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Abstract: Nanocellulose has emerged as a highly promising and sustainable nanomaterial due to its
unique structures, exceptional properties, and abundance in nature. In this comprehensive review,
we delve into current research activities focused on harnessing the potential of nanocellulose for
advanced electrochemical energy storage applications. We commence with a brief introduction
to the structural features of cellulose nanofibers found within the cellulose resources’ cell walls.
Subsequently, we explore various processes that have been investigated for utilizing cellulose in
the realm of energy storage. In contrast to traditional binders, we place significant emphasis on
the utilization of solid electrolytes and 3D printing techniques. Additionally, we examine different
application areas, including supercapacitors, lithium-ion batteries, and Zn-ion batteries. Within this
section, our primary focus lies in integrating nanocellulose with other active materials to develop
flexible substrates such as films and aerogels. Lastly, we present our perspectives on several key areas
that require further exploration in this dynamic research field in the future.

Keywords: cellulose nanofibrils; binder; energy storage device

1. Introduction

As the economy continues to rapidly develop, the demand for energy from human be-
ings is increasing at an alarming rate. This emphasizes the urgent need for the advancement
of renewable energy sources to replace conventional ones [1]. In response, various energy
conversion and storage devices have emerged, such as fuel cells, alkali metal batteries, and
supercapacitors [2–5]. However, one particular innovation that has garnered significant
attention in recent years is the utilization of biomass-derived cellulose nanofibrils (CNFs)
in the realm of energy conversion and storage [6,7]. CNFs, composed of ultrafine fibers de-
rived from cellulose, the most abundant biopolymer on Earth and a fundamental building
block of plant cell walls, hold great potential for numerous applications in this field.

Cellulose, a renewable polysaccharide, is abundantly present in plants and microor-
ganisms. Its chemical formula is (C6H10O5)n, and it consists of repeating units of β-D-
glucopyranose linked through covalent bonds between the -OH groups of C4 and C1 carbon
atoms [8]. The structural hierarchy of cellulose varies depending on its source, but can
be modified through extraction processes to obtain diverse forms of cellulose [9]. Despite
its advantages, natural cellulose fibers possess certain limitations, including poor thermal
stability and limited compatibility with hydrophobic polymers. To overcome these chal-
lenges, cellulose can be transformed into nano/micro-cellulosic forms or combined with
suitable polymers to enhance its desired characteristics [10]. Nanocellulose can be broadly
categorized into two primary types: (i) cellulose nanocrystals (CNC) obtained through

Batteries 2023, 9, 399. https://doi.org/10.3390/batteries9080399 https://www.mdpi.com/journal/batteries

https://doi.org/10.3390/batteries9080399
https://doi.org/10.3390/batteries9080399
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/batteries
https://www.mdpi.com
https://orcid.org/0000-0003-4317-5372
https://doi.org/10.3390/batteries9080399
https://www.mdpi.com/journal/batteries
https://www.mdpi.com/article/10.3390/batteries9080399?type=check_update&version=1


Batteries 2023, 9, 399 2 of 18

acid treatment, and (ii) CNFs primarily produced via mechanical disintegration. These
modifications allow for the optimization of cellulose properties and expand its potential
applications.

Recently, CNFs have garnered significant attention as a noteworthy nanomaterial due
to their exceptional properties and wide-ranging applications in diverse fields, including
optically transparent materials, reinforced polymer nanocomposites, biomedicine, energy
storage devices, and environmental remediation [11,12]. Derived from renewable biomass
sources like cellulose, chitin, and lignin, CNFs are produced using a range of processing
techniques. These renewable nanofibers offer immense potential for advancing sustainable
technologies and addressing various societal challenges [13–15]. Therefore, cellulose serves
as an excellent precursor for the fabrication of carbon-based porous materials or carbon
hybrid materials, which can be further functionalized to create high-performance carbon
electrodes for energy storage devices. The utilization of nanocellulose in energy storage
(Figure 1) has gained significant traction due to the inherent advantages offered by its
unique structures and properties.

Batteries 2023, 9, x FOR PEER REVIEW 2 of 18 
 

challenges, cellulose can be transformed into nano/micro-cellulosic forms or combined 
with suitable polymers to enhance its desired characteristics [10]. Nanocellulose can be 
broadly categorized into two primary types: (i) cellulose nanocrystals (CNC) obtained 
through acid treatment, and (ii) CNFs primarily produced via mechanical disintegration. 
These modifications allow for the optimization of cellulose properties and expand its po-
tential applications. 

