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A B S T R A C T   

The push for green and eco-friendly materials has intensified, driven by the mounting environmental concerns 
associated with traditional petroleum-based products. As land resources shrink and space for development 
narrows, marine biomaterials have emerged as a promising alternative over the past decades. Well-known for 
their vast availability, outstanding biocompatibility, impressive biodegradability, and minimal toxicity, marine 
biomaterials present an ideal foundation for developing eco-friendly triboelectric nanogenerators (TENGs). In 
this review, we present the evolution of TENGs based on marine biomaterials, from their core working principles 
to their multifaceted applications. We begin by elucidating the operational modes and foundational principles of 
TENGs. Next, we highlight the intrinsic qualities and advantages of marine biomaterials commonly utilized in 
TENG designs. Additionally, we discuss approaches adopted to amplify the efficacy of TENGs derived from 
marine biomaterials. A synthesis of documented applications of these TENGs from existing literature is then 
presented. We finally discuss the existing challenges and future directions in marine biomaterial-inspired TENGs.   

1. Introduction 

The ceaseless thirst for energy propels human civilization. Yet, our 
reliance on nonrenewable fossil fuels, which cater to nearly 80% of 
global energy needs, casts shadows of an impending energy crisis and 
environmental dilemmas [1–3]. The rise of emerging technologies like 
artificial intelligence, big data, and the Internet of Things (IoTs) has seen 
a surge in sensor deployments worldwide [4–6]. These sensors, albeit 
individually energy-efficient, cumulatively demand colossal power. 
Current battery technologies falter in sustainability, burdened by 
limited capacity, environmental concerns, and maintenance challenges. 
Hence, it’s pivotal to innovate ways to transform ambient energy into 
electrical power, providing uninterrupted supply. 

Numerous efforts have channeled into harvesting renewable en-
ergies, with mechanical energy, abundant in daily life and less weather- 
dependent, standing out [7–9]. Introduced by Wang’s group in 2012, the 
triboelectric nanogenerator (TENG) capitalizes on the triboelectric 

effect and electrostatic induction [10–15]. TENGs offer 
cost-effectiveness, lightweight designs, user-centric operations, and 
eco-friendliness. They’ve been designed to harness energy from diverse 
sources, including wind, raindrops, and human motions, leading to 
TENG-based sensors serving varied purposes [16–22]. Furthermore, a 
large number of TENG-based self-powered sensors have been developed 
for various applications, such as health monitoring, environmental 
protection, medical care, security check, etc [23–28]. 

A TENG generally comprises three core components: a conductive 
electrode and both positive and negative tribo-materials. Currently, 
popular tribo-materials include synthetic polymers like polytetra-
fluoroethylene (PTFE), polyimide (PI), nylon, and polydimethylsiloxane 
(PDMS), known for their strong triboelectric charge. Yet, these non- 
renewable, non-biodegradable materials pose environmental and 
health threats, limiting their applicability in specific domains [29–33]. 
This necessitates the exploration of sustainable, renewable, and 
eco-friendly tribo-material alternatives. 
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Marine biomaterials, including chitosan, alginate, gelatin, and 
carrageenan, have gained prominence [34–36]. These biomaterials, 
derived from diverse marine sources like plants, animals, and microor-
ganisms, offer broader accessibility and higher yield compared to 
terrestrial counterparts, without encroaching on freshwater or farmland. 
Their excellent biocompatibility, biodegradability, non-toxicity, and 
facile chemical modification have spurred scientific interest [37–40]. In 
2014, Valentini et al. pioneered the use of marine biomaterials, specif-
ically alginate, as tribo-materials in TENGs [41]. Subsequent research 
has proliferated marine biomaterial centric TENGs, marking it as a 
pivotal TENG research area (Fig. 1) [32,42]. Literature suggests that 
marine biomaterials aren’t limited to the triboelectric layer; they’re also 
fundamental in crafting transparent, stretchable TENGs using hydrogel 
electrodes. These TENGs are particularly promising in sectors like en-
ergy harvesting, environmental monitoring, and bio-medical implants. 

In this review, we delve into recent advancements in the materials 
and applications of marine biomaterial-centric TENGs (Fig. 2). We 
commence by outlining the foundational principles and operational 
modes of TENGs. This is followed by highlighting the benefits and 
unique attributes of marine biomaterials frequently employed in TENGs, 
such as chitosan, alginate, gelatin, and carrageenan. We then explore the 
utilization of marine biomaterials in TENG electrodes. Our discussion 
extends to strategies enhancing the efficacy of these TENGs, encom-
passing techniques like physical doping, the design of surface 
morphology, ion incorporation, molecular surface refinement, and the 
layer-by-layer fabrication approach. Subsequently, we shed light on the 
prospective applications of marine biomaterial-driven TENGs in arenas 
like energy collection, innovative textiles, autonomous multifunctional 
sensors, interactive human-machine interfaces, and entirely biode-
gradable short-lived electronics. Finally, we address the prevailing 
challenges and anticipate the future trajectory of marine biomaterial- 
integrated TENG development. 

2. Fundamentals of TENG 

2.1. Working mechanism of TENG 

The triboelectrification (CE) or contact electrification effect – a 
phenomenon prevalent in our daily lives and the natural world, has been 
known for 2600 years. This occurrence is omnipresent across various 
materials, ranging from polymers and metals to semiconductors, and 
interfaces, be it liquid-liquid, solid-solid, or solid-liquid [43,44]. His-
torically deemed a hazard due to its potential to cause discharges or 
explosions, CE has been meticulously avoided in many technological 
applications. Yet, in a game-changing discovery in 2012, Wang’s team 
engineered the inaugural TENG, designed from Kapton film, polyester 
(PET) film, and thin strata of Au alloy films [10]. The underpinning 
mechanism of TENG is the coupling of CE and electrostatic induction, 
where is responsible for triboelectric charge generation on 
tribo-material surfaces, and electrostatic induction facilitates electrical 
output creation. Regular contact and separation of the paired 
tribo-materials yield an alternating current within TENG’s external loop. 
Elaborating on this, Xu and colleagues postulated an 
electron-cloud-potential-well model, encompassing the entirety of CE 
phenomena across materials [45]. As shown in Fig. 3a<I>, prior to 
contact, the electron clouds of two materials remain distinct, with 
electrons firmly anchored to specific orbitals, courtesy of potential 
well-induced local trapping. On contact, a double-well potential, birthed 
from overlapping electron clouds, is observed under mechanical stress 
(Fig. 3a<II>). This leads to a decreased potential barrier, ushering 
electron transfers between atoms. Upon separation, due to energy bar-
riers at ambient temperature, most transferred electrons linger as static 
charges on material surfaces (Fig. 3a<III>). Elevated temperatures 
cause heightened electron energy fluctuations, potentially prompting 
electrons to revert to their original atom or disperse into the atmosphere 
(Fig. 3a<IV>). 

In a 2017 proposition, Wang emphasized the roots of TENG’s 
fundamental principles in Maxwell’s displacement currents, steered by 

Fig. 1. The developments and examples of marine biomaterial-based TENGs. Alginate/GO based TENG. Reproduced with permission. [41] Copyright 2015, 
Wiley-VCH. Recyclable and green TENG. Reproduced with permission. [147] Copyright 2016, Wiley-VCH. Alginate film based TENG. Reproduced with permission. 
[129] Copyright 2018, Royal Society of Chemistry. Chitosan-glycerin based TENG. Reproduced with permission. [141] Copyright 2018, Elsevier. Hybrid ion-
ic/electronic conductive hydrogel based TENG. Reproduced with permission. [92] Copyright 2019, Elsevier. Smart glove with TENG. Reproduced with permission. 
[156] Copyright 2019, National Institute for Materials Science in partnership with Taylor & Francis Group. PVDF-TrFE/chitin based TENG. Reproduced with 
permission. [157] Copyright 2020, American Chemical Society. Fish gelatin based TENG. Reproduced with permission. [124] Copyright 2020, American Chemical 
Society. Chitosan based TENG. Reproduced with permission. [158] Copyright 2021, Wiley-VCH. Seagrass based TENG. Reproduced with permission. [125] Copyright 
2021, Elsevier. Transparent chitosan based TENG. Reproduced with permission. [149] Copyright 2022, Wiley-VCH. Calcium alginate based e-textile Reproduced with 
permission. [134] Copyright 2022, American Chemical Society. Alginate based e-Skin. Reproduced with permission. [143] Copyright 2023, Elsevier. Triboelectric 
visual tactile sensor. Reproduced with permission. [159] Copyright 2023, Wiley-VCH. 
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the time-modulated polarization field and media polarization effects 
[46,47]. Essentially, the surface polarization in flux arises from the CE 
between two distinct dielectric substances. To succinctly represent its 
physical essence and calculate TENG’s power output, a second term, PS, 
was appended to the displacement vector D. Consequently, Maxwell’s 
displacement current formula morphed into 

JD =
∂D
∂t

= ε ∂E
∂t

+
∂Ps

∂t  

where JD is the displacement current, D represents the displacement 
field, and P indicates the polarization field. The first component (ε ∂E

∂t) in 
this equation represents the displacement current from the time altered 
electric field and its induced medium polarization. Conversely, the 
second component (∂Ps

∂t ), known as the Wang term, captures the 
displacement current resulting from the electrostatic charge-induced 
polarization field on surface. This term serves as the conceptual foun-
dation and energy source of TENG. Advancing this, in 2021, Wang 
broadened and amplified Maxwell’s electrodynamics equations, a move 
that might revolutionize wireless communication and precision signal 
processing (Fig. 3b) [48]. 

