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Abstract: Engineering polymers stand out as the predominant dielectric materials in triboelectric
nanogenerators (TENGs), primarily owing to their robust triboelectric effect and widespread avail-
ability. However, growing environmental concerns surrounding these polymers have prompted a
notable shift towards exploring alternative eco-friendly materials, with cellulose materials emerging
as compelling contenders over the past few years. Cellulose, derived from various sources and
presented in diverse forms and structures, has found utility as triboelectric materials. In contrast to
many engineering polymers known for their chemical stability, cellulose materials exhibit heightened
chemical activities. This characteristic provides a unique opportunity to delve into fundamental
questions in TENGs by manipulating the physical and chemical properties of cellulose materials.
This concise critical review aims to thoroughly examine the applications of cellulose materials while
shedding light on the opportunities presented by these versatile materials.
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1. The Properties of Cellulose Materials

Cellulose, as a natural product, ubiquitously exists in plants, bacteria, fungi, and
other organisms, serving as a fundamental component. Chemically categorized as a
polysaccharide chain polymer, the length of the cellulose chain, or molecular weight, is
highly dependent on its source of origin (natural length) or the processing method applied
(product length). The hydroxyl groups on the glucose in the cellulose chain have the
propensity to form hydrogen bonds with the same or adjacent chains, resulting in the
formation of nanofibril and microfibril cellulose structures characterized by remarkable
mechanical strength. This ability arises from the formation of hydrogen bonds, enabling
cellulose fibers to effortlessly create thin films with adjustable tensile strength.

Cellulose manifests in four distinct types [1,2]: cellulose I (Iyjpha and Ipeta), I, 111,
and IV. Type I represents natural cellulose produced by bacteria, algae, and plants. Type
II denotes regenerated cellulose obtained through various methods. Types III and IV
encompass cellulose subjected to diverse chemical treatments. Figure 1 elucidates the
structural variations among these four cellulose types [3]. Table 1 shows the general
parameters of different types of nanocellulose materials [4].

The transition of cellulose from type I to type II through regeneration brings about
significant alterations in its physical and mechanical properties. These regeneration pro-
cesses typically involve modifications to cellulose, impacting its solubility. Furthermore,
as the regeneration process disassembles cellulose fibers into molecules, it facilitates the
production of plastic-like thin films such as cellophane. Most regeneration methods employ
reagents to interact with the hydroxyl (-OH) groups of cellulose, resulting in the formation
of cellulose esters or cellulose ethers. Importantly, these regenerated cellulose materials are
predominantly renewable, imparting substantial significance for the future, especially in
scenarios where the utilization of engineering polymers is constrained.
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Figure 1. Different types of crystalline cellulose lattice planes and their estimated properties; the
figure shows a 2 x 2 x 2 super cell of the cellulose crystal structure with lattice planes (a) 110, (b) 1-10,
(c) 004, (d) 021, and (e) 200; a total of 576 atoms and 493 bonds are present in each crystal structure.
(f) A table that lists the difference of the dipole moments and energy. Reproduced from ref. [3] under
CCby 4.0.

Table 1. Properties and characteristics of nanocellulose substrates reliant on the cellulosic source and
defibrillation method. Reused from [4] under CC BY 4.0.
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2. The Triboelectric Effect of Cellulose Materials

The triboelectric effect exhibited by cellulose materials has captured researchers’ atten-
tion since the inception of the first triboelectric series [5]. Early series constructed before
1920 featured cellulose materials represented by wood, paper, and cotton (Table 2). More
recently, pure cellulose has been included in triboelectric series [6], revealing a distinct
position from the aforementioned cellulose materials. Pure cellulose tends to exhibit a more
positive charge in the triboelectric series, potentially influenced by factors such as density
and moisture [7,8]. The triboelectric properties of regenerated cellulose vary, depending
on the reagents used in the regeneration process, resulting in both more and less positive
outcomes compared to pure cellulose.

Recent studies have demonstrated that cellulose can exhibit a higher positive charge
affinity than nylon. This heightened positive charge affinity finds explanation through
molecular orbital theory. Earlier models, based on molecular orbital theory, described
electron transport during triboelectrification, emphasizing the significance of the energy
levels of the Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molec-
ular Orbital (LUMO) in determining the direction of electron transfer. Density Functional
Theory (DFT) calculations have revealed proximity in the HOMO and LUMO levels of
cellulose and nylon. Consequently, cellulose is anticipated to possess a positive charge
affinity akin to nylon. A quantitative assessment of cellulose’s triboelectric effect based on
triboelectric charge density in 2020 confirmed that regenerated cellulose can indeed exhibit
a higher positive charge affinity than nylon [9].
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Table 2. Triboelectric series built before 1920 by J. Wilcke, M. Faraday, and P. Shaw [5].