Recently, CNFs have garnered significant attention as a noteworthy nanomaterial 
due to their exceptional properties and wide-ranging applications in diverse fields, in-
cluding optically transparent materials, reinforced polymer nanocomposites, biomedi-
cine, energy storage devices, and environmental remediation [11,12]. Derived from re-
newable biomass sources like cellulose, chitin, and lignin, CNFs are produced using a 
range of processing techniques. These renewable nanofibers offer immense potential for 
advancing sustainable technologies and addressing various societal challenges [13–15]. 
Therefore, cellulose serves as an excellent precursor for the fabrication of carbon-based 
porous materials or carbon hybrid materials, which can be further functionalized to create 
high-performance carbon electrodes for energy storage devices. The utilization of nano-
cellulose in energy storage (Figure 1) has gained significant traction due to the inherent 
advantages offered by its unique structures and properties. 

The advancement of CNF-based energy devices holds the potential for sustainable 
and environmentally friendly energy solutions. Recently, several reviews have compiled 
the utilization of nanocellulose and its derived materials in supercapacitors, lithium-ion 
batteries (LIBs), and various energy conversion devices. In this review, we present a com-
prehensive pathway towards CNF-based energy devices using cellulose as a starting 
point. We propose that a desirable strategy to achieve our goals involves a combination of 
recycling, biomass utilization, and carbon capture and utilization for printing batteries. 
However, limited literature exists that summarizes the use of CNFs in electrolytes, elec-
trodes, binders, and particularly as substrates for 3D printing inks. Thus, this review aims 
to provide an overview of the current state of research on biomass-derived CNFs and their 
fabrication methods, properties, and potential applications in energy storage and trans-
formation. 
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The advancement of CNF-based energy devices holds the potential for sustainable and
environmentally friendly energy solutions. Recently, several reviews have compiled the uti-
lization of nanocellulose and its derived materials in supercapacitors, lithium-ion batteries
(LIBs), and various energy conversion devices. In this review, we present a comprehen-
sive pathway towards CNF-based energy devices using cellulose as a starting point. We
propose that a desirable strategy to achieve our goals involves a combination of recycling,
biomass utilization, and carbon capture and utilization for printing batteries. However,
limited literature exists that summarizes the use of CNFs in electrolytes, electrodes, binders,
and particularly as substrates for 3D printing inks. Thus, this review aims to provide an
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overview of the current state of research on biomass-derived CNFs and their fabrication
methods, properties, and potential applications in energy storage and transformation.

2. Preparation and Properties of Nanocellulose

CNFs are polyoses that exist as linear chains composed of repeating anhydro-D-
glucose units linked by β-1,4-glycosidic bonds. Figure 2 illustrates the schematic repre-
sentation of CNFs derived from plants. The diverse properties of CNFs stem from their
plentiful surface hydroxyl functional groups and high aspect ratio, which facilitate both
intra- and inter-molecular interactions. These characteristics contribute to the unique and
versatile nature of CNFs.

2.1. The Fabrication of CNFs

In this section, we provide a review of the preparation methods for biomass-derived
CNFs. In the 1980s, Turbak and his colleagues at ITT Rayonier pioneered the creation of
CNFs through nanofibrillation [1] The nanofibrillation process involves subjecting wood
cellulose pulps to physical techniques such as high-pressure homogenizers, grinders, and
high-intensity ultrasonicators in aqueous media to obtain CNFs. Another study by Abe et al.
demonstrated the fabrication of nanofibrillated cellulose (NFC) with a consistently uniform
width of approximately 15–20 nm using mature bamboo [16]. These methods highlight the
progress made in achieving the efficient and controlled production of CNFs from various
biomass sources. Moreover, enzymatic hydrolysis along with mechanical nanofibrillation
represents another approach for generating CNFs. Pääkkö et al. successfully fabricated
CNFs with two distinct aspects: one with a lateral dimension of 5–6 nm and the other with
lateral nanofiber bundle dimensions of approximately 10–20 nm [17]. However, despite the
various mechanical nanofibrillation methods available to produce high-aspect-ratio CNFs,
the formation of aggregates remains a challenge that needs to be addressed. To enhance the
nanofibrillation process, Isogai et al. made significant advancements by introducing the
TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl radical)-mediated oxidation method. This
pioneering technique facilitated the production of uniformly dispersed individualized
CNFs [18]. Furthermore, Okita et al. demonstrated that the TEMPO-mediated oxidation
procedure effectively exposed all the C6 primary hydroxyls on the surfaces of cellulose
microfibrils, predominantly transforming them into sodium carboxylate groups [19].
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2.2. Production Methods of Biomass-Derived Nanofibers

Nanofibrillated cellulose (NFC), cellulose nanocrystals (CNC), and bacterial cellulose
(BC) are widely utilized in the literature, offering diverse sources and synthesis methods
that yield various structures and surface chemistry properties, as presented in Table 1. For
instance, spherical cellulose nanoparticles have been developed from a range of cellulose
derivatives, while ribbon-shaped cellulose nanofibers have been obtained through the
electrospinning technique using cellulose-based precursors. This section focuses on the
preparation of biomass-derived CNFs, which can be achieved through several methods,
including physical, enzymatic, and chemical treatments.