2.2. The operating modes of TENG 

TENGs operate through four foundational modes, delineated by their 
electrode arrangement and the movement methods of the triboelectric 
layers to actualize the electrostatic induction process [49]. These four 
modes, as shown in Fig. 3c, are: 

2.2.1. Contact-separation (CS) mode 
As the quintessential configuration, this mode features two elec-

trodes and two triboelectric layers (some models use the electrode 
substance for dual purposes: as an electrode and a triboelectric layer). 
The recurrent contact and separation of the two triboelectric layers 
foster a cyclical emergence and obliteration of potential difference be-
tween the two electrodes, subsequently driving an external current to 
equilibrate this potential difference. 

2.2.2. Linear sliding (LS) mode 
This mode engenders triboelectric charges due to the relative lateral 

movement at the contact interface, a departure from the CS mode. LS 
mode TENGs, especially those with a radial grating disk structure, are 
predominantly employed for the capture of rotational energy and flow 
energy from air or water, boasting a significant power output. However, 
their long-term stability remains a concern, as the continuous and high- 
frequency relative sliding of the two triboelectric surfaces can compro-
mise the integrity of the TENG. 

2.2.3. Single-electrode (SE) mode 
This mode employs a solitary electrode. Its design is geared towards 

harnessing energy from objects in free motion, eliminating the 
requirement for electrode affixation. This makes it ideal for creating self- 
powered touch sensors or human-machine interfaces [50]. But a notable 
shortcoming of this mode is its comparatively subdued electrical output, 
owing to the inherent limitations stemming from the electrostatic 
shielding effect of the primary electrode. 

Fig. 2. Outline illustration of the review on marine biomaterial-based TENGs: fundamentals of TENG, strategies for improving performance, bio-electrodes, and 
applications. The major strategies for improving marine biomaterial-based TENG’s performance include physical doping, surface morphology design, ion embedding, 
molecular surface engineering, and layer by layer (LBL) assembly. Applications include energy harvesting, smart textiles, self-powered multifunctional sensors, 
human-machine interface, and transient electronics. 
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2.2.4. Freestanding triboelectric-layer (FT) mode 
This mode encompasses a mobile triboelectric layer and a symmetric 

pair of electrodes. The periodic movement of the triboelectric layer 
between these electrodes prompts electron movement, culminating in an 
alternating current (AC) output. Renowned for its superior energy con-
version efficiency, the FT mode finds applications in diverse arenas like 
wave energy, vibrational energy, and rotational energy harvesting. 

While each mode brings its unique strengths to the table, it’s pivotal 
to acknowledge that TENGs aren’t restricted to just one. In pragmatic 
scenarios, blending various modes offers an avenue to leverage their 
collective benefits, ensuring optimal functionality. 

3. Marine biomaterials used for TENGs 

3.1. The advantages of marine biomaterials for TENGs 

Marine biomaterials, sourced from oceanic life forms like algae, 
seaweed, and shellfish, hold immense promise as eco-friendly alterna-
tives for the upcoming generation of triboelectric devices. A quick 
overview of the recent advancements in marine biomaterial-based 
TENGs and their electrical efficacy can be found in Table 1. The sig-
nificance of marine biomaterials in the realm of TENGs can be distilled 
into the subsequent core benefits: 

3.1.1. Abundant and renewable source 
Oceans, being vast reservoirs of biodiversity, furnish a plethora of 

biomass materials. These marine entities are not only plentiful but can 
also be harvested in an ecologically sustainable manner. Unlike terres-
trial resources, which might entail considerable land utilization and 
pose ecological threats, marine biomass extraction preserves the 
ecological balance. Adding to their appeal, certain marine flora, like 
specific seaweeds, can grow prodigiously, with growth rates out-
stripping many terrestrial counterparts. 

3.1.2. Cost-effectiveness and scalability 
Marine biomaterials score high on economic viability due to their 

plenitude and easy accessibility, especially when juxtaposed with non- 
renewable resources. Their easy procurement, coupled with minimal-
istic processing requirements, ensures they are economically advanta-
geous for TENG applications. Given their simplicity in production and 
processing, they also present a viable avenue for upscale TENG 
production. 

3.1.3. Prominent biodegradability 
With electronic waste burgeoning as a critical environmental chal-

lenge, marine biomaterials, inherently biodegradable, offer an eco- 
responsible solution. The current ecological zeitgeist underscores the 
urgency for sustainable electronics, and marine biomaterials, with their 
decomposition abilities, contribute towards an ecologically benign 

Fig. 3. Fundamental mechanism and theory of TENGs. (a) The electron cloud overlap model for contact-electrification. Reproduced with permission. [45] Copyright 
2018, Wiley-VCH. (b) A comparison of the Maxwell’s equations for stationary media and moving charged media. Reproduced with permission. [48] Copyright 2022, 
Elsevier. (c) The four fundamental working modes of TENGs. 
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electronic lifecycle. 

3.1.4. Amplified modifiability 
To enhance TENGs’ power generation capabilities, chemical 

modification is pivotal. Marine biomaterials, replete with functional 
groups like carboxyl (-COOH), amino (-NH2), and hydroxyl (-OH), are 
primed for facile modifications. Introducing electron-donating or with-
drawing groups becomes simpler with these materials, furthering TENG 

Table 1 
Research progresses of marine biomaterial-based TENGs.  

Materials TENG 
mode 

Applications Output voltage Output current Power density 
/loading resistance 

Ref. 

Alginate CS mode Self-powered sensors 21 V 0.48 μA 2.55 mW/m2/ 
700 kΩ 

[162] 

SE mode Infant care 5 V / / [138] 
CS mode Self-powered fire location system 3 V / / [134] 
SE mode Energy harvesting 145 V 8.7 μA / [163] 
SE mode Energy harvesting and sensing 203.4 V 17.6 μA 0.98 W/m2/ 

4.7 MΩ 
[87] 

CS mode Energy harvesting 2.8 V 19 nA / [147] 
CS mode Energy harvesting 100 V 0.35 nA / [160] 
CS mode Wave energy harvesting 33 V 150 nA / [129] 
CS mode Energy harvesting 288 V 40 nA 70.4 μW/cm2/ 

10 MΩ 
[125] 

CS mode Self-powered sensor 520 V 40 μA / [116] 
Chitosan CS mode Energy harvesting 77 V 13 μA 22.4 μW/cm2/ 

5 MΩ 
[164] 

CS mode Energy harvesting 149 V 15 μA / [114] 
CS mode Energy harvesting 9.7 V 393 nA / [165] 
CS mode Self-powered gesture recognition 250 mV / / [156] 
CS mode Self-powered pressure sensor / 500 nA 420 nW/cm2/ 

100 MΩ 
[157] 

CS mode Human motion detection 38 V 200 nA 3.3 mW/m2/ 
200 MΩ 

[166] 

CS mode Self-powered sensor 132 V 14 μA / [141] 
CS mode Energy harvesting 55 V 0.6 μA 21.6 mW/m2/ 

67 MΩ 
[167] 

CS mode Human motion monitoring 145 V 1.03 μA 15.7 mW/m2/ 
100 MΩ 

[95] 

CS mode Self-powered tremor sensor 105 V 4 μA / [137] 
CS mode Self-powered acetone sensor 0.7 V / / [168] 
FT mode Humidity detection 12 V / / [169] 
CS mode Self-powered tactile sensor 198.2 V / 2.1 W/m2/ 

10 MΩ 
[159] 

CS mode Self-powered car speed sensor 16 V 30 nA / [121] 
SE mode Self-powered sensor 50 V 0.3 μA / [149] 
CS mode Energy harvesting 247.2 V / 1.57 mW/cm2/ 

1 MΩ 
[103] 

CS mode Human machine interface 165 V 1.4 μA 160 mW/m2/ 
1 GΩ 

[170] 

SE mode Energy harvesting 107.7 V 10.6 μA 156 mW/m2/ 
9 MΩ 

[171] 

CS mode Energy harvesting 18 V / / [158] 
SE mode Self-powered sensor 31.3 V 1.8 μA 15.8 mW/m2/ 100 MΩ [135] 
SE mode Energy harvesting 150 V 30 μA 2.0 W/m2/ 

10 MΩ 
[92] 

CS mode Energy harvesting 1.3 V 9 nA / [108] 
SE mode Sitting posture monitoring 158 V / / [172] 
CS mode Human motion monitoring 168.2 V 7.6 μA 107.5 mW/m2/ 

10 MΩ 
[173] 

CS mode Smart fabric 1.24 V 110 nA 120 mW/m2/ 
2 kΩ 

[174] 

SE mode Self-powered written stroke recognition 182.4 V 4.8 μA 1.25 W/m2/ 
100 MΩ 

[64] 

CS mode Human motion and car movement monitoring 1080 V 27 μA 5.07 W/m2/ 
300 MΩ 

[175] 

Fish gelatin SE mode Energy harvesting and tactile sensing 22 V 400 nA 2.9 μW/cm2/ 
140 MΩ 

[176] 

CS mode Energy harvesting and human movement sensing 130 V 0.35 μA 45.8 μW/cm2/ 
10 MΩ 

[124] 

SE mode Human machine interface 105 V 7 μA / [177] 
CS mode Human movement sensing 500 V 4 μA 100 μW/cm2/ 

100 MΩ 
[113] 

CS mode Self-powered ammonia gas sensor 400 V 50 μA / [140] 
Carrageenan CS mode Self-powered breathing sensor 12.5 V 0.5 μA / [83] 

CS mode Energy harvesting 17 V / 0.15 mW/m2/ 
10 MΩ 

[115] 

SE mode Self-powered touch screen sensors 347.5 V 0.98 μA / [88] 
CS mode Human machine interface 80 V / 20 μW/cm2/ 

100 MΩ 
[161]  
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optimization. 

3.1.5. Distinctive material properties 
The intrinsic traits of marine biomaterials, such as alginate’s solu-

bility and filmogenic properties, make them impeccable for TENG ap-
plications. Marine biomaterials’ innate attributes–lightweight nature, 
flexibility, transparency–dovetail perfectly with the prerequisites of 
wearable TENGs. Furthermore, their biocompatibility ensures they meld 
seamlessly with living systems, marking them as ideal for biocompatible 
TENGs employed in medical devices and wearables. 