J. Wilcke (1579) M. Faraday (1840) P. Shaw (1917)

+ + +
Glass Cat’s Fur Glass
Wool Wool Wool
Quills Quills Cat’s fur
Wood Flint glass Pb
Paper Cotton Silk

Ground glass Linen Paper
Pb Silk Cotton
Sulfur Hand Wood, Fe
Metals Wood Ground glass
- Fe, Cu, Ag, Pb Resin
Sulfur Cu, Ag
- Sulfur

3. The Application of Cellulose Materials in TENGs

Numerous studies over the past several years have explored the utilization of cellulose
materials as triboelectric layers, with several review articles summarizing these investiga-
tions published in the last three years [10-14]. Unlike comprehensive reviews covering
all publications, this critical review aims to provide a condensed overview of research
conducted with cellulose. Performance evaluations of triboelectric nanogenerators (TENGs)
based on cellulose materials are not the focal point of this review. Instead, we delve into
the opportunities presented by cellulose for TENGs, outlining key findings and insights in
the subsequent section.

4. Paper TENGs

Paper, as one of the most commonly used cellulose materials, has gained interest from
researchers for use as triboelectric materials [15] shortly after the invention of TENGs [16].
In this section, paper refers to the commercial paper product but not that made from
nanosized cellulose or regenerated cellulose.

Studies on paper-based TENGs have focused on the following;:

Types of electrodes on paper triboelectric material;
Application of paper-based TENGs;
Types of paper product used in TENGs.

4.1. Types of Electrodes on Paper Triboelectric Material

Differing from the conventional use of engineering polymers, paper possesses a
notably rough surface, facilitating the application of various electrode coatings, such as
graphite from diverse sources. Graphite paper can be directly affixed to the rear surface of a
paper tribo-layer, functioning akin to metal-film-based electrodes. An innovative approach
involves using a pencil to “draw” a graphite electrode layer on paper [17]. Alternatively,
one can create an electron-conductive layer on paper using a rollerball pen filled with
a conductive ink comprising silver nanowires and graphene oxide [17]. Furthermore,
inkjet printing techniques with carbon nanotube/silver nanowire ink enable the printing
of conductive layers on paper [18]. These electrode variations offer the coated tribo-layer
enhanced flexibility and foldability compared to conventional metal tapes. This attribute
expands the potential applications of paper-based triboelectric nanogenerators (TENGs)
across numerous scenarios [19-24].
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4.2. Application of Paper-Based TENGs
e  Energy Harvesting:

Paper-based triboelectric nanogenerators (TENGs) find applications in energy har-
vesting, self-powered sensing, and more. Printer paper and copy paper are predominant
choices for these devices. A comprehensive list detailing the performance metrics of paper-
based TENGs is available in a review by Liang et al. [25]. Typically, the highest power
densities achieved by paper-based TENGs range in the tens of W/m? [26,27], with no
instances surpassing 100 W/m?. In comparison to TENGs based on engineering polymers,
the performance of paper-based counterparts is constrained by the paper’s relatively weak
charge affinity.

Exploiting the flexibility, foldability, and tailorability of paper, researchers can con-
struct origami-inspired TENGs. These origami structures often integrate multiple TENGs to
enhance the volume power density. Commonly employed origami shapes in paper-based
TENGs include zigzag, slinky, and rhombic configurations [28-31].

e  Self-Powered Sensing;:

In addition to energy harvesting, the development of self-powered sensing systems
has garnered increasing attention from researchers. Paper-based triboelectric nanogenerator
(TENG) sensors are particularly noteworthy due to paper’s environmentally friendly and
biodegradable nature, as well as its flexibility and foldability. In comparison to engineering
polymers, paper is abundantly produced, rendering paper-based TENG sensors a more
cost-effective option. Although the application scenarios for paper-based TENG sensors
are similar to those using engineering-polymer-based TENGs, a unique example involves
the utilization of paper-based TENGs for sound sensing [15]. This application provides a
cost-effective approach to audio sensing.

e  Extend the Lifecycle of Paper Products:

Introducing a novel stage in the product lifecycle could substantially enhance its value,
contributing significantly to sustainable development. A recent study by Zhang et al. [27]
highlights the utilization of wastepaper as a basis for a high-performance triboelectric
nanogenerator (TENG) designed for energy harvesting. This innovative TENG boasts a
remarkable maximum power density exceeding 43 W/m?, making it suitable for powering
small electronics. Expanding this concept to various types of wastepaper products holds
promise, not only as triboelectric layers but also as supportive substrates within TENGs.
This approach aligns with the principles of sustainable development by repurposing waste
materials, offering an environmentally friendly and resource-efficient solution in the realm
of energy harvesting technology.