The morphology of CNFs exhibits variations influenced by both the source of the
biomass and the preparation method employed, resulting in significant disparities in fiber
length, diameter, and crystallinity. Among the available resources, lignocellulosic fibers
are widely preferred for CNF production. This choice is attributed to their abundant
availability, cost-effectiveness, renewability, and ease of processing [20]. In addition to
lignocellulosic fibers, non-lignin sources such as flax, sisal, and cotton, agricultural residues
like rice straw, and certain non-lignocellulosic fibers have gained attention for CNF pro-
duction [21–24]. These alternative sources offer advantages such as the easier extraction of
non-lignocellulosic cellulose from the primary cell wall, requiring less time and energy. As
a result, these materials hold promise as viable options for environmentally sustainable
circular bioeconomies, enabling the production of CNFs with satisfactory properties at a
low cost. The production of CNFs often involves three commonly employed mechanical
methods: common refiners, ultrafine super grinders or micro grinders, and high-pressure
homogenizers (HPHs) or high-pressure microfluidizers (HPMs). These mechanical ap-
proaches primarily rely on the grinding of cellulose, offering high efficiency and suitability
for large-scale production [25–27]. Nevertheless, this method has certain limitations, such
as the incomplete breakdown of cellulose fibers, equipment blockages, high energy con-
sumption, potential damage to the crystal structure, and the requirement for repeated
mechanical treatment to achieve high-quality CNFs. In contrast, enzymes offer an alterna-
tive approach by selectively cleaving internal hydrogen bonds at random amorphous sites,
leading to the generation of new chain ends. This enzymatic action facilitates more precise
and controlled fiber breakdown, enhancing the production of high-quality CNFs [28].

Enzyme pretreatment provides several notable benefits prior to the preparation pro-
cess, such as decreased energy consumption and minimized equipment blockage during
mechanical crushing. These advantages ultimately contribute to cost reduction and im-
proved efficiency in CNF production [29]. Furthermore, enzyme pretreatment offers the
added advantage of being more environmentally friendly compared to chemical methods.
While enzymatic treatment may be relatively less efficient than chemical treatment, the
chemical pretreatment of cellulose fibers continues to be widely used to reduce the me-
chanical energy needed for processing through HPHs and HPMs. This method involves
converting the hydroxyl group (-OH) of cellulose fibers into a carboxyl group (COO-),
resulting in the generation of repulsive forces within the fiber’s internal structure. This
modification facilitates easier fibrillation and improves the overall efficiency of the CNF
production process [30]. This weakens the cellulose structure, making it easier to me-
chanically disintegrate the fibers [31]. Furthermore, 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO)-mediated oxidation, discovered by Akira Isogai et al., is a prominent exam-
ple of pretreatment for the production of CNFs [32]. This breakthrough was awarded
the Wallenberg Award. By utilizing this technique, the energy requirement for produc-
ing one ton of CNFs is reduced from 30,000 kWh to 100–500 kWh, resulting in a more
consistent CNF product [33–35]. Periodate-chlorite oxidation of carboxymethyl cellulose
(CMC)-modified cellulose fibers is a common variation of this approach [36–39]. This
nanofibrillated cellulose has the potential to be developed for energy storage applications.
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Table 1. Source, morphology, structure, and fabrication of nanocellulose.

Type Source Morphology
Representative

SEM/TEM
Image

Surface
Chemical Group Fabrication Method Reference

CNF Wood Thread-like aggregates
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3. CNFs as Binders in Energy Storage and Conversion

Adhesives are utilized in the production of batteries and supercapacitor electrodes
to effectively bond the components, forming a uniform layer that securely attaches to the
current collector [43]. Polyvinylidene fluoride (PVDF) is universally recognized as the
predominant binder in both industrial and academic settings, owing to its exceptional capa-
bility to bind active materials together, resulting in the formation of high-quality electrode
materials [44]. Renowned for its superior mechanical stability and controlled expansion
properties, this semi-crystalline fluoropolymer, PVDF, excels in delivering exceptional
electrode performance and seamless integration. Additionally, PVDF polymers inherit the
renowned stability of fluoropolymers, complemented by excellent resistance to chemicals
and oxidation. Nevertheless, their hydrophilicity is limited, and they demonstrate notable
swelling characteristics when exposed to electrolytes. This makes them well suited for
electrode applications with N-methyl-2-pyrrolidone (NMP) as a dispersant, specifically for
cathodes like lithium nickel cobalt manganese oxide (NCM) [45]. While organic dispersants
have conventionally been employed, they come with several disadvantages, including
volatility, high toxicity, flammability, and explosiveness. It is worth mentioning that the
drying process for electrode preparation requires additional heat and time due to the high
boiling point of NMP. Prolonged drying not only increases energy consumption but also
leads to the diffusion of PVDF to the surface [46]. Consequently, there is a growing interest
in exploring water-based dispersants that offer enhanced environmental protection and
safety, making them promising contenders for the next generation of electrode dispersants.
Furthermore, it is worth highlighting the costliness of PVDF, underscoring the importance
of developing affordable aqueous binders.

