fig. 13. Parameters influencing the nanofibre formation by electrospinning strategy. Reprinted with permission from Ref. [112] (Copyright © 2020, John Wiley

and Sons).

morphologies and alignment [119]. Generally, when the conductive
collector is an aluminium plate, electrospun nanofibres with no orien-
tation are fabricated in the form of a nonwoven nanofibrous mat.
Alternatively, when using a rotating drum as the collector, nanofibres
with a controlled degree of alignment via regulating its rotational speed
are fabricated (see Fig. 14). By collecting electrospun nanofibres on a
high-speed rotating drum, the nanofibres orient along the rotational
direction of the drum owing to the mechanical stretching and electro-
static forces [121].

Importantly, compared to randomly oriented nanofibrous mem-
branes with low mechanical and electrical properties obtained via the
conventional setup, the highly-ordered nanofibres with uniaxially
aligned arrays possess increased biocompatibility, mechanical and
electrical properties. Recent research has been developed to explore the
feasibility of aligned electrospun nanofibres, and some breakthroughs
have been accomplished to broaden their prospects as applications in
the fields of composites, optoelectronic devices, electrochemical sen-
sors, and many more [123-125].

Daelemans et al. [126] obtained the aligned nanofibrous veils with a
preferential orientation by using a rapidly rotating drum at a speed of
4000 rpm and studied their orientation and the effect on the toughening
for electrospun nanofibrous veils on the toughening effect for the
nanofibre interleaved laminates. Besides, Fennessey et al. [123] re-
ported on highly aligned electrospun polyacrylonitrile (PAN) nanofibres
with improved strength and modulus at high rotating speeds of the

High voltage

Polymer solution

Syringe

pump Needle

Instability zone .—\ D’

rotating drum; these high speeds were shown to increase in the molec-
ular orientation determined by dichroism measurements and wide-angle
X-ray diffraction patterns. It is noted that previous studies have also
demonstrated that the electrospinning strategy with strong stretching
forces may generate a preferred orientation of polymer chains along the
axis of the aligned fibres [127]. Furthermore, Xu et al. produced aligned
single-wall carbon nanotubes (SWCNTs)/PAN nanofibrous membranes,
indicating that their alignment could enhance their permeability and
wetting properties, which suggests the great potential of these aligned
composites membranes as battery separators or electrodes [125].

2.4. Sodium/potassium-ion batteries

With the ever-increasing demands for the wide implementation of
renewable and intermittent energy sources (e.g., solar and wind), the
development of low-cost, sustainable, and large-scale energy storage
technologies has become one of the most significant challenges for
achieving net-zero emissions energy systems in the future [128]. As
highly prospective alternatives to expensive LIBs (Li: 20 ppm in the
Earth’s crust), sodium-ion batteries (SIBs) and potassium-ion batteries
(PIBs) have aroused growing attention in the energy storage field,
considering their low cost, natural abundant resources (Na: 23 000 ppm
and K: 17 000 ppm in the Earth’s crust) and the similar rocking-chair
mechanism with LIBs [129-131]. It is worth noting that the perfor-
mance of SIBs/PIBs lies in the development of electrode materials, hence

Random fibers
\/

Flat plate

Rotating drum Aligned fibers

Fig. 14. Schematics illustrating (a) electrospinning setup to produce random nanofibres collected at a flat plate, and (b) to generate aligned nanofibres collected on a
rotating drum. Reprinted with permission from Ref. [122] (Copyright © 2016, Springer Nature).
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early studies as well as the current work have concentrated on the ad-
vances associated with the development of appropriate anode and
cathode materials for both SIBs and PIBs [132-134]. This section re-
views the literature regarding anode and cathode materials, showcasing
typical examples of advanced anode and cathode materials for both
SIBs/PIBs.

2.4.1. Anode materials

Graphite, as the common anode material for LIBs, is not satisfactory
with SIBs/PIBs due to the energetically unstable Na-C binary interca-
lation compounds [135]. Therefore, the development of
high-performance and suitable anode materials for SIBs/PIBs is highly
desired and urgently required. Recent research on the anode materials
for SIBs/PIBs has been developed in three key categories according to
various reaction mechanisms: (i) the insertion-type; (ii) the
alloying-type; and (iii) the conversion-type anodes [136].

