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Triboelectric nanogenerators (TENGs) are versatile electronic devices used for environmental energy harvesting
and self-powered electronics with a wide range of potential applications. The rapid development of TENGs has
caused great concern regarding the environmental impacts of conventional electronic devices. Under this
context, researching alternatives to synthetic and toxic materials in electronics are of major significance. In this

Biopolymer . . . . .
Cellpulcz;e review, we focused on TENGs based on natural polysaccharide materials. Firstly, a general overview of the
Chitosan working mechanisms and materials for high-performance TENGs were summarized and discussed. Then, the

Starch recent progress of polysaccharide-based TENGs along with their potential applications reported in the literature
from 2015 to 2020 was reviewed. Here, we aimed to present polysaccharide polymers as a promising and viable

alternative to the development of green TENGs and tackle the challenges of recycling e-wastes.

1. Introduction

In recent years, significant efforts have been devoted to the devel-
oping of next generation electronics with versatile characteristics for a
wide range of applications. The development of smart devices focused
on wearable, wireless, portable, self-charging, cost-efficient and even
implantable electronic equipment. Under this context, simple and du-
rable ambient energy harvesting devices are needed to overcome con-
ventional and unsustainable power supply limitations (Zhu, Peng, Chen,
Jing, & Wang, 2014). In particular, mechanical energy found in the
environment can be used to generate electric energy exploiting elec-
trostatic (Boisseau, Despesse, & Ahmed, 2012), electromagnetic (Yang
et al., 2009), piezoelectric (Narita & Fox, 2018) and triboelectric effects
(Tian, Chen, & Wang, 2020). Among them, piezoelectric nanogenerators
(PENGs) and triboelectric nanogenerators (TENGs) feature more sig-
nificant potential applications.

Piezoelectric materials undergo a change in polarization when they
are subjected to mechanical deformation (strain) (Nye, 1957). Ceramics,
such as zirconate titanate (Pb(Zrl-X, TiX)O3, known as PZT) and
barium titanate (BaTiOs) were the first materials used to develop
piezoelectric generators. However, ceramics usually feature inherent
mechanical brittleness that prevents them from being used for modern
applications that need more flexible materials (Mangayil et al., 2017). In
order to overcome such limitations, synthetic and biodegradable poly-
mers, as well as polymeric composites have been used to develop PENGs
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(Sun, Zeng, & Li, 2020). For instance, polysaccharides, such as chitosan
(Hanninen, Rajala, Salpavaara, Kellomaki, & Tuukkanen, 2016, 2018),
cellulose (Rajala et al., 2016; Sriplai et al., 2020; Tuukkanen & Rajala,
2018) and bacterial cellulose (Mangayil et al., 2017) have been reported
to be used as lightweight and flexible piezoelectric materials. However,
PENGs are known to be efficient when the frequency of the mechanical
excitation ranges 60—100 Hz (Han et al., 2013; Liu, Zhong, Lee, Lee, &
Lin, 2018). For lower frequencies, extremely low voltage values are
obtained by PENGs.

On the other hand, TENGs have been used to harvest energy from
low frequency sources (around 10 Hz and lower) such as human body
motion, animal organs, and water motion, among others (Gong et al.,
2019; Zhou, Liu, Wang, & Wang, 2020). The working principle of these
TENGs is a combination of the triboelectric effect and the electrostatic
induction (Fan, Tian, & Wang, 2012). The triboelectric effect, also
known as contact electrification, takes place when two materials are
brought into contact and then separated. According to the "Surface state
model", when two different surfaces are contacted, electrons attempt to
transfer from the surface of higher Fermi level to the surface of lower
Fermi level (Harper, 1957). This phenomenon is far from being
completely elucidated and the characteristics of the proposed mecha-
nisms remain highly debated (Wang, Xie, Niu, Lin, Liu et al., 2014).
TENGs are designed to alternatively contact and separate two materials
having opposite triboelectric polarities in order to alternately drive
induced electrons to flow between the electrodes (Ghosh et al., 2008).
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The voltage and the current outputs of TENGs are proportional to the
triboelectric charge density on the surface, and the output power has a
quadratic dependence on the charge density (Niu, Liu et al.,, 2013,
2013b). TENGs present a promising alternative for efficient environ-
mental, biomechanical energy harvesting and self-powered pressure,
vibration, motion and chemical sensing (Ma et al., 2018).

Important progress has been made on the development of novel
highly efficient TENGs with interesting characteristics since it was first
described in 2012 by Wang’s group.

TENGs are suggested to be part of the rapid development of an
Internet of Things (IoT) era due to an increased interest in self-powered
applications (Shi & Wu, 2019). However, there has been a major concern
over the environmental impact that the production of futuristic elec-
tronics may cause. Electronic products are complicated to recycle once
they reach their end-of-life due to the many different integrated mate-
rials and components (Tanskanen, 2013). Many TENGs are based on
synthetic polymers, like polytetrafluoroethylene (PTFE), polyvinylidene
fluoride (PVDF) or polyethylene terephthalate (PET), with stable
chemical bonding (Zhang, Tang et al., 2019, 2016; Zhao, Pu et al,,
2016), resulting in decades-long environmental degradation and the
release of toxic chemicals. Moreover, the large accumulation of elec-
tronic waste (e-waste) may pose environmental and health risks in urban
areas (Needhidasan, Samuel, & Chidambaram, 2014). Hence, academic
research on eco-friendly and highly degradable materials for TENG
development has become of great significance (Li et al., 2020).

Polysaccharides are biopolymers consisting of monosaccharides
linked through glycosidic bonds. They are essential biological macro-
molecules in nature and found widespread in plants, seaweed, fungi and
microorganisms (Zong, Cao, & Wang, 2012). Many researchers have
investigated the application of various polysaccharides as the main
component of modern green electronics (Kumar, Ranwa, & Kumar,
2020; Kwon et al., 2018; Miao, Liu, Li, & Zhang, 2018; Zhao et al.,
2020), including TENGs.

Several recent reviews are focused on the materials used to develop
TENGs. For instance, Chen et al. (2020) reviewed the polymer materials
for high-performance TENGs, focusing on the ones that are most
frequently adopted. Among these, cellulose-based TENGs are reviewed
and other polysaccharide-based materials are rapidly mentioned. Yu,
Zhu, Wang, and Zhai (2019) summarized the materials engineering
techniques, either physical or chemical, for high-performance TENGs.
Maiti, Karan, Kim, and Khatua (2019) focused on bio-
degradable/biocompatible materials for PENGs and TENGs. Some
polysaccharide-based TENGs are described in detail, although the broad
scope of the review overlooked many high-performance poly-
saccharide-based TENGs developed recently. The number of published
articles on polysaccharide-based TENGs has increased significantly in
recent years. However, no previous review has focused on this specific
type of materials. Hence, in this review we cover the recent progress of
TENGs based on natural polysaccharides as reported in the literature. A
general overview of TENGs and their working mechanisms were sum-
marized, as well as the polysaccharide materials aspects allowing the
development of novel, high-performance and eco-friendly TENGs. Then,
the available literature regarding the development and appliances of
polysaccharide-based TENGs were reviewed. Lastly, the general chal-
lenges and future perspectives were discussed. We aim to provide
guidance across new sustainable and biodegradable materials for the
development of TENGs as a promising breakthrough for facing the
challenges of recycling electronics and minimizing environmental
impacts.

2. An overview of triboelectric nanogenerators
2.1. Working mechanism

The first TENG, developed by the Wang group consisted of two
polymer films, Kapton (125 pm in thickness) and polyester (PET, 220 pm
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in thickness), sandwiched together and covered with thin layers of Au
alloy films that served as electrodes (Fan et al., 2012). After the two
polymer materials come into contact due to bending or mechanical
compression, surface electric charges are induced, creating a triboelec-
tric potential layer between the two polymers. Upon release, the Au
alloy electrodes build electric potential difference, resulting in current
flow if connected to an external load as described in Fig. 1. When the two
surfaces coming into contact again under mechanical stimuli, a change
in the potential difference on the electrodes is observed and current
flows back in the opposite direction. By constantly repeating the
described cycle, a continuous AC output is obtained (Wu, Wang, Ding,
Guo, & Wang, 2019). Since it was first developed in 2012, a broad range
of materials, working models and applications have been developed and
proposed in the literature, which looks to inspiring an energy and sen-
sors revolution (Khandelwal, Maria Joseph Raj, & Kim, 2020; Kim, Lee,
Kim, & Jeong, 2020; Wang, 2020a; Zhou et al., 2020).