CNFs (carbon nanofibers) exhibit a remarkable water absorption capacity, allowing
for the production of highly viscous suspensions even at low concentrations (<5 wt.%). In
2005, CMC (carboxymethyl cellulose) was first employed to facilitate the water treatment of
graphite particles specifically for graphite anodes [47]. The efficacy of CMC as a dispersant
for graphite particles in aqueous solutions has been well documented. This behavior can be
attributed to the structure of the polymer, wherein the hydrophobic section of CMC adheres
to the hydrophobic graphite surface. Simultaneously, the carboxyl groups present in the
adsorbed CMC layer acquire an electric charge, thereby stabilizing the graphite surface in
water [48].

CNF has emerged as a versatile material for the fabrication of flexible electrodes,
following a preparation process akin to papermaking. A solution containing the active
material, conductive agent, and binder is thoroughly blended, and the solvent is then elimi-
nated through suction filtration. This process yields a self-supporting, flexible electrode.
Tian et al. successfully crafted freestanding and flexible nanopapers from Ti3C2Tx/CNF
dispersions, employing the vacuum filtration method [49]. The composites demonstrate
analogous layered structures to the original MXene films (Figure 3a–c). Furthermore, Lei-
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jonmarck et al. [50] employed a papermaking process to fabricate a flexible cathode by
utilizing a lithium iron phosphate (LiFePO4) cathode and CNFs as a binder (Figure 3d).
The electrode produced via the papermaking process exhibits flexibility, making it well
suited for applications in flexible batteries. (Figure 3e,f). Cornell et al. [51] conducted
a comprehensive investigation to assess the influence of charge density and degree of
homogenization of CNFs on the properties of CNF electrodes.
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of nanopaper folded into the shape of an airplane to show the mechanical flexibility. (c) SEM cross-
sectional images (bottom) of Ti3C2Tx/CNF [49]. Copyright (2019) Wiley. (d) Schematic illustration
of the water-based paper-making process for flexible electrodes. (e) Photograph of a positive elec-
trode made from flexible paper. (f) A cell that has been bent [50]. Copyright (2017) American
Chemical Society.

The strength of CNF bonding can be influenced by several factors, such as pretreat-
ment process, chemical modification, fiberization degree, surface charge, concentration, and
fiber aspect ratio. Notably, CNFs with a higher surface charge exhibit enhanced electrostatic
repulsion, leading to improved homogenization efficiency and a narrower length distribu-
tion. The findings demonstrate that a higher charge density in CNFs confers advantages in
enhancing both the mechanical properties and electrochemical performance. In the scenario
of CNFs with a lower charge density, augmenting the degree of homogenization positively
affects the electrode’s mechanical and electrochemical performance. However, for elec-
trodes utilizing CNFs with a higher charge density, an increased degree of homogenization
can adversely impact the outcomes. Guo et al. [52] introduced a simple yet effective method
for bonding binders and electrolytes, resulting in a remarkable improvement in the cycle
stability of high-capacity anodes utilizing potassium ions. By employing a combination
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of chemically interconnected carboxymethylcellulose and polyacrylic acid (CMC + PAA)
binders along with compatible electrolytes, the electrodes’ durability and consistency can
be significantly enhanced.

