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Abstract: Sustainable biomass has attracted a great attention in developing green renewable en-
ergy storage devices (e.g., supercapacitors) with low-cost, flexible and lightweight characteristics.
Therefore, cellulose has been considered as a suitable candidate to meet the requirements of sus-
tainable energy storage devices due to their most abundant nature, renewability, hydrophilicity,
and biodegradability. Particularly, cellulose-derived nanostructures (CNS) are more promising due
to their low-density, high surface area, high aspect ratio, and excellent mechanical properties. Re-
cently, various research activities based on CNS and/or various conductive materials have been
performed for supercapacitors. In addition, CNS-derived carbon nanofibers prepared by carboniza-
tion have also drawn considerable scientific interest because of their high conductivity and rational
electrochemical properties. Therefore, CNS or carbonized-CNS based functional materials provide
ample opportunities in structure and design engineering approaches for sustainable energy storage
devices. In this review, we first provide the introduction and then discuss the fundamentals and
technologies of supercapacitors and utilized materials (including cellulose). Next, the efficacy of
CNS or carbonized-CNS based materials is discussed. Further, various types of CNS are described
and compared. Then, the efficacy of these CNS or carbonized-CNS based materials in developing
sustainable energy storage devices is highlighted. Finally, the conclusion and future perspectives are
briefly conferred.

Keywords: sustainable biomass; cellulose-derived nanostructures; nanocellulose; carbon nanofibres;
specific capacitance; supercapacitors

1. Introduction

Supercapacitors are energy storage devices that can manage higher power rates com-
pared to batteries [1]. Supercapacitors provide the option of energy absorption along with
energy transfer in seconds or tens of seconds. Supercapacitors can deliver hundreds to
thousands times more power in the same volume, but cannot store the same amount of
charge as batteries [2]. They can be used independently or with fuel cells or batteries
where high power is required [3,4]. Due to these characteristics, they are considered a
complement to batteries [5]. Supercapacitors stand to be promising candidates in numerous
portable electronic devices and hybrid electric vehicles due to their long cycle of life, safe
and ultra-fast charging and discharging feature, and strong thermal operating temperature.

Conductive polymers are widely used alternatives to metallic or inorganic semi-
conductors for fabricating pseudocapacitive materials because of their cost-effectiveness,
non-toxicity, elegant electronic conductivity (10,000 S/cm), and high electronegativity. The
presence of π-conjugated double bonds in conductive polymers is the backbone respon-
sible for redox reactions with the ability to store and charge a large amount of charge [6].
The most frequently used conductive polymers in energy storage and conversion de-
vices are polypyrrole (PPy) [6], polyaniline (PANi) [7], polyacetylene (PA) [8], poly(3,4-
ethylenedioxythiophene) (PEDOT) [3], polythiophene (PTh) [3,6–9]. Conductive polymers
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are classified into three main types: The first is when two identical p-doped conductive
polymer films are used for both electrodes, such as PANi and PANi. The second type is
when two different P-doped conducting polymers are used as electrodes, such as PPy as
the anode and PTh as the cathode. However, the operating potential windows of the first
and second types are less than 1.0 V and 1.5 V, respectively, due to the thermodynamic
water decomposition potential (1.23 V) and non-aqueous electrolytes (4.0 V). Similarly, the
third type is when two different polymers, like p-doped polymers and n-doped polymers,
are used for the anode and cathode, respectively. When the material is fully charged,
the anode is p-doped and the cathode is n-doped; this phenomenon is highly dependent
on electrochemical events. However, expansion and contraction upon cycling are major
drawbacks of polymer-based electrode materials. This causes deterioration of the electrode
and structural damage, thereby resulting in poor cycle stability because of the change in
volume during the charging and discharging process. Fabricating composites from metal
oxides or carbon-based materials can overcome these shortcomings.

To tackle the limitations of conductive polymers, various composite materials that
combine electrostatic charge accumulation with fast redox reactions have been investigated.
For example, carbon nanotubes embedded with PPy nanowires can retain 72% of their
capacitance after 3000 cycles (1A/g) [10]. PPy reduced graphene oxide (rGO) composites
can retain 85% of their capacitance after 1000 cycles [11]. However, the environmental risk
of GO or carbon nanotube (CNT) synthesis and the high cost of using GO or CNT as a
framework limits their applications. Biomass rich in carbon is considered a sustainable and
ideal carbon source for the large-scale production of carbon due to its low cost, renewability
and CO2 neutrality. Cellulose, the most abundant and widely available biopolymer in
nature (over 50 wt% of plant biomass), could be a sustainable carbon precursor for porous
carbon. Recent biomass-based carbon sources in use include lignin [12], cellulose [13],
chitin [14] or chitosan [15], microorganisms [16], proteins [17], and gelatin [18]. Among
them, cellulose-based composite foams, gels and aerogels have promisingly been applied to
advanced energy storage devices [19,20]. However, these carbon materials typically contain
mesopores and micropores, impeding the penetration and loading of conductive poly-
mers. Therefore, the fabrication of high-performance biomass-derived carbon/conductive
polymer hybrids remains a major challenge.

2. Supercapacitors
2.1. Fundamentals and Technologies

Figure 1 shows the energy and power densities of various energy storage and conver-
sion systems [21]. Supercapacitors provide high power density, while fuel cells provide
high energy density. Supercapacitors are distinctly classified into two types based on their
charge storage mechanisms such as electric double layer capacitors (EDLCs) and pseudoca-
pacitors. Depending on the properties of the electrode material used, supercapacitors can
sometimes store energy in a capacitive manner similar to EDLCs, offering excellent energy
and power densities and long-term durability [22].

Electrical double layer capacitors (EDLCs) are a non-paradoxical process in which
charge is stored through the adsorption of electrolyte ions at the electrode/electrolyte
interface. In EDLC, charge accumulates at the electrode/electrolyte interface to form an
EDLC structure of several angstroms (Å) balanced by counter-charges provided by the
electrolytes used. Thus, EDLCs have two distinct bilayers at the anode and the cathode
ends, with charging and discharging conditions as presented in Figure 2. In other words,
there is no paradoxical reaction between the electroactive material and the electrolyte, so it
has superior long-term durability and high power density compared to similar capacitors.
The EDLC concept was first conveyed by the German physician Helmholtz in 1853, where
he hypothesized that charge accumulation occurs by electrostatic attraction at the electrode–
electrolyte interface [23]. Later, Gouy [24] and Chapman [25] modified Helmholtz’s EDLC
model by using two layers of opposite charges at the electrode–electrolyte interface. Finally,
both the Helmholtz model and the Gouy and Chapman modifications were combined
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together to find the ion diffusion layer, i.e., the diffusion layer as shown in Figure 3, where
the dense layer is labelled as the stern layer. Thus, the total capacitance of the EDL is the
combination of a small Helmholtz layer (CH) and a diffusion layer (Cdiff).

1/Cdl = 1/CH + 1/Cdi f f
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In 1970s, Conway and Trasatti proposed another route for storing capacitive charge,
known as pseudocapacitance. Faradic reactions are reversible and involve a change in the
valence state of an electrode material as the result of a battery-like redox reaction (oxidation
and reduction occurring simultaneously) [27,28]. In general, metals, metal oxides and
conductive polymers are recognized as pseudocapacitive electrode materials. Pseudoca-
pacitive materials store charge by redox reactions. Basically, batteries and supercapacitors
also involve redox reactions, but the reaction kinetics are distinctly different. The charge
storage mechanisms of supercapacitors fall into four groups: (1) redox pseudo-capacitance,
(2) intercalated pseudo-capacitance, (3) pseudo-capacitive doping, and (4) low-potential
deposition-based pseudo-capacitance, as shown in Figure 4.

In a redox supercapacitor, charge is stored through fast and reversible electron transfer
across the electrode and electrolyte interface, which is expressed as

Ox + zC+ + ze− ↔ Red Cz

where C represents the surface absorbed electrolyte cations and z represents the number
of electrons transferred during the reaction. In intercalation pseudocapacitance, when
electrolyte ions (Li+, H+, K+ Na+, . . . ) are reversibly inserted and ejected from a tunnel or
layer, they are accompanied by a paradoxical charge transfer rather than a phase change.
This is rarely observed, and mostly follows a hybrid charge storage mechanism, i.e., a
combination of capacitive and battery-like behaviour. The doping pseudocapacitance refers
to a reversible electrochemical process in which doping and de-doping processes occur
similarly to conductive polymers (polypyrrole). Underpotitiontial deposition pseudocapac-
itance is well known for the adsorption of hydrogen atoms into catalytic noble metals (Pt,
Rh, Ru and Ir), with electrodeposition of metal cations at potentials less negative than the
equilibrium potential for cation reduction. This process can be represented as:

M + xCz+ + xze− ↔ C.M
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where C is the absorbed atom, M is the noble metal, x is the number of absorbed atoms, and
z is the valence of the absorbed voltage. For a better understanding, hydrogen potential is
deposited on the noble metal (Pt). The potential must be positive in a reversible hydrogen
electrode (RHE) [22,29].
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2.2. Materials Used for Capacitors

Nanotechnology has opened a remarkable new research direction, enabling new
functional materials and technologies for energy storage applications. Nanostructured elec-
trodes present specific properties owing to their structure-dependent benefits in expediting
the reaction kinetics of the diffusion activity and attaining cyclic stability. Various electrode
materials with low dimensional architectures (0D, 1D, 2D, and 3D) and hierarchical and hol-
low nanostructures have been widely designed and applied in this area [30–33]. Electrode
materials are the main components in the development of high-efficiency supercapacitors
for next-generation portable electronic devices. There are four main types of electrode
materials for supercapacitors: full density metal oxides/hydroxides, carbon-based materi-
als/nanomaterials, conductive polymers (CPs), and nanocomposites of various materials.
Exclusively, these materials are transition metal oxides/hydroxides such as nickel oxide or
hydroxides (NiO [34] or Ni(OH)2 [35]), rare-earth metal oxides or hydroxides such as lan-
thanum oxide or hydroxides (La2O3 or La(OH)3) [36,37], transition metal dichalcogenides
(TMDs), MXenes, carbon nanomaterials such as carbon nanotubes or graphene oxide (CNTs
or GO [37]), conducting polymers, etc. These electrode materials are associated with certain
advantages and disadvantages in that they are effectively used as electrode materials in
supercapacitors. Therefore, the composite electrode materials made from them have shown
great potential in supercapacitor applications.

Over the passage of time, metal oxides are being extensively studied as a paradoxically
capacitive electrode material due to their high energy density compared to carbon-based
materials and superior long-term durability compared to conductive polymers. Various
metal oxides have been recognized as electrode materials for supercapacitors, such as
ruthenium oxide (RuO2), cerium oxide (CeO2), manganese oxide (MnO2), nickel oxide
(NiO), and cobalt oxide (Co3O4). Some basic requirements for metal oxides utilized as
electrode materials in supercapacitors are: (1) low cost, (2) easy solubility, (3) improved
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electrical conductivity, (4) improved specific capacitance, (5) tendency to exist in various
oxidation states.

In 1971, Trasatti and Buzzanca first discovered an alternative charge storage mech-
anism (pseudocapacitive) using ruthenium oxide (RuO2) in sulfuric acid (H2SO4) [28].
Before being investigated as a pseudocapacitive material, RuO2 was very popular as an
oxygen-generating anode due to its electrocatalytic properties. Both forms of RuO2 (ie,
crystalline and hydrous) exhibit excellent electrochemical behaviour. On the other hand,
RuO2 can exhibit paradic redox kinetics in both acidic and basic media and can deliver
specific capacitances of up to 1500 F/g. However, the reaction kinetics are quite different
for both electrolytes. In the acidic electrolyte, rapid electron transfer is achieved because the
electroadsorption of protons on the RuO2 surface and oxidation turned Ru(II) into Ru(IV).
The reaction mechanism of acid electrolytes is expressed as:

RuO2 + xH+ + xe− ↔ RuO2−x(OH)x

where the oxidation states of ruthenium can change from (II) up to (IV) (0 ≤ x ≤ 2) [22].
Ruthenium has been considered an expensive metal in the platinum group, as compared
to transition metals that are inexpensively produced [38]. The high cost of this material
compared to other transition metals has limited its practical applications.

Manganese (Mn) is the tenth most abundant element in the Earth’s crust in the form
of ore and natural metal nodules. Mn is readily depleted in igneous and metamorphic
rocks by surface water and through interactions with surface water. Mn is readily oxidized
to more than 30 oxide/hydroxide minerals that are the main source of industrial Mn [39].
Manganese oxide is the most widely used transition metal oxide in the fields of catalysts,
sensors, energy and wastewater treatment [40,41].

Storage behaviour of MnO2.
The first is the intercalation and deintercalation of electrolyte cations (C+: Na+, K+,

Li+) in large amounts of MnO2 during the oxidation and reduction processes.

MnO2 + C+ + e− ↔ MnOOC

The second mechanism based on the electrolytic cation (C+: Na+, K+, Li+) adsorption
on the MnO2 surface, as follows.

(MnO2)surface + C+ + e− ↔ (MnOOC)surface

Interestingly, both charge storage mechanisms followed the redox reaction from the IV
to III oxidation states of manganese oxide [42].

Cerium (Ce) is one of the most studied metals in the lanthanide family [43]. Cerium
oxide (ceria) has been widely investigated as a lanthanide-based electrode material for
supercapacitors and catalysts due to its interesting properties such as abundance, cheapness,
various forms, and high electronic conductivity [44]. Cerium oxide (CeO2) crystallizes
favourably into CeO2 because it is in the most favourable oxidation state of Ce4+ [45]. The
electron configuration is 4f15d16s2, and it cannot stay in the Ce3+ state by losing one 5d
and two 6s electrons. The most favourable oxidation state of cerium, Ce4+, exists by losing
one additional 4f electron [46]. A direct and rapid transformation from the Ce3+ to the
Ce4+ state with the loss of negatively charged oxygen atoms is a result of the oxygen lattice,
leading to structural defects (oxygen vacancies) [44,47]. Thus, oxygen vacancies cause
oxygen mobility and lead to an increase in the overall electrochemical performance.

Among the various metal oxides, nickel oxide (NiO) is highly regarded as a pseudoca-
pacitive electrode material due to its low cost, abundance, elegant thermal and chemical
stability, and high theoretical specific capacitance [48]. There are two theories of redox
reactions in NiO-based materials. The first is an energy storage phenomenon between NiO
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and NiOOH, and the other is an electrochemical reaction that occurs between Ni(OH)2 and
NiOOH, which is expressed as:

NiO + OH− ↔ NiOOH + e−

NiO + H2O↔ NiOOH + H+ + e−

These two mechanisms suggest that the electrochemical performance of NiO-based
electrodes is largely determined by the redox reaction of NiO or NiOOH in the basic
electrolyte [49,50].

Spinal and cubic structures of cobalt oxide (Co3O4) are highly regarded as pseudoca-
pacitive electrode materials [51]. Co3O4 is a black antiferromagnetic solid with a bandgap
of 2.0 eV, and is mainly used as an electrode material for supercapacitors and lithium-ion
batteries due to its excellent economy and corrosion resistance [52,53]. The electrochemical
potential of Co3O4 is reflected in the following equations.

Co3O4 + OH− + H2O ↔ 3CoOOH + e−

CoOOH + OH− ↔ CoO2 + H2O + e−

However, low cycle stability due to volume expansion and contraction during charging
and discharging is a major disadvantage of Co3O4-based materials used in industrial
fields [52,53]. In order to overcome these problems, various research efforts are underway,
such as manufacturing various binary and ternary metal oxide composites or making
composites with highly conductive base materials.

In past decades, carbon-based materials have been widely studied as electrode ma-
terials for various energy storage and conversion devices due to their ease of availability,
cost effectiveness, excellent electrical and mechanical properties, high power density and
corrosiveness, and resistance properties [54]. Activated carbon, graphene, and carbon
nanotubes are frequently used materials for supercapacitors with electric double layer
properties, unless functionalized or composited with metal oxides or sulphides [55,56].