2.2. Working modes

From the development of the first TENG, four working modes have
been developed based on the same fundamental principle: Vertical
contact-separation mode, lateral-sliding mode, single-electrode mode,
and freestanding triboelectric-layer mode (Wang, 2014).

The vertical contact-separation mode (Fig. 2a) is the earliest working
mode as described above. In brief, two different dielectric materials are
stacked and a metal layer that serves as an electrode is deposited on the
surfaces of both materials. The contact and release of both oppositely
charged surfaces due to displacement by an external mechanical stimuli
causes the induced potential to change across the electrodes (Wang, Lin,
& Wang, 2012; Zhu et al., 2012). In a later mode consisting of a single
dielectric layer and two electrodes, the electrode coming into contact
with the dielectric layer plays the role of generating triboelectric charges
and transferring chargers between electrodes (Niu, Wang et al., 2013).
The  theoretical study of both dielectric-dielectric  and
dielectric-conductor modes have been described by Niu, Liu et al. (2013,
2013b).

With a similar setup to the vertical contact-separation mode, the
contact-sliding mode (Fig. 2b) consists of the in-plane sliding friction
between the two dielectric materials, causing intensive tribo-
electrification on the surfaces. These contact changes between surfaces
give rise to a separation in charge centers, leading to a voltage drop for
driving the flow of electrons in an external load (Lin et al., 2013; Wang
et al., 2013). This principle allows for harvesting mechanical energy
from a variety of planar surfaces, including rotational motion (Zhu,
Chen et al., 2013). The theoretical basis of the lateral-sliding mode was
developed by Niu, Liu et al. (2013).

The single-electrode mode (Fig. 2c) consists of only one electrode
connected to ground that comes into contact with a single dielectric
layer, rather than a sandwich-like mode as aforementioned. Based on the
same principals as previous modes, the change in contact between the
dielectric layer and electrode induces a charge transfer between the
electrode and ground and across an external load (Yang, Zhang et al.,
2013, 2013b). This mode allows to harvest mechanical energy from
systems that cannot move freely but are static or grounded (Wang,
2014). Theoretical research and structural optimization of
single-electrode TENGs was developed by Niu et al. (2014).

Lastly, the freestanding triboelectric-layer mode (Fig. 2d) is based on
the triboelectric effect between a sliding dielectric layer and two elec-
trodes connected to a load (Wang, Lin, Chen, Niu, & Zi, 2016). The first
paper to describe this mode developed three types:
Dielectric-to-conductor in contact sliding mode, dielectric-to-conductor
in non-contact sliding mode and dielectric-to-dielectric mode (Wang,
Xie, Niu, Lin, & Wang, 2014). In the dielectric-to-conductor in contact
sliding mode, two stationary electrodes are placed separated by an
in-plane distance and a dielectric layer comes into contact and slides
forward and backwards from the first electrode to the second,
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Fig. 1. Schematic and photos of the working mechanism of the first triboelectric nanogenerator. Reprinted from (Fan et al., 2012). Copyright (2012) with permission

from Elsevier.
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Fig. 2. Schematic representations of the four working modes. Electrodes (conductors) are orange, dielectric materials are grey (-) and blue (+). a) Vertical contact-
separation mode; b) lateral-sliding mode; c) single-electrode mode; d) freestanding triboelectric-layer mode. Reprinted from (Wu et al., 2019). Copyright (2019) with
permission from Wiley-VCH. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).

generating triboelectric charges, while in the non-contact sliding mode
the dielectric layer slides without direct contact with the electrodes.
Lastly, the dielectric-to-dielectric mode consists of the same structure as
the previous freestanding modes but including a positively charged
dielectric layer covering the two stationary electrodes, where the
negatively charged dielectric layer slides in contact with the second
dielectric layer. Accordingly, the theoretical bases are described by Niu
et al. (2015).

Table 1 shows a list of the most recent polysaccharide-based TENGs
reported. Most of these TENGs are arranged using the vertical contact
separation mode (VCS). Few studies report the single-electrode mode. In
these modes, the electricity is generated through an alternative normal
contact and separation of the working surfaces. These modes are the
most widely used, probably due to their simple structural design,
compared to the other two working modes (i.e. lateral sliding and
freestanding modes) which need an in-plane sliding between two sur-
faces in lateral direction (10.1021/n1400738p).

3. Materials science aspects of high-performance TENGs

Any pair of materials with different charges can be used for assem-
bling a TENG (Wu et al., 2019). However, the performance of TENGs
depends on the surface structure, triboelectric surface charge density,
dielectric property and material robustness (Chen, Zhang, Zhu, & Wang,
2020). This makes the choice of materials a crucial step in developing
TENGs. For instance, triboelectric series, a material rank according to
their electron-gain or -withdrawal trend, may be helpful for the choice of
materials (Zou et al., 2019). Larger differences in triboelectric charge
density (far apart from each other in the triboelectric series) between
two rubbing materials will be translated into greater transferred charges
(Lee et al., 2019).

Polysaccharides have been included in triboelectric series with
minor discrepancies across authors (An, Sankaran, & Yarin, 2018; Diaz
& Felix-Navarro, 2004). Cellulose derived compounds with triboelectric
charge densities similar to common synthetic polymers could serve as
potential substitutes. Importantly, functional groups are associated with
enhancing the electron-gaining or -withdrawal nature of biopolymers.
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Table 1

Summary of the electrical performance of polysaccharide-based TENGs in the
literature. VCS: Vertical contact-separation mode. SE: Single-electrode mode.
Voc: Open-circuit voltage output. Isc: Short-circuit current output.

Working Materials Voc Isc Power Reference.
mode density
VCS Bacterial 13V ~3 pA 4.8 (Kim, Yim et al.,
nanocellulose mW 2017)
m2
Cu electrodes
VCS BC + BaTiO3 181V 21 pA 4.8 (Shao et al.,
mW 2019)
m-2
PDMS
Cu electrodes
VCS BC +BaTiOs + 170V 9.8 pA 180 (Oh et al., 2019)
Ag NW pw
cm 2
PTFE
Al electrode
SE BC + ZnO 496V 49pA - (Jakmuangpak
et al., 2020)
Teflon
ITO electrode
VCs Cellulose/ 28V 2.8 pA 64 pW (Chandrasekhar
PDMS cm 2 et al,, 2017)
Al electrodes
VCS NCC-filled 320V - 0.76 (Peng et al.,
PDMS mW 2017)
em ™2
Al electrodes
Corrugated PET/Al/PIcore 153V 3.9 pA - (Uddin &
core Chung, 2017)
MCC/AI plates
ves CMF/CNF/Ag 219V 017 7.68 (He et al., 2018)
HA Ny
em 2
FEP
VCs Allicin-grafted 79V 5.13 10.13 (Roy et al.,
CNF HA s 2020)
em 2
PVDF
Electrodes
Gear-like CNF-PEI-Ag 286 V 4 pA 0.43 W (Zhang, Lin
vCs m2 et al., 2019)
FEP
Cu electrodes
VCS AZO-coated 7V 0.7 pA - (Yang et al.,
CNF 2017)
AZO-coated
CNF + TiCly
VCS CNE/ 52V - 9.36 (Cui et al.,
phosphorene Y 2017)
em 2
Au electrodes
VCS CNF film 328V 35 pA - (Yao,
Hernandez, Yu,
Cai, & Wang,
2016)
FEP
ITO/PET
substrate/
electrode
VCS CA-PEI 478 V - 2.21 (Bai et al., 2020)
mW
em ™2
LTV
Conductive
fabric
VCS CA PTFE 7.3V 9.1 pA - (Srither et al.,
2018)
Al electrodes
vCs EC 245V 50 pA - (Wang et al.,
2017)
317 L SS
Ag electrode
VCsS EC 45V -