Supercapacitor and Li-ion battery electrodes are typically fabricated by combining
active materials with polymer binders such as polyvinylidene fluoride (PVDF) and poly-
tetrafluoroethylene (PTFE) [53,54]. However, conventional binders, despite constituting
more than 5% of the electrodes’ total mass, often result in the surface coating of carbon
materials and pore blockage [55]. Notably, Lacey et al. [56] conducted research reveal-
ing that the integration of PVDF with carbon materials in an NMP solution can lead to
a significant loss of porosity. Furthermore, binders containing fluorine groups exhibit
superhydrophobic properties, leading to water repellency. This hydrophobic nature, cou-
pled with their tendency to fill pores, hinders the accessibility of electrolyte ions to the
active material. Consequently, this insulating effect between the active material and elec-
trolyte ions negatively impacts device energy density, resulting in reduced performance.
Moreover, it is worth noting that PVDF adhesive exhibits instability in strongly alkaline
environments [57]. In contrast, CNFs possess a plethora of hydrophilic groups, and their
one-dimensional structure has a minimal impact on the pore structure of carbon-based
materials. Nonetheless, bonding CNFs with specific active materials, particularly those
with low strength, can present challenges. Ni et al. [58] presented findings demonstrating
that the utilization of CNF (cellulose nanofiber) adhesive effectively maintains the microp-
orosity of biochar charcoal while enhancing its moisture retention. Figure 4a illustrates the
schematic diagram of the electrode preparation process, where CNF serves as a binder to
bind the activated biochar, consequently preserving a significant number of micropores,
leading to improved ion-accessibility. Moreover, the SEM analysis reveals that the CNF
binder forms a fibrous network, uniformly enveloping the biochar particles, as depicted
in Figure 4b. To demonstrate the wetting capability of CNF- and PVDF-based electrodes,
water contact angles were measured and presented in Figure 4c. The results indicate that
the water droplet dispersed within a mere 0.02 s on CNF-coated nickel foam, whereas the
PVDF-coated nickel foam showed no change even after 5 min. The results demonstrate the
exceptional wetting property of CNF binder networks. The inherent hydrophilic nature
of CNFs enhances the accessibility of electrolyte ions to the active material, leading to a
substantial reduction in the electrode’s bulk electrolyte resistance and an increase in its ca-
pacitance. Specifically, the replacement of PVDF with CNF adhesive decreased the internal
resistance of the electrode from 1.5 Ω to 0.76 Ω. (Figure 4d,e). The BN-AC/CNF system
exhibited an enhanced capacitance of 268.4 F g−1, demonstrating remarkable durability
with a capacitance maintenance rate of 96.2% even after 10,000 cycles (Figure 4f,g). The
observed rate was notably higher compared to that of BN-AC/PVDF (187.9 F g−1, 96.2%).
Notably, even at high power densities, the BN-AC/CNF electrode outperformed the PVDF
adhesive electrode in terms of energy density, showcasing a substantial improvement.
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4. The Application of CNFs in Gel Electrolyte

Flexible devices distinguish themselves from conventional power setups through
the utilization of electrode materials and electrolytes that possess exceptional flexibility.
The electrolytes, in particular, demonstrate remarkable pliability, enabling the creation of
devices with diverse shapes, lightweight construction, high deformability, and compact
size. This versatility renders them highly suitable for flexible and wearable electronic
devices. Consequently, the electrolyte requirements encompass several crucial aspects,
including outstanding ionic conductivity, efficient electrode–electrolyte contact, minimal
resistance at the electrode–electrolyte interface, flexibility, and robust stability, even under
high-temperature conditions.