3.2. Properties of marine biomaterials as triboelectric layers 

3.2.1. Alginate-based materials 
Alginate is a widely used natural hydrophilic polysaccharide found 

within the cell wall matrix of diverse brown algae, serving a crucial 
function in enhancing the structural integrity of the cell wall. Alginate 

has gained extensive utilization in various industries [51,52], including 
the food and textile sectors, as well as the realm of medicine [53–55], 
owing to its exceptional attributes such as non-toxicity, biocompati-
bility, biodegradability, and affordability. Sodium alginate (SA) is one of 
the most widely used derivatives of alginate, and the molecular weights 
of commercially available SA range from 32, 000–400, 000 g/mol [56]. 
Chemically, the main structure of alginate is composed of two mono-
meric units: β-D-mannuronic acid (M unit) and α-L-glucuronic acid (G 
unit), which are homogeneously (MM or GG) or heterogeneously (MG or 
GM) linked through 1–4 glycosidic bonds (Fig. 4a). The content of the M 
unit and G unit, as well as their distribution in the polymer chain, are 
determined by the source of alginate, seasonal conditions, and extrac-
tion processes. These factors play a significant role in influencing the 
structures, molecular weights, and physicochemical properties of algi-
nate. There are many free hydroxyl (-OH) and carboxyl (-COOH) groups 
distributed along the backbone of alginate, which renders it an optimal 
choice for chemical functionalization. So far, oxidation, sulfation, 

Fig. 4. Source and molecular formula of polysaccharides from marine organisms. (a) The source and molecular formula of sodium alginate. Reproduced with 
permission. [57] Copyright 2011, Elsevier. (b) The source and molecular formula of chitosan. Reproduced with permission. [59] Copyright 2017, Frontiers Media SA. 
(c) The source and molecular formula of gelatin. Reproduced with permission. [65] Copyright 2014, Elsevier. (d) The source and molecular formula of carrageenan. 
Reproduced with permission. [72–74] Copyright 2022, Wiley-VCH. Copyright 2014, Elsevier. (d) The source and molecular formula of carrageenan. Copyright 
2009, Elsevier. 
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esterification, amidation, and grafting methods have been developed to 
modify the properties of alginate [57], such as solubility, hydropho-
bicity, and physicochemical characteristics. More importantly, alginate 
macromolecules can be easily used for the chelation of metal ions, such 
as Ca2+, Fe3+, Co2+, and Ni2+, forming a so-called “egg-box” structure, 
in which metal ion interacts with the G unit of two adjacent alginate 
macromolecules [58]. In 2014, Valentini et al. pioneered the application 
of alginate for TENGs [41]. They prepared Alginate/Graphene oxide 
hybrid films by solvent casting and served as the triboelectric layer in 
the TENG device. As an early-stage alginate-based triboelectric device, it 
showed a relatively low short-circuit current density of 1 × 10–4 

mA⋅cm–2, accompanied by an open-circuit voltage of 1.3 V. 

3.2.2. Chitosan-based materials 
Chitin stands as the world’s second most abundant natural 

biopolymer after cellulose, which predominantly occurs in the outer 
skeleton of various shellfish, including crab, lobster, shrimp, and other 
crustacean shells. Chitosan is a linear polysaccharide compound con-
sisting of β-(1− 4) linked D-glucosamine and N-acetyl-D-glucosamine 
(Fig. 4b) [59]. The process of extracting chitosan involves two main 
stages: chitin extraction and chitin deacetylation [60]. Chemical hy-
drolysis and enzymatic treatment represent the primary techniques used 
to deacetylate, in which the hydrophobic acetyl groups are transformed 
into reactive and hydrophilic amino groups. Generally, the polymer with 
a degree of deacetylation (DD) beyond 50% is defined as chitosan, and 
less than 50% is considered chitin [61,62]. Most commercial chitosan 
has DD values in the range of 70%–90%. Among all the different pa-
rameters, DD and molecular weight exert the most significant influence 
on numerous physicochemical and biological properties of chitosan, 
such as solubility, flexibility, tensile strength, crystallinity, and so on 
[63]. Chitosan has made significant advances across various fields such 
as medicine, agriculture, and water engineering. More importantly, due 
to the existence of widely distributed amino groups with superior 
electron-donating ability, chitosan can be used as an excellent positive 
tribo-material for TENGs [31,32]. For instance, Zhang et al. reported a 
high-performance TENG based on a flexible and transparent chitin film, 
which tends to lose electrons and is positively charged easily [64]. The 
optimal chitin film based TENG exhibited great potential for energy 
harvesting and tactile sensing. 

3.2.3. Fish gelatin-based materials 
Gelatin is a water-soluble natural biopolymer obtained through heat 

denaturation and partial hydrolysis of collagen, which is abundantly 
contained in the bones, cartilage tissues, and skin of animals. Gelatin is 
basically composed of an abundant array of glycine, proline, and 4-hy-
droxy proline residues (Fig. 4c), with an elemental composition of 
17% nitrogen, 25.2% oxygen, 6.8% hydrogen, and 50.5% carbon [65]. 
Gelatin is usually pale yellow or transparent, odorless, tasteless, and 
soluble in glycerin, hot water, and organic solvents such as citric acid 
[66]. It finds extensive applications in various fields, including 
biomedicine, food industry, packaging, pharmaceuticals, cosmetics, and 
photography. The global demand for gelatin is expected to reach 650 
kilotons with a market of 4 billion US dollars by 2024 [67]. Generally, 
gelatin can be classified into two types depending on the pre-treatment 
of collagen: type A gelatin and type B gelatin [68–70]. The acid treat-
ment gelatin known as Type A, derived from pig or fish skins, possesses 
an isoelectric point within the pH range of 6–9. Type B refers to alkaline 
treatment gelatin sourced from bovine hides, possessing an isoelectric 
point at pH 5. Approximately 71% of commercial gelatin is extracted 
from porcine skins and bovine hide due to their low-cost and substantial 
availability. However, the effects of bovine spongiform encephalopathy 
(BSE), foot-and-mouth disease (FMD), and swine influenzas have raised 
concerns about the utilization of gelatin extracted from these sources. 
Furthermore, pork-based gelatin has been restricted in Muslim and 
Jewish countries and communities, and bovine-derived gelatin is 
vulnerable to Hindu believers. Therefore, fish gelatin, derived from fish 

skins, scales, and bones, has received much attention as alternative 
source. As a bio-tribo-material, fish gelatin contains abundant amino 
acid residues with electron donor groups, endowing fish gelatin with a 
strong electron-losing ability during the friction process. 

3.2.4. Carrageenan-based materials 
Carrageenan is an anionic sulfated polysaccharide derived from the 

extracellular matrix of red algae seaweeds such as Chondrus, Eucheuma, 
Gigartina, and Hypnea. Structurally, it is formed by α-1,3 and β-1,4- 
glycosidic linkage of galactose residues i.e. D-galactose and 3,6-anhy-
dro-D-galactose [71]. Carrageenan typically possesses ester sulfate 
content ranging from 15% to 40% and an average molecular weight 
exceeding 100 kDa. According to the number and position of the sulfate 
groups, carrageenan is divided into seven main types named after the 
Greek letters, among which κ-carrageenan, ι-carrageenan, and λ-carra-
geenan are the three major industrially important types (Fig. 4d) 
[72–74]. All types of carrageenan can dissolve in hot water to form a 
viscous transparent or slightly opalescent fluid solution, and their sol-
ubility is positively related to the content of sulfate units. It should be 
noted that λ-carrageenan can dissolve in cold water, but other types of 
carrageenan can only be dissolved in cold water by mixing certain metal 
ions. A unique physicochemical characteristic of carrageenan is its 
gel-forming ability. Below a critical temperature, the conformation of 
k-carrageenan and ι-carrageenan molecules in solution change from a 
random coil to helices, and eventually forms a 3-dimensional spanning 
network [75–77]. Unlike the k-carrageenan and ι-carrageenan, the 
λ-carrageenan is unable to form a gel and merely exhibits viscous 
behavior at all temperatures [78]. Due to the above-mentioned prop-
erties, carrageenan has aroused wide concern and has been widely used 
in various fields such as the food industry, pharmaceuticals, adsorption, 
biomedicine, printing, and electronics [78–82]. For example, Chen et al. 
reported a carrageenan-based double-network ionic hydrogel film with 
remarkable stretchability (>1100%) and commendable transparency 
(>80%) [83]. This film can be used as both the flexible electrode and a 
triboelectric layer and was combined with a fluorinated ethylene pro-
pylene film to form a self-powered tactile sensor. The main character-
istics of marine biomaterials used in TENG are summarized in Table 2. 