Activated carbon is the cheapest carbon material used as an electrode material for
a variety of energy storage and conversion applications. Activated carbon is made from
commercially available wood, petroleum sources, and phenolic resins with surface areas
of 2500–3000 m2/g and controlled porosity. The cycle endurance of activated carbon is
very high, over 10,000 cycles, and the operating potential can be achieved at 1.0–3.0 V
(both aqueous and non-aqueous electrolytes), but its relatively low specific capacitance
limits its application. Furthermore, TMDs have been widely investigated for electronic
devices and energy storage systems due to their higher electrical conductivity than that of
oxides, distinctive electronic structure, 2D sheet-like morphology, high surface area, and
multivalent oxidation states of transition metal ions [57]. TMDs are a new lineage of 2D
nanosheets, typically having general formula as MX2 (where, M: transition metal and X:
chalcogen), for example molybdenum disulphide (MoS2) [58] or diselenide (MoSe2) [59],
nickel selenide (NiSe) [60], cobalt selenide (CoSe) [61]. In addition, MXenes, discovered in
2011 and known as 2D carbides and the nitrides of transition metals, have been considered
a favourable electrode material for supercapacitors due to their hydrophilicity, outstanding
electrochemical properties and high electrical conductivity [58,62,63]. Furthermore, the
most frequently used conductive polymers in energy storage and conversion devices are
PPy [6], PANi [7], PA [8], PEDOT [3], and PTh [9]. Recently, sustainable biomass-derived
carbon nanostructures have shown great potential in energy storage applications. Therefore,
in the further sections, we present the fundamental properties and recent advances in
cellulose-derived nanostructures as a sustainable biomass for supercapacitor applications.

2.3. Cellulose-Based Functional Materials for Supercapacitors

The carbon materials traditionally used in supercapacitors are mainly derived from
fossil resources, so they face serious environmental problems and will be accountable for
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the loss of fossil resources in the near future. However, biomass rich in carbon is considered
a sustainable and ideal carbon source for the large-scale production of carbon due to its low
cost, renewability, and CO2 neutrality [64–69]. Therefore, natural biopolymers have been
broadly utilized in developing flexible wearable sensors and energy devices with better
performance [70]. Among them, cellulose, as the most abundant biopolymer worldwide,
and which is usually extracted from agricultural wastes, plants, woods, or using bacterial
strains, has been considered an attractive candidate for this purpose (Figure 5).
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Cellulose, the most abundant and widely available biopolymer in nature (over 50 wt%
of plant biomass) with environment-friendly and renewable characteristics, could be a sus-
tainable carbon precursor for porous carbon. Recently, bacterial cellulose, a representative
biomass material, has been widely used for the synthesis of functional carbon materials
having a 3D porous structure [69,72,73]. Cellulose fibers are highly hydrophilic, flexible,
renewable, biocompatible, and biodegradable biopolymers. These fibers are arranged in
a 3D porous structure (i.e., fibrous-network) and have strong mechanical strength. The
presence of an abundant number of hydroxyl groups on the surface of cellulose and hy-
drogen bonding sites make cellulose-based materials available for strong interactions with
other hydrophilic substrates. Among all types of cellulosic materials, bacterial cellulose
has more surface hydroxyl groups as compared to plant-based cellulose, which provides
opportunities for functionalization [74]. Moreover, cellulose-based substrates exhibit light
weight, ease of application, flexibility, excellent thermal and optical properties, poor heat
transfer capacity (that can cause accumulation of heat and local overheating of the electronic
device) and thereby insufficient stability [75].

However, these carbon materials typically contain mesopores and micropores, im-
peding the penetration and loading of conductive polymers. Therefore, the fabrication of
high-performance biomass-derived carbon/conductive polymer hybrids remains a major
challenge. In addition, while cellulose fiber is not itself conductive, it can be integrated with
other conductive materials for promising application in energy devices [76]. Moreover, the
efficient integration of cellulose with other substrate support for flexible supercapacitors is
a tedious task which demands improvements for better outcomes. Various methods have
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been reported for imparting conductivity to celluloses, for example, carbonization [77],
sputter deposition [78], surface coating [79], impregnation [80], electrochemical deposi-
tion [81], lamination [80], and vacuum filtration [82]. In this case, carbonization can facilitate
higher conduction to cellulose but it also creates a black appearance of this carbonized
substrate [76].

3. Cellulose-Derived Nanostructures (CNS)

Different types of CNS have commonly been prepared from cellulosic materials by
using appropriate methods such as chemical, mechanical or their combinations, and specific
bacteria under optimal conditions [83–86]. By using these treatments, cellulose is reduced
to the nanoscale dimension in diameter or both diameter and length, which is known as
nanocellulose. Nanocellulose possesses a highly crystalline structure, with linear condensed
polymeric chains of α-D-glucose linked through 1–4 glycosidic bonds and it possesses
excellent mechanical strength, high surface area, high aspect ratio, and, more interestingly,
a large number of hydroxyl functional groups available for functionalization [84,87]. Based
on the sources, extraction methods and size-dimensions, nanocelluloses can be categorized
into three major terms, such as cellulose nanocrystals (CNCs), cellulose nanofibres (CNFs),
and bacterial cellulose nanofibres (BCNFs). These nanostructures possess high aspect
ratios, low density, low thermal-expansion, low toxicity, an inherently renewable nature,
and high mechanical surfaces with ease of functionalization [88]. In some case, these
nanocelluloses can further be carbonized to obtain cellulose-derived carbon nanofibres
(CCBNFs). For their efficacy in terms of their usage in supercapacitors, the properties of
CNS materials, including their optical and structural characteristics, are briefly presented
and discussed below.

3.1. Cellulose Nanocrystals (CNCs)

CNCs are generally extracted from various typical sources such as plants, woods by
using acid hydrolysis (e.g., sulfuric acid) [83] or enzymatic processes [89] in some cases.
This acid-hydrolysis of cellulose produces highly crystalline rod-like nanostructures or
nanocrystals by removing amorphous regions from the cellulose fibers. Additionally, the
surface charge on CNCs is also introduced by these acid treatments and exhibits stable
colloidal dispersions. Typically, CNCs have size dimensions 5–50 nm in diameter and
100–500 nm in length or longer, up to several micrometers [90,91]. In addition, CNCs
possess a crystallinity percentage from 50 to 90% based on cellulosic sources and methods,
and have remarkable mechanical properties (e.g., high strength: 7.5 GPa and modulus:
10–50 GPa in the transverse direction and 110–220 GPa in the axial direction) [91–93].
Moreover, the extensive hydrogen bonding networks in CNCs show a shear-thinning
property and also can facilitate good stress-transfer effects in a polymeric matrix [93].

3.2. Cellulose Nanofibres (CNFs)

CNFs are prepared from different sources such as plants and wood using mechanical
methods (e.g., high pressure homogenization) or in combination with chemical or enzymatic
methods. In this case, the mechanical disruption of cellulose produces the defibrillation of
cellulose fibers into fine fibrils, with some amorphous content depending on the methods
used. Therefore, CNFs are soft and flexible fibrils that possess much lower crystallinity
compared to CNCs or BCNFs. Generally, CNFs have size dimensions in the range of
10–100 nm in diameter and several micrometers in length (>10 µm). In addition, the
estimated tensile modulus of CNFs is much lower than that of CNCs, approximately
30 GPa. Moreover, CNFs also show a shear-thinning property in solutions [93]. Electron
storage device substrates composed of CNFs show remarkable flexibility, mechanical, and
optical characteristics. The combination of high thermal conductivity fillers with CNFs
provides a good approach for effective thermal management [76].
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3.3. Bacterial Cellulose Nanofibres (BCNFs)

BCNFs are synthesized by using various bacterial strains (e.g., Gluconacetobacter xyli-
nus) through the oxidative fermentation of saccharides in media (natural or synthetic) in
which the bacteria are cultured under aerobic environments. The culture conditions are the
critical factors in synthesizing BCNFs and they effect the morphology, crystallinity, and
mechanical properties of BCNFs, which range from floccus shapes to pellicle forms [94].
Among all types of cellulosic materials, BCNFs possess maximum hydroxyl functional
groups on their surface. BCNFs are composed of continuous fibers with diameters of
10–100 nm and a high crystallinity of 74–96% [93,95]. Further, the Young’s modulus of
the single fibers of BCNFs is measured to be 78–114 GPa, depending on the particular
technique of estimation [93,96,97]. The measured moduli values are higher than those of
CNFs and are in the value range of CNCs.

3.4. Cellulose-Derived Carbon Nanofibres (CCBNFs)

Carbon materials are considered a potential candidate in applying electrode materials
for supercapacitors due to their superior electrical conductivities, stable and adaptable
structures [98]. Furthermore, carbon nanofibrous materials with high surface area and
porosity and abundant oxidative groups are more effective for accessing electrolyte and
electrochemical properties. Carbon nanofibres (CBNFs) can also be synthesized from
biomass materials for supercapacitors [99]. In addition, compared to the synthetic carbon
nanofibrous materials, the carbonization of nanocellulosic materials could be another
effective approach to exploit CNS in the development of composite or hybrid electrode
materials for supercapacitors [100].

4. Applications of CNS-Based Functional Materials in Supercapacitors

Natural polysaccharides (e.g., cellulose) and their derivatives have effectively been
utilized in preparing porous carbon electrodes due to their abundance, low processing
cost, and eco-friendly nature. For example, BCNFs and carboxymethylcellulose were
used as carbon sources to fabricate hierarchical porous carbon (HPC) by including citric
acid, exhibiting high specific capacitance (350 F/g at 15 A/g), outstanding rate capability
(254 F/g at 15 A/g), and good capacitance retention (96%) after 10,000 cycles. Furthermore,
a symmetric supercapacitor assembled by HPC electrodes exhibited a high specific capaci-
tance and energy density (28 Wh/kg) in KOH aqueous electrolyte [101]. Cellulose-derived
nanostructures (e.g., CNCs, CNFs, BCNFs, and CBNFs) have been promisingly utilized
to develop electrodes for supercapacitors. The efficacy of CNS-based research studies is
described and discussed comparatively in the next sections. For example, a supercapacitor
made of renewable cellulosic papers gives a new insight on paper electronics by including
the electroadsorption of paper, particularly CNFs. These amorphous dry amorphous CNF
(ACNFs) capacitors are entirely different from conventional wet electric double-layer ca-
pacitors (EDLCs) and lithium-ion batteries (LIBs) that are regulated through ion diffusion.
Therefore, Fukuhara et al. investigated the effect of electroadsorption on an ACNF super-
capacitor and showed a high amount of stored electricity (221 mJ/m2, 13.1 W/kg). Also,
ACNFs captured both positive and negative electricity from the vacuum and atmosphere,
and could illuminate a red LED for 1 s after charging (2 mA at 10 V) [102].

4.1. CNS/Metallic Oxide or Hydroxide-Based Supercapacitors

Transition metal oxides have shown great potential as electrode materials for flexible
supercapacitors, owing to their high specific capacitance and surface area-to-volume ratio,
with cobalt oxide (Co3O4) NPs in particular having been explored in the field of CNFs.
However, the aggregation and low intrinsic conductivity of Co3O4 NPs limits their elec-
trochemical uses for commercialization. To prevent these disadvantages, a cost-effective
sol-gel approach has been utilized to produce Co3O4 NPs instead of low-cost and eco-
friendly 1D hydrophilic CNFs. The as-produced system exhibited high conductivity (high
specific capacitance: ~214 F/g at 1.0 A/g with capacitance retention of ~94% even after
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5000 cycles) compared to that of neat CNFs and Co3O4 electrodes in aqueous electrolyte. In
addition, these binder-free 1D Co3O4@CNFs as flexible paper-like electrodes (carbonized
at 200 ◦C for 20 min under H2/Ar ambience) exhibited high specific capacitance (80 F/g
at 1.0 A/g) with better energy density (10 Wh/kg) in the gel electrolyte [103]. Moreover,
CNFs and the hybrid zeolite imidazole framework (HZ) have become promising functional
materials, providing adaptable physicochemical properties in combination. Therefore,
CNFs and Co-containing zeolite framework-based composite were fabricated by using in
situ and environment-friendly chemical processes, followed by pyrolysis. This composite
was formed with Co NPs decorated on largely graphitized N-doped nanoporous carbon
(NPC) enclosed with carbon nanotubes (CNTs) manufactured by the direct carbonization of
HZ. This CNFs-HZNPC composite (electrodes) exhibited better electrochemical properties
(specific capacitance: 146 F/g at 1.0 A/g with a capacitance retention of around 90% over
the 2000 cycles at 10 A/g) suitable for supercapacitor uses [104]. These studies demonstrate
the effectiveness of this transition for the development of cellulose based supercapacitors.

Manganese dioxide (MnO2) is marked as an active functional material for superca-
pacitors due to its high specific capacitance (theoretical), natural abundance, low cost,
and non-toxicity [105]. However, its poor electrical conductivity prevents its thorough
utilization during charge/discharge cycles. Therefore, the direct growth of MnO2 onto
electrically conductive NPs or substrates is a promising design approach for better appli-
cations [106,107]. Although the growth of MnO2 on graphite papers through chemical
reactions is very limited, CNF-coated graphite papers interestingly improved the thick-
ness of grown MnO2 layers, and thereby volumetric-specific capacitance. Moreover, a
symmetric supercapacitor showed a highest volumetric energy density of 10.6 mWh/cm3

at 0.11 W/cm3 power density, which is better than that of previous MnO2-based sym-
metric or even asymmetric devices [108]. Further, the oxidation of nanocelluloses (e.g.,
CNFs) might have a promising effect on supercapacitor properties. For example, 2,2,6,6-
tetramethylpiperidine-1-oxylradical (TEMPO)-oxidized CNFs were pyrolyzed and then
3D-composite aerogels of TEMPO-CNFs and manganese dioxide (MnO2) were fabricated
through a simple hydrothermal process. TEMPO-CNFs/MnO2 with the content of 20.8%
MnO2 showed most remarkable electrochemical properties (specific capacitance: 171.1 F/g
at 0.5 A/g with capacitance retention of 98.4% after 5000 cycles at 3 A/g). Furthermore,
an asymmetric supercapacitor assembled by using TEMPO-CNFs/MnO2 (as the positive
electrode) and activated carbon (as the negative electrode) exhibited an energy density of
8.6 Wh/kg (at a power density of 619.2 W/kg) and could still last 4.13 Wh/kg at 6.8 kW/kg
power density. Moreover, an excellent capacitance retention of 99.4% of the first cycle after
4500 cycles (at 3 A/g) was observed [109].