Table 1 (continued)
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Working Materials Voc Isc Power Reference.
mode density
1.2 (Sutka et al.,
mW 2018)
m-2
PDMS
VCS PCL/GO 120V 4 pA 72.5 (Parandeh et al.,
mW 2019)
m—Z
Cellulose paper
Au electrodes
VCs Crepe paper 196.8 315 16.1 W (Chen et al.,
\% pA m~2 2019)
Nitrocellulose
membrane
Cu electrodes
VCs PPy-coated 60V 8.8 pA 0.83 W (Shi, Chen et al.,
cellulose paper m 2 2019)
Cellulose paper
Nitrocellulose
membrane
VCs CNF aerogel 55V 0.94 29 mW (Qian et al.,
pA m~?2 2019)
PDMS
Ag electrodes
VCS Cellulose I 65V 1.86 127 (Zhang et al.,
aerogel pA mW 2020)
m-2
PTFE
Al electrodes
VCS Cellulose I/ 242V - - (Zhang et al.,
chitosan 2020)
aerogel
PTFE
Al electrodes
VCS Cellulose 11/ ~80V - - (Zhang et al.,
alginic acid 2020)
aerogel
PTFE
Al electrodes
VCs CMC aerogel/ ~14V  ~0.22 - (Beyranvand &
PDMS pA Gholizadeh,
2020)
PDMS
Kapton
Al electrodes
vCs Cellulose/ 48V - - (Shi, Huang
BaTiO; aerogel et al., 2019)
PDMS
Al electrodes
VCsS CNF/PEI 106.2 9.2 pA 13.3W  (Mietal, 2018)
aerogel \% m 2
PVDF
nanofibers
Al electrodes
VCS Wood 220 V 5.8 pA 158.2 (Hao et al.,
mW 2020)
m-2
PTFE
Cu electrode
VCS Wood 81V 1.8 pA 57 mW (Luo et al.,
m~2 2019)
PTFE
Cu electrodes
VCS Chitosan- 130V ~15 - (Jao et al.,
glycerol film pA 2018)
PTFE Al
electrode
VCS Chitosan-acetic ~1.6 ~40 17.5 (Wang et al.,
acid A nA Ny 2018)
m-2
Kapton
Al electrode
VCs Chitosan 60.6V 7.7 pA 2.33W  (Zhengetal,,
aerogel m2 2018)
PI
ITO

(continued on next page)
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Table 1 (continued)

Working Materials Voc Isc Power Reference.

mode density

VCS Chitosan- 150 v 1.02 15.7
diatom film pA mW

m—z

(Kim, Lee, Go
et al.,, 2020)

FEP

Al electrodes
SE Chitosan 218V - 2W (Wang & Daoud,

hydrogel + Ag m? 2019)

NW + Cu®*

PDMS
VCs Chitosan film 306 V - -

PDMS

Al electrodes
VCs Starch film

(Yu et al., 2020)

(Ccorahua,
mV Cordero et al.,
2019)
Mixed
cellulose ester
Cu electrodes
VCs Starch film + 1.2V - 170
CaCl, mWwW Huaroto et al.,
m~? 2019)

(Ccorahua,

PTFE
Al electrodes
VCS thermoplastic ~560 0.18 17 W (Sarkar et al.,
starch A% mA m2 2019)
PDMS
Carbon tape
electrodes
SE Starch paper ~14V - - (Zhu et al.,
2018)
Wire electrode
VCs Calcium 33V 150nA - (Pang et al.,
alginate film 2018)
Al electrodes
VCS Sodium 1.47V 3.9 nA 3.8 (Liang et al.,
alginate mW 2017)

PVA
Li and Al
electrodes
Cased Alginate/PVA 203.4 17.6 0.98 W  (Jingetal,
hydrogel + \% pA m~2 2020)
CaCl, + borax
PDMS bag
Al electrode
VCs Pullulan + NaF 79V - 41.1

film mW
—2

(Lu et al., 2020)

Kapton
Ag and Al
electrodes

For instance, Ma et al. (2019) associated the reduced electrical perfor-
mance of chitosan dissolved in citric acid TENG after reaching 1:6
(chitosan: citric acid) mass ratio to the decrease of the electron-donating
amino and hydroxyl groups revealed by FTIR spectra. Surface-charge
engineering allows to increase or decrease the triboelectric charge
density by changing the end-functional groups on the friction layers
(Song et al., 2015; Wei, Zhu, & Wang, 2014). For instance, the tribo-
polarity of cellulose can be changed by attaching different functional
groups depending on their electron-giving or -withdrawal nature. For
example, nitro and methyl groups attached to CNF to control its surface
charge (Yao, Yin, Yu, Cai, & Wang, 2017). A clear example is reported by
Yao et al. (2017), where surface charge density of pristine cellulose
nanofiber (CNF) films was -13.3 pC m’z, while nitro-CNF and
methyl-CNF resulted in 85.8 pCm~2 and -62.5 uC m ™2 respectively. This
process enables the development of highly efficient all-polysaccharide
TENGs undergoing simple chemical procedures (Chen, Jiang, Xu, &
Gong, 2019).

Surface morphology is another significant variable in a TENG per-
formance. Studies have stated that larger TENGs (larger contact areas)
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will deliver higher outputs due to the increase of total transferred
charges (Lee et al., 2019). The total contact area can be optimized by
increasing the surface roughness in the friction layers (Vivekananthan,
Chandrasekhar, Alluri, Purusothaman, & Kim, 2020). To address this
issue, many techniques have been reported in the literature, like sand-
paper treatment (Zhao, Zheng et al., 2016), hot embossing (Saadatnia,
Esmailzadeh, & Naguib, 2019), electrospun fiber deposition (Pan et al.,
2018), plasma etching (Kim, Kim, Kwon, Jo, & Kim, 2017), cold
compression (Sriphan & Vittayakorn, 2018) ultrafast laser or added
metallic nanowires (Lee et al., 2019). These methods are not exclusive to
synthetic polymer-based TENGs. For example, Ccorahua, Huaroto, Luyo,
Quintana, and Vela (2019) used sandpaper as a substrate for casting
starch films with rough surfaces. Inductively coupled plasma has effec-
tively enhanced the performance of an ethyl cellulose-based TENG
(Wang et al., 2017). Alternatively, nanostructures can be introduced
into the contact materials, creating nanocomposites with enhanced tri-
boelectrification and conductivity (Wang, 2013). For instance, Kim,
Jeon, Kim, You, and Kim (2018) conducted a filtration process to insert
silver nanowires into a cellulose nanofiber paper that was utilized as
both dielectric layer and electrode. Surface roughness must come hand
in hand with surface robustness (Wang, 2020b). A surface that is too
rough could deteriorate with usage, reducing the lifetime of the TENG
(Chen et al., 2020). Cellulose has proved to be robust enough to with-
stand thousands of cycles and weathering conditions without dimin-
ishing their electrical performance (Bai et al., 2020; Chen et al., 2019).

Some polysaccharide comes with built-in micro- and nano-
structures, mostly fibrils. Various derivatives of cellulose consist of
nanofiber networks (e.g., bacterial cellulose, nanocrystalline cellulose,
nanofibrillated cellulose) that increase the surface roughness of the
material. Researchers have taken advantage of these characteristics to
fabricate rough-surface and highly porous polysaccharide-TENGs (Jung
et al., 2015; Kim, Yim et al., 2017; Sutka et al., 2018).

Many toxics, non-degradable and inorganic compounds are widely
used in smart electronics, compromising environmental safety and
human health (Maiti et al., 2019). The most remarkable characteristics
of polysaccharide-based TENGs are the biodegradability, recyclability
and minimum environmental impact. Lu, Li, Ping, He, and Wu (2020)
fabricated a pullulan-based film for TENG applications that is fully
recyclable while maintaining its performance after reuse. Liang et al.
(2017) developed a sodium alginate-based TENG that dissolves in water
entirely, including the electrodes, based on cascade chemical reactions
without release trace toxic chemicals. The importance of biodegrad-
ability and biocompatibility for biomedical application will be further
discussed in Section 5.3.

Another important characteristic of polysaccharides is their hydro-
philic nature. Hydrophilic surfaces are usually regarded as not suitable
for TENGs as they readily absorb moisture from the air and a thin
monolayer of water molecule might spread over the surface. The pres-
ence of water molecules hinders the charge transfer between the two
surfaces and leads to a decrease in triboelectrification (Li, Shen, Abdalla,
Yu, & Ding, 2017). The decrease in the electric output is due to the fact
that the charge transfer follows an electron pathway. It has been shown
that the transferred charges during triboelectrification could be either
electrons or ions (Lacks & Mohan Sankaran, 2011; McCarty & White-
sides, 2008). Thus, TENGs can be designed to have mobile ions as
additional charges in the triboelectric layers (Chang et al., 2016). Wang
et al. (2018) prepared chitosan-glycerol TENGs for energy harvesting.
They found that the presence of glycerol increases the absorption of
water from the air onto the film surface, enabling the channels of mobile
ions for more efficient transfer of induced triboelectrification charges.