3.3. Marine biomaterials as triboelectric electrodes 

Apart from the triboelectric layer, the electrode is also one of the 
most important components of TENG, which are usually conductive 
films (metal, graphene, conductive polymer, hydrogels, etc.). In general, 
electrodes in common TENGs haven’t any special requirements apart 
from their conductivity. Nevertheless, for flexible and wearable appli-
cations, electrodes utilized in TENGs must fulfill several requirements: i) 
flexibility and stretchability to harvest human motion energy; ii) non- 
toxicity to guarantee the well-being and safety of users; iii) trans-
parency for the visual transmission of information and esthetic purposes. 
Hydrogels, composed of highly deformable three-dimensionally cross- 
linked polymer networks and mobile ionic charge carriers, are the ideal 
choice for flexible TENGs with unique advantages such as high trans-
parency, good conductivity, excellent stretchability, great biocompati-
bility, as well as easy integration with human skin [84–86]. 

Many marine biomass materials, such as alginate, carrageenan, and 
gelatin, have excellent gel-forming properties. These materials can 
absorb and retain large amounts of water, providing the hydrogel with 
its characteristic gel-like consistency. Jing and coworkers developed a 
self-healing dual-network hydrogel combined with dual-cross-linked 
poly(vinyl alcohol) (PVA) and SA (Fig. 5a) [87]. This innovative 
hydrogel was utilized as an ionic electrode in TENGs. Boronic ions play a 
crucial role in promoting the creation of a borax cross-linked PVA 
network, while Ca2+ ions induce the formation of a calcium cross/lined 
alginate structure. Attributed to the abundant reversible ionic bonds and 
hydrogen bonds, the hydrogel exhibits remarkable stretchability, 
capable of stretching up to 1000% strain, and it efficiently recovers from 
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mechanical damage upon healing for 60 min. By optimizing the con-
centration of SA, the TENG exhibited a high output performance even 
though it was stretched to 200% of its original length, and it could easily 
power small electronics. In another similar work, Li et al. developed a 
self-healing polyacrylamide (PAM)/carrageenan double network (DN) 
hydrogel-based TENG [88]. As shown in Fig. 5b, the damaged DN 
hydrogel almost self-healed after 30 min with heating at 95 ℃ due to the 
unique thermally reversibility of k-carrageenan. Although the mechan-
ical properties of the self-healed PAM/carrageenan DN hydrogel showed 
a significant decline compared with the original device, the output 
voltage of the fabricated TENG hardly deteriorates after self-healing. 

For the majority of demonstrated flexible hydrogel-based TENGs, 
their output performance is limited by poor temperature tolerance [85, 
89,90]. In cold environments, large amounts of water inside hydrogels 
will be frozen, which will affect the electrical conductivity of the 
hydrogel, thus affecting the output performance of the TENG. To solve 
this problem, Wu et al. developed an anti-freezing gelatin/NaCl orga-
nohydrogel (GNOH) using a simple facile immersion technique in a 
glycerol/water binary solvent (Fig. 5c) [91]. The common gelatin 
hydrogel was completely frozen and transformed into a solid resembling 
ice with a white opaque appearance. In contrast, the GNOH was able to 
remain good mechanical strength and electrical conductivity even when 
exposed to extremely cold conditions (maintained at − 20 ℃ for 24 h). 
Such a phenomenon can be attributed to the plentiful hydrogen bonds 
formed among water, glycerol, and gelatin. Thanks to the good 
anti-freezing ability of GNOH, the fabricated TENG demonstrates 
remarkable electrical output performance, enabling the efficient power 
supply to portable electronics, even under an extremely cold tempera-
ture (− 20 ℃). 

In comparison with metal electrodes, hydrogel exhibits a relatively 
lower level of conductivity. For the TENG application, the electrical 
conductivity significantly affects the charge induction and electrical 
transmission during the contact and separation cycles. Therefore, 
enhancing the conductivity of hydrogels becomes imperative. Nowa-
days, many approaches have been proposed to improve the conductivity 
of hydrogels, such as the addition of small salt molecules, conducting 
polymers, and metal materials. In Fig. 5d, Wang et al. combined an 
AgNW suspension with chitosan (CS) solutions, resulting in the forma-
tion of AgNW-embedded CS mixtures [92]. Subsequently, AgNO3 or 
CuSO4 solution was dropped on the mixture to produce interwoven 
structured CS hydrogels via complexation of functional groups of –OH 
and –NH2 on chitosan chains with Ag+ or Cu2+ cations. By optimizing 
the AgNWs concentration and precise selection of complexation metal 
ions, the fabricated hydrogel presented a high conductivity of 4.8 
mScm− 1 (AgNWs-0.05%@CS/Ag). Furthermore, a sandwich-structured 
TENG was built with the hydrogel and PDMS to harvest motion energy. 

In addition to hydrogel electrodes, the researchers have also devel-
oped marine biomass material-based laser-induced graphene (LIG) 
electrodes for TENG. Chitosan, with its hexagonal pyran ring serving as 
the fundamental structural unit, exhibits remarkable flame-retardant 
characteristics that form the foundation for the formation of LIG. As 
shown in Fig. 5e, three kinds of chitosan-based derivatives, including 
carboxymethyl chitosan (CMCS), chitosan oligosaccharide (COS), and 
chitosan hydrochloride (CSHC), were selected as carbon sources and 
converted into LIGs by a commercial infrared CO2 laser [93]. The ob-
tained LIGs exhibited good electrical properties with a low sheet resis-
tance of 12.7 Ω sq− 1, thereby they were used as electrode materials for 
TENG. However, it should be noted that LIGs have a porous and inter-
connected structure that can be prone to mechanical degradation or 
disintegration under certain conditions, limiting their long-term stabil-
ity and durability. 

4. Strategies for improving marine biomaterial-based TENG 
performance 

In recent years, due to the unique merits of marine biomaterials, they 
have attracted many researchers’ attention in the field of TENGs. 
However, compared with the traditional tribo-materials, marine bio-
materials usually have poor triboelectric performance which may limit 
the output performance of TENGs. It is critical to highlight that the 
output power of TENG is directly linked to the square of triboelectric 
charge density generated on contact surfaces. Thus, many studies have 
been conducted to augment the triboelectric charge density of marine 
biomaterials, thereby enhancing the output performance of TENG to 
make it a stable and sustainable power source for a wide range of ap-
plications. This section aims to make a detailed summary of reported 
methods for improving the output performance of marine biomaterial- 
based TENG. 

4.1. Physical doping 

One simple and effective strategy to enhance the output performance 
of TENGs is physical doping, in which nanomaterials are added to base 
materials to form composite materials. Some nanomaterials have strong 
electron-donating or electron-withdrawing capabilities, which can 
directly affect the surface charge density of the composite during contact 
electrification. Liu et al. developed TENGs using a composite of natural 
vermiculite (VMT) nanosheets with alginate fibers (Fig. 6a) [94]. A 
simple crushing and stripping method was applied to fabricate VMT 
nanosheets. The obtained VMT nanosheets exhibited a negatively 
charged nature because some trivalent Al3+ partially replaces the central 
tetravalent Si4+ of the tetrahedral silicate in VMT. The output voltage 

Table 2 
Characteristics of marine biomaterials used in TENGs.  

Materials Sources Main moieties Physicochemical properties Extraction processes 

Alginate Brown algae (1,4)-linked β-D-mannuronic acid 
and (1,4)-linked α-L-glucuronic 
acid 

Alginates have good water solubility and are known to 
form viscous solutions or gels. Alginates can efficiently 
bind divalent cations. 

(i) acidification of seaweeds; (ii) alkaline 
extraction using Na2CO3; (iii) solid/liquid 
separation; (iv) precipitation and (v) drying 

Chitosan Shrimp and 
crab 

β-(1–4) linked D-glucosamine and 
N-acetyl-D-glucosamine 

Chitosan is mainly characterized by the deacetylation 
degree and the molecular weight. Chitosan has poor 
solubility in water and most organic solvents, but it is 
soluble in most aqueous acid solutions. Chitosan films 
exhibit poor mechanical properties and low thermal 
stability. 

(i) demineralization; (ii) deproteinization; 
(iii) deacetylation 

Fish gelatin Fish skins, 
scales, and 
bones 

glycine, proline, and 4-hydroxy 
proline residues 

Fish gelatin is usually pale yellow or transparent, odorless, 
tasteless, and soluble in glycerin, hot water, and organic 
solvents 

(i) pretreatment of the raw material; (ii) 
extraction of the gelatin; (iii) purification and 
drying 

Carrageenan Red algae (1,3) linked α-D-galactopyranose 
and (1,4) linked β-(3,6-anhydro)- 
D-galactopyranose 

All types of carrageenan can dissolve in hot water to form a 
viscous transparent or slightly opalescent fluid solution. 
λ-carrageenan can dissolve in cold water, but other types of 
carrageenan can only be dissolved in cold water by mixing 
certain metal ions. 

(i) hot alkaline treatment; (ii) ethanol 
precipitation  
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and current of the TENG with a composite film filled with 5 g VMT 
nanosheets reached a peak value of 270 V/1 μA, while that of the pure 
alginate fiber film was only 120 V/0.4 μA. Kim et al. designed a 
remarkably enhanced biofriendly chitosan-based TENG using a highly 
porous diatom frustule as a biocompatible additive (Fig. 6b) [95]. Due to 
the high surface area, micro/nanoscale particle size, and high porosity, 

the diatom frustule can significantly enhance electro-positivity and 
surface properties of the composite film. The chitosan-diatom-based 
TENG demonstrated an impressive power density of 15.7 mW/m2, sur-
passing the power density of pure chitosan by 3.7 times. 