4.2. CNS/Conductive Carbon Materials-Based Supercapacitors

Conductive carbon materials, especially nanomaterials, are considered very effective
in energy storage applications and possess remarkable properties, but their high production
costs may limit extensive utilization. Therefore, low-cost activated carbons (ACs) have
been used to improve the characteristic performance without considerable increases in cost.
In this case, a free-standing CBNFs/AC film after the carbonization of CNFs (as low-cost
renewable material) is an effective design approach, with a high AC-CNFs affinity that is
much stronger than the conventional physically mixed AC/nanocarbon composite and
which remarkably decreases the contact resistance in the composite system. The network
of carbonized CNFs provides significantly superior electron transport efficiency than AC
particles [110]. Similarly, graphene fibre-based electrodes are also considered promising
candidates for supercapacitors in energy storage applications, but their low electrochemical
properties due to the re-stacking of graphene nanosheets and hydrophobicity to electrolytes
are some disadvantages. Here, Chen et al. presented a strategy to fabricate hybrid fibres
from graphene oxide (GO) and CNCs through non-liquid-crystal spinning followed by
the4 chemical reduction. The hybrid GO/CNCs (100/20) fibres exhibited improved hy-
drophilicity (contact angle of 63.3◦), mechanical properties (strength: 199.8 MPa), capacitive
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performance (208.2 F/cm3), and conductivity of 64.7 S/cm. Furthermore, a supercapacitor
assembled from this composite fibre showed a high energy density (5.1 mWh/cm3) and
power density (496.4 mW/cm3), remarkable flexibility and bending stability [111]. In
addition to this study, a high performance all-nanofibre asymmetric supercapacitor (ASC)
was fabricated by the assembly of a nanocellulose-derived hierarchical porous carbon
(HPC) as the anode, a mesoporous nanocellulose separator, and a HPC/NiCo2O4 as the
cathode, with nanocellulose carbon as supporting matrix (Figure 6). This all-nanofibre
ASC exhibited high electrochemical properties (64.83 F/g at 0.25 A/g and 32.78 F/g at
4.0 A/g) [112].
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The interweaving of biocompatible nanofibres with conductive carbon nanomaterials
is an effective design approach to producing porous and stretchable binder-free flexible
electrodes with high capacitive performance. On considering this issue, in a study, carbon
nanotubes (CNTs) were used and anchored with redox juglone (J) onto their surface for
interweaving with BCNFs as stretchable non-woven porous matrix. This self-standing
J11-CNTs-BCNFs (11:1:5) composite exhibited the highest specific capacitance (461.8 F/g at
0.5 A/g): over 5 times higher than that of CNTs-BCNFs and a specific capacitance retention
of 87.1% after 10,000 cycles at 10 A/g. Further, all solid-state ASCs assembled with AC as
the negative electrode showed remarkable tolerance to bending (both time and angle) and
high specific capacitance retention of 82.4% after 10,000 cycles at 10 A/g. Moreover, the
ASC exhibited a maximum energy density of 41.9 Wh/kg at a power density of 1.0 kW/kg,
which is better than that of most CNT-based devices [113]. In another study, the composites
of iron oxide (Fe2O3)@N-multiwalled CNTs and Fe2O3)@N-multiwalled CNTs/CNCs were
fabricated by a hydrothermal reduction process. These composite electrodes exhibited a
maximum specific capacitance (162 F/g and 562 F/g) at the current density of 0.5 A/g, and
a capacitance retention of 94.6% after 5000 cycles (cyclic stability) [114]. Furthermore, in
a study, reduced-GO (rGO aerogels were synthesized by using a nanocellulose (gelator)-
assisted low temperature (350 ◦C) thermal treatment at a low concentration dispersion
(2.85 mg/mL) of rGO (Figure 7). The as-obtained compressed rGO aerogels (with amor-
phous CBNFs in rGO sheets) exhibited a high discharge capacitance of 270 F/g at 1.0 A/g
without any binder or conductive additive. Moreover, the pseudocapacitance of the rGO
electrode significantly accounted for 40.7% of its overall capacitance [115].

Similarly, reduced-GO (rGO) nanosheets decorated with tin oxide (SnO2) were dis-
persed into CNF aerogels as a framework for a supercapacitor through a facile hydrother-
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mal reduction process followed by a freeze-drying method. This flexible CNF/rGO/SnO2
electrode film exhibited high specific capacitance (4.314 F/cm2 at 1 mA/cm2) in 1 M
H2SO4 and excellent capacitance retention of 60.47% at 10 mA/cm2 after 2000 cycles [116].
In another study, rGO nanosheets were utilized with CNFs and fabricated rGO/CNF
composite films through a combination of filtration and chemical reduction. Here, rGO
improves conductivity and the CNFs provide flexibility, improved mechanical properties,
and prevent the stacking of the rGO nanosheets. Therefore, the composite film, assembled
into an asymmetric supercapacitor, showed remarkable cyclic stability, rate performance,
good mechanical strength and flexibility, high specific capacitance (120 mF/cm2), energy
density of 5361 Wh/cm2, and power density of 193 mWcm2 [117]. Similarly, Chen et al.
fabricated a composite aerogel made of biomass carbon/rGO/CNFs through a one-step
self-assembly process, where negatively charged CNFs acted as the binder between the
biomass carbon and the rGO nanosheets. This composite aerogel exhibited high specific
surface area (1007.9 m2/g), high conductivity, outstanding mechanical strength of 240 kPa,
and an efficient MnO2 deposition ability (33.9 mg/cm2). Moreover, the use of this com-
posite aerogel in fabricating a self-supporting supercapacitor showed excellent capacitive
property (4.8 F/cm2) [118]. CNFs themselves have low utilization efficiency and poor
conductivity. Therefore, in a study, non-carbonized CNFs/graphene quantum dot (GQD)-
composite film with good flexibility sensitive to human body movement was developed
through electrolysis and liquid dispersion. The as-developed composite film exhibited
remarkable electrochemical storage properties (specific capacitance: 118 mF/cm2 even at
an ultrahigh scan rate (1000 mV/s) and high capacitance retention: >93% at various current
densities after 5000 cycles). In addition, the assembled supercapacitor showed high power
(782 mW/cm2) and energy density (5961 Wh/cm2) at the same time [119]. These studies
highlight the importance of graphene oxide and reduced graphene oxide in enhancing the
conductivity of CNSs that gives a cushion in developing CNS based supercapacitors.
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4.3. CNS/Conductive Polymers-Based Supercapacitors

In recent years, cellulose and conducting polymer (such as polyaniline, polypyrrole,
polythiophene) based composites with nanostructures have seen promising applications in
batteries and energy storage devices. Various conducting polymers have been utilized for
this purpose. Among them, polyaniline (PANI) has been used extensively due to its easy
synthesis, good environmental stability, facile doping/de-doping chemistry, reasonable
and controllable electrical conductivity, affordability and redox properties [120]. On con-
sidering this polymer, Wang et al. 2012 developed BCNFs/PANI nanocomposite through
the in situ polymerization of aniline onto BCNF nanofibrous membranes. The as-obtained
nanocomposite showed an ordered, flake-like nanostructure morphology and achieved
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remarkable electrical conductivity (upto 5.1 S/cm) with a mass-specific capacitance of
273 F/g at a current density of 2.0 A/g [121]. In another study, CNFs were used to tailor the
morphology and doping of grown PANI worm-like nanorods during in situ polymerization.
In this case, a maximum specific capacitance of 421.5 F/g at 1.0 A/g was attained for the
CNFs (20%)/PANI composite electrode. Also, a good capability rate and energy/power
density balance were observed by using the composite electrodes. Moreover, all-solid-state
supercapacitors assembled from CNF/PANI composite electrodes exhibited remarkable
electrochemical properties and capacitance retention after 1000 cycles due to their me-
chanical flexibility [122]. Further, N-functionalized CBNFs were obtained by carbonizing
polypyrrole (PPy)-coated CNFs, which were prepared by electrospinning, deacetylation
of electrospun cellulose acetate NFs, and PPy polymerization. A supercapacitor electrode
fabricated from N-CBNFs and a mixture of N-CBNFs and Ni(OH)2 exhibited high specific
capacitance values of ~236.0 F/g and ~1045.0 F/g, respectively. Furthermore, a fabricated
asymmetric supercapacitor was developed, comprising N-CBNFs and N-CBNFs/Ni(OH)2
as the negative and positive electrodes, respectively. The supercapacitor showed an energy
density of ~51.0 Wh/kg, maximum power density of ~117.0 kW/kg, and excellent capaci-
tance retention of ~84% after 5000 cycles [123]. Similarly, a Ppy-coated core-shell TEMPO-
BCNFs composite network-based flexible supercapacitor was developed through the in
situ oxidative polymerization of pyrrole with iron (III) chloride on TEMPO-BCNFs in an
aqueous medium (Figure 8). The as-developed electrode showed high porosity (101 m2/g)
and conductivity (~6.63 S/cm). In addition, a Ppy-TEMPO-BCNFs supercapacitor cell as
prepared with polyvinylidene fluoride (PVDF)-EMIMBF4 (1-Ethyl-3-methylimidazollium
tetrafluoroborate) polymeric electrolyte, exhibited specific capacitance of 153 F/g and an
energy density of 21.22 Wh/kg at 0.2 A/g. This supercapacitor showed remarkably good
capacitance retention (~93%) after 100 cycles, as well as good bending stability [124].

Poly(3,4-ethylenedixythiophene) (PEDOT) has also appeared as a favorable pseudoca-
pacitor electrode material for use in supercapacitors [125] over other conductive polymers,
due to its better environmental stability and high electrical conductivity [126]. However,
charge and discharge stability are poor in polymer-based pseudocapacitors during the
doping and de-doping process [127]. Therefore, Ravit et al. prepared PEDOT/CNCs super
capacitor electrode films through an electrochemical polymerization method. The obtained
PEDOT/CNC film electrode exhibited interconnected network-like surface morphology, the
highest specific capacitance (117.02 F/g), an energy density of 11.44 Wh/kg, and a power
density of 99.85 W/kg, respectively at 0.2 A/g (current density), with a capacitance reten-
tion of 86% after 1000 cycles [128]. Conductive polymers could further be explored in the
development of supercapacitors. The association of conducting polymers with conductance
enhancers like CNT or rGO could further be explored for high conducting supercapacitors.

4.4. CNS/Heteroatom Dopant-Based Supercapacitors

Various new design approaches have been applied in fabricating heteroatom-doped
nanostructured materials by replacing some atoms with heteroatoms (e.g., boron (B), ni-
trogen (N), phosphorous (P), or sulfur (S)) to modify their electron–donor characteristics
and thereby their surface chemical and electrical properties. On consideration, 3D P-doped,
N/P co-doped, and B/P co-doped CBNFs networks were fabricated by the pyrolysis of
BCNFs submerged in aqueous solutions of H3PO4, NH4H2PO4, and H3BO3/H3PO4, respec-
tively. Among them, N/P co-doped CBNFs showed good supercapacitive properties [129].
In another study, the doping of N (3.9 atom%), P (1.22 atom%), S (0.6 atom%), and N/P/S
co-doped pyrolyzed BCNFs (PBCNFs) exhibited specific capacitance of 255 F/g at 1.0 A/g
and energy density of 8.48 Wh/kg at 1.0 A/g, with 489.45 W/kg power density. This
performance was better that that of N/P-PBCNFs and N/S-PBCNF super capacitors [130].

Liu et al. developed an N/P-doped self-supporting carbon electrode through a com-
bined templating/activating co-assisted carbonization process and vacuum filtration. In
this study, a glucose precursor was first transformed into N/P-doped carbon nanosheets
(NPCNs) with high specific surface area of 2073 m2/g and rich heteroatom-doping with
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P (2.1 atom% using phosphorous oxide) and N (4.1 atom% using dicyandiamide). Then,
a dense free-standing electrode (NPCNs-f) was manufactured through vacuum filtration
using NPCN and conductive CNFs. This free-standing electrode showed a high capacitance
(318 F/g at 1.0 A/g) and maintained 188 F/g at 100 A/g in an alkaline electrolyte. Fur-
thermore, an asymmetric supercapacitor composed of NPCN-f (as the negative electrode)
and NPCN/MnO2-f syntheiszed by a self-regulated redox method as the positive electrode
exhibited a high energy density (41.5 Wh/kg at 182.0 W/kg power density) and remarkable
capacitance retention of 93% after 10,000 cycles in a neutral electrolyte [131]. Surface area
plays an important role in developing conductive CNFs, and with the application of doping
materials, their conductivity could be remarkable improved. Further studies based on
doping different materials could further improve the conductance of CNFs.
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4.5. CNS/TMDs-Based Supercapacitors

Portable and flexible electronic devices are proliferating today. Therefore, it is very im-
perative to develop a low-cost, light-weight, sustainable, and flexible supercapacitor with
superior electrochemical properties and high operational safety. In this case, MoS2, as a fam-
ily member of TMDs and CNFs, has attracted attention in supercapacitor applications, and
it has been reported that a 2D/0D electrode composed of MoS2/tin sulphide (SnS2) quan-
tum dots on flexible cellulose paper exhibited good performance as a high-performance
flexible supercapacitor for wearable electronic applications [132]. In this way, Lv et al.
developed an electrode material and charge collector composed of a CNF/MoS2/reduced
graphene (rGO)-based hybrid aerogel film by using supercritical CO2 drying for a new
type of all-solid-state flexible supercapacitor with sulfuric acid (H2SO4)/poly(vinyl alcohol)
(PVA) gel as the electrolyte and separator. The as-developed electrode exhibited outstand-
ing electrochemical properties, such as specific capacitance of 916.42 F/g, capacity retention
of 98% after 5000 cycles at a current density of 0.5 mA/cm2. In addition, areal capacitance
of 458.2 mF/cm2, areal power density of 8.56 mW/cm2 (4.3 kW/kg), and energy density of
45.7 mWh/cm2 (22.8 Wh/kg) were measured from the supercapacitors [133]. In another
study, this research group carbonized these CNFs to cCNFs (as carbon nanosphere fibres:
CNPFs) and developed freestanding and highly porous aerogel films of cCNFs/MoS2/rGO
as electrodes and H2SO4/PVA as electrolytes. The as-obtained all-solid-state flexible super-
capacitors showed remarkable bending ability with high specific capacitance of 1144.3 F/g
at 2 mV/s and good cyclic stability (capacitance retention of 98%) after 10,000 cycles at
a current density of 5 mA/cm2. Additionally, high energy density of 57.5 µWh/cm2

(28.8 Wh/kg) and power density of 29.1 mW/cm2 (14.5 kW/kg) were obtained [134].
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4.6. CNS/MXene-Based Supercapacitors

Ti3C2Tx, as the first member of the MXene family reported in 2011, has become a
promising material. The re-stacking of Ti3C2Tx flakes unavoidably sacrifices the electroactive
sites, and therefore the properties of Ti3C2Tx are significantly diminished with the increas-
ing thickness of the electrode [135,136]. In one study, a flexible MXene (Ti3C2Tx)/CNFs/
porous carbon (PC) composite 3D film with a porosity of 574.5 m2/g and conductivity
of 83.1 S/cm was fabricated through a simple vacuum filtration process. This compos-
ite 3D film possessed ample micro pores for charge storage and a substantial amount of
meso-/macropores for rapid ion diffusion, while 2D Ti3C2Tx provided remarkably high
conductivity (2.6 × 103 S/cm) and a good film-forming capability, and 1D CNFs ensured
high mechanical performance (tensile strength: 38.6 MPa). Here, CNFs and PC enhanced
the interlayer distance between the Ti3C2Tx flakes, which led to rapid ion transportation.
Further, this free-standing film composite was utilized to prepare a quasi-solid-state super-
capacitor (ultra-thickness: 0.2 mm) with high flexibility, high areal capacitance (143 mF/cm2

at 1.0 mA/cm2), high energy density (2.4 µWh/cm2 at 17.5 µW/cm2), and high capacitance
retention (~50%) even after enhancing the power density by 100-times [137]. In another
study, delaminated Ti3C2Tx flakes were modified by alkalization and post-annealing to
remarkable fluorine (-F) and hydroxyl (-OH) functional groups. Therefore, inspired by
nacres, modified Ti3C2Tx flakes were combined with soybean stalk-derived CNFs that
enhanced its mechanical performance (tensile strength: 53.9 MPa), prevented the dense
packing of Ti3C2Tx flakes, and facilitated the transport of electrolyte ions. The optimized
composite film showed high electrical conductivity of 24,930 S/m and better electrochem-
ical properties for supercapacitors and zinc-ion capacitors. Further, this film, under a
quasi-solid-state supercapacitor design, furnished high capacitance (303.1 and 211.4 F/g at
1.0 and 10.0 mA/cm2), remarkable capacitance retention of 92.84% over 10,000 cycles, and
considerable reasonability to bending deformations [138].