All in all, polysaccharide materials are suitable for TENG develop-
ment. It has been demonstrated that their triboelectric charges are
similar to that of some synthetic polymers (An et al., 2018; Diaz &
Felix-Navarro, 2004). Additionally, polysaccharide materials are
compatible with functional group change procedures and surface
morphology engineering. These two aspects are important to the
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development of high-performance TENGs. Furthermore, these bio-
polymers exhibit excellent degradation, low toxicity and cost-efficiency.
Hence, polysaccharide-based polymers present a promising alternative
for future green electronics.

4. Polysaccharide materials used for TENGs

In order to tackle the environmental problems caused by non-
biodegradable and toxic materials commonly found in electronics, the
development of eco-friendly biopolymer-based devices is of major
concern to the scientific community (Li et al., 2020). Polysaccharides are
key biopolymers for electronic appliances, some applications are
memory devices (Hosseini & Lee, 2015), sensors (Sadasivuni et al.,
2015), transistor-energy devices (Li et al., 2016), polymer electrolytes
(Torres, Arroyo, Alvarez et al., 2019; Torres, Arroyo, & Troncoso, 2019)
and photocatalytic Hp production (Ke et al., 2009). In this section, the
development of a variety of polysaccharide-based TENGs, namely cel-
lulose, chitosan, starch, alginate and pullulan, described in the literature
are reviewed. The overall summary of the polysaccharide-based TENGs
and their electrical performance is shown in Table 1.

4.1. Cellulose

4.1.1. Bacterial cellulose

Bacterial cellulose (BC) is a versatile material produced by some
types of bacterial (Wang, Tavakoli, & Tang, 2019). BC is composed of
different types of nanofiber networks of 20—100 nm in diameter (Klemm
et al., 2011) with remarkable mechanical properties and a wide range of
applications (Torres, Arroyo, Alvarez et al., 2019, 2019b). Some studies
were able to take advantage of these properties for the development of
BC-based TENGs. Kim, Yim et al. (2017) produced BC following stan-
dard procedures (Jeon, Oh, Kee, & Kim, 2010) subsequently made a
uniform bacterial nanocellulose (BNC) film by dissolving the BC in ethyl
acetate and employing ultra-sonication for homogenization before
casting on a copper foil. For the fabrication of a BNC-based TENG, the
BNC cast on copper foil served as the top layer, while a secondary foil
fixed on a flat polyoxymethylene plate as both electrode and a dielectric
layer. They developed a second TENG deemed as a reference by adding a
layer of polyimide (PI), a commonly used dielectric material in TENGs,
as the second dielectric. The open-circuit output peak values of both
BNC-based and reference TENGs were 13 V and 7 V, respectively. Jak-
muangpak, Prada, Mongkolthanaruk, Harnchana, and Pinitsoontorn
(2020) developed a BC film with ZnO nanoparticles that increased the
surface roughness and polarizability. The BC film was assembled with
Teflon and ITO glass layers for the fabrication of a single-electrode
TENG, which exhibited 49.6 V and 4.9 pA of open-circuit voltage and
short-circuit current.

Shao, ping Feng, wen Deng, Yin, and bo Yang (2019) developed a
TENG based on BC nanofiber/BaTiO3 composite film and PDMS as a
dielectric. The BaTiO3 nanoparticles allowed for an increased roughness
of the film. The optimum volume ration of BaTiO3 (13.5 vol%) reached
181 V of open-circuit output voltage and 21 pA short-circuit current.
BaTiO3 significantly enhanced the TENG performance, as the reference
BNC-based TENG achieved up to 120 V and 9.7 pA, thus elucidating a
novel method for increasing triboelectric potential. Oh et al. (2019)
developed a ferroelectric cellulose composite paper containing silver
nanowires and BaTiO3 within a BC matrix. The composite paper served
as a positive triboelectric layer and electrode as it exhibits high electrical
conductivity. In order to enhance the triboelectric potential, the dipoles
in the BC composite were aligned through a poling process consisting of
a sandwich-like setup of nylon films and aluminum plates with the BC
composite in the middle and applying high voltage to the plates. For-
ward poling achieved higher output voltage of 170 V and 9.8 pA of
current.
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4.1.2. Cellulose nanofibrils and cellulose microfibers

Cellulose nanofibrils (CNF) are assemblages of nano-sized (5—60
nm) fibrils (Klemm et al., 2011). Films made from CNF are known for
their transparency, flexibility, surface roughness and appliances in green
electronics (Fang et al., 2014; Jung et al., 2015; Zhu, Xiao et al., 2013),
including the development of TENGs. Yao, Hernandez, Yu, Cai, & Wang
(2016) developed a TENG consisting of CNF (320 pm) and fluorinated
ethylene propylene (FEP) assembled in In,O3 (ITO)/PET substrates. The
device reached open-circuit voltage outputs of 5 V, and short-circuit
current of 7 pA. However, by increasing the dimensions of the TENG
from 1 to 40 cm?, output voltage and current reached a maximum of
32.8 V and 35 pA.

Roy, Ko, Maji, Van Hai, and Kim (2020) enhanced a CNF-PVDF-based
TENG by grafting garlic-extracted allicin onto the CNF film. Surpris-
ingly, the output voltage and current increased in about 6.5 folds
compared to the pure CNF film, while the power density increased from
0.25 to 10.13 pW cm ™2, It was demonstrated that allicin may serve as a
significant cellulose-based TENGs booster. This is mainly attributed to
the exceptional dipolar nature of the sulfoxide group, resulting in
increased surface triboelectric potential.

Yang, Yao, Yu, Li, and Wang (2017) created a highly degradable
aluminum-doped zinc oxide (AZO)-CNF paper-based TENG with
enhanced surfaces by applying a plasma treatment or TiCl, infiltration,
although showing limited voltage and current output compared to other
CNF-based TENGs in the literature. A hybrid CNF-phosphorene paper
was developed by Cui et al. (2017) and used for assembling a TENG with
two gold film electrodes. The TENG showed a relatively low open-circuit
voltage of 5.2 V and a current density of 1.8 pA cm™2. However, the
device was able to withstand exposure to ambient conditions for six
months and slightly degrading its electrical outputs.

A hierarchical nanostructured membrane of cellulose microfibers
(CMF), CNF and silver nanofibers was constructed by He et al. (2018).
Composite membrane served as both friction part and electrode due to
its hierarchical construction. A second FEP-silver electrode layer was
constructed for the assembly of the TENG, which outputted a maximum
of 21.9 V of open-circuit voltage and 0.17 pA of short-circuit current.

I. Kim, Jeon, Kim, You, & Kim (2018) carried out a similar approach
by developing two CNF-silver nanowires papers TENG. The optimized
silver nanowire content allowed a maximum open-circuit voltage of 21
V and 2.5 pA short-circuit current. Lastly, an unconventional design for a
gear-like TENG (Fig. 3a,b) based on CNF and FEP as the friction parts
and copper electrodes was constructed by Zhang, Lin et al. (2019). The
CNF triboelectricity was improved by adding PEI, a glutaraldehyde
crosslinking agent and silver nanoparticle coating, resulting in increased
performance. The silver nanoparticles are observed to be uniformly
distributed on the surface morphology (Fig. 3c). The TENG was assem-
bled with a different number of gear-like structures (Fig. 3d) and tested
different pressure points (Fig. 3e). By increasing the number of gear-like
structures from 1 to 3, the open-circuit voltage drastically increased
from 122 to 286.5 V (Fig. 3f). However, applying pressure at different
angles decreased the overall output voltage to ~27 V (Fig. 3g). Also, the
performance of the gear-like TENG was compared to traditional TENG
with a planar structure constructed with the same materials (Fig. 3h),
proving to be a much more efficient alternative.

4.1.3. Micro- and nanocrystalline cellulose

Microcrystalline cellulose (MCC) is mostly used as a reinforcing
agent with excellent properties, like large specific surface area, thermal
and mechanical improvement and biodegradability (Trache et al.,
2016). Advances in TENG development opted for using MCC or nano-
crystalline cellulose (NCC) as the main component. Chandrasekhar,
Alluri, Saravanakumar, Selvarajan, and Kim (2017) evaluated the per-
formance of an MCC/PDMS-based TENG. The MCC/PDMS layer was
prepared by casting the polymers together. The device worked on ver-
tical contact-separation mode but having the MCC/PDMS film as the
only dielectric layer, assembled with two aluminum film electrodes.
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Fig. 3. Schematic illustration of the gear-like TENG and electrical performances. a) Structure of the gear-like TENG, b) Photograph of the gear-like TENG, ¢) SEM
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When prepared with 5 % wt MCC, the 3 x 3 cm? TENG showed electrical
outputs of 28 V and 2.8 pA. Under a similar structure, Peng et al. (2017)
opted for coating a PDMS film with NCC flakes. The NCC-coated PDMS
layer was set up with two aluminum electrodes for the 1.5 x 1.5 cm?
TENG assembly. Much higher output was reached, with a peak
open-circuit voltage of 320 V and short-circuit current density of 5 pA
em 2. Uddin and Chung (2017) designed a corrugated-core sandwich
TENG that permitted both vertical and lateral-sliding contact after being
subject to a mechanical force. The core consisted of PET with two sub-
sequent outer layers of aluminum and PI and was fixed between two
MCC/aluminum plates. This novel working mechanism exhibited high
electrical output performance and allowed for a more efficient
multi-corrugated core TENG stack.