2.4.1.1. Insertion-type anode materials. Based on the insertion reaction
mechanism during sodiation/desodiation processes, carbonaceous ma-
terials and titanium-based oxides are regarded as insertion-type anode
materials for SIBs/PIBs [137]. Carbonaceous materials that take the
leading position in an anode material’s map due to their low cost and
commercial potential are classified into graphitic and non-graphitic
carbon. Specifically, Wen et al. [138] reported appropriately expanded
graphite with an enlarged interlayer spacing of 4.3 A, exhibiting a
reversible capacity of 284 mAh g~! at a current density of 20 mA g~ *.
Non-graphitic or disordered carbons, including soft carbon (SC) and
hard carbon (HC), are attracting more interest as anode materials for
SIBs and PIBs because of their relatively larger interlayer spacing in
comparison with that of graphite (3.35 A). SC, which can be graphitised
via heat-treatment temperature over 2200 °C, was first reported by Doeff
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et al. [139]. They reported the Na-insertion mechanism of SC anodes
obtained by the pyrolysis of Conoco petroleum coke. Stevens and Dahn
[140] proposed a “house of cards” storage mechanism of
glucose-derived hard carbon, containing the insertion of Na' ions be-
tween graphitic ordered domains in the sloping region and Na-ions
filling of nanopores in the plateau region (see Fig. 15) [141]. Several
chemical and structural modifications of carbonaceous materials have
been researched to enhance the electrochemical properties, including
expanded interlayer spacing, porosity, heteroatom-doping, and various
morphologies [142].

Moreover, other biomass-based materials such as cellulose nano-
materials (e.g., CNCs, CNFs, etc.) have also been extensively investigated
in energy storage applications (Fig. 16). Hu et al. [143] studied
CNC-derived porous carbon nanofibres with a large domain of ordered
lattice as anodes for SIBs that deliver a high reversible capacity of 340
mAh g~ ! at a current density of 100 mA g~!. Moreover, Feng et al. [144]
coated the cellulose/lignin-derived carbon aerogels on the VSe; nano-
sheets as anodes for PIBs and demonstrated improved long-term cycling
stability over 1000 cycles. Recently, Wang et al. [145] innovatively used
a unique self-built instrument platform and developed a nature-inspired
unidirectional ice-templating method, which can simultaneously adjust
the cooling rate (3, 5 and 7 K min~!), orientation, and microstructural
features of carbon aerogels from renewable resources as anode materials
to tailor the best electrochemical performances of anodes for SIBs/PIBs.
This reported work provides new insights into understanding
structure-performance correlations regulated by the cooling rates of an
ice-templating strategy and design guidelines for electrodes applicable
in multiple energy storage technologies (e.g., zinc-, calcium-, aluminum-
and magnesium-ion batteries [146], etc). Consequently,
biomass-derived hard carbons are attractive and promising for SIBs/PIBs
due to their excellent capacity and satisfactory cycling performance.

Mechanisms of Sodium Storage and Capture
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supercapacitors. Reproduced with permission from Ref. [147] (Copyright © 2017, John Wiley and Sons).

Referring to the titanium-based oxides as anode materials, Hu et al.
[148] synthesized nanosized NayTizO; as a prospective anode by a
solid-state reaction at 1000 °C, systematically investigating the Na-ion
insertion/extraction behaviour with a direct transfer pathway
(NayTisO7; s NayTisO7). However, the NayTizO; electrode was intro-
duced with serious deficiencies in Coulombic efficiency and capacity
retention. Further, Li et al. [149] prepared NayTi;O15 nanotubes on the
titanium net substrate as an anode material for SIBs, which showed a
large reversible capacity of 258 mAh g~! at a current density of 50 mA
g1 and good rate capability of 108 mAh g~ ! at 1.5 A g~ . This could be
ascribed to the 3D network of the Ti substrate and nanoscale wall
thickness of Na,Ti;O15 nanotubes for facilitating the electrolyte perco-
lation and shortening the pathway of Na-ion transport.