5. Nanocellulose-Based TENGs

In addition to conventional commercial paper products, nanocellulose variants like
nanofibrillated cellulose (NFC), bacterial cellulose (BC), and cellulose nanofibrils (CNFs)
have garnered increased attention. These nanocellulose-based triboelectric layers offer a
laboratory-friendly platform with controllable properties, including nanocellulose size and
film thickness. A comprehensive 2021 review [32] provides systematic insights into nanocel-
lulose applications in triboelectric nanogenerators (TENGs), offering detailed information.

Notably, nanocellulose facilitates the fabrication of both 2D [33] and 3D [34] structures,
expanding the potential application scenarios. An innovative aspect involves modifying
nanocellulose to tailor the triboelectric effect. While pristine cellulose exhibits a high posi-
tive charge affinity, surface modifications, such as introducing fluorine groups [35], enable
the creation of nanocellulose with a higher negative charge affinity. This advancement
allows the production of all-cellulose-based TENGs with impressive performance [36].

The exploration of nanocellulose composites presents another avenue of interest in
TENGs. Nanocellulose’s chemical activity, stemming from hydroxyl groups on the chain,
enables effective composite formation with both organic and inorganic materials. Methods
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such as mixing a nanocellulose suspension with other materials [37], dispersing materials
in a nanocellulose solution [38], and layer-by-layer film [39] production have been explored
for nanocomposite fabrication. While these methods lack precise control over nanocellulose-
component interactions, they demonstrate particular efficacy in compositing nanocellulose
with inorganic materials [38].

When it comes to compositing with organic materials, the interaction between nanocel-
lulose and other components becomes a crucial consideration. Utilizing hydrogen bonds
between nanocellulose and other materials, which require no chemical reactions or reagents,
stands out as the simplest method for producing nanocellulose-organic composites [40].
Another approach involves polymerization, creating covalent bonds through chemical reac-
tions [41,42]. The third method employs a link molecule to interact with both nanocellulose
and the other component polymer; for instance, aminoguanidine hydrochloride (AGH) has
been used to link nanocellulose and polyethylene oxide (PEO) [43].

Nanocellulose composites hold significant potential in triboelectric nanogenerators
(TENGs) for several reasons:

e  Altering surface properties, such as hydrophobicity [44];
e Enhancing charge generation;
e  Modifying permittivity.

Naturally hydrophilic cellulose tends to attract moisture from the air, diminishing
charge accumulation on the surface during triboelectrification. Compositing with other
materials, like ferroelectric BaTiO3 materials, has been shown to significantly enhance
charge generation in the composite film [45]. The aligned dipoles in the BaTiO3 domains
induce a net electric field, thereby improving charge transfer.

Moreover, changing permittivity through composite materials can substantially en-
hance the performance of nanocellulose-based TENGs. Theoretical simulations, discussed
by Zhang, emphasize the importance of permittivity changes based on the current density
equation of triboelectric nanogenerators under a contact-separation mode [46]. Alter-
ations in permittivity by composites affect the electrostatic induction part of the equation,
consequently influencing the TENGs’ output (Figure 2). In many cases, inorganic ma-
terials like BaTiO3 [45], MXene [37], and carbon nanotubes [42] are employed to tune
dielectric properties.

Ps = d1€o/€cy + da2E0/E2
3 (dh&o/€cy + daE0/Ecy + 2)°
-\ V2
EC - Emixer E

i 240

gl 1160

80

Figure 2. Cont.
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Figure 2. Simulated P3 values based on the series mixing model (top) and the simplified
model (bottom). v; and v, are the volume fractions of the components in a nanocomposite, and
v1 + vo = 1. The thicknesses of the dielectric materials, d; and d,, were set at 0.1 mm, and the distance,
z, between the triboelectric surfaces was set at 1 mm. Reproduced from ref. [46] under CC by 4.0.

6. Regenerated Cellulose-Based TENGs

In contrast to the fiber-shaped nanocellulose, regenerated cellulose is a molecule
produced by breaking down cellulose fibers using chemicals. Consequently, films made
of nanocellulose and regenerated cellulose exhibit notable distinctions. Nanocellulose
films appear dense with percolations, while regenerated cellulose films resemble those of
engineering polymers.

Studies on regenerated cellulose reveal variations arising from modifications to the
polysaccharide chain. Examples include cellophane and cellulose acetate, each with dis-
tinct mechanical, chemical, and electrostatic properties due to specific chemical group
modifications on the chain. For instance, cellophane exhibits a neutral triboelectric charge
density [9], whereas cellulose acetate displays a highly negative charge density [47].