4.1.4. Ethyl cellulose

Wang et al. (2017) investigated the performance of ethyl cellulose-
(EC) based TENG and a flexible grade 317 L stainless steel (SS) film. The
device consisted of the arc-shaped 317 L SS film (50 pm in thickness) as
the top layer and EC film (37 pm in thickness) coated to a silver plate as
the bottom plate, while silver wires were stuck on the surfaces using
Kapton tape. The EC surface was designed using inductively coupled
plasma (ICP) etching at various etching powers, resulting in increased
surface roughness. Similarly, the 317 L SS surface was enhanced using
lithography technology at various pattern densities. The optimized
performance was achieved with 275 W of etching power, raising to 176
V of open-circuit output voltage and 31.5 pA of short-circuit current. By
adjusting the lithography etching at 4 x 10* per mm?, voltage and

current output reached up to 245 V and 50 pA respectively. Sutka et al.
(2018) compared the electrical performance of porous EC film in contact
with polydimethylsiloxane (PDMS), polymethyl methacrylate (PMMA)
and ITO. The highly porous EC surface was achieved by a fast immersion
precipitation method. EC-PDMS-based TENG output the highest voltage
across a 109 Q load, reaching 45 V. The same TENG was fabricated with
a smooth surface EC, resulting in a voltage reduction to 16 V across the
same load. These results agree with electric performance reported by
Wang et al. (2017), proving that altering the morphology of the
dielectric contact surface could increase the generation of triboelectric
charges.

4.1.5. Cellulose acetate

Cellulose acetate (CA) has been used to prepare highly porous,
surface-rough films with interesting electronic applications (Meng et al.,
2020; Wang et al., 2020). Two studies introduced CA as the main
component of TENGs. Srither, Shankar Rao, and Krishna Prasad (2018)
compared various positively charged materials for a vertical
contact-separation TENG. The results indicated that the pristine cellu-
lose acetate layer had the lowest performances when compared to
Kapton, polyurethane and art paper. These results were associated with
the combined surface roughness of the materials, rather than the
permittivity. Thus, elucidating the need for surface engineering on cel-
lulose layers, as conducted in other studies (e.g., Sutka et al., 2018;
Wang et al., 2017). Bai et al. (2020) constructed a TENG exhibiting
remarkable electrical output based on a CA/PEI composite paired with
low-temperature vulcanized silicone rubber (LTV) and using
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commercial conducting fabric as electrodes due to its flexibility and
lightweight. The 3 x 3 cm? device under optimized CA/PEI mass ratio
and thickness delivered up to 478 V, 6.3 pA cm 2, and 2.21 mW cm™2 of
open-circuit voltage, short-circuit current density and power density
respectively. Moreover, the electrical performance remained stable after
one month in ambient conditions or 10,800 cycles, proving to be highly
durable and reliable.

4.1.6. Nitrocellulose and cellulose paper

Chen et al. (2019) assembled an all-cellulose paper TENG consisting
of crepe cellulose papers and nitrocellulose membrane as friction parts
and copper foil electrodes in a commercial print paper substrate. The
device delivered up to 196.8 V and 31.5 pA even after 10,000 cycles,
proving its high performance and durability. Shi, Huang et al. (2019),
2019b) fabricated polypyrrole (PPy)-coated cellulose papers to be used
as electrodes in an all-cellulose paper TENG. The single inner friction
layer consisted of a nitrocellulose membrane sandwiched between the
arc-shaped PPy-coated cellulose papers. The output voltage was lower
than the one reported by Chen et al. (2019) but with similar stability and
durability after many cycles. Parandeh, Kharaziha, and Karimzadeh
(2019) built a TENG based cellulose paper and a polycaprolactone
(PCL)/graphene oxide (GO) composite. The high performance of the
TENG, reaching up to 120 V open-circuit voltage, 2.5 mA m~2 current
density and 72.5 mW m™2 power density, was attributed to the fibrous
surface nanostructured of the materials.

4.1.7. Wood
Wood-based TENGs have been designed as smart-floor and -surfaces
appliances (He et al., 2017). Hao, Jiao, Chen, Wang, and Cao (2020)
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designed an 8 x 8 cm? wood-based TENG consisting of New Zealand
pine wood and PTFE as the top and bottom layers and a single copper
electrode connected to ground. The pressure plate-like TENG reached
mean output voltage of 220 V and 5.8 pA. Luo et al. (2019) developed a
wood-based TENG under a similar approach. In this case, Balsa wood
underwent a chemical process for the fabrication of a fully flexible wood
layer. Then, it was fixed to a copper electrode connected to ground and a
PFTE layer served as the top layer. The 3 x 3 cm? TENG was tested and
proposed for the fabrication of a smart ping-pong table with sensing
functions that locate the points hit by the ball. The working mechanism
of the proposed smart ping-pong table will be further explained in
Section 5.4.

4.1.8. Aerogels

Aerogels present unique properties, such as non-fluid colloidal
interconnected porous networks, ultra-low density and high specific
surface area (Alwin & Sahaya Shajan, 2020; Du, Zhou, Zhang, & Shen,
2013), giving raise to its introduction to novel TENG development.
Several studies investigated the suitability and performance of cellulose
aerogels as the main component of TENGs. Mi et al. (2018) fabricated a
flexible TENG based on a highly porous CNF/polyethylenimine (PEI)
aerogel and PVDF nanofiber mat layer (Fig. 4a). The 15-110 nm PVDF
nanofibers (Fig. 4b) and CNF nanofibrils (Fig. 4c) deemed for highly
porous surface morphology. The vertical contact-separation mode TENG
(Fig. 4d) was optimized by adding 10 % wt PEI to the CNF and folding 4
layers of PVDF nanofiber mat, raising to 106.2 V and 9.2 pA of
open-circuit voltage and short-circuit current, corresponding to 4.88 W
m 2 of power density. This represents a power density improvement of
97.6 times the original CNF aerogel and single layer PVDF TENG.
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Fig. 4. Schematic illustration of the CNF/PEI TENG, working mechanism and surface morphology. a) Schematic structure of the TENG, b) SEM image of the PVDF
nanofiber mat, ¢) SEM image of the CNF aerogel, d) operating principle of the TENG. Reprinted from (Mi et al., 2018). Copyright (2018) with permission

from Elsevier.
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A similar approach was investigated by Beyranvand and Gholizadeh
(2020) with a multi-layer PDMS, carboxymethyl cellulose (CMC)/PVDF
or PDMS aerogel, PVDF, Kapton and aluminum foil electrodes in various
arrangements. The PDMS/CMC-PDMS aerogel/PDMS/Kapton arrange-
ment resulted in the highest open-circuit voltage of ~14 V and ~0.22 pA
of short-circuit current. Shi, Huang et al. (2019) developed a hybrid
PENG-TENG based on cellulose-BaTiO3 aerogel with aluminum elec-
trode. The single PENG delivered up to 15.5 V and 3.3 pA of output
voltage and current. By coupling a single-electrode TENG to the PENG,
the maximum output voltage reached 48 V. Zhang et al. (2020) fabri-
cated a conventional cellulose II aerogel-PTFE film-based TENG with
aluminum foil electrodes. An open-circuit output of ~65 V was observed
at different frequencies and 1.86 pA at 4 Hz. The cellulose II aerogel
TENG performance was further enhanced by adding other poly-
saccharides, namely chitosan and alginic acid, to the aerogel. Qian et al.
(2019) introduced an all-printed 3D micro/nano hierarchically
patterned structure for a CNF aerogel-PDMS TENG. The silver elec-
trodes, CNF aerogel and PDMS layers were printed directly on PET
substrates and assembled in a vertical contact-separation structure. The
friction layers were printed in three different arrangements in order to
obtain three different contact angles (6 = 90°, 45° and 0°). Results
showed that the printed contact angle influenced the electric perfor-
mance, being 6 = 0° the best performance arrangement. It is suggested
that the contact angle impacts over the effective contact area between
tribo-layers.