2.4.1.2. Alloying-type anode materials. Alloying materials have attrac-
ted much attention in the pursuit of high-energy-density anodes for
SIBs/PIBs because of the multiple electron transfer during the alloying/
dealloying reactions [150]. Metals (e.g., Sn, Bi), metalloids (e.g., Sb, Si,
Ge) and phosphorus (P) have been extensively investigated as potential
anodes for SIBs/PIBs. For example, metallic tin (Sn) can alloy 3.75 Na™®
per Sn atom and deliver a high theoretical capacity of 847 mAh g~!
[151]. Wang et al. [152] fabricated Sn core-shell nanorods
(C/Sn/Ni/TMV1cys) with vertical alignment as anodes via a
self-assembly strategy on stainless steel (Fig. 17). They reported that the
resultant Sn nanorod delivered a high capacity of 722 mAh g~ in the
initial cycle with a capacity retention of 56 % after 150 cycles for SIBs
(see Fig. 17b). The unique vertical alignment can mechanically accom-
modate >500 % volume change during sodiation/desodiation processes.

Furthermore, germanium (Ge) can only uptake one Na atom and Na-
Ge compounds can deliver a theoretical capacity of 369 mAh g~! [153].
Mitlin et al. [154] demonstrated a high capacity of 360 mAh g~! at 1C
and 310 mAh g~! at 4.0C for the lithiated Ge thin films as anodes of SIBs,
signifying the enhanced rate capability due to the introduction of denser
nanopores via the Li activation at 0.1C. Notably, metallic P provides the
highest theoretical capacity of 2596 mAh g~* which is derived from the
formation of NagP alloy among present SIB anodes [155]. Cui et al.
[156] fabricated a sandwiched graphene-P-graphene hybrid anode
material that exhibits an ultrahigh specific capacity of 2440 mAh g~ at
50 mA g~ ! with a dual intercalation-alloying mechanism. The graphene
layer plays a role of a mechanical backbone to buffer the volume
expansion along the z-axial direction during cycling operation.

2.4.1.3. Conversion-type anode materials. Transition metal compounds
(MgXp, M = transition metal, X = O, S, P, N, F, etc.) have been studied as
potential anode materials for SIBs/PIBs to adopt Na* by conversion
reactions [157]. Generally, great interest and efforts were devoted to
researching transition metal oxides such as iron oxides [158], copper
oxides [159], and cobalt oxides [160]. Particularly, iron oxides (e.g.,
Fey03, Fes0y, etc.) offer a high theoretical capacity of ~1000 mAh g™
Recently, Zhou et al. [161] embedded Fe304 quantum dots in 3D carbon
by utilizing an in-situ quantization technique and a template of a
metal-organic framework (MOF) as anodes for ultrafast rechargeable
SIBs with battery-like capacities and capacitor-like rate capabilities.

Li et al. [128] designed CoSez-MoSey/reduced graphene oxide (rGO)
tubes with a hierarchical structure via hydrothermal and selenization
treatments. They reported that the CoSex-MoSey/rGO tube exhibited a
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Fig. 17. (a) Schematic illustration of the 3D Sn/Ni/TMV1lcys anode. (b) Cycling stability of Sn thin film, 3D Sn/Ni/TMV1cys and C/Sn/Ni/TMV1cys anodes.
Reprinted with permission from Ref. [152] (Copyright © 2013, American Chemical Society).
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capacity of 584 mAh g~ at 0.1 A g 'and 393 mAh g ' at5 A g ! as
anodes of PIBs with an intercalation-conversion mechanism, respec-
tively. Transition metal sulphides represent promising conversion-type
anode materials for SIBs because of the better reversibility of NayS
than NayO during the sodiation-desodiation process. Kang et al. [161]
synthesized tin sulphide (SnS) 3D flowers with a hierarchical nanosheet
that showed an initial capacity of 400 mAh g~! involving the
conversion-alloying reactions (SnS + 2Na' + 2e™ < NasS + Sn; 4Sn +
15 Na™ + 15e~ < NajsSny).

2.4.2. Cathode materials

A broad range of compounds, including layered oxides, polyanionic
compounds, Prussian blue analogues, and organic compounds based on
the intercalation reaction have been studied as potential cathode ma-
terials for SIBs/PIBs (see Fig. 18e) [136].