4.7. CNS/Multicomponent Materials-Based Supercapacitors

Carbon nanofibres (CBNFs) have several advantages that make them very appeal-
ing and functional materials in fields like energy storage, due to their multifunctional-
ity, remarkable mechanical properties, and electrical and thermal characteristics. How-
ever, biomass-derived CBNFs provide an economically efficient alternative to expensive,
petroleum-derived CBNFs. Therefore, sustainable biomass has shown tremendous poten-
tial in energy storage applications, such as supercapacitors. In one study, a skin secretion
of Andrias davidianus (SSAD) as a bio-nitrogen source was used to dope carbon aerogels
obtained from CNCs that were very effective in the dispersion of SSAD in water. In this
study, honeycomb-structured nanofibrous carbon aerogels were produced through unidi-
rectional freeze-drying of a mixture of SSAD/CNCs/CNFs, followed by a high-temperature
carbonization process (up to 800 ◦C). The resulted carbon aerogels showed remarkable
elasticity under repeated compression and release cycles. Even, after 500 compression and
release cycles, the obtained supercapacitor can still possess high capacitive properties, indi-
cating its advantages in longevity and electrochemical stability [139]. In another study, 3D
interconnected hierarchical porous carbon aerogels (CBNFAs) were fabricated through the
pyrolysis processing of CNFs. The CBNFAs-17% electrode showed an ultrahigh capacitance
of 440.29 F/g at 1.0 A/g, remarkably better than that of the most reported biomass-derived
carbon materials. In addition, it possessed a significant rate ability of 63.29% at 10 mA/cm2,
high areal energy density of 0.081 mWh/cm2, and outstanding capacitance retention of
about 100% after 7000 cycles [140]. In another study, BCNFs-derived CBNFs were modified
by polydopamine (PDA), which deteriorated the surface area and the pore volume but
improved the wettability of the surface. Then, ferrous ion (Fe2+) was incorporated as a
redox additive that significantly amplified the capacitive performance. The optimized
CBNFs/PDA-Fe2+ composite system exhibited high capacitance (219 F/g) at 10.0 A/g and
high energy density (10.07 Wh/kg) at 1 kW/kg power density. Moreover, it provided fa-
vorable long-term capacitance retention of up to 95%. PDA and Fe2+ collectively enhanced
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its electrochemical properties [141]. These studies highlight the features of nanocellulose-
derived carbon, which includes low environmental effects, sustainability, and high specific
surface area. Furthermore, Wang et al. prepared freestanding N-doped CBNF membranes
obtained from cellulose acetate (CA) and soy protein isolate (SPI) through electrospinning,
regeneration, and carbonization processes. In this study, the influence of carbonization
temperature (700, 800, and 1000 ◦C) on the CBNFs’ microstructure and electrochemical
characteristics was demonstrated. The obtained CA/SPI-derived heteroatom-doped CBNFs
(800 ◦C) exhibited high specific capacitance (219.3 F/g at 0.2 A/g in 6 M KOH) and good
cycling stability (98.9% capacitance retention after 50,000 cycles at 20 A/g). Moreover, a
single supercapacitor assembled in series was able to light up red light-emitting diodes
(LED) for 45 s [142].

The combined use of cellulose-derived nanostructures, conducting materials or poly-
mers, with or without metallic aspects, facilitates a synergistic effect on the physicochem-
ical and electrical properties of the developed supercapacitor electrodes. For example, a
flexible and free-standing supercapacitor film electrode composed of BCNFs, PANI, and
graphene was fabricated using a simple chemical polymerization and filtration method.
This composite system exhibited substantial areal capacitance (4.16 F/cm2), high flexibility,
and outstanding tensile strength (65.4 MPa). In addition, an symmetric supercapacitor
coupled with a BCNF/graphene/PANI film showed good bending stability, high areal
capacitance of 1.32 F/cm2, and energy density of 0.12 mWh/cm2 [143]. In another study, a
BCNFs/graphene/PANI composite electrode was fabricated and used to produce a foldable
all-solid-state (ASS) supercapacitor. The as-obtained composite exhibited high areal capaci-
tance (3.65 F/cm2 at 5.0 mA/cm2) and bending stability. The assembled ASS supercapacitor
provided outstanding capacitance (1389 mF/cm2) and energy density (9.80 mWh/cm3) at
2 mA/cm2 and 89.8% capacitance retention after 5000 cycles [144].

Additionally, Ppy as a conducting polymer, and reduced-GO (rGO) conductive
nanosheets were used with CNFs and the films were fabricated through the vacuum
filtration and chemical reduction methods. In this case, the developed composite film
exhibited a sandwich-like construction and the bulk Ppy was enveloped in an rGO/CNFs
framework that resulted in a free-standing and highly flexible supercapacitor electrode.
The supercapacitor showed a specific capacitance of 304 F/g and 81.8% capacitance re-
tention after 1000 cycles, which was higher than that of individual rGO or Ppy films, or
a randomly mixed film with identical components. Moreover, a solid-state symmetric
supercapacitor was assembled using two slabs of Ppy@rGO/CNFs films as electrode and
1 M H2SO4-saturated CNFs membrane as electrolyte separator. This sandwich-like system
showed high specific capacitance (625.6 F/g at 0.22 A/g), 75.4% capacitance retention after
5000 cycles, and high energy density of 21.7 Wh/kg at power density of 0.11 kW/kg [145].
Furthermore, TEMPO-CNFs were used with Ppy and rGO through the same procedure
described above to prepare core-shell structured Ppy@TEMPO-CNFs/rGO microfibers
for all-solid-state (ASS) wearable supercapacitors. These as-developed microfibers exhib-
ited remarkable mechanical properties (559 MPa) and were assembled into symmetrical
ASS fibre-shaped supercapacitors that provided excellent electrochemical performance
(647 mF/cm2 at 0.1 mA/cm2), capacitance retention of 92.5%, coulomb efficiency of 92.6%
after 10,000 cycles, and outstanding flexibility (no remarkable deterioration in capacitance
after 5000 bending cycles) [146]. Inspired by the Chinese pigskin jelly cuisine, Wu et al.
utilized directly it as conductive hydrogel matrix and developed a flexible conductive
hydrogel by adding TEMPO-nanocellulose (NC) stabilized CNTs into a pigskin matrix
(PS). The developed TEMPO-NC@CNTs/PS conductive hydrogel was applied as a flexible,
conductive sensor to detect human body movements. This conductive hydrogel could
swiftly and precisely respond to cyclic tensile/pressure forces with stable and repeatable
resistance change signals, as well as perform real-time detection of the movements of
different human body parts. Furthermore, specific capacitance of 65 F/g and capacitance
retention of 60% after 2000 cycles were measured [147].
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Similarly, TEMPO-BCNFs were utilized with Ppy and rGO to fabricate flexible fibre-
based supercapacitors composed of hierarchical Ppy@TEMPO-BCNFs/rGO microfibers
through wet spinning and in situ polymerization. This composite electrode system exhib-
ited synergistic effects with outstanding specific capacitance of 391 F/g at 0.5 A/g, and
this fibre-based supercapacitor demonstrated capacitance of 259 F/g at 0.2 A/g. Moreover,
the fibre-based supercapacitor showed a high energy density of 8.8. mWh/cm3 at a power
density of 49.2 mW/cm3 and a high power density (429.3 mW/cm3) at an energy density
of 4.1 mWh/cm3, which are superior properties to those of most reported graphene fibre-
based supercapacitors [148]. In another study, PPy and CNTs were utilized with BCNFs to
fabricate a hierarchical core-sheath electrode through a self-assembly process. In this case,
BCNFs prevented the aggregation of CNTs, remarkably improving the wettability of the
supercapacitor, and facilitating the diffusion of electrolyte ions and thereby their electro-
chemical properties. An assembled all-solid-state supercapacitor showed a high energy
density of 8.3 Wh/kg at power density of 47.3 W/kg, a power density of 454.5 W/kg at an
energy density of 4.2 Wh/kg, and outstanding cyclic retention and bending stability [149].
Similarly, a layer assembly of PPy and bimetallic hydroxide (NiMn-layered double hydrox-
ide) was applied onto a BCNF matrix through in situ layer-by-layer dispositions, and the
optimized NiMn-LDH/Ppy@BCNFs electrode material achieved high specific capacitance
of 653.1 C/g at 1.0 A/g. In addition, hybrid supercapacitor produced by the assembly of
NiMn-LDH/Ppy@BCNFs as the cathode and Fe3O4@carboxylated-MWCNTs as the anode
exhibited stable properties with a high energy density (29.8 Wh/kg) at the power density
of 299.0 W/kg [150]. Flexible and self-healable electro-conductive hydrogels are also an
important type of soft electrodes for supercapacitor applications. For this purpose, the
use of nanohybrids of CNTs and CNFs with a poly (vinyl alcohol)-borax system (PVAB)
to fabricate free-standing CNTs/CNFs-PVAB composite hydrogels was considered. This
CNTs/CNFs-PVAB composite hydrogel exhibited a compression stress (~93 kPa), and
storage modulus (~7.12 kPa) that were 2.7 and 1.9-times higher than that of CNF/PVAB.
This composite system also showed low density (~1.1 g/cm3) and high water amount
(~95%), pH-sensitivity and intrinsic moldability, and 20 s self-healing ability. Moreover,
a solid-state supercapacitor assembled by CNTs/CNFs-PVAB hydrogel provided specific
capacitance of 117.1 F/g and capacitance of 96.4% after 1000 cycles. This self-healable
and flexible supercapacitor exhibited outstanding capacitance retention of ~98% after 10
breaking/self-healing cycles and capacitance retention of ~95% after 1000 cycles under
various deformations (twisting, bending and folding) [151]. Furthermore, Zhang et al.
utilized four components: CNFs, MWCNTs, PANI, and carbon cloth (CC), to fabricate a
3D porous film-current collector as a supercapacitor electrode through vacuum filtration
followed by the in situ polymerization of PANI nanowires (PANI-NW) on the surface
of the CNFs, CNTs, and CC. Here, CC was utilized as a flexible current collector in the
electrode (Figure 9). The results showed a low charge transfer resistance (1.50 Ω), out-
standing specific capacitance (318 F/g) at 10 mA/s, and capacitance retention of 72.09%
after 1000 cycles [152]. The development of nanocellulose-based supercapacitors requires
the intense research and development of innovative conducting polymers to aid in the
upgradation of supercapacitors.

An ASS supercapacitor is generally composed of two flexible electrodes with a hydro-
gel electrolyte in between has remarkable features of fast charging/discharging, high power
density, long cycle-life, and extensive deformation [153]. The flexible electrode is the key
factor in ASS supercapacitors. In these cases, natural/artificial fibre textiles are considered
highly effective due to their remarkable physicochemical characteristics, wearable proper-
ties, and 3D porous textile network [154]. The major challenge in fabricating flexible ASS
supercapacitors is unavoidable mechanical stress. In this regard, Li et al. utilized an electro-
static self-assembly strategy to incorporate an rGO interlayer sandwiched between poly
(diallyldimethylammonium chloride) (PDDA)-modified fibre textile (PMFT) and PANI as
the active material to prepare PANI@rGO/PMFT, and then developed a high-performance
ASS supercapacitor by using PANI@rGO/PMFT as flexible textile electrodes and BCNF-
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reinforced polyacrylamide (BCNFs-PAM/H2SO4) as the gel electrolyte (Figure 10). The
as-developed ASS supercapacitor exhibited high ionic conductivity of 125 mS/cm, high
tensile strength of 330 kPa, and excellent elasticity (stretching up to ~1300%). Moreover,
the ASS supercapacitor showed high areal capacitance (564 mF/cm2), remarkable rate
capability, high energy/power densities, and superior mechanical performance without
significant capacitance reduction after repeated bending [155].
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As reviewed and comparatively discussed in the previous sections, various CNS-types
used, their processing parameters, compositions (electrode-types), electrolytes, and their
supercapacitive properties are summarized in Table 1.
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Table 1. Cellulose-derived nanostructure-based supercapacitors.

CNS-Type Processing Electrode-Type Electrolyte Specific
Capacitance Energy Density Power Density Capacitance

Retention (%) Ref.

CNFs
Electrospinning,

regeneration, and
carbonization (800 ◦C)

N-doped
CBNFs/CA/SPI 6 M KOH 219.3 F/g at 0.2 A/g 5.6 W h/kg 16.8 kW/kg 98.9 after 50,000 cycles

at 20 A/g [142]

CNCs/CNFs Carbonization (800 ◦C) SSAD/CBNFs 6 M KOH 149 F/g at 0.25 A/g 20.64 W h/kg 0.25 kW/kg 500 cycles [139]

CNFs Carbonization (900 ◦C) CBNFAs-17% 1 M H2SO4 440.29 F/g at 1.0 A/g 0.081 mW h/cm2 100 after 7000 cycles [140]

BCNFs Chemical mixing CBNFs/PDA-Fe2+ 1 M H2SO4 219.0 at 10.0 A/g 10.07 W h/kg 1.0 kW/kg 95 after 10,000 cycles [141]

BCNFs Submerging in NH2H2PO4,
and then pyrolysis N/P co-doped CBNFs 2 M H2SO4 204.9 F/g at 1.0 A/g 7.76 W h/kg 186.03 kW/kg Very stable upto

4000 cycles [129]

BCNFs N/P/S co-doped
CBNFs 2 M H2SO4 255.0 F/g at 1.0 A/g 8.48 W h/kg at

1.0 A/g 489.45 W/kg slight change after
3500 cycles [130]

Co3O4 NPs/CNFs
Carbonization at 200 ◦C for

20 min under H2/Ar
ambience

Co3O4@CNFs 3 M KOH ~214 F/g at 1.0 A/g 10 W h/kg ~94 after 5000 cycles [103]

ACNFs
Specimen was fabricated

on the Al substrate via slip
casting

N/A 13.1 W/kg Cs = 1.85f−0.494

(r2 = 0.9984)
[102]

CNFs/zeolite In-situ chemical process
followed by pyrolysis

HZNPC & (1,3,5%)
CNF-HZNPC coated

GCE
1 M KOH

115 F/g &
(130,147,101) at

1 A/g
[104]

TEMPO-
CNFS/MnO2

Pyrolysis followed by
hydrothermal process

TEMPO-CNFS/MnO2
and activated C 171.1 F/g at 0.5 A/g 8.6 W h/kg 619.2 W/kg 98.4% after 5000 cycles

at 3 A/g [109]

Ti3C2Tx/CNFs Vacuum filtration process PC/PTFE/ PVA/KOH gel 143 mF cm−2 at
0.1 mA cm−2 2.4 µW h/cm2 at 17.5

50% after enhancing
power density by

100 times
[137]

Ti3C2Tx/CNFs

Delaminated Ti3C2Tx
flakes modified by

alkalization and annealing
at 400 ◦C

3 M H2SO4
303.1 & 211.4 F/g at
1.0 & 10.0 mA/cm2

92.84% after
10,000 cycles [138]

NPCNs/CNFs
Activating co-assisted

carbonization process and
vacuum filtration

NPCN-f and
NPCN/MnO2-f

2 M KOH and 1 M
Na2SO4

351, and 318 F/g for
NPCN, and NPCN-f

at 1 A/g
41.5 W h/kg 182.0 W/Kg 93% after 10,000 cycles [131]

GO/CNCs
Non-liquid crystal

spinning and chemical
reduction

rGO/CNC-20 PVA/H2SO4 gel 208.2 F/cm3 5.1 W h/cm3 496.4 W/cm3 92.1% after 1000 cycles [111]
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Table 1. Cont.

CNS-Type Processing Electrode-Type Electrolyte Specific Capacitance Energy Density Power Density Capacitance
Retention (%) Ref.