Cellulose-based gel electrolytes have limitations in their suitability for lithium-ion
batteries. The main challenge arises from the difficulty in achieving membrane formation,
coupled with their inherently brittle nature and lack of conducting ionic properties [59,60].
Consequently, the films produced only serve as separators in LIBs [13]. Significant ad-
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vancements are required to enhance the performance of cellulose-based gel electrolytes for
them to become a viable option in lithium-ion batteries. Addressing this need, Zhang et al.
developed a flexible all-solid-state electrolyte that incorporates brush-like cellulose [61].
Through the in vivo controllable polymerization, the ion-conducting segment was grafted
onto a cellulose-based macroinitiator, giving rise to a highly stretchable all-solid-state
electrolyte known as CSSPE (Figure 5a). Notably, CSSPE showcases an impressive ionic
conductivity of 8.00 × 10−5 S cm−1 at room temperature. When applied in a LiFePO4/Li
battery, CSSPE exhibits exceptional long-cycle durability and outstanding rate capacity. To
showcase the potential of CNF-based electrolyte in flexible wearable devices, Figure 5b
illustrates the schematic diagram of the gel MSC preparation. Moreover, when two MSCs
are connected in series, it results in twice the operating voltage compared to a single MSC.
Similarly, connecting them in parallel yields approximately twice the current and discharge
time compared to a single MSC. These findings highlight the consistent performance of the
CNF-based gel. Regardless of the curved state of the MSC, it can effectively power a digital
watch for an extended period (Figure 5d). Importantly, the MSC retains its flexibility and
integrity even after undergoing electrochemical testing, thereby demonstrating its robust
application characteristics.
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of a digital watch operated by the mCel-membrane-based energy storage system [61]. Copyright
(2020) American Chemical Society.
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The polymer network structure of the gel electrolyte facilitates the effective entrap-
ment of water molecules, leading to a remarkable balance between high ionic conductivity
comparable to liquid electrolytes and prevention of water evaporation. This advantageous
characteristic makes the gel electrolyte highly versatile and suitable for various applications,
including zinc batteries, supercapacitors, and more. Gel electrolytes commonly utilize poly-
mers such as polyvinyl alcohol (PVA) and sodium carboxymethylcellulose (CMC) [62,63].
Among them, PVA-based gel electrolytes are widely preferred due to the hydrogen bonds
formed between PVA segments and water molecules, which contribute to enhanced vis-
cosity within the gel electrolyte system [64]. The increased viscosity of PVA-based gel
electrolytes plays a crucial role in enhancing the electrode-electrolyte interface, facilitating
improved contact between the electrolyte and electrode material. On the other hand, CMC
is another commonly used biomaterial in gel electrolyte formulation. However, the strong
adhesion properties of CMC can lead to the complete coating of the electrode surface by
the CMC-based gel electrolyte [65]. Wang et al. [66] demonstrated the fabrication of a
noteworthy paper-based all-solid-state supercapacitor using CMC as the solid electrolyte.
The negative charge of cellulose fibers in water, attributed to the uronic acid groups and
polar hydroxyl, facilitates the successful adsorption of [Ag(NH3)2]+ onto the cellulose
surface through electrostatic interaction, as depicted in Figure 6a–c. Subsequently, a con-
ductive Ag-Cell/RGO-Cell paper was obtained through a reduction and drying process,
as shown in Figure 6d. To explore its practical application, the Ag-Cell/RGO-Cell paper
was assembled into a symmetric fully cellulose based all-solid-state supercapacitor, and its
electrochemical performance was evaluated, as presented in Figure 6e. The all-solid-state
supercapacitor exhibited exceptional performance with a low internal resistance, achieving
a capacity of 222.5 F g−1 at a current density of 1 A g−1. Even at a higher current density
of 10 A g−1, it maintained a mass-specific capacitance of 150 F g−1, retaining 67.4% of its
initial capacity. Moreover, when fully charged, the series-connected supercapacitors were
able to power a red-light-emitting diode, as illustrated in Figure 6g. These results highlight
the potential of cellulose-based all-solid-state supercapacitor paper for various wearable
electronic devices.
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Zinc-ion batteries (ZIBs) offer a promising solution to various challenges due to
their abundance and superior safety compared to lithium and other metals [67]. Kong
et al. [68] presented a degradable ZIBs, which employed a biodegradable cellulose-aerogel-
gelatin (CAG) electrolyte. The battery architecture consisted of a silk protein film, an in situ
evaporated gold film, a screen-printed zinc film, and MnO2/rGO composites, serving as the
encapsulation layer, collector, cathode, and anode materials, respectively. The fabrication
process entailed freeze drying a 3D aerogel framework, which was subsequently infused
with a mixture of pristine gelatin chains, ZnSO4, and MnSO4. The resulting crosslinked
porous hydrogels exhibited remarkable mechanical properties and flexibility. Figure 6h
provides insight into the structure and morphologies of the CAG electrolyte. The CA
framework appears as a white, tile-like film with robust mechanical strength (Figure 6i).
Scanning electron microscopy (SEM) images of the CA framework (Figure 6j) reveal a
highly porous 3D morphology. The image (Figure 6k) demonstrates the successful grafting
of gelatin chains onto the CA framework, resulting in the formation of a CAG film.

Recently, Hu et al. [69] demonstrated a biopolymer shell-chitosan-zinc gel electrolyte
for high-rate and long-life zinc metal batteries. The chitosan-Zn membrane exhibited a
hierarchically porous structure (Figure 7a), featuring large pores measuring up to 5 mm
in diameter (Figure 7b,c). It facilitates the rapid and even conduction of Zn2+ ions, while
simultaneously restricting ion flux perpendicular to the Zn anode surface. This results
in the formation of tightly packed parallel Zn platelets on the anode (Figure 7d). This
deposition morphology effectively reduces the interface area between the electrolyte and
Zn, minimizing interfacial side reactions. These improvements significantly enhance the
cycling reversibility and lifespan of the Zn anode. In contrast, the aqueous electrolyte,
despite having high Zn2+ ionic conductivity, allows Zn2+ ions to diffuse from all directions
due to its ubiquity. Consequently, in the liquid electrolyte, Zn metal plating tends to
form perpendicular-oriented platelets (Figure 7e) along the shortest diffusion path, which
adversely affects the reversibility and stability of the anode. Furthermore, the coulombic
efficiency of Zn||Cu cells, which serves as an indicator of the Zn anode’s performance,
was evaluated using different electrolytes. Remarkably, even under a high current density
of 50 mA cm−2, the chitosan-Zn electrolyte demonstrated the capability to sustain the
stable cycling of the Zn-metal anode for 1000 cycles. The anode exhibited a capacity of
10 mAh cm−2 and a depth of discharge of 17.1% without experiencing significant voltage
fluctuations (Figure 7f). Conversely, when using the aqueous electrolyte, the cell exhibited
irreversible voltage increase and eventually failed at the 350th cycle.