Layered oxides. A,TMO, layered oxides (0 < x <1; A = alkali metal,
TM = transition metal) are classified into four groups (i.e., P2-, 02-, 03-,
P3-type) based on the packing number of Na*/K" prismatic (“P”) or
octahedral (“O”) layers and the stacking sequence of Na*/K" between
layers (Fig. 18a), where the nucleation of O2 phase in P2 crystallite can
exist in several parts of crystals with the two gliding vectors, (2/3, 1/3,
0) and (1/3, 2/3, 0) [166]. Na,TMO,, layered oxides are one of the most
promising families of cathode materials for SIBs/SMBs but still face
three major challenges, such as irreversible phase transition, air insta-
bility and insufficient battery performance [167]. Luo et al. [168] re-
ported layered P2/P3-type KxMnOz (x = 0.3 and 0.45) cathodes via a
co-precipitation approach for PIBs, while K 4sMnO> exhibits a smaller
particle diameter, a higher reversible capacity of 129 mAh g~! at 20 mA
g ! and better rate performance of 51 mAh g~! at 200 mA g~ ! in
comparison with those for Ky 3sMnO».

Polyanionic compounds. Polyanionic compounds have been high-
lighted as high-voltage cathode materials by several researchers for

(113, 213, 0)
e

Composites Communications 54 (2025) 102258

high-capacity SIBs/PIBs [169]. Polyanionic compounds (e.g.,
NagV2(PO4)s, Nag(VOy)2(PO4)Fs.0x (x = 0 or 1), etc.) are apparently a
common cathode due to their high working potential, while the use of
the toxic and expensive vanadium element remains a critical issue in real
applications [170]. Particularly, NagVy(PO4)s3 (NVP, Fig. 18b) with a
NASICON-type (Na superionic conductor) structure shows a long-term
cyclability and high Na™ diffusion rate. For instance, Hu et al. [171]
found two various Na sites (M1, M2) with co-existent different coordi-
nation, where the extraction of Na™ only locally occurs at M2 sites and
M1 sites remain immobilised.

Prussian blue analogues. Prussian blue analogues (PBAs, see
Fig. 18c) with the general formula (AxM;M2(CN)g) (A = alkali, My, My =
Mn, Fe, Co, Ni) are the most widely investigated cathodes in both
aqueous and non-aqueous SIBs/PIBs, while their interstitial water is
difficult to be removed and affects the cell performance [172]. Specif-
ically, NaxMFe(CN)¢ has been the suitable choice due to its nontoxicity
and low cost. Goodenough et al. [173] reported the Na;MnFe(CN)g
framework with the removal of interstitial HoO, and the dehydrated
NayMnFe(CN)g delivered a superior reversible capacity of 150 mAh g~*
at a flat plateau at 3.5 V with excellent cycling stability with a 75 %
capacity retention over 500 cycles.

Organic Compounds. On the other hand, organic compounds (e.g.,
organic acid anhydride, see Fig. 18d) have also attracted attention as
cathodes for SIBs/PIBs due to their renewability, lower cost and better
safety features [174]. Meanwhile, a well-known organic pigment, 3,4,9,
10-perylenetetracarboxylic dianhydride (PTCDA) was reported to be
chemically stable during the charge/discharge process). Additionally, as
one of the important precursors in the dye industry, the mass production
of PTCDA offers the possibility to be widely used as a low-cost cathode
material for SMBs [175,176]. Ji et al. [174] demonstrated that PTCDA
itself displayed a capacity of 145 mAh g ! at 10 mA g~! and a good rate
capability of 91 mAh g~! at 1 A g7! in a potential range of 1—3V,
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illustrating the reduction of two carbonyl groups to form Na,PTCDA (see
Fig. 19).

Given that cathode materials are the key component that determines
the energy and cost of batteries, it is necessary to discover or deploy
more low-cost suitable cathode materials to satisfy their overall
renewability/sustainability. This choice has to consider the economic
and environmentally-friendly benefits for the potential commercialisa-
tion and practical applications of SMBs in the future.

2.5. Sodium-metal batteries

Recently, research interests have focused on the Na metal as anode
materials for the next-generation rechargeable batteries due to its high
theoretical specific capacity (1165 mAh g_l), low redox potential
(—2.71 V vs. SHE) and abundant resources [177]. High-energy-density
sodium-metal batteries (SMBs) with Na metal anodes and cathodes (e.
g, high-voltage cathodes, room-temperature (RT) Na-S, Na-O2,
Na-CuCly, etc.) are competitive alternatives to the current
state-of-the-art LIBs [178]. However, there are still several challenges to
be overcome for practical applications of rechargeable SMBs.