4.2. Chitosan

Chitin is a natural biopolymer extracted from crustacean exoskeleton
(Pandey, Singh, Momin, & Bhavsar, 2017). Chitosan is obtained after the
deacetylation of chitin. The deacetylated p-(1,4)-linked D-glucosamine
units may serve as an electron-donating group (Zhang et al., 2020).
Some studies explored various chitosan nanocomposite films as poten-
tial triboelectric layers in vertical contact-separation TENGs with
enhanced properties and performance. Jao et al. (2018) developed a
chitosan-based TENG consisting of a prepared chitosan-glycerol film
with a nanostructure surface and a PTFE layer using aluminum sheets as
electrodes. The optimized TENG allowed for an output voltage of 130 V
with the contact area of 5 x 3 em?. Wang et al. (2018) prepared multiple
nanocomposite films based on chitosan and starch, lignin, glycerol or
acetic acid. The nanocomposite films displayed different characteristics
in terms of surface morphology, stretchability, triboelectric potential
and degradability. The TENG layers consisted of the nanocomposite and
Kapton films attached to copper electrodes. The chitosan nanocomposite
with 10 % acetic acid achieved the best voltage and current performance
due to the electron-donating nature of acetic acid. This agrees with the
results of Yu et al. (2020), in which chitosan, along with lignin, are
regarded as the ideal positively charged biomaterials for TENG appli-
cations. Lastly, an unconventional chitosan-diatom TENG was devel-
oped by Kim, Lee, Kim et al. (2020). The purpose of this nanocomposite
is to improve the performance of the chitosan TENG with diatom frus-
tule due to its nanoporous structure and high surface area. By embed-
ding 0.1 % diatom frustule, the 3 x 4 cm? TENG reached up to 150 V of
output performance and enhanced the average power density in 3.7
times. As evidenced in the studies summarized in this section, chitosan is
considered as one of the preferred positively charged biomaterials and
known to be able to further improve their triboelectric characteristics
under several treatments and synergic additives for conventional TENG
applications. Regarding chitin, Jiang et al. (2018) assembled bio-TENGs
with several biomaterials (i.e. chitin, cellulose, egg white, silk fibroin,
and rice paper) in many arrangements. The chitin-egg white and
chitin-rice paper TENGs delivered the lowest electrical performances in
terms of output voltage and current. This is attributed to the rank of
chitin in the triboelectric series, which is not far enough from the ma-
terials with the highest (egg white) and lowest (rice paper) transferred
charges. Hence, pure chitin is not suitable for the development of highly
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efficient TENGs. To improve the performance of chitin-based TENGs,
materials engineering techniques are required.

Chitosan has also been used for the preparation of hydro- and aer-
ogels. Composite hydrogels were developed by Wang and Daoud (2019),
involving chitosan hydrogel with embedded silver nanowires and
crosslinked by silver or copper ions that served as the electrode. The
hydrogel was sandwiched between PDMS layers as a single-electrode
TENG for human motion harvesting. The model proved to be wash-
able, allowing to regain the loss of performance due to dehydration.
Zheng et al. (2018) prepared chitosan- and CNF-based aerogels for
positively charged layers and PI aerogels or PDMS sponge as negatively
charged layers in various assembles. As a reference, the same setup was
carried out by assembling dense film CNF, chitosan, and PDMS. Inter-
estingly, the aerogel CNF/PDMS and chitosan/PDMS assemblages
enhanced power density 8 and 11 times compared to the dense film
assemblages. Porous chitosan/PDMS aerogels showed the highest elec-
tric performance, outputting 30 V of voltage and 3.4 pA of current.
Additionally, a cellulose II aerogel-based TENG (Zhang et al., 2020) was
further improved by adding chitosan with 82.4 % degree of deacetyla-
tion. The highest cellulose-to-chitosan mass ratio (2:1) resulted in the
best performance. The open-circuit output voltages increased with the
cellulose-chitosan aerogel diameter, being 242 V the highest at 35 mm in
diameter. Interestingly, increasing the aerogel thickness resulted in
improved output performance, which contradicts other studies with
dense biopolymer films (e.g., Ccorahua, Cordero, Luyo, Quintana, &
Vela, 2019, 2019b; Pang et al., 2018). The opposing behavior between
dense and highly porous materials may be attributed to the generation of
triboelectric charges in the surfaces of inner pores due to electrostatic
induction (Jang et al., 2016; Lee et al., 2014). Hence, thicker aerogels
may induce more triboelectric chargers under the increasing surface
area.

4.3. Starch

Ccorahua, Cordero et al. (2019) fabricated a starch-cellulose-based
TENG by extracting starch from Andean white potato (Solanum tuber-
osum) (Fig. 5a) and turned into starch films using sandpaper as a sub-
strate for microstructured surface morphology (Fig. 5b) ranging from
about 50-200 pm in thickness (dielectric 1). The starch films were
coupled to mixed cellulose ester films (dielectric 2) and covered in
aluminum foil as the electrodes. The 4 cm? TENG electric output reached
up to 300 mV when coupled to the thinnest starch film, although the
thicker films lowered the output to about 60 mV. Further research by
Ccorahua, Huaroto et al. (2019) characterized both flat and micro-
structured starch film (Fig. 5c,d) and created a third starch electrolyte
film by adding CaCl; salt and casting the microstructured film under the
same conditions. The dielectric films and aluminum electrodes were
stuck together using double-sided tape. The working model can be
observed in Fig. 5e and a photograph of the starch layer in Fig. 5f.
Similar to their previous results, the electrical output increased with
decreasing starch film thickness, reaching up to 300 mV for a 35 pm
thick film (Fig. 5g). Moreover, the output increased with higher applied
loads (3, 4, 6, 8 and 10 N) and higher frequencies until reaching 4 Hz. It
was observed that frequencies higher than 4 Hz did not make a signifi-
cant improvement in the electrical output. Regarding the electrolyte
starch-based TENGs, the 0.5 % wt/wt CaCl, starch films showed the
highest voltage output and current density, scaling up to three times the
voltage and current output presented by the starch-only TENG. This is
due to the cation/anion balance between the two dielectric layers
influencing over the triboelectric effect when coming into contact. In the
case of CaCly, it has been demonstrated that when added to the dielectric
polymer, it can turn it into a more positive triboelectric material (Ryu
et al., 2017). Hence, an asymmetric pairing of cations and anions can be
reduced by adding salt at the right concentration (polymer electrolytes)
and reaching higher electrical outputs.

A high-output corn starch-based TENG was developed by Sarkar,
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separation; f) Photograph of the starch film layer covered by aluminum foil; g) electric output as a function of starch film thickness. Reprinted from (Ccorahua,

Huaroto et al., 2019). Copyright (2019) with permission from Elsevier.

Kamilya, and Acharya (2019). This TENG consisted of a 0.15 mm thick
corn starch and 0.20 mm PDMS films as dielectric layers coupled to
carbon tapes as electrodes in a vertical contact-separation mode. The 15
cm? TENG was mounted to an arch-shaped PET substrate allowing to
release after applying a mechanical stimulus. The open-circuit output
voltage raised to ~560 V at 0.18 mA. This TENG was able to power over
100 commercial blue LEDs directly and is tested for mechanical energy
harvesting during human walking.

Contrary to the previous starch-based research, Zhu, Xia, Xu, Lou,
and Zhang (2018) built a wearable single-electrode TENG for human
perspiration sensing. The assemble is simple, consisting of starch paper
(~1 mm thick) with a metallic electrode connected to a load. Upon
water spraying, a water network is created and the starch paper’s
resistance is reduced from 19 MQ to 130 KQ after several sprayings. The
output voltage across the load increases with every spray, reaching and
stabilizing at ~14 V after the 5% spray. Similar behavior was observed
after testing the device attached to a human elbow and experiencing
repeated flexion and extension motion, measuring higher voltage out-
puts under longer motion time. It is suggested that presented TENG may
serve for human perspiration and motion sensing. However, the dura-
bility of the device may pose a major frontier to reach this endpoint.