To further optimize the application scope of biomass-based electrolytes in zinc-ion
batteries, a hydrogel electrolyte has been developed, characterized by a denser structure
that helps suppress the growth of zinc dendrites. In this regard, Hu et al. [70] showcased a
nanocellulose-carboxymethyl-cellulose (CMC) electrolyte. This electrolyte exhibits high
ionic conductivity, mechanical strength, and low free water content, enabling a high-
rate and long cycling life for aqueous ZIBs, as shown in Figure 7g–i. To evaluate the
performance of the cellulose-5 wt.% CMC electrolyte in a full cell, the researchers utilized
the conventional Zn//MnO2 as electrodes. It exhibited exceptional rate performance, as
evidenced by both the discharge profile (Figure 7j) and cycling performance (Figure 7k).
The cellulose-CMC electrolyte offers significant advantages, such as its easy accessibility
and low-cost nature abondance. These qualities make it highly promising for utilization
in Zn-ion batteries, thereby paving the way for grid-scale energy storage solutions for
renewable energy sources.
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5. The Application of CNFs in 3D Printing

3D printing machines utilize a streamlined process to produce high-resolution three-
dimensional objects, offering exceptional efficiency and versatility. This technology enables
the rapid creation of various 3D structural prototypes [71,72]. Cellulose 3D printing ex-
tends beyond hydrogel 3D printing [6] and finds applications in diverse domains such as
plastics [73], smart paper [74], biomedicine [75], electronic equipment [76], sensors [77], and
other industries. Qiu et al. [78] demonstrated the use of carboxymethyl cellulose-lithium
as a positive electrode binder for lithium-ion batteries, leading to improved electrochem-
ical performance of LFPO and remarkable stability. In another application, cellulose is
employed in battery technology through the 3D printing of nanocellulose, enabling the
fabrication of high-performance lithium metal batteries. The nanocellulose gel exhibits ex-
ceptional shear-thinning properties, facilitating the printing of LFPO electrodes and stable
lithium scaffolds. The high aspect ratio of nanocellulose (10–50 nm wide by 500–2000 nm
long) and its anionic surface charge play a significant role in the shear-thinning behavior.
These properties contribute to the formation of robust hydrogels at low concentrations,
driven by anion repulsion and hydrogen bonding, without the need for additives. When
incorporated into cellulose nanofiber hydrogels, the ink exhibited shear-thinning behavior
at a shear rate of 10 s−1. The porous structure of the nanofibers enhances ion accessibility
and reduces the local current density of the lithium anode. Cellulose nanofibers are widely
used as a matrix material due to their ability to increase viscosity and exhibit thixotropic
rheology. Kim et al. [79] demonstrated the utilization of carboxymethyl cellulose (CMC)
as a framework and silver nanowires (AgNWs) as a conductive agent for the fabrication
of 3D conductors (Figure 8a–c). The voltage profile of the 3D printed battery during the
charging process is illustrated in Figure 7d, showing an increase in voltage to approxi-
mately 1.2 V after 85 min and 1.8 V after 275 min. In another study, Zhu et al. employed
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cellulose-nanofiber-based inks in the 3D printing method to enhance the electrochemi-
cal performance and stability of lithium metal batteries (LMBs). As a matter of fact, the
rheological properties of the ink are crucial for successful printing. Figure 8d displays
images of the prepared white CNF gel, CNF ink, CNF/LFP ink, and the aqueous disper-
sion of LFP stored in bottles, with all CNF-containing inks exhibiting high viscosity and
adhering firmly to the bottom of the bottle. Figure 8e demonstrates that all three samples
exhibit non-Newtonian fluids with shear-thinning properties, which greatly contribute to
their exceptional printability. Moreover, to highlight the remarkable printability, the CNF
scaffold consisting of 21 layers maintained its desired structure even after water removal
and carbonization, as depicted in Figure 8f. Figure 8g provides an enlarged photo of the
as-printed CNF scaffold surface, revealing its porous and layer-by-layer architectures. The
presence of large pores can be attributed to the absence of water during the freeze-drying
process. Furthermore, Figure 8h presents the charge and discharge profiles of the cell with
the printed c-CNF/LFP cathode at 0.2 C, demonstrating its stability. During the initial two
cycles, notable charge and discharge capacities of 167 and 140 mA h g−1 were achieved,
respectively. Figure 8i displays the charge/discharge curves of the printed full cell, illus-
trating its rate performance. The discharge capacities at various discharge rates were as
follows: 137, 131, 120, 107, 93, and 80 mA h g−1 at discharge rates of 0.2, 0.5, 1, 2, 5, and
10 C, respectively.
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Figure 8. Schematic designs of cellulose composites and 3D printing of battery composites.
(a) Computer-aided design (CAD) model of AgNWs/CMC 3D Conductor, (b) CAD representa-
tion of three-layered 3D-printed battery, (c) images of the 3D printing process of the 3D-printed
battery, (d) pristine CNF gel, CNF ink, CNF/LFP ink, and LFP dispersion stored in inverted vials
to show viscosity, (e) apparent viscosity as a function of shear rate for pristine CNF gel, CNF ink,
and CNF/LFP ink, (f) 3D-printed c-CNF scaffold after carbonization, (g) surface of printed c-CNF,
(h) charge and discharge profiles of the cell with c-CNF/LFP cathode at 0.2 C, (i) voltage profiles at
various rates from 0.2 to 10 C [79]. Copyright (2017) Nature.