2.5.1. Mechanisms and challenges

It is well known that a typical battery consists of four essential
components: anode, cathode, electrolyte, and separator. During
charging, Na ions are extracted from the cathode and plated on the
surface of the Na metal anode to gain the electrons via a redox reaction,
thus re-forming the Na atoms; while the Na metal is stripped from the
anode to insert onto the cathode upon discharging [179]. Owing to its
high chemical reactivity and low mechanical properties [180], most
organic electrolytes can be reduced at the Na metal surface to generate
the solid electrolyte interphase (SEI). During the plating/stripping pro-
cess, the Na anode undergoes large volume expansion/contraction, thus
inducing the breakage of the SEI layer to accelerate the nonuniform Na
plating and Na™ flux, which causes the dendrites growth surrounding
the cracks/tips during further Na plating. During the subsequent strip-
ping process, the Na dendrites are detached from the vulnerable root of
the anode bulk to construct the “dead” Na [181]. After repeated plati-
ng/stripping behaviour of Na*/Na, the accumulation of “dead” Na and
the growing dendrites would penetrate through the separator, finally
leading to the internal short circuit of the battery [182]. The schematic
illustration for the Na dendrite formation is displayed in Fig. 20.
Therefore, the major impediments to the development of SMBs are
associated with uncontrolled dendrite growth, degradation of battery
cycle life, and an ultimate short-circuit when Na dendrites penetrate the
separator to reach the cathode, posing serious safety concerns [183].

2.5.2. Optimization strategies

To address the aforementioned issues, various strategies that have
been previously employed for lithium metal batteries have also been
developed for stabilizing SMBs. Based on the visualized statistics of the
top 50 keywords in publications associated with “SMBs™ and indexed by
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the Web of Science since 1900 (Fig. 21), it could be seen that the “per-
formance” of SMBs attracts the greatest attention from researchers.
According to the strong links with the “performance” keyword, the
formulation and optimization of “anode”, “cathode” and “electrolyte”
systems currently become research hotspots and the dominant direction
by numerous researchers, where the research on separators remain
extensively neglected in the field of SMBs. Herein, this section highlights
several strategies to suppress Na dendrites growth and improve the
performance for achieving stable and highly safe SMBs.

2.5.2.1. Electrolyte formulation. Liquid electrolytes including ester-
based electrolytes such as ethylene carbonate (EC), dimethyl carbon-
ate (DMC), and diethyl carbonate (DEC) as well as ether-based electro-
lytes such as diglyme, dimethoxyethane (DME), and tetraglyme, are
widely utilized in the SMBs [184]. Generally, the formulation of sol-
vents, salts and additives is significant in affecting the components of the
formed SEI layer and for controlling the reactions between the liquid
electrolytes and the Na anode, which in turn influence the electro-
chemical properties of SMBs.

Ether-based electrolytes. Carbonates-based electrolytes are a
commonly used and low-cost choice for research on state-of-the-art and
commercial-available LIBs, owing to their higher reduction potentials
and better oxidation stability coupled with high-voltage cathodes [185].
Nevertheless, the Na anode shows limited reversible plating/stripping in
carbonate-based electrolytes in contrast with ether-based electrolytes
[186]. Cui et al. [187] evaluated the reversibility of Na plating/stripping
in a series of electrolytes (i.e., various solvents and salts) and found high
average Coulombic efficiencies (CEs) of 99.9 % over 300 cycles using the
1 M sodium hexafluorophosphate (NaPF¢) in diglyme, monoglyme, or
tetraglyme as the electrolyte. Moreover, uniform and nondendritic
morphologies were achieved in these cases. While for 1 M NaPFg in
EC/DMC and EC/DEC, very low CEs of ~25 % and nonuniform dendritic
deposition morphologies were observed.

Depth-profiling of the SEI layers in these various electrolytes via X-
ray photoelectron spectroscopy (XPS), it revealed that the formed uni-
form SEI layer using NaPF in diglyme consisted of the inorganic Na,O
and NaF, which was highly impermeable to the electrolyte solvent to
facilitate the dendrite-free deposition. However, a thicker SEI layer
formed in carbonate solvents was composed of more porous organic
components that are prone to the permeability of electrolyte solvents
with more side reactions.