HPC/NiCo2O4 Pump filtration process HPC &
HPC/NiCo2O4

6 M KOH 64.83 F/g & 32.78 F/g
at 0.25 & 4 A/g 23.05 W h/kg 213 W/kg 96.8% after 1000 cycles

at 10 A/g [112]

J11/CNTs/BCNFs One pot esterification
process

CNTs/BCNFs &
J11/CNTs/BCNFs 1 M H2SO4 461.8 F/cm3 at 10 A/g 41.9 W h/kg 1.0 KW/Kg 82.4% after 10,000 cycles

at 10 A/g [113]

Fe3O4/CNTs/CNCs Hydrothermal reduction
process N doped MWCNT 2 M KOH 562 F/g at 0.5 A/g 94.6% after 5000 cycles [114]

rGO/CBNFs Low temperature thermal
treatment rGO350 6 M KOH 210 F/g at 10 A/g 97% after 100 cycles [115]

rGO/SnO2/CNFs Hydrothermal reduction
process CNFs/RGO/SnO2 1 M H2SO4

4.314 F/cm2 at
1 mA/cm2

60.47% after 2000 cycles
at 10 mA/cm2 [116]

rGO/CNFs Hummers process GO/GO-CNF PVA/H3PO4 120 mF/cm2 536 W h/kg 193 mW/cm2 [117]

Biomass
carbon/rGO/CNFs

One-step self-assembly
process Bio-AC/rGO/CNF 1 M Na2SO4 4.8 F/cm2 365 mW h/cm2 18,000 mW/cm2 99% after 500 cycles [118]

Graphene QD/CNFs Electrolysis and liquid
phase dispersion CNF@GQD 1.5 M Li2SO4 118 mF/cm2 5961 W h/cm2 782 mW/cm2 >93% after 500 cycles [119]

PANI/BCNFs In situ polymerization Acetylene/PTFE 1 M H2SO4 273 F/g at 2.0 A/g 94.3% after 500 cycles [121]

PANI/CNFs In situ polymerization PANI/CNF/GNP PVA/H2SO4 421.5 F/g at 1.0 A/g 78.3% after 1000 cycles [122]

PPy/CBNFs/Ni(OH)2

Electrospinning,
deacetylation and

polymerization

N-CBNFs/CBNFs-
Ni(OH)2

6 M KOH 1045 F/g 51 W h/Kg 117 kW/Kg 84% after 5000 cycles [123]

PPy/TEMPO/BCNFs In situ polymerization PPy-TOBC PVDF-EMIMBF4 153 F/g 21.22 W h/Kg 93% after 100 cycles [124]

PEDOT/CNCs Electrochemical
polymerization ITO/Pt/Ag/AgCl 1 M NaCl 117.02 F/g at 0.2 A/g 11.44 W h/Kg 99.85 W/Kg 86% after 1000 cycles [128]

Graphene/PANI/BCNFs Polymerization and
filtration PANI/GN/BC 1 M H2SO4 1.32 F/cm2 0.12 mW h/cm2 91.5% after 2000 cycles [143]

Graphene/PANI/BCNFs In situ polymerization PANI/PG–BC4 PVA/H2SO4
1389 mF/cm2 at

2 mA/cm2 9.80 mW h/cm3 0.20 mW/cm2 89.8% after 5000 cycles [144]

PPy/rGO/CNFs Vacuum filtration and
chemical reduction PPy@rGO/CNFs 1 M H2SO4 625.6 F/g at 0.22 A/g 21.7 W h/Kg 0.11 kW/Kg 75.4% after 5000 cycles [145]
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Table 1. Cont.

CNS-Type Processing Electrode-Type Electrolyte Specific
Capacitance Energy Density Power Density Capacitance

Retention (%) Ref.

TEMPO/rGO/PPy/CNFs Vacuum filtration and
chemical reduction

CNFs/RGO@PPy-2
FSCs 1 M H2SO4

647 F/g at
0.1 mA/cm2 at

0.1 mA/cm2
14.37 mW h/cm2 20 mW cm−2 92.6% after

10,000 cycles [146]

TEMPO-NC/CNT/PS
Extraction and chemical

oxidation of bleached
wood pulp

TC-s-CNT-PS 1 M H2SO4 65 F/g 60% after 2000 cycles [147]

PPy/rGO/TEMPO/BCNFs Chemical mixing and
sonication PPy@TOBC/rGO PVA/H2SO4 391 F/g at 0.5 A/g 4.1 mW h/cm3 429.3 mW/cm3 79% after 5000 cycles [148]

PPy/CNT/BCNFs Chemical mixing and In-situ
polymerization

PPy@CNT/BC PVA/H2SO4 228 F/g at 0.5 A/g 4.2 W h/kg 454.5 W/Kg 79% after 5000 cycles [149]

PPy/Ni-Mn/BCNFs In situ layered-by-layer
deposition

BiVO4,
BiVO4/Ni(OH)x,

BiVO4/Mn(OH)x or
BiVO4/NiMn-LDH

0.5 M Na2SO4 653.1 F/g at 0.5 A/g 29.8 W h/kg 299 W/Kg [150]

CNT/PVAB-CNFs Chemical mixing and
sonication CNT-CNF/PVAB-2 H3PO4/PVA 117.1 F/g at 0.5 A/g 96.4% after 1000 cycles [151]

MWCNT/PANI/CC/CNFs In situ polymerization CNFs/CNTs/PANI/CC 1 M H2SO4 318 F/g at 10 mA/s 72.09% after
1000 cycles [152]

PAM/H2SO4/BCNFs Electrostatic self-assembly
approach PANI/RGO/PMFT BC/PAM 564 mF/cm2 50.1 µW h/cm2 20 mW/cm2 97.5% after 2000 cycles [155]

NiS/BCNFs Dissolution/gelation/
carbonization NiS/BC & BC 2 M KOH 21.5 W h/kg 700 W/kg 87.1% after

10,000 cycles [156]

PPy/GO/BCNFs Chemical mixing and
pyrolyzation

N
doped/RGO/BCNFs

6 M KOH/1 M
H2SO4

0.1 mW h/cm2 in KOH
& 0.1 mW h/cm2 in

H2SO4

27.0 mW/cm2 in
KOH &

37.5 mW/cm2 in
H2SO4

99.6% after
10,000 cycles [157]

PEDOT/CNFs Hybrid formation through in
situ polymerization NFC@PEDOT 1 M H2SO4 1.1 mW h/cm3 900 mW/cm2 93% after 15,000 cycles [158]

PANI/G/BCNFs Hybrid formation with PANI
and graphene PANI/GO/BCNFs 1 M H2SO4

1.9 F/cm2

0.25 mA/cm2 0.2 mW h/cm2 0.1 mW/cm2 53.6% after 5000 cycles [159]
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5. Conclusions and Future Perspectives

Supercapacitors are expected to be promising candidates for numerous portable elec-
tronic devices and hybrid electric vehicles due to their long cycle life, safe and ultra-fast
charging and discharging characteristics, and strong thermal operating temperature. How-
ever, expansion and contraction upon cycling are major drawbacks of polymer-based
electrode materials. This causes deterioration of the electrode and structural damage, re-
sulting in poor cycle stability due to volume changes during charging and discharging. The
production of new composites from metal oxides or carbon-based materials can overcome
these shortcomings. The carbon materials traditionally used in supercapacitors are mainly
derived from fossil resources, so they face serious environmental problems and will suffer
from the loss of fossil resources in the near future.

The remarkable recent developments in portable electronic devices have attracted
researchers to the fabrication of low-cost, lightweight, eco-friendly, and adaptable energy
storage devices with high supercapacitive performance. Sustainable energy storage devices
are receiving significant attention in the provision of energy for a range of technical pur-
poses. In these advancements, cellulose fibres as sustainable biomass have shown great
potential due to their natural, abundance, lost-cost, renewability, flexibility, biodegradabil-
ity, inherent biocompatibility, and eco-friendly aspects. These fibres are arranged in a 3D
porous structure (i.e., fibrous-network) and have strong mechanical strength. There are
large number of hydroxyl groups on their surfaces in addition to hydrogen bonding sites
for strong interactions with other hydrophilic substrates. In all cellulose types, bacterial
cellulose has more surface hydroxyl groups than plant-based cellulose and provides op-
portunities for functionalization. Although cellulose fiber is not itself conductive, it can
be integrated with conductive materials to fabricate functional energy storage devices.
However, the more efficient integration of cellulose with other substrate supports to create
flexible supercapacitors is not easy task and need to be improved for better outcomes. There
have been reported various methods for imparting conductivity to celluloses. Following
this, nanocellulose-derived carbon is a more favorable functional material due to its low
environmental effect, sustainability, and high specific surface area.

In this review, we demonstrate the efficacy and recent advances based on cellulose-
derived nanostructures (e.g., CNCs, CNFs, and BCNFs) or their carbonized-forms in
supercapacitor applications. However, these carbon materials typically contain mesopores
and micropores, impeding the penetration and loading of conductive polymers. The fabri-
cation of high-performance biomass-derived carbon/conductive polymer hybrids remains
a major challenge. The challenges and opportunities in developing functional materials
for sustainable supercapacitor applications were discussed and then the brief discussion
on cellulose and cellulose-derived nanostructures (nanocelluloses) as sustainable biomass
was presented. Cellulose-derived nanostructure-based functional electrode materials, in-
cluding metallic particles, conductive polymers, conductive materials or their hybrids
were reviewed and discussed, particularly regarding their supercapacitor applications.
Nanocelluloses have outstanding characteristics and play a decisive role in developing
multifunctional electrode materials for supercapacitors. Microsized electronic devices are
considered more promising due to their microscale, flexibility, and light-weight energy
conversion and storage capability. Among different microdevices, micro-supercapacitors
are very effective energy storage devices owing to their ultra-high power density, rapid
rechargeability, better rate capacity, and long cyclability [160]. Moreover, cellulose mi-
crofibers or nanostructures have great potential in developing flexible, wearable microsized
and piezoelectric supercapacitors in the future [161,162].
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15. Śliwak, A.; Díez, N.; Miniach, E.; Gryglewicz, G. Nitrogen-containing chitosan-based carbon as an electrode material for
high-performance supercapacitors. J. Appl. Electrochem. 2016, 46, 667–677. [CrossRef]

16. Zhu, H.; Yin, J.; Wang, X.; Wang, H.; Yang, X. Microorganism-derived heteroatom-doped carbon materials for oxygen reduction
and supercapacitors. Adv. Funct. Mater. 2013, 23, 1305–1312. [CrossRef]

17. Wang, Y.; Song, Y.; Wang, Y.; Chen, X.; Xia, Y.; Shao, Z. Graphene/silk fibroin based carbon nanocomposites for high performance
supercapacitors. J. Mater. Chem. A 2015, 3, 773–781. [CrossRef]

18. Wang, G.; Lin, Z.; Jin, S.; Li, M.; Jing, L. Gelatin-derived honeycomb like porous carbon for high mass loading supercapacitors.
J. Energy Storage 2021, 103525. [CrossRef]

19. Liu, H.; Du, H.; Zheng, T.; Xu, T.; Liu, K.; Ji, X.; Zhang, X.; Si, C. Recent progress in cellulose based composite foams and aerogels
for advanced energy storage devices. Chem. Eng. J. 2021, 426, 130817. [CrossRef]

20. Bai, Y.; Zhao, W.; Bi, S.; Liu, S.; Huang, W.; Zhao, Q. Preparation and application of cellulose gel in flexible supercapacitors.
J. Energy Storage 2021, 42, 103058. [CrossRef]

21. Shown, I.; Ganguly, A.; Chen, L.C.; Chen, K.H. Conducting polymer-based flexible supercapacitor. Energy Sci. Eng. 2015, 3, 2–26.
[CrossRef]

22. Noori, A.; El-Kady, M.F.; Rahmanifar, M.S.; Kaner, R.B.; Mousavi, M.F. Towards establishing standard performance metrics for
batteries, supercapacitors and beyond. Chem. Soc. Rev. 2019, 48, 1272–1341. [CrossRef]

23. Helmholtz, H.v. Ueber einige Gesetze der Vertheilung elektrischer Ströme in körperlichen Leitern, mit Anwendung auf die
thierisch-elektrischen Versuche (Schluss.). Ann. Der Phys. 1853, 165, 353–377. [CrossRef]

24. Gouy, G. Electrical charge on the surface of an electrolyte. J. Phys. 1910, 4, 457–468.

http://doi.org/10.1016/j.rser.2015.12.249
http://doi.org/10.1016/j.est.2019.01.010
http://doi.org/10.1039/C7SE00057J
http://doi.org/10.1061/(ASCE)EY.1943-7897.0000102
http://doi.org/10.1038/nmat2297
http://www.ncbi.nlm.nih.gov/pubmed/18956000
http://doi.org/10.1016/j.jpowsour.2005.10.013
http://doi.org/10.1016/j.jsamd.2016.08.001
http://doi.org/10.1039/C9RA01205B
http://doi.org/10.4028/www.scientific.net/AMR.938.151
http://doi.org/10.1039/c3ta12844j
http://doi.org/10.1039/c3ta11146f
http://doi.org/10.1002/cssc.201402621
http://www.ncbi.nlm.nih.gov/pubmed/25339600
http://doi.org/10.1016/j.carbon.2010.03.005
http://doi.org/10.1016/j.cej.2019.123263
http://doi.org/10.1007/s10800-016-0955-z
http://doi.org/10.1002/adfm.201201643
http://doi.org/10.1039/C4TA04772A
http://doi.org/10.1016/j.est.2021.103525
http://doi.org/10.1016/j.cej.2021.130817
http://doi.org/10.1016/j.est.2021.103058
http://doi.org/10.1002/ese3.50
http://doi.org/10.1039/C8CS00581H
http://doi.org/10.1002/andp.18531650702


Polymers 2022, 14, 169 25 of 30

25. Chapman, D.L. Li. A contribution to the theory of electrocapillarity. Lond. Edinb. Dublin Philos. Mag. J. Sci. 1913, 25, 475–481.
[CrossRef]

26. Lin, Y.; Zhao, H.; Yu, F.; Yang, J. Design of an extended experiment with electrical double layer capacitors: Electrochemical energy
storage devices in green chemistry. Sustainability 2018, 10, 3630. [CrossRef]

27. Conway, B. Electrochemical capacitors based on pseudocapacitance. In Electrochemical Supercapacitors; Springer: Berlin/Heidelberg,
Germany, 1999; pp. 221–257.

28. Trasatti, S.; Buzzanca, G. Ruthenium dioxide: A new interesting electrode material. Solid state structure and electrochemical
behaviour. J. Electroanal. Chem. Interfacial Electrochem. 1971, 29, A1–A5. [CrossRef]

29. Shao, Y.; El-Kady, M.F.; Sun, J.; Li, Y.; Zhang, Q.; Zhu, M.; Wang, H.; Dunn, B.; Kaner, R.B. Design and mechanisms of asymmetric
supercapacitors. Chem. Rev. 2018, 118, 9233–9280. [CrossRef] [PubMed]

30. Fang, Y.; Yu, X.-Y.; Lou, X.W.D. Nanostructured electrode materials for advanced sodium-ion batteries. Matter 2019, 1, 90–114.
[CrossRef]

31. Panda, P.K.; Grigoriev, A.; Mishra, Y.K.; Ahuja, R. Progress in supercapacitors: Roles of two dimensional nanotubular materials.
Nanoscale Adv. 2020, 2, 70–108. [CrossRef]

32. Parlak, O.; Mishra, Y.K.; Grigoriev, A.; Mecklenburg, M.; Luo, W.; Keene, S.; Salleo, A.; Schulte, K.; Ahuja, R.; Adelung, R.
Hierarchical Aerographite nano-microtubular tetrapodal networks based electrodes as lightweight supercapacitor. Nano Energy
2017, 34, 570–577. [CrossRef]

33. Mishra, R.K.; Choi, G.J.; Choi, H.J.; Singh, J.; Mirsafi, F.S.; Rubahn, H.-G.; Mishra, Y.K.; Lee, S.H.; Gwag, J.S. Voltage holding and
self-discharge phenomenon in ZnO-Co3O4 core-shell heterostructure for binder-free symmetric supercapacitors. Chem. Eng. J.
2022, 427, 131895. [CrossRef]

34. Guan, C.; Wang, Y.; Hu, Y.; Liu, J.; Ho, K.H.; Zhao, W.; Fan, Z.; Shen, Z.; Zhang, H.; Wang, J. Conformally deposited NiO on a
hierarchical carbon support for high-power and durable asymmetric supercapacitors. J. Mater. Chem. A 2015, 3, 23283–23288.
[CrossRef]

35. Kirubasankar, B.; Palanisamy, P.; Arunachalam, S.; Murugadoss, V.; Angaiah, S. 2D MoSe2-Ni (OH)2 nanohybrid as an efficient
electrode material with high rate capability for asymmetric supercapacitor applications. Chem. Eng. J. 2019, 355, 881–890.
[CrossRef]

36. Arunachalam, S.; Kirubasankar, B.; Rajagounder Nagarajan, E.; Vellasamy, D.; Angaiah, S. A facile chemical precipitation
method for the synthesis of Nd(OH)3 and La(OH)3 nanopowders and their supercapacitor performances. ChemistrySelect 2018, 3,
12719–12724. [CrossRef]