To enhance the 3D printing capabilities of MXene-based inks with low MXene loading,
Mei et al. [80] developed controllable cellulose nanofibers (CNFs) through a TEMPO-
mediated oxidation process. Furthermore, CNFs serve as an intercalation agent, preventing
the aggregation of MXene nanosheets and facilitating the formation of a hierarchical porous
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structure. This unique structure contributes to exceptional capacitance and rate perfor-
mance. A series of sequential steps involving hot water treatment, NaClO2 and NaOH
treatments, TEMPO-mediated oxidation, and ultrasonication were employed to isolate
cellulose nanofibers (CNFs) from palm oil fibers. The resulting CNFs were then utilized to
fabricate MXene/CNF ink, and its rheological properties were evaluated. Subsequently, a
solid-state symmetric supercapacitor was constructed using two 3D-printed pectinate elec-
trodes (Figure 9b–d). Two types of inks, with and without CNF, were prepared (Figure 9e),
demonstrating the suitable viscosity attributed to the incorporation of CNF. Upon ex-
trusion, the pure MXene ink with low viscosity exhibited droplet formation (Figure 9e,
top), resulting in discontinuous flow. However, the MXene/CNF10 ink (Figure 9e, bot-
tom) displayed a uniform and continuous filament due to its enhanced homogeneity and
improved rheological properties. The cyclic voltammetry (CV) curve (Figure 9f) demon-
strated a nearly symmetrical and nonlinear triangle, indicating the high reversibility of
the charge/discharge process and the pseudocapacitive nature of MXene. Moreover, the
galvanostatic charge–discharge (GCD) curves (Figure 9g) showcased the excellent rate
performance of MXene, with a retention rate of approximately 70% at 20 mA cm−2. These
findings, as depicted in Figure 9, highlight the suitability of MXene for 3D-printed elec-
trodes, showcasing exceptional rate performance and efficient surface utilization.
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Figure 9. (a) Extraction of 1D CNFs from palm tree trunk oil via a series of steps including hot
water, NaClO2 and NaOH treatments, TEMPO oxidation, and sonication. (b,c) Characterization of
MXene (Ti3C2) and MXene/CNF ink, and evaluation of their rheological properties. (d) Fabrication
of a solid-state symmetrical supercapacitor using two 3D-printed pectinate electrodes. (e) Digital
appearance of MXene and MXene/CNF10 inks during extrusion, and electrochemical performance
of 3D-printed MXene/CNF10. (f) CV profiles. (g) GCD profile [80]. Copyright (2022) Wiley.

In conclusion, 3D printing holds immense promise in diverse applications and offers
exciting opportunities for leveraging the capabilities of cellulosic materials. Particularly,
the use of cellulose in 3D printing enables the fabrication of energy storage and conversion
materials with customizable layered structures and specific functionalities. Although



Batteries 2023, 9, 399 15 of 18

significant progress has been made in researching cellulose-based 3D printing, further
investigation into this fascinating field is warranted to unlock its full potential.

6. Conclusions

Cellulose nanofibers (CNFs) are an innovative material known for their renewable
nature and exceptional mechanical properties. While CNFs have found commercial ap-
plications, their potential in the energy sector has been limited due to high production
costs and stringent performance requirements. This review article is the first of its kind to
explore the diverse applications of CNFs as binders, gel electrolytes, and in 3D printing.
By addressing the existing challenges and providing a comprehensive summary of the
relevant literature, this review aims to facilitate the broader utilization of CNFs in energy
storage and conversion, offering insights into their promising prospects in this field.

Due to its nanoscale dimensions, high specific surface area, significant relative crys-
tallinity, reactive surfaces rich in hydroxyl groups, entangled web-like structures, and
favorable mechanical and thermal properties, nanocellulose holds great potential for var-
ious applications in electrochemical energy storage. These include: (1) The construction
of self-standing electrodes or separators with high strength. (2) Integration with other
electrochemically active materials. (3) The development of flexible substrates/scaffolds
for flexible devices. (4) The design of multifunctional separators. (5) The synthesis of
carbon-based porous materials and carbon hybrid materials. (6) The fabrication of diverse
materials and various structures through 3D printing.

Nanocellulose-derived materials offer distinct advantages for a wide range of elec-
trochemical energy storage applications, such as supercapacitors, lithium-ion batteries
(LIBs), and Zn-ion batteries (ZIBs). Despite the successful development of nanocellulose-
based advanced materials/devices for high-performance energy storage, there are still
certain challenges that need to be addressed in the future, such as large-scale fabrication,
surface/interface engineering, flexibility, new materials, and new applications.
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