High-concentration electrolytes (HCE). The increased concentra-
tion of the liquid electrolytes could prolong the Sand’s time (i.e., t, the
time when the ionic concentration of the anode approaches zero or the
time close to the appearance of dendrites in the high current-density
regime) [188] and defer the onset of the growth of dendrites accord-
ingly (t is dependent on the concentration C) [189]. Choi et al. [190]
proposed ultraconcentrated electrolytes composed of 5 M bis(fluo-
rosulfonyl)imide (NaFSI) in DME, exhibiting a high CE of 99.3 % over
120 cycles of Na plating/stripping. They elucidated that the contribution
could be ascribed to the participation of the solvation structure
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Fig. 19. Schematic diagrams for the proposed electrochemical reactions during sodiation/desodiation of PTCDA. Reprinted with permission from Ref. [174]

(Copyright © 2014, John Wiley and Sons).
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(Na"(DME); x(FSI7),), which decreases the number of free solvent
molecules to alleviate the relevant side reactions, especially at > 2 M
NaFSI. However, the costly price of high-concentration salt and poor
wettability associated with the high viscosity would present new chal-
lenges for large-scale applications of SMBs.

Electrolyte additives. Fluorinated compounds such as fluoroethylene
carbonate (FEC) have been investigated as electrolyte additives by
modulating the properties of the SEI layer in anode research on SMBs
[191,192]. The highest occupied molecular orbital (HOMO)-lowest
unoccupied molecular orbital (LUMO) energy-level diagram (Fig. 22),
where The HOMO-LUMO energy-level diagram revealed that FEC has a
relatively low LUMO energy level and a higher electron affinity
compared with those of conventional carbonates [193]. Conventional
carbonates tend to generate unstable interlayers with undesirable
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decomposition, while DME is highly oxidative with high-voltage cath-
odes due to its high HOMO energy level. Accordingly, the interlayer
formed via the reductive decomposition of FEC molecules blocks further
decomposition reactions between the solvents with the Na metal anode
[194]. Recently, Choi et al. [193] added an FEC additive into the 1 M
NaFSI in polycarbonate (PC)/EC (v/v, 1:1) electrolyte, which demon-
strated the construction of a mechanically strong NaF-containing SEI
layer with enhanced ion-permeability to suppress its breakage and
induce a homogenous Na deposition. They reported that a high CE of
~94 % was attained in FEC-based electrolytes over 100 cycles with the
reversible plating/stripping of the Na metal anode. Unfortunately,
F-based electrolytes (e.g., NaPFg, NaFSI, FEC, etc.) show several draw-
backs such as the environmental unfriendliness and harmful formation
of HF, decomposition at high temperatures, and water ingress impeding
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industrial and commercial viability [195]. Consequently, it is imperative
and significant to develop F-free electrolytes to realize the practical use
of stable and long-term SMBs.

2.5.2.2. Nanostructured sodium anodes. Current collector/interlayer
engineering. Homogenous Na plating can be realized by the 3D porous
current collectors with the increased surface area to dissipate local
current density via nanostructured engineering [196,197]. Recently,
Luo et al. [198] demonstrated porous Al current collectors as the Na
plating substrate to nucleate and reduce the Na® flux distribution,
leading to uniform Na deposition without obvious protuberance/den-
drites. They reported that the Na/porous Al anode ran over 1000 plat-
ing/stripping cycles with average CEs of 99.9 % and showed improved
electrochemical performances compared to planar Al.

Additionally, the other approach to designing the nanostructured Na
anodes is to construct a sodiophilic interlayer/interphase on the top of a
Na metal anode for dendrite-free sodium nucleation and deposition
behaviour. Very recently, Peng and co-workers [199] presented an
oxygen-functionalized carbon nanotube network (OrCNTs) as the
sodiophilic interphase on a Na anode, leading to an ultrahigh specific
capacity of 1078 mAh g~! and a long cycle life of 3000 cycles. They
proposed that the O~CNTs network uniformly guided the Na nucleation
behaviour and grew around the sodiophilic O-functional groups,
endowing the Na@Oy-CNT with a dendrite-free morphology.

Nanostructured hosts of Na anodes. The 3D porous, sodiophilic and
nanostructured host can accommodate the volume change during
repeated plating/stripping processes to improve the electrochemical
properties of sodium metal anodes [200,201]. Luo et al. [202] presented
a mouldable and processable reduced graphene oxide (r-GO)/Na anode,
illustrating enhanced strength and hardness as well as extended cycling
stability in both carbonate and ether-based electrolytes due to the
introduction of 4.5 wt% r-GO as the host. Furthermore, a Na@carbon-
ized wood anode with porous and mechanically stable channels to
confine the uniform Na nucleation has been fabricated by Hu et al.
[203], showing the flat plating/stripping profiles over 500 h employed
in carbonate electrolytes.