37. Arunachalam, S.; Kirubasankar, B.; Murugadoss, V.; Vellasamy, D.; Angaiah, S. Facile synthesis of electrostatically anchored
Nd(OH)3 nanorods onto graphene nanosheets as a high capacitance electrode material for supercapacitors. New J. Chem. 2018,
42, 2923–2932. [CrossRef]

38. Li, Q.; Zheng, S.; Xu, Y.; Xue, H.; Pang, H. Ruthenium based materials as electrode materials for supercapacitors. Chem. Eng. J.
2018, 333, 505–518. [CrossRef]

39. Post, J.E. Manganese oxide minerals: Crystal structures and economic and environmental significance. Proc. Natl. Acad. Sci. USA
1999, 96, 3447–3454. [CrossRef]

40. Ojha, G.P.; Gautam, J.; Muthurasu, A.; Lee, M.; Dahal, B.; Mukhiya, T.; Lee, J.H.; Tiwari, A.P.; Chhetri, K.; Kim, H.Y. In-situ
fabrication of manganese oxide nanorods decorated manganese oxide nanosheets as an efficient and durable catalyst for oxygen
reduction reaction. Colloids Surf. A Physicochem. Eng. Asp. 2019, 568, 311–318. [CrossRef]

41. Ojha, G.P.; Muthurasu, A.; Dahal, B.; Mukhiya, T.; Kang, D.; Kim, H.-Y. Oleylamine-assisted synthesis of manganese oxide
nanostructures for high-performance asymmetric supercapacitos. J. Electroanal. Chem. 2019, 837, 254–265. [CrossRef]

42. Toupin, M.; Brousse, T.; Bélanger, D. Charge storage mechanism of MnO2 electrode used in aqueous electrochemical capacitor.
Chem. Mater. 2004, 16, 3184–3190. [CrossRef]

43. Enterría, M.; Gonçalves, A.; Pereira, M.; Martins, J.; Figueiredo, J. Electrochemical storage mechanisms in non-stoichiometric
cerium oxide/multiwalled carbon nanotube composites. Electrochim. Acta 2016, 209, 25–35. [CrossRef]

44. Kalubarme, R.S.; Kim, Y.-H.; Park, C.-J. One step hydrothermal synthesis of a carbon nanotube/cerium oxide nanocomposite and
its electrochemical properties. Nanotechnology 2013, 24, 365401. [CrossRef] [PubMed]

45. Maheswari, N.; Muralidharan, G. Hexagonal CeO2 nanostructures: An efficient electrode material for supercapacitors. Dalton
Trans. 2016, 45, 14352–14362. [CrossRef] [PubMed]

46. Pandit, B.; Sankapal, B.R.; Koinkar, P.M. Novel chemical route for CeO2/MWCNTs composite towards highly bendable solid-state
supercapacitor device. Sci. Rep. 2019, 9, 1–13. [CrossRef]

47. Deng, D.; Chen, N.; Li, Y.; Xing, X.; Liu, X.; Xiao, X.; Wang, Y. Cerium oxide nanoparticles/multi-wall carbon nanotubes
composites: Facile synthesis and electrochemical performances as supercapacitor electrode materials. Phys. E Low-Dimens. Syst.
Nanostructures 2017, 86, 284–291. [CrossRef]

48. Kate, R.S.; Khalate, S.A.; Deokate, R.J. Overview of nanostructured metal oxides and pure nickel oxide (NiO) electrodes for
supercapacitors: A review. J. Alloys Compd. 2018, 734, 89–111. [CrossRef]

49. Zhang, Y.; Xia, X.; Tu, J.; Mai, Y.; Shi, S.; Wang, X.; Gu, C. Self-assembled synthesis of hierarchically porous NiO film and its
application for electrochemical capacitors. J. Power Sources 2012, 199, 413–417. [CrossRef]

http://doi.org/10.1080/14786440408634187
http://doi.org/10.3390/su10103630
http://doi.org/10.1016/S0022-0728(71)80111-0
http://doi.org/10.1021/acs.chemrev.8b00252
http://www.ncbi.nlm.nih.gov/pubmed/30204424
http://doi.org/10.1016/j.matt.2019.05.007
http://doi.org/10.1039/C9NA00307J
http://doi.org/10.1016/j.nanoen.2017.03.004
http://doi.org/10.1016/j.cej.2021.131895
http://doi.org/10.1039/C5TA06658A
http://doi.org/10.1016/j.cej.2018.08.185
http://doi.org/10.1002/slct.201803151
http://doi.org/10.1039/C7NJ04335J
http://doi.org/10.1016/j.cej.2017.09.170
http://doi.org/10.1073/pnas.96.7.3447
http://doi.org/10.1016/j.colsurfa.2019.02.030
http://doi.org/10.1016/j.jelechem.2019.02.021
http://doi.org/10.1021/cm049649j
http://doi.org/10.1016/j.electacta.2016.05.036
http://doi.org/10.1088/0957-4484/24/36/365401
http://www.ncbi.nlm.nih.gov/pubmed/23942239
http://doi.org/10.1039/C6DT03032G
http://www.ncbi.nlm.nih.gov/pubmed/27538366
http://doi.org/10.1038/s41598-019-42301-y
http://doi.org/10.1016/j.physe.2016.10.031
http://doi.org/10.1016/j.jallcom.2017.10.262
http://doi.org/10.1016/j.jpowsour.2011.10.065


Polymers 2022, 14, 169 26 of 30

50. Xia, X.; Tu, J.; Mai, Y.; Chen, R.; Wang, X.; Gu, C.; Zhao, X. Graphene sheet/porous NiO hybrid film for supercapacitor applications.
Chem.–A Eur. J. 2011, 17, 10898–10905. [CrossRef]

51. Liu, T.-C.; Pell, W.; Conway, B. Stages in the development of thick cobalt oxide films exhibiting reversible redox behavior and
pseudocapacitance. Electrochim. Acta 1999, 44, 2829–2842. [CrossRef]

52. Shan, Y.; Gao, L. Formation and characterization of multi-walled carbon nanotubes/Co3O4 nanocomposites for supercapacitors.
Mater. Chem. Phys. 2007, 103, 206–210. [CrossRef]

53. Zhang, Y.; Li, L.; Shi, S.; Xiong, Q.; Zhao, X.; Wang, X.; Gu, C.; Tu, J. Synthesis of porous Co3O4 nanoflake array and its temperature
behavior as pseudo-capacitor electrode. J. Power Sources 2014, 256, 200–205. [CrossRef]

54. Inagaki, M.; Konno, H.; Tanaike, O. Carbon materials for electrochemical capacitors. J. Power Sources 2010, 195, 7880–7903.
[CrossRef]

55. Iqbal, S.; Khatoon, H.; Pandit, A.H.; Ahmad, S. Recent development of carbon based materials for energy storage devices. Mater.
Sci. Energy Technol. 2019, 2, 417–428. [CrossRef]

56. Borenstein, A.; Hanna, O.; Attias, R.; Luski, S.; Brousse, T.; Aurbach, D. Carbon-based composite materials for supercapacitor
electrodes: A review. J. Mater. Chem. A 2017, 5, 12653–12672. [CrossRef]

57. Ratha, S.; Rout, C.S. Supercapacitor electrodes based on layered tungsten disulfide-reduced graphene oxide hybrids synthesized
by a facile hydrothermal method. ACS Appl. Mater. Interfaces 2013, 5, 11427–11433. [CrossRef]

58. Kirubasankar, B.; Narayanasamy, M.; Yang, J.; Han, M.; Zhu, W.; Su, Y.; Angaiah, S.; Yan, C. Construction of heterogeneous
2D layered MoS2/MXene nanohybrid anode material via interstratification process and its synergetic effect for asymmetric
supercapacitors. Appl. Surf. Sci. 2020, 534, 147644.

59. Kirubasankar, B.; Vijayan, S.; Angaiah, S. Sonochemical synthesis of a 2D–2D MoSe2/graphene nanohybrid electrode material for
asymmetric supercapacitors. Sustain. Energy Fuels 2019, 3, 467–477. [CrossRef]

60. Kirubasankar, B.; Murugadoss, V.; Lin, J.; Ding, T.; Dong, M.; Liu, H.; Zhang, J.; Li, T.; Wang, N.; Guo, Z. In situ grown nickel
selenide on graphene nanohybrid electrodes for high energy density asymmetric supercapacitors. Nanoscale 2018, 10, 20414–20425.
[CrossRef] [PubMed]

61. Kirubasankar, B.; Murugadoss, V.; Angaiah, S. Hydrothermal assisted in situ growth of CoSe onto graphene nanosheets as a
nanohybrid positive electrode for asymmetric supercapacitors. RSC Adv. 2017, 7, 5853–5862. [CrossRef]

62. Lee, J.B.; Choi, G.H.; Yoo, P.J. Oxidized-co-crumpled multiscale porous architectures of MXene for high performance supercapaci-
tors. J. Alloys Compd. 2021, 887, 161304.

63. Narayanasamy, M.; Kirubasankar, B.; Shi, M.; Velayutham, S.; Wang, B.; Angaiah, S.; Yan, C. Morphology restrained growth of
V2O5 by the oxidation of V-MXenes as a fast diffusion controlled cathode material for aqueous zinc ion batteries. Chem. Commun.
2020, 56, 6412–6415. [CrossRef] [PubMed]

64. James, S.L.; Adams, C.J.; Bolm, C.; Braga, D.; Collier, P.; Friščić, T.; Grepioni, F.; Harris, K.D.; Hyett, G.; Jones, W. Mechanochem-
istry: Opportunities for new and cleaner synthesis. Chem. Soc. Rev. 2012, 41, 413–447. [CrossRef]

65. Ma, G.; Yang, Q.; Sun, K.; Peng, H.; Ran, F.; Zhao, X.; Lei, Z. Nitrogen-doped porous carbon derived from biomass waste for
high-performance supercapacitor. Bioresour. Technol. 2015, 197, 137–142. [CrossRef] [PubMed]

66. Saha, D.; Li, Y.; Bi, Z.; Chen, J.; Keum, J.K.; Hensley, D.K.; Grappe, H.A.; Meyer III, H.M.; Dai, S.; Paranthaman, M.P. Studies on
supercapacitor electrode material from activated lignin-derived mesoporous carbon. Langmuir 2014, 30, 900–910. [CrossRef]

67. Xu, B.; Hou, S.; Cao, G.; Wu, F.; Yang, Y. Sustainable nitrogen-doped porous carbon with high surface areas prepared from gelatin
for supercapacitors. J. Mater. Chem. 2012, 22, 19088–19093. [CrossRef]

68. Yamagata, M.; Soeda, K.; Ikebe, S.; Yamazaki, S.; Ishikawa, M. Chitosan-based gel electrolyte containing an ionic liquid for
high-performance nonaqueous supercapacitors. Electrochim. Acta 2013, 100, 275–280. [CrossRef]

69. Chen, L.-F.; Huang, Z.-H.; Liang, H.-W.; Yao, W.-T.; Yu, Z.-Y.; Yu, S.-H. Flexible all-solid-state high-power supercapacitor fabricated
with nitrogen-doped carbon nanofiber electrode material derived from bacterial cellulose. Energy Environ. Sci. 2013, 6, 3331–3338.
[CrossRef]

70. Cui, C.; Fu, Q.; Meng, L.; Hao, S.; Dai, R.; Yang, J. Recent progress in natural biopolymers conductive hydrogels for flexible
wearable sensors and energy devices: Materials, structures, and performance. ACS Appl. Bio Mater. 2020, 4, 85–121. [CrossRef]

71. Chen, C.; Hu, L. Nanocellulose toward advanced energy storage devices: Structure and electrochemistry. Acc. Chem. Res. 2018,
51, 3154–3165. [CrossRef] [PubMed]

72. Wu, Z.-Y.; Liang, H.-W.; Li, C.; Hu, B.-C.; Xu, X.-X.; Wang, Q.; Chen, J.-F.; Yu, S.-H. Dyeing bacterial cellulose pellicles for energetic
heteroatom doped carbon nanofiber aerogels. Nano Res. 2014, 7, 1861–1872. [CrossRef]

73. Wu, Z.-Y.; Liang, H.-W.; Chen, L.-F.; Hu, B.-C.; Yu, S.-H. Bacterial cellulose: A robust platform for design of three dimensional
carbon-based functional nanomaterials. Acc. Chem. Res. 2016, 49, 96–105. [CrossRef]

74. Xing, J.; Tao, P.; Wu, Z.; Xing, C.; Liao, X.; Nie, S. Nanocellulose-graphene composites: A promising nanomaterial for flexible
supercapacitors. Carbohydr. Polym. 2019, 207, 447–459. [CrossRef] [PubMed]

75. Fang, Z.; Zhu, H.; Bao, W.; Preston, C.; Liu, Z.; Dai, J.; Li, Y.; Hu, L. Highly transparent paper with tunable haze for green
electronics. Energy Environ. Sci. 2014, 7, 3313–3319. [CrossRef]

76. Zhang, Y.; Hao, N.; Lin, X.; Nie, S. Emerging challenges in the thermal management of cellulose nanofibril-based supercapacitors,
lithium-ion batteries and solar cells: A review. Carbohydr. Polym. 2020, 234, 115888. [CrossRef]

http://doi.org/10.1002/chem.201100727
http://doi.org/10.1016/S0013-4686(99)00002-X
http://doi.org/10.1016/j.matchemphys.2007.02.038
http://doi.org/10.1016/j.jpowsour.2014.01.073
http://doi.org/10.1016/j.jpowsour.2010.06.036
http://doi.org/10.1016/j.mset.2019.04.006
http://doi.org/10.1039/C7TA00863E
http://doi.org/10.1021/am403663f
http://doi.org/10.1039/C8SE00446C
http://doi.org/10.1039/C8NR06345A
http://www.ncbi.nlm.nih.gov/pubmed/30377681
http://doi.org/10.1039/C6RA25078E
http://doi.org/10.1039/D0CC01802C
http://www.ncbi.nlm.nih.gov/pubmed/32391833
http://doi.org/10.1039/C1CS15171A
http://doi.org/10.1016/j.biortech.2015.07.100
http://www.ncbi.nlm.nih.gov/pubmed/26320018
http://doi.org/10.1021/la404112m
http://doi.org/10.1039/c2jm32759g
http://doi.org/10.1016/j.electacta.2012.05.073
http://doi.org/10.1039/c3ee42366b
http://doi.org/10.1021/acsabm.0c00807
http://doi.org/10.1021/acs.accounts.8b00391
http://www.ncbi.nlm.nih.gov/pubmed/30299086
http://doi.org/10.1007/s12274-014-0546-4
http://doi.org/10.1021/acs.accounts.5b00380
http://doi.org/10.1016/j.carbpol.2018.12.010
http://www.ncbi.nlm.nih.gov/pubmed/30600028
http://doi.org/10.1039/C4EE02236J
http://doi.org/10.1016/j.carbpol.2020.115888


Polymers 2022, 14, 169 27 of 30

77. Nasri-Nasrabadi, B.; Kaynak, A.; Nia, Z.K.; Li, J.; Zolfagharian, A.; Adams, S.; Kouzani, A.Z. An electroactive polymer composite
with reinforced bending strength, based on tubular micro carbonized-cellulose. Chem. Eng. J. 2018, 334, 1775–1780. [CrossRef]

78. Hu, L.; Zheng, G.; Yao, J.; Liu, N.; Weil, B.; Eskilsson, M.; Karabulut, E.; Ruan, Z.; Fan, S.; Bloking, J.T. Transparent and conductive
paper from nanocellulose fibers. Energy Environ. Sci. 2013, 6, 513–518. [CrossRef]

79. Hu, L.; Choi, J.W.; Yang, Y.; Jeong, S.; La Mantia, F.; Cui, L.-F.; Cui, Y. Highly conductive paper for energy-storage devices. Proc.
Natl. Acad. Sci. USA 2009, 106, 21490–21494. [CrossRef] [PubMed]

80. Hu, L.; Pasta, M.; La Mantia, F.; Cui, L.; Jeong, S.; Deshazer, H.D.; Choi, J.W.; Han, S.M.; Cui, Y. Stretchable, porous, and
conductive energy textiles. Nano Lett. 2010, 10, 708–714. [CrossRef]