Another kind of commonly used filler is high dielectric nano-
materials, such as SiO2, TiO2, and CaCu3Ti4O12 (CCTO), which can 

Fig. 5. Marine biomaterials as triboelectric electrodes. (a) A Self-healing dual-network hydrogel combined with dual-cross-linked PVA and SA with good tensile 
properties. Reproduced with permission. [87] Copyright 2020, American Chemical Society. (b) A self-healing PAM/carrageenan double DN hydrogel-based TENG. 
Reproduced with permission. [88] Copyright 2022, Elsevier. (c) An anti-freezing gelatin/NaCl organohydrogel (GNOH) using a simple facile immersion technique in 
a glycerol/water binary solvent. Reproduced with permission. [91] Copyright 2022, Elsevier. (d) By optimizing the concentration of AgNWs and precisely selecting 
the complex metal ions, the hydrogels with excellent properties were prepared, and a sandwich structure TENG was constructed with hydrogels and PDMS to collect 
movement energy. Reproduced with permission. [92] Copyright 2019, Elsevier. (e) Marine biomass material-based LIG electrodes for TENG. Reproduced with 
permission. [93] Copyright 2023, American Chemical Society. 
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augment the relative permittivity of the base material [96–98]. This 
promising approach can be effectively applied to optimize marine 
biomaterial-based TENGs as well. For example, Yar et al. filled chitosan 
with various natural clays, including sepiolite, bentonite, and kaolin. 
The experimental results demonstrated that the clay particles have a 
substantial impact on the dielectric constant of the composite film. The 
output voltage of chitosan-based TENG with 3 wt% sepiolite, 1 wt% 
bentonite, and 1 wt% kaolin reached a peak value of 863, 996, and 
963 V, while that of the pure chitosan film was only 400 V. Except for 
the high dielectric nanomaterials, conductive materials can also be used 
to enhance the relative permittivity of base materials [99–101]. A good 
example of this case was that Zhang et al. developed TENGs using a 
composite of AgNWs with chitosan [102]. As shown in Fig. 6c, single 
AgNWs were uniformly dispersed across the composite film, creating 
numerous parallel microcapacitors between adjacent AgNWs wrapped 
by the chitosan. With the increase of AgNWs content, the dielectric 
constant of composite films exhibited an increasing trend, and a 
maximum short-circuit current of 2.3 uA was achieved when the content 
of AgNWs is 0.20%. 

Additionally, by filling piezoelectric materials into the base material, 
a hybrid piezo/triboelectric nanogenerator can be created, resulting in a 
significant enhancement of their output performance. Pongampai et al. 
synthesized piezoelectric BaTiO3 nanorods (BT-NRs) via the salt flux- 
assisted method (Fig. 6d) [103]. The BT-NRs were treated with stearic 
acid to improve their dispersion in the chitosan matrix. When the weight 
of the BT-NRs is 7 wt%, the open-circuit voltage and short-circuit cur-
rent reach the maximum values of 111.4 V and 21.6 μA/cm2, respec-
tively, which are 1.8 and 1.6 times greater than those of the TENG built 
with pure chitosan. The hybrid nanogenerator essentially generated its 
electrical output through the combination of two primary phenomena. 
One source of the electrical generation arose from the triboelectricity of 
the TENG in vertical contact-separation mode. Simultaneously, a second 
source emerged as piezoelectric charge induction within the 
chitosan/BT-NRs composite film during the compressing state. There-
fore, the introduction of piezoelectric additives can improve the total 
electrical output performance of the TENG. 

Fig. 6. Physical doping of marine biomaterials. (a) Developed TENGs using a composite of natural VMT nanosheets with alginate fibers. Reproduced with 
permission. [94] Copyright 2023, Springer nature. (b) A remarkably enhanced biofriendly chitosan-based TENG using a highly porous diatom frustule as a 
biocompatible additive. Reproduced with permission. [95] Copyright 2020, Elsevier. (c) Developed TENGs using a composite of AgNWs with chitosan. Reproduced 
with permission. [102] Copyright 2023, Royal Society Of Chemistry. (d) Piezoelectric BaTiO3 nanorods (BT-NRs) via the salt flux-assisted method. Reproduced with 
permission. [103] Copyright 2021, Elsevier. 
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4.2. Surface morphology design 

The surface morphology of the two frictional interfaces is a critical 
parameter in determining the surface charge density of triboelectric 
layers. Enhancing the output performance of TENG can be significantly 
achieved through surface morphological modifications. Researchers 
have used various manufacturing techniques to construct micro/nano-
structures on the friction surface [104–107], which can effectively 
improve the surface roughness of the triboelectric layers, leading to a 
substantial increase in their effective contact area. 

For optimized triboelectric power generation, Wang et al. introduced 
a laser treatment method to modify the surface properties of pure chi-
tosan films [108]. As shown in Fig. 7a, the focused laser beam has the 
capability to induce nanoscale wrinkles on the chitosan film surface, and 
the surface morphology became coarser as the laser pulse count 
increased. After undergoing laser processing, the TENG experienced a 
notable enhancement in both output voltage and current, and the 

highest values were achieved when the chitosan film was treated by 
4200 pulses. However, continuing to increase the number of pulses 
could cause the film to heat up excessively and promote surface charge 
diffusion in the chitosan film, resulting in less efficient TENG outputs. 
Furthermore, Zheng et al. utilized the freeze-drying technique to pre-
pare chitosan aerogels with micro/nanostructures on friction surfaces to 
improve the triboelectric effect (Fig. 7b) [109]. The fabricated chitosan 
aerogel film displayed an interconnected 3D porous structure with a 
high surface area. In comparison with the TENG based on dense chitosan 
film, the TENG composed of spongy polymer films indicated an effective 
enhancement in output performance. 

Some plant leaves exhibit superhydrophobic property with low 
adhesion, thanks to their distinct micro/nanostructure found on the 
surface. In comparison with sophisticated conventional micro/nano-
fabrication methods, directly replicating the micro/nanostructures of 
leave surfaces using soft lithography technology is a green and low-cost 
method [110,111]. Shi et al. fabricated a leaf microstructure-inspired 

Fig. 7. Surface morphology design. (a) A laser treatment method to modify the surface properties of pure chitosan films. Reproduced with permission. [108] 
Copyright 2018, Wiley-VCH. (b) Utilized the freeze-drying technique to prepare chitosan aerogels with micro/nanostructures on friction surfaces. Reproduced with 
permission. [109] Copyright 2018, Wiley-VCH. (c) A leaf microstructure-inspired fish gelatin-based TENG. Reproduced with permission. [112] Copyright 2023, 
Elsevier. (d) Sandpapers as molds to fabricate microstructures on fish gelatin film’s surface. Reproduced with permission. [113] Copyright 2021, Elsevier. 
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fish gelatin-based TENG through the facile replication of the micro-
structures of natural leaves (Fig. 7c) [112]. Four common plant leaves as 
effective microstructural molds were utilized to fabricate pyramid-like, 
square, groove, and grating microstructures, respectively. The TENG 
using lotus leaf as a mold with pyramidal microstructures showed the 
highest power generation performance, which was up to 6 times to the 
non-structured TENG. In addition, the fabricated TENG exhibited great 
electrical stability and there hasn’t shown obvious damage of the film 
microstructure after ten thousand cyclic tests. In another example, Sun 
et al. used sandpapers as molds to fabricate microstructures on fish 
gelatin film’s surface [113]. As shown in Fig. 7d, by utilizing sandpapers 
with various meshes, the roughness of the fish gelatin film can be easily 
adjusted, and it was found that the 320-mesh sandpaper yielded the 
most optimal output performance for the TENG. 

4.3. Ion embedding 

Although the physical doping method has been widely employed to 
improve the output performance of TENGs, it is difficult to achieve 
homogeneous dispersion of solid nanofillers in a polymer matrix, which 
may destroy the mechanical properties of the composite film. In this 
regard, embedding liquid ions is an excellent strategy to improve 
triboelectric properties for the tribo-material of TENGs. 

Charoonsuk and co-workers employed a simple cationic salts 
embedding method to fabricate a chitosan/CaCl2 film with good flexi-
bility and transparency (Fig. 8a) [114]. In their work, the CaCl2 solution 
was slowly added into the CS solution to ensure the homogeneous ionic 
distribution. A spring-assisted TENG was designed using the chitosan/ 
CaCl2 film and Teflon film as tribo-materials. The maximum voltage of 

Fig. 8. Ion embedding. (a) A simple cationic salts embedding method to fabricate a chitosan/CaCl2 film with good flexibility and transparency. Reproduced with 
permission. [114] Copyright 2022, Elsevier. (b) CaSO4 salts into ϰ-carrageenan-agar (ϰC-Agar) to form a three-dimensional (3D) aggregated network composite. 
Reproduced with permission. [115] Copyright 2022, Elsevier. (c) A series of alginate-metallic complexes as tribo-materials. Reproduced with permission. [116] 
Copyright 2020, Elsevier. 
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150 V was obtained when the w/v percentage of CaCl2 was 3%, which is 
4 times that of pristine chitosan TENG. By adding CaCl2, the chitosan 
polymer chains are reorganized, and NH3

+ functional groups are rear-
ranged on the chitosan surface. In another work, Kang et al. introduced 
CaSO4 salts into ϰ-carrageenan-agar (ϰC-Agar) to form a 
three-dimensional (3D) aggregated network composite as a 
high-performing tribo-material (Fig. 8b) [115]. As shown in the energy 
band diagrams, high concentration Ca2+ cations and sulfate ester group 
in the composite dominantly increase charge trapping sites, providing 
additional electron-unoccupied states and leading to the high 

electron-donating property of the composite. 
As mentioned in Section 3.2.1, alginate has the ability to bind with 

diverse cations to form an alginate metal complex. Based on this char-
acteristic, Xia et al. prepared a series of alginate-metallic complexes as 
tribo-materials (Fig. 8c) [116]. The experiment results revealed that the 
alginate-metallic complex is a good positive tribo-material with a strong 
ability to lose electrons. The electrical output amplitude increases 
following the series of aluminum alginate (Alg-Al), magnesium alginate 
(Alg-Mg), sodium alginate (Alg-Na), ferric alginate (Alg-Fe), and copper 
alginate (Alg-Cu). The variation in the triboelectric characteristics of 

Fig. 9. Molecular surface engineering. (a) Preparation method and performance demonstration of a fish gelatin-based TENG that the two friction layers were 
modified with dopamine and fluorinated silane. Reproduced with permission. [113] Copyright 2021, Elsevier. (b) Facile molecular surface engineering in chitosan to 
improve the performance of chitosan-based TENG. Reproduced with permission. [121] Copyright 2019, Wiley-VCH. 
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alginate-metallic complexes can be primarily attributed to differences in 
their moisture absorption capabilities. 