2.5.2.3. Separators optimization. To overcome the issues associated
with the performance of SMBs, various strategies including the formu-
lation and optimization of anode, cathode and electrolyte systems
currently become research hotspots and the dominant direction by
numerous researchers. However, the relevant studies on separator ma-
terials as a key component of batteries remain in the infancy stage
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compared to those regarding electrode and electrolyte materials of
SMBs, indicating that the design and optimization of separators have
been extensively neglected in the field of SMBs [179].

As one of the indispensable roles in metal batteries, the separator
adequately blocks the contact between the cathode and anode while
allowing the transport of ions in the electrolyte system through the
separator [204]. The ideal separator enables enough mechanical
strength to withstand the penetration of the dendrites, and simulta-
neously possesses enhanced thermal stability to circumvent the melting
of the separator; otherwise, separator rupture and melting would ulti-
mately cause the internal short circuit of the battery [205]. Currently,
commercial Celgard (i.e., monolayer polypropylene (PP), trilayer
PP/polyethylene (PE)/PP membrane) and glass microfibre filter (GF)
separators have been applied in SMBs but have inherent drawbacks,
such as poor thermal stability of Celgard separators and unsatisfactory
mechanical properties of GF separators [206]. Thus, growing attention
and efforts should be devoted to designing and optimizing separators for
improving the overall performance of safe-credible SMBs.

Modification of commercial separators. Zhou et al. [207] modified
commercial Celgard PP separators with a single-ion-conducting polymer
layer and the nitrogen-containing MXene coating via a grafting-filtering
strategy, which suppressed Na dendrite growth, enhanced the wetta-
bility with carbonate-based electrolytes and cyclability of RT Na-S bat-
teries. However, the modification procedure of commercial separators is
complex and time/cost-consuming, which impedes the large-scale
implementation of low-cost SMBs with chemically modified commer-
cial separators.

Employment of new separators. Another selective method to restrain
the Na dendrites formation in SMBs is to develop new appropriate
separators to substitute the commercial-available ones. Xiang et al.
[204] coated a paper-based membrane with graphitic carbon nitride
(g-C3Ny) via a dip-coating approach. They reported increased wetta-
bility, thermal stability, and ionic conductivity, as well as rate and
cycling performances for a g-C3Ng-coated paper-based separator in
contrast with the conventional PE separator in SMBs. In addition, Kang
et al. [208] fabricated a metastable y-phase nylon-11 fibrous membrane
by an electrospinning method with the 1,1,1,3,3,3-hexafluoro-2-propa-
nol and trifluoroacetic acid (HFIP: TFA) solvent (see Fig. 23). They re-
ported the stable stripping/plating cycling over 450 h at a current
density of 0.5 mA cm 2 operated in 1 M NaPF6 in DME electrolytes.

Recently, Wang et al. [209] proposed a novel electrospun nano-
fibrous separator (i.e., S-1000, S-3500) with uniaxially aligned nano-
fibres with a controllable alignment degree (see Fig. 24). Surprisingly,
this unique S-3500 separator achieved stable and long-term cycling
stability under high current densities (i.e., >1000 h at 1 and 3 mA cm’z,
>700 h at 5 mA cm 2) of SMBs operated in carbonate electrolytes
without any additives.

These design schemes and strategies only enhanced the long-term
cyclability of SMBs to some extent, and they are by far insufficient to
meet the demand for the commercialisation of SMBs, particularly in
carbonate-based electrolytes, which are the existing commercial and
widely used choice for LIBs. It is noteworthy that most long-term stable
sodium metal anodes are evaluated in ether-based electrolytes or
fluorine-containing additives. Nevertheless, there are few reports about
the long cycle life of SMBs in carbonate-based electrolytes without any
additives. Therefore, it is a challenging area of research to achieve the
long-term cycling stability of SMBs in low-cost carbonate-based elec-
trolytes without any other additives via a simple or one-step and envi-
ronmentally friendly strategy for large-scale applications of high-safety
SMBs.