81. Tian, J.; Peng, D.; Wu, X.; Li, W.; Deng, H.; Liu, S. Electrodeposition of Ag nanoparticles on conductive polyaniline/cellulose
aerogels with increased synergistic effect for energy storage. Carbohydr. Polym. 2017, 156, 19–25. [CrossRef]

82. Yang, W.; Zhao, Z.; Wu, K.; Huang, R.; Liu, T.; Jiang, H.; Chen, F.; Fu, Q. Ultrathin flexible reduced graphene oxide/cellulose
nanofiber composite films with strongly anisotropic thermal conductivity and efficient electromagnetic interference shielding.
J. Mater. Chem. C 2017, 5, 3748–3756. [CrossRef]

83. Kumar, A.; Negi, Y.S.; Choudhary, V.; Bhardwaj, N.K. Characterization of cellulose nanocrystals produced by acid-hydrolysis
from sugarcane bagasse as agro-waste. J. Mater. Phys. Chem. 2014, 2, 1–8. [CrossRef]

84. Kumar, A.; Han, S.-S. Efficacy of Bacterial Nanocellulose in Hard Tissue Regeneration: A Review. Materials 2021, 14, 4777.
[CrossRef] [PubMed]

85. Jiang, Q.; Kacica, C.; Soundappan, T.; Liu, K.-K.; Tadepalli, S.; Biswas, P.; Singamaneni, S. An in situ grown bacterial nanocellu-
lose/graphene oxide composite for flexible supercapacitors. J. Mater. Chem. A 2017, 5, 13976–13982. [CrossRef]

86. Pajarito, B.B.; Llorens, C.; Tsuzuki, T. Effects of ammonium chloride on the yield of carbon nanofiber aerogels derived from
cellulose nanofibrils. Cellulose 2019, 26, 7727–7740. [CrossRef]

87. Du, H.; Liu, W.; Zhang, M.; Si, C.; Zhang, X.; Li, B. Cellulose nanocrystals and cellulose nanofibrils based hydrogels for biomedical
applications. Carbohydr. Polym. 2019, 209, 130–144. [CrossRef]

88. Zhou, Y.; Fuentes-Hernandez, C.; Khan, T.M.; Liu, J.-C.; Hsu, J.; Shim, J.W.; Dindar, A.; Youngblood, J.P.; Moon, R.J.; Kippelen, B.
Recyclable organic solar cells on cellulose nanocrystal substrates. Sci. Rep. 2013, 3, 1536. [CrossRef]

89. Filson, P.B.; Dawson-Andoh, B.E.; Schwegler-Berry, D. Enzymatic-mediated production of cellulose nanocrystals from recycled
pulp. Green Chem. 2009, 11, 1808–1814.

90. Capadona, J.R.; Van Den Berg, O.; Capadona, L.A.; Schroeter, M.; Rowan, S.J.; Tyler, D.J.; Weder, C. A versatile approach for the
processing of polymer nanocomposites with self-assembled nanofibre templates. Nat. Nanotechnol. 2007, 2, 765–769. [CrossRef]

91. Habibi, Y.; Lucia, L.A.; Rojas, O.J. Cellulose nanocrystals: Chemistry, self-assembly, and applications. Chem. Rev. 2010, 110, 3479–3500.
[CrossRef]

92. Kumar, A.; Rao, K.M.; Han, S.S. Synthesis of mechanically stiff and bioactive hybrid hydrogels for bone tissue engineering
applications. Chem. Eng. J. 2017, 317, 119–131. [CrossRef]

93. Kuhnt, T.; Camarero-Espinosa, S. Additive manufacturing of nanocellulose based scaffolds for tissue engineering: Beyond a
reinforcement filler. Carbohydr. Polym. 2021, 252, 117159. [CrossRef] [PubMed]

94. Wang, J.; Tavakoli, J.; Tang, Y. Bacterial cellulose production, properties and applications with different culture methods–A review.
Carbohydr. Polym. 2019, 219, 63–76. [CrossRef] [PubMed]

95. de Amorim, J.D.P.; de Souza, K.C.; Duarte, C.R.; da Silva Duarte, I.; Ribeiro, F.D.A.S.; Silva, G.S.; de Farias, P.M.A.; Stingl, A.;
Costa, A.F.S.; Vinhas, G.M. Plant and bacterial nanocellulose: Production, properties and applications in medicine, food, cosmetics,
electronics and engineering. A review. Environ. Chem. Lett. 2020, 18, 851–869. [CrossRef]

96. Hsieh, Y.-C.; Yano, H.; Nogi, M.; Eichhorn, S. An estimation of the Young’s modulus of bacterial cellulose filaments. Cellulose
2008, 15, 507–513. [CrossRef]

97. Guhados, G.; Wan, W.; Hutter, J.L. Measurement of the elastic modulus of single bacterial cellulose fibers using atomic force
microscopy. Langmuir 2005, 21, 6642–6646. [CrossRef]

98. Wang, Y.; Zhang, L.; Hou, H.; Xu, W.; Duan, G.; He, S.; Liu, K.; Jiang, S. Recent progress in carbon-based materials for
supercapacitor electrodes: A review. J. Mater. Sci. 2020, 56, 173–200. [CrossRef]

99. Taer, E.; Taslim, R.; Apriwandi; Agustino. Carbon nanofiber electrode synthesis from biomass materials for supercapacitor
applications. Proc. AIP Conf. Proc. 2020, 2219, 020001.

100. Adam, A.A.; Ojur Dennis, J.; Al-Hadeethi, Y.; Mkawi, E.; Abubakar Abdulkadir, B.; Usman, F.; Mudassir Hassan, Y.; Wadi, I.;
Sani, M. State of the art and new directions on electrospun lignin/cellulose nanofibers for supercapacitor application: A systematic
literature review. Polymers 2020, 12, 2884. [CrossRef]

101. Shu, Y.; Bai, Q.; Fu, G.; Xiong, Q.; Li, C.; Ding, H.; Shen, Y.; Uyama, H. Hierarchical porous carbons from polysaccharides
carboxymethyl cellulose, bacterial cellulose, and citric acid for supercapacitor. Carbohydr. Polym. 2020, 227, 115346. [CrossRef]

102. Fukuhara, M.; Kuroda, T.; Hasegawa, F.; Hashida, T.; Takeda, M.; Fujima, N.; Morita, M.; Nakatani, T. Amorphous cellulose
nanofiber supercapacitors. Sci. Rep. 2021, 11, 6436.

103. Rabani, I.; Yoo, J.; Kim, H.-S.; Hussain, S.; Karuppasamy, K.; Seo, Y.-S. Highly dispersive Co3O4 nanoparticles incorporated into a
cellulose nanofiber for a high-performance flexible supercapacitor. Nanoscale 2021, 13, 355–370. [CrossRef] [PubMed]

104. Yadav, H.M.; Park, J.D.; Kang, H.C.; Kim, J.; Lee, J.-J. Cellulose nanofiber composite with bimetallic zeolite imidazole framework
for electrochemical supercapacitors. Nanomaterials 2021, 11, 395. [CrossRef]

http://doi.org/10.1016/j.cej.2017.11.140
http://doi.org/10.1039/C2EE23635D
http://doi.org/10.1073/pnas.0908858106
http://www.ncbi.nlm.nih.gov/pubmed/19995965
http://doi.org/10.1021/nl903949m
http://doi.org/10.1016/j.carbpol.2016.09.005
http://doi.org/10.1039/C7TC00400A
http://doi.org/10.12691/jmpc-2-1-1
http://doi.org/10.3390/ma14174777
http://www.ncbi.nlm.nih.gov/pubmed/34500866
http://doi.org/10.1039/C7TA03824K
http://doi.org/10.1007/s10570-019-02645-0
http://doi.org/10.1016/j.carbpol.2019.01.020
http://doi.org/10.1038/srep01536
http://doi.org/10.1038/nnano.2007.379
http://doi.org/10.1021/cr900339w
http://doi.org/10.1016/j.cej.2017.02.065
http://doi.org/10.1016/j.carbpol.2020.117159
http://www.ncbi.nlm.nih.gov/pubmed/33183610
http://doi.org/10.1016/j.carbpol.2019.05.008
http://www.ncbi.nlm.nih.gov/pubmed/31151547
http://doi.org/10.1007/s10311-020-00989-9
http://doi.org/10.1007/s10570-008-9206-8
http://doi.org/10.1021/la0504311
http://doi.org/10.1007/s10853-020-05157-6
http://doi.org/10.3390/polym12122884
http://doi.org/10.1016/j.carbpol.2019.115346
http://doi.org/10.1039/D0NR06982E
http://www.ncbi.nlm.nih.gov/pubmed/33346306
http://doi.org/10.3390/nano11020395


Polymers 2022, 14, 169 28 of 30

105. Unnikrishnan, B.; Wu, C.-W.; Chen, I.-W.P.; Chang, H.-T.; Lin, C.-H.; Huang, C.-C. Carbon dot-mediated synthesis of manganese
oxide decorated graphene nanosheets for supercapacitor application. ACS Sustain. Chem. Eng. 2016, 4, 3008–3016. [CrossRef]

106. Liu, Y.; Miao, X.; Fang, J.; Zhang, X.; Chen, S.; Li, W.; Feng, W.; Chen, Y.; Wang, W.; Zhang, Y. Layered-MnO2 nanosheet grown on
nitrogen-doped graphene template as a composite cathode for flexible solid-state asymmetric supercapacitor. ACS Appl. Mater.
Interfaces 2016, 8, 5251–5260. [CrossRef]

107. Wang, T.; Le, Q.; Zhang, J.; Zhang, Y.; Li, W. Carbon cloth@ T-Nb2O5@ MnO2: A rational exploration of manganese oxide for high
performance supercapacitor. Electrochim. Acta 2017, 253, 311–318. [CrossRef]

108. Qi, W.; Lv, R.; Na, B.; Liu, H.; He, Y.; Yu, N. Nanocellulose-assisted growth of manganese dioxide on thin graphite papers for
high-performance supercapacitor electrodes. ACS Sustain. Chem. Eng. 2018, 6, 4739–4745. [CrossRef]

109. Chen, Y.; Hu, Y.; Chen, J.; Lu, Y.; Zhao, Z.; Akbar, A.R.; Yang, Q.; Shi, Z.; Xiong, C. Fabrication of porous carbon nanofibril/MnO2
composite aerogels from TEMPO-oxidized cellulose nanofibrils for high-performance supercapacitors. Colloids Surf. A Physicochem.
Eng. Asp. 2021, 626, 127003. [CrossRef]

110. Li, Z.; Liu, J.; Jiang, K.; Thundat, T. Carbonized nanocellulose sustainably boosts the performance of activated carbon in ionic
liquid supercapacitors. Nano Energy 2016, 25, 161–169. [CrossRef]

111. Chen, G.; Chen, T.; Hou, K.; Ma, W.; Tebyetekerwa, M.; Cheng, Y.; Weng, W.; Zhu, M. Robust, hydrophilic graphene/cellulose
nanocrystal fiber-based electrode with high capacitive performance and conductivity. Carbon 2018, 127, 218–227. [CrossRef]

112. Zhang, Q.; Chen, C.; Chen, W.; Pastel, G.; Guo, X.; Liu, S.; Wang, Q.; Liu, Y.; Li, J.; Yu, H. Nanocellulose-enabled, all-nanofiber,
high-performance supercapacitor. ACS Appl. Mater. Interfaces 2019, 11, 5919–5927. [CrossRef] [PubMed]

113. Fang, D.; Zhou, J.; Sheng, L.; Tang, W.; Tang, J. Juglone bonded carbon nanotubes interweaving cellulose nanofibers as self-
standing membrane electrodes for flexible high energy supercapacitors. Chem. Eng. J. 2020, 396, 125325. [CrossRef]

114. Palem, R.R.; Ramesh, S.; Yadav, H.; Kim, J.H.; Sivasamy, A.; Kim, H.S.; Kim, J.-H.; Lee, S.-H.; Kang, T.J. Nanostructured Fe2O3@
nitrogen-doped multiwalled nanotube/cellulose nanocrystal composite material electrodes for high-performance supercapacitor
applications. J. Mater. Res. Technol. 2020, 9, 7615–7627. [CrossRef]

115. Wang, J.; Ran, R.; Sunarso, J.; Yin, C.; Zou, H.; Feng, Y.; Li, X.; Zheng, X.; Yao, J. Nanocellulose-assisted low-temperature synthesis
and supercapacitor performance of reduced graphene oxide aerogels. J. Power Sources 2017, 347, 259–269. [CrossRef]

116. Tan, S.; Li, J.; Zhou, L.; Chen, P.; Xu, D.; Xu, Z. Fabrication of a flexible film electrode based on cellulose nanofibers aerogel
dispersed with functionalized graphene decorated with SnO2 for supercapacitors. J. Mater. Sci. 2018, 53, 11648–11658. [CrossRef]

117. Xiong, C.; Zheng, C.; Nie, S.; Qin, C.; Dai, L.; Xu, Y.; Ni, Y. Fabrication of reduced graphene oxide-cellulose nanofibers based
hybrid film with good hydrophilicity and conductivity as electrodes of supercapacitor. Cellulose 2021, 28, 3733–3743. [CrossRef]

118. Chen, R.; Li, X.; Huang, Q.; Ling, H.; Yang, Y.; Wang, X. Self-assembled porous biomass carbon/RGO/nanocellulose hybrid
aerogels for self-supporting supercapacitor electrodes. Chem. Eng. J. 2021, 412, 128755. [CrossRef]

119. Xiong, C.; Xu, J.; Han, Q.; Qin, C.; Dai, L.; Ni, Y. Construction of flexible cellulose nanofiber fiber@ graphene quantum dots hybrid
film applied in supercapacitor and sensor. Cellulose 2021, 28, 10359–10372. [CrossRef]

120. Ameen, S.; Shaheer Akhtar, M.; Husain, M. A review on synthesis processing, chemical and conduction properties of polyaniline
and its nanocomposites. Sci. Adv. Mater. 2010, 2, 441–462. [CrossRef]

121. Wang, H.; Zhu, E.; Yang, J.; Zhou, P.; Sun, D.; Tang, W. Bacterial cellulose nanofiber-supported polyaniline nanocomposites with
flake-shaped morphology as supercapacitor electrodes. J. Phys. Chem. C 2012, 116, 13013–13019. [CrossRef]

122. Zheng, W.; Lv, R.; Na, B.; Liu, H.; Jin, T.; Yuan, D. Nanocellulose-mediated hybrid polyaniline electrodes for high performance
flexible supercapacitors. J. Mater. Chem. A 2017, 5, 12969–12976. [CrossRef]

123. Cai, J.; Niu, H.; Li, Z.; Du, Y.; Cizek, P.; Xie, Z.; Xiong, H.; Lin, T. High-performance supercapacitor electrode materials from
cellulose-derived carbon nanofibers. ACS Appl. Mater. Interfaces 2015, 7, 14946–14953. [CrossRef]

124. Wang, F.; Kim, H.-J.; Park, S.; Kee, C.-D.; Kim, S.-J.; Oh, I.-K. Bendable and flexible supercapacitor based on polypyrrole-coated
bacterial cellulose core-shell composite network. Compos. Sci. Technol. 2016, 128, 33–40. [CrossRef]

125. Abdah, M.A.A.M.; Zubair, N.A.; Azman, N.H.N.; Sulaiman, Y. Fabrication of PEDOT coated PVA-GO nanofiber for supercapacitor.
Mater. Chem. Phys. 2017, 192, 161–169. [CrossRef]

126. Tamburri, E.; Orlanducci, S.; Toschi, F.; Terranova, M.L.; Passeri, D. Growth mechanisms, morphology, and electroactivity of
PEDOT layers produced by electrochemical routes in aqueous medium. Synth. Met. 2009, 159, 406–414. [CrossRef]

127. Frackowiak, E.; Khomenko, V.; Jurewicz, K.; Lota, K.; Béguin, F. Supercapacitors based on conducting polymers/nanotubes
composites. J. Power Sources 2006, 153, 413–418. [CrossRef]