4.4. Alginate

A soluble and recyclable TENG based on sodium alginate (SA) and
PVA as dielectrics and lithium and aluminum electrodes was developed
by Liang et al. (2017) (Fig. 6a). The SA film characterizes for being
transparent, flexible and thin (500 nm) (Fig. 6b,c). The dissolution
process consists of PVA and SA films and lithium electrode dissolving
upon contact with water. The hydrogen gas created by the lithium +
water reaction facilitates the dissolution, while the resulting LiOH reacts
with the aluminum electrode, decomposing it (Fig. 6d). A complete
dissolution is observed after 10 min immersed in water. By working in
vertical contact-separation mode (Fig. 6e), the SA-based TENG outputs
1.47 V and 3.9 nA under finger motion (Fig. 6f,g). The output voltage
increases with amplitude (Fig. 6h,i), and a similar trend is observed with
respect to frequency (Fig. 6j,k). The presented SA-based TENG displays
an interesting breakthrough on eco-friendly devices, as it completely
disappears in an aqueous solution without leaching hazardous chemicals
or materials. Further development must focus on improving the

10

energy-harvesting efficiency.

Pang et al. (2018) opted for calcium alginate- (CA) based TENG by
adding a 5 % (w/w) CaCl; solution to the fabricated SA film. SEM images
revealed rough porous structures on the CA film surface, which is
beneficial for triboelectric power generation. The working model
involved the CA film as the sole dielectric layer (thickness ranging from
50 to 350 pm) and a top and bottom surfaces aluminum electrodes. The
electrical characteristics of the CA-based TENG showed open-circuit
voltage and short-circuit current raising to 38 V and 245 nA respec-
tively. Such output was achieved by using the thinnest CA film, while
thicker films reduced the electrical performance. Degradation tests
indicated a CA film (100 pm) weight loss of almost 100 % after 72 h
immersed in saline water (resembling seawater).

The performance of the cellulose II aerogel-based TENG previously
described was also tested by introducing alginic acid. The carboxylic
acid group present in the f-D-mannuronate and o-L-guluronate units
allows for electron withdrawal in the cellulose-alginic acid composite
aerogel. However, alginic acid content higher than 0.5 % considerable
reduced the output voltage when compared to the reference (pristine
cellulose II aerogel). This trend is due to the electron-withdrawal groups
in alginic acid against the second dielectric layer (PTFE), a tribo-
negative material. These results oppose to the cellulose-chitosan com-
posite aerogel TENG aforementioned (Zhang et al., 2020), mainly
attributed to the electron-donating groups present in chitosan.

Jing et al. (2020) synthesized a transparent and elastic PVA-SA
hydrogel for TENG applications. The hydrogel consisted of 8 % wt
PVA and SA ranging from 1 to 4 % wt. A borax solution (8 % wt) was
mixed with the hydrogel and then immersed in a CaCl; solution (1 mol
L™Y). The resulting hydrogel encompassed borax crosslinked PVA net-
works and calcium crosslinked alginate networks as described by Li et al.
(2018) and Han, Lei, and Wu (2014). Moreover, Na*, Ca™, CI” ions were
present from the CaCl2-alginate exchange and B(OH)4 ions from borax.
The supermolecular networks allowed for improved self-healing prop-
erty and elasticity, while the ions enhanced the conductivity of the
hydrogel. A single-electrode TENG was assembled by filling a PDMS bag
(1 mm interior thickness) with the hydrogel attached to an aluminum
current lead connected to ground and using aluminum as the
tribo-positive counterpart. The highest output voltage (96.6 V) and
current (7.2 pA) was achieved by the 2 % SA hydrogel. By connecting the
current lead to the aluminum layer, the now double-electrode model
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output up to 203.4 V and 17.6 pA. The significant improvement in the
output performance by the double-electrode model is due to the
increased electrostatic potential difference between PDMS and
aluminum when compared to PDMS and ground. Hence, the
double-electrode mode is regarded as optimum.

4.5. Pullulan

Lu, Li, Ping, He, & Wu (2020) investigated the performance and
recyclability of a pullulan-based TENG, including various additives:
glycerol, NaF, trehalose, bovine serum albumin (BSA) and carbox-
ymethyl cellulose (CMC). A pullulan-pure and five pullulan-based films
(64 cm?) were prepared by mixing 7.5 ml (10 % wt) pullulan solution
with 7.5 ml BSA, CMC, glycerol at 1 % wt or 0.1 M in the case of NaF and
trehalose. Kapton film was used as the second dielectric and silver and
aluminum foils as electrodes in a vertical contact-separation mode
(Fig. 7a). All of the additives enhanced the electrical output compared to
the pullulan-pure film (Fig. 7b). Fig. 7c,d display the voltage output of
the six films at 10 Hz and 10 W respectively, and Fig. 7e the output
power with loading resistance ranging from 100 Q to 1 G Q. The highest
open-circuit voltage achieved was 79 V by the NaF-pullulan-based
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TENG, and the lowest by the pullulan pure film (46 V). Importantly,
recycling tests were carried out (Fig. 7f) to evaluate the performance of
pullulan films after reused. It was evidenced that even after five reas-
sembles, the pullulan film remained consistent with respect to open-
circuit output at various loading powers (Fig. 7g,h). Thus, proving to
be high-performance and high recycling potential material for TENG
applications. To the best of our knowledge, this is the only publication
investigating pullulan-based TENGs.

5. Potential applications

In the recent progress of polysaccharide-based TENGs, multiple ap-
proaches and working modes have been carried out. Most researchers
concentrated on the traditional vertical contact-separation mode using
cellulose derivatives, although the electrical performance varied greatly
among studies. It has been discussed that the chemical composition of
each polysaccharide influences over the triboelectric charges they
possess, thus affecting the suitability to be assembled with certain ma-
terials due to similar or opposing chargers. For instance, the p-(1,4)-
linked D-glucosamine units in chitosan serve as strong electron-donating
units due to its amine groups. In contrast, the f-D-mannuronate and a-L-
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guluronate units in alginate have electron-withdrawing carboxylic acid
groups. Regarding other polysaccharides, namely cellulose consists of
B(1,4)-linked D-glucose units, pullulan consists of a-(1,6) and a-(1,4)-
linked maltotriose units, and starch of mainly amylose (a-(1,4)-linked D-
glucose units) and amylopectin (a-(1,4)-linked D-glucose units and o
-(1-6)-branch linkages). Indeed, the right choice of materials is crucial
to increase the electrical performance of TENGs (Zhang et al., 2020).
However, many of the physical and chemical treatments described in the
previous section play an important role in the overall performance of
polysaccharide-based TENGs.

Apart from experimental TENG assemblages and measurements, a
whole spectrum of TENG practical application has been reported in the
literature. Ranging from water, wind, biomechanical energy harvesting,
to wearable self-powered active sensors for medical and health moni-
toring applications, TENGs are proven to be extremely versatile. In this
section, we reviewed the progress in realistic applications of conven-
tional TENGs and discuss the potential and practical applications of
polysaccharide-based TENGs reported in the literature.

5.1. Environmental energy harvesting

Remarkable progress has been made regarding ocean wave, rain-
drop, ultrasonic and wind energy harvesting utilizing TENG technology.
These energy sources are renewable and address the environmental is-
sues caused by fossil fuel consumption. Air-flow energy scavenging can
be achieved by elasto-aerodynamics-driven TENG working on the same
principle as vertical contact-separation mode (Wang, Mu et al., 2015).
The main components of this design, Kapton and PTFE, can be partially
replaced by biopolymer alternatives with similar triboelectric charges
and extended durability and reliability (Bai et al., 2020). For instance,
Srither et al. (2018) designed a flexible CA and PTFE based TENG that
could potentially replace commercial Kapton. Also, Oh et al. (2019)
assembled a BC and PTFE TENG with high electrical performance (i.e.
170 V of open-circuit voltage). By partially replacing synthetic
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materials, the grade of degradability of the device increases, making it
easier for recycling and processing at the end-of-life. Another design of
an undulating film for bidirectional wind energy harvesting included
Kapton as the main component (Quan, Han, Jiang, & Wang, 2016). The
practical viability of replacing the positively charged layer with
polysaccharide-based materials with similar triboelectric charge density
required further research.

Ocean wave and tidal energy harvesting is a major challenge. Most
generators are known for being difficult to manufacture, expensive and
bulky (Tian et al., 2020). Under this context, emerging TENG technology
is a promising alternative for highly efficient and cost-effective water
wave energy harvesting. The proposed designs encompass large-scale
networks of enclosed and freestanding TENG with a rolling ball inside
the enclosure (Wang, Niu et al., 2015) or wave-driven polymer-metal
electrode contact hit by a moving ball in floating setups (Chen et al.,
2015). Regarding polysaccharide-based TENGs, Pang et al. (2018)
designed a PLA case for enclosing their CA-based TENG. The case was
tested for wave energy harvesting in a pool with a set of four springs
holding the top layer of the TENG, showing great potential in blue en-
ergy harvesting.