3. Conclusions and Outlook
This comprehensive review highlights the transformative potential

of cellulose nanocrystals (CNCs) as sustainable and high-performance
materials for next-generation sodium-ion, potassium-ion, and sodium-
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metal batteries. Leveraging the unique structural properties of CNCs,
advanced fabrication techniques such as unidirectional ice-templating
and precision electrospinning have enabled the development of highly
aligned CNC-based nanocomposites with finely tailored electrochemical
properties. These materials address critical challenges in conventional
anode and separator design, including ion transport limitations and
mechanical instability, while advancing environmental sustainability.
As post-lithium-ion battery technologies progress from laboratory
exploration to industrial-scale implementation, CNC-based innovations
stand poised to redefine the landscape of energy storage systems. The
incorporation of aligned microstructures within CNC-based nano-
composites—ranging from electrodes to separators—offers a paradigm
shift in achieving superior performance metrics such as cycling stability,
energy density, and cost efficiency. By establishing systematic
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correlations between microstructure alignment and functional proper-
ties, this review provides a robust foundation for novel design strategies
and inspires future research in sustainable energy storage. These above-
mentioned works [145,209] both possess the additional merits of the
sustainability of the precursors and scalable availability at compara-
tively low cost in a one-step fabrication process for electrodes and sep-
arators, which also offers design guidelines to be readily extended to a
variety of other metallic (e.g., Zn-, Al-, Ca-, Mg-)-based batteries for the
large-scale commercialisation of energy storage technologies. By
bridging material science, engineering, and sustainability, CNC-based
innovations can accelerate the global shift toward carbon-neutral en-
ergy systems and redefine the future of energy storage for electric ve-
hicles and grid applications.

The integration of scalable materials such as cellulose materials (e.g.,
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CNCs) into advanced battery architectures represents a pivotal step to-
ward sustainable energy storage solutions. Addressing key challenges,
including the optimization of aligned microstructures to enhance ion
transport and cycling stability, will require a concerted effort through
interdisciplinary research and robust industrial collaborations. CNC-
based nanocomposites hold immense potential as innovative separa-
tors and electrode materials, offering a path to cost-effective and high-
performance sodium- and potassium-ion batteries and sodium-metal
batteries. Technological advancements, containing scalable unidirec-
tional ice-templating and high-speed electrospinning, are expected to
bridge the gap between laboratory prototypes and commercial produc-
tion. Moreover, the inherent biodegradability and renewable nature of
CNGCs align with sustainability goals. Recent strategies are highlighted to
ensure the environmental footprint remains low during scale-up, such as
using green solvents, energy-efficient processes, and recycling produc-
tion by-products by developing life-cycle assessments (LCF) and
environmental/techno-economic impact assessments via AspenPlus. By
uniting material science, engineering innovation, and sustainability,
advanced technologies are positioned to drive the global transition to
carbon-neutral energy systems, reshaping the future of energy storage
for electric vehicles and grid-scale applications.

While this review emphasizes sodium-/potassium-ion batteries and
sodium-metal batteries, future research could explore CNC-based ma-
terials in other energy storage systems, such as lithium-sulfur or dual-ion
batteries, to assess their versatility and potential to meet diverse energy
demands. Furthermore, CNC-based nanocomposites could play a pivotal
role in solid-state batteries (SSBs), where their mechanical flexibility
and structural alignment may enhance ion transport and electrode/
electrolyte interfaces. Research into CNC-based solid electrolytes or
reinforced composite separators could open new pathways for SSB
innovation. Emerging fabrication techniques (e.g., 3D printing, additive
manufacturing, roll-to-roll (R2R) processes) could be leveraged to create
custom architectures for CNC-based electrodes and separators. These
innovations would allow precise control over material alignment and
porosity, optimizing battery performance.

Looking ahead, the application of sustainable nanocellulose or other
biomass with precisely tailored aligned microstructures in all compo-
nents (i.e., hosts [210], electrodes, separators and electrolytes [211]) of
anode-free batteries and SSBs presents a transformative opportunity
[212]. These forward-looking perspectives aim to guide the research
community toward innovative solutions and establish CNC-based bat-
teries as a sustainable and high-performing alternative for
next-generation energy storage applications. Consequently, these ad-
vancements promise the large-scale commercialisation of low-cost,
high-performance, and environmentally sustainable energy-storage
technologies, propelling the industry and society closer to achieving a
net-zero emissions future.
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