4.4. Molecular surface engineering 

In addition to the above methods, chemical surface functionalization 
would be an effective method to enhance the TENG output performance. 
Some previous research studies have revealed that the chemical poten-
tial difference between the material surfaces has a great influence on the 
contact electrification, while the chemical potential is mainly deter-
mined by the electron affinity of their functional groups [117–119]. 
Thus, the surface potential of the tribo-materials could be adjusted by 
modifying various functional groups on the material surface for 
improving their triboelectric properties. For example, Liu et al. used the 
siloxane molecules self-assembly method to chemically modify the 
surface of cellulose nanofibrils with various functional groups (-CF2CF3, 
-CN, -SH, or -NH2) [120]. The introduced -NH2 and -SH functional 
groups make the modified cellulose nanofibrils more positive. However, 
-CN and -CF2CF3 functional groups tend to withdraw electrons, leading 
to modified cellulose nanofibrils with electronegativity. 

Marine biomaterials contain abundant carboxyl groups (− COOH), 
amino (-NH2), and hydroxyl (− OH) groups, which greatly improve their 
chemical modifiability for introducing strong electron donating or 
withdrawing groups. For instance, Sun et al. proposed a general method 
to develop a fish gelatin (FG)-based TENG, in which all tribo-materials 
were derived from discarded fish scales [113]. As shown in Fig. 9a, 
one FG film was doped with dopamine (denoted as D-FG), employed as 
the positive triboelectric layer. The another FG film was chemically 
grafted with trichloro(1H,1H,2H,2H-tridecafluoro-n-octyl)silane 
(FOTS) (denoted as F-FG), served as the negative triboelectric layer. 
The FG film was treated with oxygen plasma to hydroxylate its surface, 
followed by exposure to an atmosphere of FOTS at 40 ℃. During this 
processing step, target FOTS molecules were stuck to the surface of the 
FG film. This study employed water contact angle measurements to 
confirm the success of surface modification. The contact angles of the 
FG, D-FG, and F-FG films were 103◦, 84◦, and 123◦, respectively, 
demonstrating that chemical modification can effectively tune the hy-
drophobic and hydrophilic properties of the surface. After chemical 
modification, the D-FG/F-FG paired TENG exhibited an outstanding 
electrical output performance, in which the voltage and current can 
reach 310 V and 2.5 μA. For comparison, the output voltage and current 
of the TENG with triboelectric pair of FG/FG were only 10 V and 0.2 μA, 
respectively. 

Ma et al. introduced an alternative approach to effectively modulate 
the triboelectric polarity of chitosan (Fig. 9b) [121]. In their work, 
chitosan powder was dissolved in citric acid solution and hydrolyzed to 
short chain chitosan under acidic conditions. After that, a novel 3D 
network structure was created by hybridizing chitosan with citric acid, 
facilitated by the formation of hydrogen bonds and the cross-linking 
junction between the citric acid and chitosan fragmentation. The de-
gree of hydrolysis can be verified by analyzing the Tyndall effect of the 
chitosan solution with mass ratios ranging from 1:2–1:6. Except for the 
sample with a 1:1 mass ratio, the Tyndall effect can be observed in other 
samples. The chitosan solutions with mass ratios from 1:2–1:6 (referred 
as CC-1 to CC-5) were used to fabricate chitosan film. Among these 
materials, the maximum voltage was ≈ 16.2 V, which was produced in 
CC-4. This result can be explained by analyzing the Fourier transform 
infrared spectroscopy, as shown in Fig. 9b. The band at 3430 cm− 1 is 
attributed to the presence of exchangeable protons, which are closely 
related to hydroxyl groups and amino groups. From sample CC-1 to 
CC-4, the increasing of peak intensity indicates that more hydroxyl 
groups and amino groups are generated in the film. Since those groups 
are electron-donating groups, the corresponding surface electro-
positivity increases, leading to an improved triboelectric output 
performance. 

4.5. Layer-by-layer assembly 

The thickness of the triboelectric layer plays a crucial role in deter-
mining the output performance of TENGs. Generally, the thickness of 
those triboelectric layers is ranged from several ten micrometers to a few 
millimeters, which restricts their compatibility with future TENG ap-
plications. Layer-by-layer (LbL) assembly method is a novel technique 
for the fabrication of multilayer thin films with controllable thickness 
[122]. Menge et al. designed a high-performance ultrathin, and trans-
lucent chitosan (CH)-alginate (AL)-based TENG [123]. Protonated 
amine-rich CH solution is positively charged, while a carboxylate-rich 
AL solution is negatively charged so that CH-AL composites can be 
prepared by utilizing the strong electrostatic interaction. It is found that 
when the number of bilayers increase from 2 to 8, the output voltage 
increased from 180 V to 474 V. However, excessive number of bilayers 
widened the gap between the charge layer and conducting films, leading 
to a decrease in performance. In addition, the scanning Kelvin probe 
force microscopy (KPFM) method was applied to analyze the surface 
potential for a better understanding. The film composed of eight bilayers 
exhibited the highest surface potential of 239.4 mV, which is consistent 
with the previous experimental results. 

5. Applications of marine biomaterial-based TENG 

Due to high performance, biocompatibility, biodegradability, non- 
toxicity, and sustainability, marine biomaterial-based TENGs have 
been widely applied in many fields, ranging from energy harvesting to 
wearable self-powered active sensors. This section aims to present the 
latest developments in the utilization of marine biomaterial-based TENG 
reported in the literature. 

5.1. Energy harvesting 

Mechanical energy sources are ubiquitous in our living environment, 
such as wind, ocean waves, human movement, engine vibrations, and so 
on. Because of its advantages of high power density, lightweight, low 
cost, simplicity in manipulation, and environment-friendly, TENG is 
considered as a powerful and efficient approach for transforming me-
chanical energy into electric energy to power various types of electronic 
equipment. Han et al. fabricated a fish gelatin(FG) based triboelectric 
nanogenerator (FG-TENG) by pairing a FG film and PTFE/PDMS com-
posite film (Fig. 10a) [124]. The authors demonstrated that the FG 
functioned as a superior tribo-material compared to the commonly uti-
lized materials, exhibiting notably enhanced positive performance. 
Under periodic presses and releases, the fabricated TENG could easily 
light up 50 LEDs and charge a commercial capacitor to power an elec-
tronic calculator and electronic watch. Similarly, Saqib et al. proposed a 
TENG that used natural seagrass (Zostera marina and Phyllospadix 
japonicus) as positive tribo-material for the first time (Fig. 10b) [125]. 
Compared with the Zostera marina seagrass-based TENG, the Phyllo-
spadix japonicus seagrass-based TENG has greater output performance, 
where the open circuit voltage, short circuit current, and maximum 
power density can reach about 288 V, 40 μA, and 70.42 μW/cm2. With 
just a simple hand excitation force, the TENG demonstrates the ability to 
charge a commercial capacitor to drive low-power electronic devices. 

Next generation of electronics will be soft, comfortable, and even 
biocompatible, and thus there is a pressing need for stretchable and 
sustainable power sources. Recently, stretchable TENGs have attracted 
intensive attention for their promising application in powering wearable 
electronics. For instance, Liu et al. prepared a stretchable TENG based on 
a PAAm-alginate hydrogel film as the electrode and poly-
dimethylsiloxane (PDMS) as the electrification layer (Fig. 10c). This 
single electrode TENG has high transparent (90%) and stretchability 
(397%), making it an ideal candidate for seamlessly adhering to human 
skin to harness and convert human motion energies effectively. 
Furthermore, they also designed a contact− separation mode TENG, 
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which can harvest energy from an arbitrary mechanical movement to 
drive miniaturized electronics, such as pressing, stretching, bending, 
and twisting. 

Ocean wave energy is a promising clean and renewable energy 
source for large-scale exploitation, with superior advantages of high- 
power density, wide distribution, and independence of time of day, 
weather or seasons. However, the exploitation of this energy is stag-
nating due to the limitation of inefficient energy harvesting technolo-
gies. As a newly developed technology, TENG has been proven to have 
impressive applications for ocean wave energy harvesting [126–128]. 
Our group reported a degradable TENG built with alginate film for wave 
energy harvesting (Fig. 10d) [129]. A calcium alginate film featuring 
porous structures was successfully produced using a simple 

freeze-drying technique combined with a crosslinking reaction. This film 
can rapidly degrade in the ocean environment without any pollution. 
For harvesting the irregular and ultra-low frequency wave energy, we 
designed a sealed degradable TENG composed of a polylactic acid (PLA) 
box, springs, and tribo-materials. Under the excitation of water waves, 
the two triboelectric layers contacted/separated, converting the wave 
energy to electrical energy to light up scores of LEDs. Nonetheless, 
further endeavors are imperative to design structures or modify mate-
rials to enhance the output performance and stability of the TENG in 
wave energy harvesting. 