128. Ravit, R.; Abdullah, J.; Ahmad, I.; Sulaiman, Y. Electrochemical performance of poly (3,4-ethylenedioxythipohene)/nanocrystalline
cellulose (PEDOT/NCC) film for supercapacitor. Carbohydr. Polym. 2019, 203, 128–138. [CrossRef]

129. Chen, L.F.; Huang, Z.H.; Liang, H.W.; Gao, H.L.; Yu, S.H. Three-dimensional heteroatom-doped carbon nanofiber networks
derived from bacterial cellulose for supercapacitors. Adv. Funct. Mater. 2014, 24, 5104–5111. [CrossRef]

130. Li, Z.; Wang, Y.; Xia, W.; Gong, J.; Jia, S.; Zhang, J. Nitrogen, phosphorus and sulfur co-doped pyrolyzed bacterial cellulose
nanofibers for supercapacitors. Nanomaterials 2020, 10, 1912. [CrossRef] [PubMed]

131. Liu, H.; Fan, W.; Lv, H.; Zhang, W.; Shi, J.; Huang, M.; Liu, S.; Wang, H. N, P-Doped Carbon-Based Freestanding Electrodes
Enabled by Cellulose Nanofibers for Superior Asymmetric Supercapacitors. ACS Appl. Energy Mater. 2021, 4, 2327–2338.
[CrossRef]

http://doi.org/10.1021/acssuschemeng.5b01700
http://doi.org/10.1021/acsami.5b10649
http://doi.org/10.1016/j.electacta.2017.09.059
http://doi.org/10.1021/acssuschemeng.7b03858
http://doi.org/10.1016/j.colsurfa.2021.127003
http://doi.org/10.1016/j.nanoen.2016.04.036
http://doi.org/10.1016/j.carbon.2017.11.012
http://doi.org/10.1021/acsami.8b17414
http://www.ncbi.nlm.nih.gov/pubmed/30657318
http://doi.org/10.1016/j.cej.2020.125325
http://doi.org/10.1016/j.jmrt.2020.05.058
http://doi.org/10.1016/j.jpowsour.2017.02.072
http://doi.org/10.1007/s10853-018-2413-2
http://doi.org/10.1007/s10570-021-03791-0
http://doi.org/10.1016/j.cej.2021.128755
http://doi.org/10.1007/s10570-021-04178-x
http://doi.org/10.1166/sam.2010.1126
http://doi.org/10.1021/jp301099r
http://doi.org/10.1039/C7TA01990D
http://doi.org/10.1021/acsami.5b03757
http://doi.org/10.1016/j.compscitech.2016.03.012
http://doi.org/10.1016/j.matchemphys.2017.01.058
http://doi.org/10.1016/j.synthmet.2008.10.014
http://doi.org/10.1016/j.jpowsour.2005.05.030
http://doi.org/10.1016/j.carbpol.2018.09.043
http://doi.org/10.1002/adfm.201400590
http://doi.org/10.3390/nano10101912
http://www.ncbi.nlm.nih.gov/pubmed/32992743
http://doi.org/10.1021/acsaem.0c02859


Polymers 2022, 14, 169 29 of 30

132. Enaganti, P.K.; Selamneni, V.; Sahatiya, P.; Goel, S. MoS2/cellulose paper coupled with SnS2 quantum dots as 2D/0D electrode
for high-performance flexible supercapacitor. New J. Chem. 2021, 45, 8516–8526. [CrossRef]

133. Lv, Y.; Li, L.; Zhou, Y.; Yu, M.; Wang, J.; Liu, J.; Zhou, J.; Fan, Z.; Shao, Z. A cellulose-based hybrid 2D material aerogel for a
flexible all-solid-state supercapacitor with high specific capacitance. RSC Adv. 2017, 7, 43512–43520. [CrossRef]

134. Lv, Y.; Zhou, Y.; Shao, Z.; Liu, Y.; Wei, J.; Ye, Z. Nanocellulose-derived carbon nanosphere fibers-based nanohybrid aerogel for
high-performance all-solid-state flexible supercapacitors. J. Mater. Sci. Mater. Electron. 2019, 30, 8585–8594. [CrossRef]

135. Nan, J.; Guo, X.; Xiao, J.; Li, X.; Chen, W.; Wu, W.; Liu, H.; Wang, Y.; Wu, M.; Wang, G. Nanoengineering of 2D MXene-based
materials for energy storage applications. Small 2021, 17, 1902085. [CrossRef]

136. Xiong, D.; Shi, Y.; Yang, H.Y. Rational design of MXene-based films for energy storage: Progress, prospects. Mater. Today 2021,
46, 183–211. [CrossRef]

137. Chen, W.; Zhang, D.; Yang, K.; Luo, M.; Yang, P.; Zhou, X. Mxene (Ti3C2Tx)/cellulose nanofiber/porous carbon film as
free-standing electrode for ultrathin and flexible supercapacitors. Chem. Eng. J. 2021, 413, 127524. [CrossRef]

138. Chen, J.; Chen, H.; Chen, M.; Zhou, W.; Tian, Q.; Wong, C.-P. Nacre-inspired surface-engineered MXene/nanocellulose composite
film for high-performance supercapacitors and zinc-ion capacitors. Chem. Eng. J. 2022, 428, 131380. [CrossRef]

139. Wang, Q.; Xia, T.; Jia, X.; Zhao, J.; Li, Q.; Ao, C.; Deng, X.; Zhang, X.; Zhang, W.; Lu, C. Honeycomb-structured carbon aerogels
from nanocellulose and skin secretion of Andrias davidianus for highly compressible binder-free supercapacitors. Carbohydr.
Polym. 2020, 245, 116554. [CrossRef] [PubMed]

140. Chen, L.; Yu, H.-Y.; Li, Z.; Chen, X.; Zhou, W. Cellulose Nanofibers Derived Carbon Aerogel with 3D Multiscale Pore Architecture
for High-Performance Supercapacitors. Nanoscale 2021, 13, 17837–17845. [CrossRef] [PubMed]

141. Zhang, Z.J.; Chen, X.Y. Carbon nanofibers derived from bacterial cellulose: Surface modification by polydopamine and the use of
ferrous ion as electrolyte additive for collaboratively increasing the supercapacitor performance. Appl. Surf. Sci. 2020, 519, 146252.
[CrossRef]

142. Wang, Y.; Qu, Q.; Cui, J.; Lu, T.; Li, F.; Zhang, M.; Liu, K.; Zhang, Q.; He, S.; Huang, C. Design and fabrication of cellulose derived
free-standing carbon nanofiber membranes for high performance supercapacitors. Carbohydr. Polym. Technol. Appl. 2021, 2, 100117.
[CrossRef]

143. Liu, R.; Ma, L.; Huang, S.; Mei, J.; Xu, J.; Yuan, G. A flexible polyaniline/graphene/bacterial cellulose supercapacitor electrode.
New J. Chem. 2017, 41, 857–864. [CrossRef]

144. Tan, H.; Xiao, D.; Navik, R.; Zhao, Y. Facile Fabrication of Polyaniline/Pristine Graphene–Bacterial Cellulose Composites
as High-Performance Electrodes for Constructing Flexible All-Solid-State Supercapacitors. ACS Omega 2021, 6, 11427–11435.
[CrossRef]

145. Hou, M.; Xu, M.; Hu, Y.; Li, B. Nanocellulose incorporated graphene/polypyrrole film with a sandwich-like architecture for
preparing flexible supercapacitor electrodes. Electrochim. Acta 2019, 313, 245–254. [CrossRef]

146. Chen, M.; Wu, B.; Li, D. Core–Shell Structured Cellulose Nanofibers/Graphene@ Polypyrrole Microfibers for All-Solid-State
Wearable Supercapacitors with Enhanced Electrochemical Performance. Macromol. Mater. Eng. 2020, 305, 1900854. [CrossRef]

147. Wu, Y.; Sun, S.; Geng, A.; Wang, L.; Song, C.; Xu, L.; Jia, C.; Shi, J.; Gan, L. Using TEMPO-oxidized-nanocellulose stabilized carbon
nanotubes to make pigskin hydrogel conductive as flexible sensor and supercapacitor electrode: Inspired from a Chinese cuisine.
Compos. Sci. Technol. 2020, 196, 108226. [CrossRef]

148. Sheng, N.; Chen, S.; Yao, J.; Guan, F.; Zhang, M.; Wang, B.; Wu, Z.; Ji, P.; Wang, H. Polypyrrole@ TEMPO-oxidized bacterial
cellulose/reduced graphene oxide macrofibers for flexible all-solid-state supercapacitors. Chem. Eng. J. 2019, 368, 1022–1032.
[CrossRef]

149. Yao, J.; Ji, P.; Sheng, N.; Guan, F.; Zhang, M.; Wang, B.; Chen, S.; Wang, H. Hierarchical core-sheath polypyrrole@ carbon
nanotube/bacterial cellulose macrofibers with high electrochemical performance for all-solid-state supercapacitors. Electrochim.
Acta 2018, 283, 1578–1588. [CrossRef]

150. Yuan, Y.; Zhou, J.; Rafiq, M.I.; Dai, S.; Tang, J.; Tang, W. Growth of NiMn layered double hydroxide and polypyrrole on bacterial
cellulose nanofibers for efficient supercapacitors. Electrochim. Acta 2019, 295, 82–91. [CrossRef]

151. Han, J.; Wang, H.; Yue, Y.; Mei, C.; Chen, J.; Huang, C.; Wu, Q.; Xu, X. A self-healable and highly flexible supercapacitor integrated
by dynamically cross-linked electro-conductive hydrogels based on nanocellulose-templated carbon nanotubes embedded in a
viscoelastic polymer network. Carbon 2019, 149, 1–18. [CrossRef]

152. Yang, Y.; Chen, C.; Li, D. Electrodes based on cellulose nanofibers/carbon nanotubes networks, polyaniline nanowires and carbon
cloth for supercapacitors. Mater. Res. Express 2018, 6, 035008. [CrossRef]

153. Mackanic, D.G.; Chang, T.-H.; Huang, Z.; Cui, Y.; Bao, Z. Stretchable electrochemical energy storage devices. Chem. Soc. Rev. 2020,
49, 4466–4495. [CrossRef] [PubMed]

154. Dubal, D.P.; Chodankar, N.R.; Kim, D.-H.; Gomez-Romero, P. Towards flexible solid-state supercapacitors for smart and wearable
electronics. Chem. Soc. Rev. 2018, 47, 2065–2129. [CrossRef] [PubMed]

155. Li, X.; Yuan, L.; Liu, R.; He, H.; Hao, J.; Lu, Y.; Wang, Y.; Liang, G.; Yuan, G.; Guo, Z. Engineering Textile Electrode and Bacterial
Cellulose Nanofiber Reinforced Hydrogel Electrolyte to Enable High-Performance Flexible All-Solid-State Supercapacitors. Adv.
Energy Mater. 2021, 11, 2003010. [CrossRef]

156. Zuo, L.; Fan, W.; Zhang, Y.; Huang, Y.; Gao, W.; Liu, T. Bacterial cellulose-based sheet-like carbon aerogels for the in situ growth of
nickel sulfide as high performance electrode materials for asymmetric supercapacitors. Nanoscale 2017, 9, 4445–4455. [CrossRef]

http://doi.org/10.1039/D1NJ00364J
http://doi.org/10.1039/C7RA07908G
http://doi.org/10.1007/s10854-019-01180-9
http://doi.org/10.1002/smll.201902085
http://doi.org/10.1016/j.mattod.2020.12.004
http://doi.org/10.1016/j.cej.2020.127524
http://doi.org/10.1016/j.cej.2021.131380
http://doi.org/10.1016/j.carbpol.2020.116554
http://www.ncbi.nlm.nih.gov/pubmed/32718643
http://doi.org/10.1039/D1NR04838D
http://www.ncbi.nlm.nih.gov/pubmed/34668896
http://doi.org/10.1016/j.apsusc.2020.146252
http://doi.org/10.1016/j.carpta.2021.100117
http://doi.org/10.1039/C6NJ03107B
http://doi.org/10.1021/acsomega.1c00442
http://doi.org/10.1016/j.electacta.2019.05.037
http://doi.org/10.1002/mame.201900854
http://doi.org/10.1016/j.compscitech.2020.108226
http://doi.org/10.1016/j.cej.2019.02.173
http://doi.org/10.1016/j.electacta.2018.07.086
http://doi.org/10.1016/j.electacta.2018.10.090
http://doi.org/10.1016/j.carbon.2019.04.029
http://doi.org/10.1088/2053-1591/aaf3d8
http://doi.org/10.1039/D0CS00035C
http://www.ncbi.nlm.nih.gov/pubmed/32483575
http://doi.org/10.1039/C7CS00505A
http://www.ncbi.nlm.nih.gov/pubmed/29399689
http://doi.org/10.1002/aenm.202003010
http://doi.org/10.1039/C7NR00130D


Polymers 2022, 14, 169 30 of 30

157. Ma, L.; Liu, R.; Niu, H.; Xing, L.; Liu, L.; Huang, Y. Flexible and Freestanding Supercapacitor Electrodes Based on Nitrogen-
Doped Carbon Networks/Graphene/Bacterial Cellulose with Ultrahigh Areal Capacitance. ACS Appl Mater Interfaces 2016,
8, 33608–33618. [CrossRef]

158. Wang, Z.; Tammela, P.; Huo, J.; Zhang, P.; Strømme, M.; Nyholm, L. Solution-processed poly (3,4-ethylenedioxythiophene)
nanocomposite paper electrodes for high-capacitance flexible supercapacitors. J. Mater. Chem. A 2016, 4, 1714–1722. [CrossRef]

159. Liu, R.; Ma, L.; Huang, S.; Mei, J.; Xu, J.; Yuan, G. Large areal mass, flexible and freestanding polyaniline/bacterial cellu-
lose/graphene film for high-performance supercapacitors. RSC Adv. 2016, 6, 107426–107432. [CrossRef]

160. Kirubasankar, B.; Balan, B.; Yan, C.; Angaiah, S. Recent Progress in Graphene-Based Microsupercapacitors. Energy Technol. 2021,
9, 2000844. [CrossRef]

161. Sundriyal, P.; Bhattacharya, S. Scalable micro-fabrication of flexible, solid-state, inexpensive, and high-performance planar
micro-supercapacitors through inkjet printing. ACS Appl. Energy Mater. 2019, 2, 1876–1890. [CrossRef]

162. Chodankar, N.; Padwal, C.; Pham, H.D.; Ostrikov, K.K.; Jadhav, S.; Mahale, K.; Yarlagadda, P.K.; Huh, Y.S.; Han, Y.-K.; Dubal, D.
Piezo-Supercapacitors: A New Paradigm of Self-Powered Wellbeing and Biomedical Devices. Nano Energy 2021, 90, 106607.
[CrossRef]

http://doi.org/10.1021/acsami.6b11034
http://doi.org/10.1039/C5TA10122K
http://doi.org/10.1039/C6RA21920A
http://doi.org/10.1002/ente.202000844
http://doi.org/10.1021/acsaem.8b02006
http://doi.org/10.1016/j.nanoen.2021.106607

	Introduction 
	Supercapacitors 
	Fundamentals and Technologies 
	Materials Used for Capacitors 
	Cellulose-Based Functional Materials for Supercapacitors 

	Cellulose-Derived Nanostructures (CNS) 
	Cellulose Nanocrystals (CNCs) 
	Cellulose Nanofibres (CNFs) 
	Bacterial Cellulose Nanofibres (BCNFs) 
	Cellulose-Derived Carbon Nanofibres (CCBNFs) 

	Applications of CNS-Based Functional Materials in Supercapacitors 
	CNS/Metallic Oxide or Hydroxide-Based Supercapacitors 
	CNS/Conductive Carbon Materials-Based Supercapacitors 
	CNS/Conductive Polymers-Based Supercapacitors 
	CNS/Heteroatom Dopant-Based Supercapacitors 
	CNS/TMDs-Based Supercapacitors 
	CNS/MXene-Based Supercapacitors 
	CNS/Multicomponent Materials-Based Supercapacitors 

	Conclusions and Future Perspectives 
	References