5.2. Biomechanical energy harvesting and motion sensing

Biomechanical energy refers to the many forms of daily human
motion, like walking, arm and hand stretching, breathing, etc., that
represent a source of mechanical energy that is wasted. Given the
increasing development in wearable and biocompatible TENGs, some
ways of harvesting biomechanical energy have been proposed. One of
the first ways to harvest biomechanical energy that was explored was
through walking. In this case, the first synthetic-based TENGs were
mostly inserted in common shoes and are activated by the press and
release motion while walking (Hou et al., 2013; Huang et al., 2014).
Wearable and stretchable fabrics that induce triboelectric energy are
another common approach to human motion harvesting (Kim et al.,
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2015; Zhou et al., 2014).

For this particular application different polysaccharide-based TENGs
have been developed. Many of the polysaccharide-based TENGs pre-
sented in Section 4 tested the viability of their designs for human motion
and movement sensing and energy harvesting. The CNF aerogel-based
TENG fabricated by Qian et al. (2019) was also used as a human
self-powered motion sensor. The device was attached to the hands and
legs of a person walking, proving to be a viable alternative for providing
bio-feedbacks and physiological evaluation. Kim et al. (2018) developed
a CNF/AgNWs e-paper TENG. Writing and erasing tests on the e-paper
TENG using a pencil and eraser delivered electrical outputs dependent
on the pressure applied for any of these actions. The re-writability of the
e-paper elucidates its potential application for external input sensing.
Kim, Lee, Kim et al. (2020) used the chitosan-diatom TENG for motion
sensing while attached on wrist, elbow, knee and ankle, driven by a wide
range of joint movements. Bai et al. (2020) sewed their CA/PEI-based
TENG to the inner part of a pocket for wearable self-powered sensing.
This pocket showed a response to multiple mechanical stimuli, poten-
tially serving in the field of human-machine interaction. Shao et al.
(2019) integrated their BC TENG to a rehabilitation device based on
hand motion and onto regular clothing. Their approach allowed for
harvesting small mechanical energy from human motion.
TENG-integrated shoes for locomotion energy harvesting is fairly com-
mon. An interesting self-powered charging unit was designed by Chan-
drasekhar et al. (2017). The design integrated a full bridge rectifier,
capacitors and a Li-ion battery to the MCC-based TENG, that worked as
the power source.

5.3. Biomedical and healthcare monitoring

The potential applications of TENGs in the medical field are very
diverse. Synthetic polymer-based TENGs have been designed for cardiac
pacemakers powered by animal breathing (Zheng et al., 2014), electrical
stimulation for cell modulation (Tian et al., 2019), nerve stimulation
(Lee et al., 2017), implantable drug delivery system (Song et al., 2017),
healthcare monitoring (Bai et al., 2014; Zhao, Yan et al., 2016) among
many other appliances. Although TENG technology for biomedical ap-
plications has come a long way, not much has been reported for
polysaccharide-based TENGs. The CMF/CNF/Ag-based TENG by He
et al. (2018) served for breathing monitoring, PMy 5 removal and
excellent antimicrobial activity. To the best of our knowledge, this is the
only study to test the potential healthcare monitoring application of a
polysaccharide-based TENG. Other studies suggested EC-based (Wang
et al., 2017) and sodium alginate-based TENGs (Liang et al., 2017) as
promising alternatives for power solution in biomedical implants, but
without conducting the procedure in vivo.

Ideally, body implantable devices for healthcare monitoring should
be biodegradable and not include materials that may release toxic
chemicals (Maiti et al., 2019). By including polysaccharides as the main
component of biomedical TENGs, the amount synthetic polymers with
potentially toxic chemicals, like flame retardants or endocrine disrupt-
ing substances (Lithner, Larsson, & Dave, 2011), are considerably
reduced.

The biodegradability nature of polysaccharides can be exploited to
design novel TENGs that serve as power source for implantable or
ingestible health care electronics for continuous monitoring or diagnosis
and treatment of the human body. These implantable medical devices
(IMD) include sensors, cardiac peacemakers, and defibrillators, among
others (Jiang et al., 2018). The batteries these IMDs use need to be
removed after their service life is reached. Biocompatible and bio-
absorbable TENGs can be produced using polysaccharides as the friction
layers in combination with inert metals as electrodes. For instant, Jiang
et al. (2018) used cellulose and chitosan as the friction layers of a bio-
absorbable TENG. They used rice paper as substrate and a thin magne-
sium layer as electrode. They were able to adjust the operation time of
this TENG from days to weeks using other bioabsorbable materials for
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encapsulation. The in-vivo tests showed that after completing its func-
tion, this TENG was degraded and fully absorbed in rats.

Other studies tested the hydrolytic degradation of polysaccharide-
based TENGs (Dong et al., 2017; Yang et al., 2017). In general, com-
plete degradation of the TENGs can be achieved in a short period of time.
The main issue with biodegradable TENGs is the rapid loss of perfor-
mance after hydrolytic degradation starts. To tackle this issue, Zheng
et al. (2016) investigated the in vivo biodegradability of bio-TENGs
implanted in rats. The short- and long-term degradability of the
bio-TENGs were controlled by encapsulating the implanted TENGs in
either PVA or poly(L-lactide-co-glycolide) (PLGA). After nine weeks, the
implanted bio-TENGs had biodegraded almost completely in the animal
body. Several polysaccharides have proved to be suitable for
high-performance TENGs with excellent hydrolytic degradation. How-
ever, in vivo studies are still lacking.

5.4. Internet of Things (IoT)

The Internet of Things (IoT) is a technological paradigm of para-
mount networks and interconnected machines and devices (Lee & Lee,
2015). In recent years, the IoT has gained increasing attention from the
scientific community and industry. It is no surprise that with the vast
practical applications and versatility of TENG devices, they are prone to
become one of the major drivers of the IoT. The majority of the “smart
things” and devices proposed in the literature are still in the early stages
of development. However, these may serve as the first step into a fu-
turistic reality of ubiquitous connections.

Chen et al. (2019) printed a small-scale piano keyboard with
nitrocellulose-based TENGs under each tile. The design included bridge
rectifiers and capacitors connected to the TENG as the sole source of
energy and a laptop through a microcontroller. The microcontroller
permitted real-time communication between the keys and the computer,
being able to play simple songs. The concept of smart floors was further
developed by Hao et al. (2020) with a wood-based TENG. They suggest
that smart floors may help track and record the movement of dancers in
large-scale applications. Lastly, Luo et al. (2019) proposed a solution for
a common mistake in referees’ decision in table tennis matches
regarding top or side edge balls. By attaching their flexible wood-based
TENG on the edge and side of the table, the force of the ball hitting the
surface of either will send a signal to determine whether top or side edge
ball happens.

6. Conclusions and future perspectives

In recent years, TENG research has made great progress in all
possible directions. One of the most recent lines of research is the field of
eco-friendly, degradable and waste-free TENGs for sustainable devel-
opment. In this review, we described the current knowledge regarding
polysaccharide-based TENGs, the materials aspects involved in their
development and potential applications in various industrial branches.
In general terms, polysaccharide-based materials showed promising
characteristics for the development of highly efficient and green TENGs.
Many of the synthetic polymers commonly used as dielectric layers can
be replaced by polysaccharide materials as they exhibit similar tribo-
electric charge densities. In addition, polysaccharides are biodegradable
and highly biocompatible. The procedures for enhancing TENG perfor-
mance, such as surface engineering and end-functional group change,
are viable and have been successfully carried out in polysaccharides.
Many studies focused on developing and reporting TENGs based on
cellulose and its derivatives, chitosan, alginate, starch and pullulan. The
overall electrical performance reported by these studies is highly vari-
able. However, surface roughness, conductivity, and triboelectric
enhancement are common ways to achieve the highest performance.
Most studies opted for a traditional vertical contact-separation mode
and a few for the single-electrode mode.

The most significant benefit of polysaccharide-based TENGs is their
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biocompatibility, degradability and negligible environmental impact. In
spite of this, the practical appliances are poorly studied, with only a few
studies carried out tests for the suggested applications. As biomaterials
are recognized for their biocompatibility, the development of bio-TENGs
are of special interest for healthcare monitoring. It is necessary that
future TENG research leans towards sustainable alternatives in realistic
scenarios, including body implantable bio-TENGs, in situ environmental
energy harvesting, wearable high-quality electronics and self-powered
IoT devices. For this matter, polysaccharides are proposed as a suit-
able alternative and it is encouraged to continue studying and devel-
oping TENGs on this line of research.
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