Fig. 10. Energy harvesting. (a) A fish gelatin(FG) based triboelectric nanogenerator (FG-TENG) by pairing a FG film and PTFE/PDMS composite film. Reproduced 
with permission. [124] Copyright 2020, American Chemical Society. (b) A TENG that used natural seagrass as positive tribo-material to drive electronic devices. 
Reproduced with permission. [125] Copyright 2021, Elsevier. (c) A stretchable TENG based on a PAAm-alginate hydrogel film as the electrode and PDMS as the 
electrification layer. Reproduced with permission. [160] Copyright 2018, American Chemical Society. (d) A degradable TENG built with alginate film for wave 
energy harvesting. Reproduced with permission. [129] Copyright 2018, Royal Society Of Chemistry. 
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5.2. Smart textiles 

The intersection of the growing appetite for wearable technologies 
and the advent of textile-based TENGs offers an exciting paradigm for 
the future of sustainable wearable devices. TENGs, celebrated for their 
efficient energy-harvesting capabilities, when amalgamated with the 
inherent properties of textiles—namely their flexibility, breathability, 
durability, and scalability—bring forth the next frontier in wearable 
innovations. Many groups have worked in developing smart textiles 
based on TENGs for energy harvesting and multifunctional self-powered 
sensing [130–133]. For instance, He et al. reported a self-powered fire 
alarm electronic textile (e-textile) based on sodium alginate [134]. 
Through wet-spinning, freeze-drying, and spray-coating, Fe3O4 nano-
particles and silver nanowires were introduced into sodium 
alginate-based aerogel fibers, which were further woven into electronic 

textiles (Fig. 11a). Owing to the interconnected three-dimensional 
porous network structure, the prepared e-textile can stand on the tip 
of the stamens, indicating the ultralight property of the device. The 
e-textile exhibited an ultrasensitive fire warning response with a wide 
temperature sensing range from 100◦ to 400◦C. Such capabilities pave 
the way for its integration into the gear of firefighters. Once incorpo-
rated into their protective attire, this e-textile can continuously monitor 
surface temperatures, promptly raising alarms prior to the protective 
clothing succumbing to thermal breakdowns. Furthermore, the e-textile 
was used as a positive tribo-material to fabricate a textile-based TENG 
with excellent flexibility, which could be attached on different body 
parts to harvest human movement energy. It is noted that the prepared 
TENG can keep stable output performance even at 250 ◦C. 

For textile-based electronics, washability and antibacterial proper-
ties are two important features for long-term use. Tian et al. reported 

Fig. 11. Smart textiles. (a) The preparation and application of a self-powered fire alarm electronic textile based on sodium alginate. Reproduced with permission. 
[134] Copyright 2022, American Chemical Society. (b) Durable and antibacterial single-electrode triboelectric yarns composed of polyamide (PA) conductive yarns 
and Tencel/chitosan blended yarns. Reproduced with permission. [135] Copyright 2021, American Chemical Society. 
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durable and antibacterial single-electrode triboelectric yarns composed 
of polyamide (PA) conductive yarns and Tencel/chitosan blended yarns 
(Fig. 11b) [135]. Based on the existing weaving technology, a large, 
scaled textile TENG was fabricated by the continuously triboelectric 
yarns with high flexibility, small diameter, and low-cost. The output 
performance of the fabricated TENG showed small degradations after 
five washes, demonstrating the good machine washability of the device 
for daily use. Due to the presence of chitosan material and Ag coated on 
the PA yarn, the TENG exhibited excellent antibacterial properties. In 
addition, the TENG can be integrated on a sock or cloth to harvest en-
ergy and monitor body movement. 

5.3. Self-powered multifunctional sensors 

TENGs can be utilized as self-powered active mechanical sensors 
because they can transfer a stimulation/triggering into an electrical 
signal itself to respond to the input mechanical behaviors [136]. Kim 
et al. proposed a catechol-chitosan-diatom-based hydrogel conductor 
[137], which shows excellent stretchability and self-healing capability. 
With the help of a machine learning algorithm, they further developed a 
stretchable self-powered tremor sensor combining an M-shaped Kapton 
film with the hydrogel-based TENG for real-time monitoring of Parkin-
son’s disease (PD) patients’ health condition (Fig. 12a). Guo et al. re-
ported a biocompatible and compliant triboelectric hydrogel sensor 
made from edible marine biomaterials for all-around infant motion 

Fig. 12. Self-powered multifunctional sensors. (a) A stretchable self-powered tremor sensor. Reproduced with permission. [137] Copyright 2021, Elsevier. (b) A 
biocompatible and compliant triboelectric hydrogel sensor for infant motion monitoring. Reproduced with permission. [138] Copyright 2022, Wiley-VCH. (c) A 
wearable self-powered visual tactile sensor, which was composed of a chitosan-based X-shape TENG and a visual light source. Reproduced with permission. [139] 
Copyright 2023, Wiley-VCH. (d) A self-powered NH3 gas sensor composed of the PANI/NiCo2O4 composite and gelatin/polyimide-based TENG. Reproduced with 
permission. [140] Copyright 2022, Royal Society Of Chemistry. (e) A self-powered humidity sensing system that consists of a chitosan-glycerol film-based 
humidity-sensitive resistor and a chitosan-based TENG integrated on a sock. Reproduced with permission. [141] Copyright 2018, Elsevier. 
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monitoring (Fig. 12b) [138]. The sensor showed a pressure sensitivity of 
about 0.28 V kPa− 1, a fast response time of 50 ms, and an impressive 
signal-to-noise ratio of 23.1 dB. The authors also proposed an infant care 
system, consisting of a sensor network, a signal-processing system, a 
deep learning algorithm system, and an APP display terminal. This 
system can promptly and accurately monitor the mechanical pressure 
applied to an infant’s body and provide a real-time warning. 

Recently, Lu et al. presented a wearable self-powered visual tactile 
sensor, which was composed of a chitosan-based X-shape TENG and a 
visual light source (Fig. 12c) [139]. With its remarkable output perfor-
mance, the TENG can drive the LED through a mere touch and its 

luminous intensity showed a similar changing trend with that of applied 
load pressure. A 5 × 5 matrix was developed as an active tactile sensing 
system for remote visual tactile sensing. It was observed that the TENGs 
were able to produce stable output signals to power connected LEDs to 
provide visual feedback on pressure distribution. This study further 
developed a wearable palm state recognition system by assembling 14 
sensors and corresponding LEDs on each finger joint to obtain 
motion-sensing information. As shown in Fig. 12c, different hand poses 
holding different objects could be easily recognized and classified by the 
visual feedback images. 

According to the working principles of TENGs, the variation in the 

Fig. 13. Human-machine interfaces. (a) A TENG sensor based on micro-pyramid-patterned polyacrylamide/carrageenan DN hydrogel utilized to develop a self- 
powered HMI. Reproduced with permission. [161] Copyright 2022, Wiley-VCH. (b) An ionic hydrogel composed of polypropylene amine, tannic acid, sodium 
alginate and Mxene for robot hand control, object classification, and recognition. Reproduced with permission. [142] Copyright 2023, American Chemical Society. 
(c) A biodegradable, transparent, and antibacterial sodium alginate (SA)-based TENG array as the HMI for game control. Reproduced with permission. [143] 
Copyright 2023, Elsevier. (d) An HMI system for smart home applications by integrating a chitosan‑based self-powered sensing fiber with a signal-processing circuit. 
Reproduced with permission. [144] Copyright 2022, American Chemical Society. 
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load sensor’s resistance results in corresponding changes to the 
measured output amplitudes of the TENG. Therefore, except for sensing 
physical motion, TENGs also can be used to monitor the changes in the 
environment. Zhang et al. prepared a self-powered NH3 gas sensor 
composed of the PANI/NiCo2O4 composite and gelatin/polyimide-based 
TENG (Fig. 12d) [140]. Integrated with a circuit module of rectification 
and voltage regulation, the TENG can generate a stable 24 V DC voltage 
signal to power the gas sensor. Results indicated that the output voltage 
of the TENG was positively correlated with the NH3 concentration, and 
the sensor exhibited excellent repeatability, selectivity, and long-term 
stability. Jao et al. reported a self-powered humidity sensing system 
that consists of a chitosan-glycerol film-based humidity-sensitive 
resistor and a chitosan-based TENG integrated on a sock (Fig. 12e) 
[141]. The TENG on the foot can harvest mechanical energy and gen-
erates electric output flowing through the humidity sensor. The output 
voltage signal decreases with the increase of the relative humidity due to 
the enhancement of the conductivity of the chitosan-glycerol film. 

5.4. Human-machine interface 

Human-machine interface (HMI), as an emerging technology that 
can communicate and interact between humans and electric devices, has 
garnered significant attention in the field of smart homes, intelligent 
personal electronics, and biomedical instruments. In recent years, a 
variety of marine biomaterials-based TENGs have been used as self- 
powered human-machine interfaces since their output electric signal 
can serve as an input to control various electric devices. For instance, 
Tao et al. developed a TENG sensor based on micro-pyramid-patterned 
polyacrylamide (Paam)/carrageenan DN hydrogel utilized to develop 
a self-powered HMI (Fig. 13a). The device shows excellent flexibility, 
good transparency (≈85%), low limit of detection (50 Pa), high sensi-
tivity (45.97 mV Pa− 1), and environmental tolerance (− 20 to 60 ◦C). By 
designing the signal acquisition/process circuit, the TENG sensor can be 
used as a switching button and a self-powered HMI for robot hand 
control. With the bending of the TENG sensor fastened on a finger, a 
voltage pulse is generated and used as a trigger signal to control the 
robot hand’s actions, imitating the movements of the operator’s hand. 
More ingeniously, Zhang et al. also demonstrated the capability for 
human-machine interaction of a marine biomaterials-based TENG 
[142]. They prepared an ionic hydrogel (PTSM) composed of poly-
propylene amine (PAM), tannic acid (TA), sodium alginate (SA), and 
MXene, with remarkable stretchability (strain>4600%), impressive 
adhesion, and good self-healing ability (Fig. 13b). Based on the PTSM 
and microcontrollers, a glove-based HMI system was constructed with 
the functions of gesture visualization and wireless robot hand control. 
With the help of machine learning algorithm, the device can achieve 
object classification and recognition with recognition accuracy of 
97–100%. 