Recent findings challenge the conventional belief of regenerated cellulose exhibiting
low positive charge affinity, as it demonstrates unexpectedly high positive charge affinity.
This elevated affinity is attributed to the relatively high Highest Occupied Molecular Orbital
(HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) orbitals that closely resemble
nylon. The high positive charge affinity allows regenerated cellulose films to function as
excellent triboelectric layers. A recent report introduces a fully green TENG by coupling a
regenerated cellulose film with another, more negative regenerated cellulose film, such as
cellophane [9].

Similar to nanocellulose, regenerated cellulose is often combined with other materials
using physical and chemical crosslinking strategies [48]. Physical strategies involve hy-
drogen bonding, ionic interactions, host-guest interactions, and hydrophobic interactions,
while chemical strategies include reversible and irreversible chemical crosslinking, such as
the Schiff base reaction, disulfide bond formation, esterification, and epoxide. Irradiation
crosslinking and semi/full-interpenetrating polymer networks are also effective methods
for modifying cellulose. A figure depicting commonly used crosslinking strategies can
be found in Figure 3 [48]. Additionally, the direct mixing of materials with regenerated
cellulose dispersion has been reported to produce composites [49], a method more suitable
for generating regenerated cellulose-inorganic nanomaterial composites [49-51].
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formation, Diels—Alder cycloaddition, etc. (c) Irreversible chemical crosslinking, including esteri-
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2023, Elsevier.

The performances of regenerated cellulose-based TENGs generally align with those of
nanocellulose-based TENGs. For detailed performance metrics, readers are referred to sev-
eral comprehensive review papers [32,48,52], as they are not included in this critical review.

7. The Opportunities of Cellulose Materials for TENGs

Numerous studies have delved into the fundamentals of triboelectrification, focus-
ing on charge transport and density. However, the molecular structures of triboelectric
materials, crucial determinants of the triboelectric process, have often been overlooked.
This neglect arises from the limited flexibility in the crystalline structure and the chemical
activities of engineering polymers. To bridge this gap, we propose several avenues for
systematic exploration:

e  Functional Group Influence on Triboelectric Effect:

Exploiting the hydroxyl groups on the cellulose chain offers opportunities for func-
tionalization with various reagents, providing insights into how chain length and terminal
groups influence the triboelectric effect (Figure 4). Modifying the cellulose chain with
molecules of different lengths (e.g., polyethylene) allows a nuanced understanding of how
chain length impacts the triboelectric effect. Altering terminal groups on the modified
cellulose chain elucidates the triboelectric effects of functional groups, contributing to an
in-depth comprehension of differences among engineering polymers.
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Figure 4. Functionalization of cellulose towards stronger triboelectric effect. (a) Modification to the
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(c) Modification to the side chain of cellulose with molecules with only differences at one terminal.
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e  Crystal Structure Influence on Triboelectric Effect:

Cellulose exhibits four distinct crystalline structures, each possessing different surface
groups with varying charge affinity. Systematic studies on the triboelectric effects of these
structures can unravel correlations between charge affinity and surface groups/atoms.

e Impact of Fiber Size on Triboelectric Effect:

Unlike engineering polymers, cellulose can be shaped in various forms, allowing
for systematic studies on how fiber sizes (ranging from 10 nm to micrometers) influence
triboelectric effects. Cellulose’s unique property enables researchers to explore the impact
of sizes, especially in yarns ranging from micrometers to millimeters.

e Innovative Applications:

Leveraging cellulose’s chemical activity, cellulose-based TENGs can serve as excel-
lent triboelectric materials for chemical sensing applications, capitalizing on hydrogen
bonding between cellulose’s hydroxyl groups and target molecules. The 3D structure
of cellulose opens possibilities for TENGs not only as sensors but also as absorbers for
targeted molecules.

o  Towards Green Triboelectric Nanogenerators:

As a natural material, cellulose emerges as a crucial component in fabricating green
triboelectric nanogenerators (TENGs), addressing environmental concerns associated with
plastic materials.

The negligible environmental impact and biodegradability of cellulose, especially
regenerated and modified cellulose, make it a promising candidate for fabricating high-
performance, environmentally friendly TENGs.
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8. Conclusions

This review provides an overview of recent studies on cellulose-based TENGs, high-
lighting discoveries such as cellulose’s high positive charge affinity, crystal structures, and
applications in energy harvesting, self-powered sensors, and the contribution to sustainable
development by extending the lifecycle of paper products. We have also outlined oppor-
tunities for future research of cellulose-based TENGs and suggested different strategies
for both fundamental and experimental studies. This critical review not only provides an
overview of the application of cellulose in TENGs, but also emphasizes the multifaceted
potential of cellulose in advancing TENG technology.
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