In addition to the mentioned application scenarios, the marine 
biomaterial-based TENG has also demonstrated its applications in 
wearable self-powered control systems. For example, Li et al. reported a 
biodegradable, transparent, and antibacterial sodium alginate (SA)- 
based TENG array as the HMI for game control (Fig. 13c) [143]. Four 
TENG sensing units as the function keys were connected to a laptop 
through an Arduino microcontroller. Once the unit was touched by a 
human finger, a voltage signal was generated to control the movement 
of the character in the gaming interface. In another example, Li et al. 
developed an HMI system for smart home applications by integrating a 
chitosan‑based self-powered sensing fiber with a signal-processing cir-
cuit [144] (Fig. 13d). They prepared chitosan from the waste material 
and then fabricated sensing fiber by electrospinning core wire tech-
nique. In their study, a touch pressure was captured by the TENG sensing 
fiber and the generated electric signal was converted into digital signals 
by the microcontroller unit to control household appliances, such as a 
table lamp and a fan. 

5.5. Fully biodegradable transient electronics 

The surging consumption of electronic gadgets has exponentially 
increased e-waste, casting severe ecological challenges. An ingenious 
approach to tackle this concern is through transient tech-
nology—electronics designed to gracefully degrade into the environ-
ment after a designated duration, leaving negligible traces or harm [145, 
146]. In this realm, marine biomaterials, credited for their abundant 
availability, biocompatibility, and impeccable biodegradability, have 
emerged as a stellar choice for crafting transient energy harvesters. For 
instance, Liang et al. designed a recyclable and green TENG (Fig. 14a), 
consisting of surface-patterned polyvinyl alcohol (PVA) and SA as 
tribo-materials, lithium (Li) and aluminum (Al) as electrode materials 
[147]. All the components of the device could completely degrade in 
water within 10 min, based on their excellent solubility and cascade 
chemical reactions without releasing any toxic substances. More 
importantly, the generated solution from the dissolution process can be 
reused to fabricate a new TENG device with no waste and environmental 
pollution, and the new device showed output performance comparable 
to the original TENG device. 

Similarly, gelatin was also applied for biodegradable tribo-materials. 
Pan et al. reported a fully biodegradable TENG device built with 
degradable metal Mg, nanostructured gelatin films, and electrospun 
polylactic acid (PLA) (Fig. 14b) [148]. By optimizing the surface 
morphology of the two triboelectric layers, the TENG achieves an 
impressive output voltage of approximately 900 V and a power density 
over 5 W/cm2. As shown in Fig. 14b, the Mg electrode of 100 µm can 
dissolve almost completely in water over 18 days, while the Mg/gelatin 
and MG/PLA can completely degrade in about 20 days. Recently, Peng 
et al. fabricated a flexible, transparent, and biodegradable e-skin by 
using CS films as both the triboelectric layer and substrate, along with 
Au nanofibers serving as the intermediate electrode. (Fig. 14c) [149]. 
Because CS is formed of 2-acetamido-d-glucose and 2-amino-d-glucose 
linked by glycosidic linkages, it is easily destroyed and degraded into 
oligomers. The device’s biodegradability was assessed by immersing it 
in various media, such as acetic acid solution, hydrogen peroxide solu-
tion, and pepsin solution. It is observed that the device quickly swelled, 
and totally degraded after 30 h. 

6. Conclusions and perspectives 

Marine biomaterials, abundant renewable treasures from the oceans, 
possess unique attributes that make them ideal for TENG device fabri-
cation, including cost-effectiveness, vast availability, superior biocom-
patibility, exceptional biodegradability, and safety. Consequently, there 
has been a burgeoning interest in marine biomaterial-derived TENGs, 
spotlighting their vast potential for real-world applications. In this re-
view, we examine the evolution of these marine biomaterial-based 
TENGs, from fundamental concepts to tangible applications. We 
initiate with an understanding of the TENG’s operational mechanism, 
laying the foundation for its marine biomaterial-driven variants. Sub-
sequently, we delve into the intrinsic properties of frequently employed 
marine biomaterials, elucidate strategies to enhance the performance of 
these TENGs, and highlight their promising applications. Given the 
ongoing deep dives into materials and structural designs, we are opti-
mistic about significant strides in the development and extensive ap-
plications of marine biomaterial-centric TENGs. However, several 
challenges await resolution before their commercial deployment 
(Fig. 15). 

First, the output energy of the marine biomaterial-based TENGs 
should be further improved to meet the demand for a continuous power 
supply of electronics. As shown in Table 1, the majority of marine 
biomaterial-based TENGs have relatively low output performance that 
severely impedes the practical application of TENGs. Generally, marine 
biomaterials are used as positive tribo-materials due to the existence of 
widely distributed electron-donating groups. Although there have been 
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some studies in which marine biomaterials were modified by chemical/ 
physical methods to increase the electron-withdrawing ability, there 
exist great gaps between marine biomaterials and traditional negative 
tribo-materials, such as PTFE and polyimide. In future research, it is 
necessary to invent and improve new strategies for optimizing power 
generation performance, such as creating micro-/nanostructures, high- 
voltage charge injection, and designing innovative structures. Some 
marine biomaterials contain abundant carboxyl groups (− COOH) and 
hydroxyl (− OH) groups, which greatly improves their chemical 

modifiability for introducing strong electron donating or withdrawing 
groups [150]. 

Second, the mechanical stability and durability of materials and 
devices are required to be improved because it is crucial for the long- 
term operations of TENGs. Most marine biomaterials have good water 
solubility, while humidity has a negative impact on the output perfor-
mance of TENG which restricts their applications in humid environ-
ments. For wearable smart textiles, washability is a basic requirement 
for long-term use. Therefore, it is vital to develop high-performance 

Fig. 14. Fully biodegradable transient electronics. (a) A recyclable and green TENG, consisting of surface-patterned polyvinyl alcohol and sodium alginate as tribo- 
materials, lithium and aluminum as electrode materials. Reproduced with permission. [147] Copyright 2017, Wiley-VCH. (b) A fully biodegradable TENG device 
built with degradable metal Mg, nanostructured gelatin films, and electrospun polylactic acid. Reproduced with permission. [148] Copyright 2018, Elsevier. (c) A 
flexible, transparent, and biodegradable e-skin by using chitosan films as both the triboelectric layer and substrate, along with Au nanofibers serving as the in-
termediate electrode. Reproduced with permission. [149] Copyright 2022, American Chemical Society. 
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waterproof encapsulating materials or anti-humidity technologies to 
protect devices from harsh working environments. In addition to tribo- 
materials, marine biomaterials are widely used as an important 
component of conductive hydrogel electrodes in TENGs. The mechanical 
and conductive properties of the hydrogel will inevitably decline with 
loss of water under dryness and freeze under subzero temperatures. 
Changing solvent, introducing hydrated salts, and encapsulation with 
elastomers are some potential strategies available to address these issues 
[151–153]. 

Third, marine biomaterials are beneficial polymers for eco-friendly 
TENGs due to their excellent degradability. Currently, marine bio-
materials just replace certain partial components of the entire devices, 
and there has been very little research in fully biodegradable marine 
biomaterial-based TENGs. The degradation rate of the devices is 
important for their utilization. Too fast degradation will lead to shorter 
service time that cannot meet the application requirements, while too 
slow degradation may cause problems for the environment. Therefore, 
the controllable degradation rate of TENGs will be essential for their 
practical applications in energy, wearable electronics, and biomedicine, 
and more research attention should be given to developing new methods 
through physical, biological, and chemical stimulation to control 
degradation. 

Fourth, the application scope of marine biomaterial-based TENG 
should be further expanded. Although various marine biomaterial-based 
TENGs have been developed and could generate good electrical output, 
their applications are mainly confined to basic applications, such as 
lighting up the LEDs, powering electronic watches, and the self-powered 
pressure sensor. To further promote their commercialization process and 
reflect on their advantages, more efforts are required to explore new 
applications. For example, marine biomaterial has the unique properties 
of biocompatibility, biodegradability, and nontoxicity of marine bio-
materials, which make it suitable for developing implanted TENGs to 
realize in vivo biomedical monitoring and energy harvesting. Signifi-
cantly, all components of implanted TENG, including triboelectric 
layers, encapsulation layers, substrate layers, and electrodes, should 
meet the biosafety and biocompatibility requirements. Moreover, with 
researchers’ continuous efforts, various wearable TENGs are designed to 
harvest biomechanical energy or used as electronic skins. Considering 
that most wearable TENGs are in direct contact with human skin, further 
investigations related to antibacterial characteristics, breathability, and 

flexibility of the device should be devoted to meeting the usage 
requirement of electronic skin. Finally, to improve the applicability and 
practicability of TENG, it is necessary to develop highly efficient power- 
management circuits and energy storage devices [154,155]. 
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