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Abstract. The advent of bio-inspired nanomaterials (BINMs) has the 
potential to address the global demand for sustainable and green energy 
technology. From osmotic power membranes to bio-hybrid light harvesting 
devices, BINMs mimic the complex systems and mechanisms found in 
nature. The assessment discusses a wide range of BINMs, including their 
synthesis, properties, applications, as well as their effects on the 
environment and manufacturing requirements, which have led to their 
increasing popularity. It focuses particularly on bio-inspired synthesis 
techniques, bioinspired electrode functionality, and the effectiveness of 
green chemistry in nanomaterial production. The advancement of renewable 
energy technologies and the enhancement of this promising field are 
highlighted as bio-inspired nanomaterials are explored and enhanced in 
energy programs, and their value is highlighted as they contribute to the 
advancement of renewable energy technologies.  
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1 Introduction  

A bioinspired nanomaterial (BINM) mimics the complex structures present in naturally 
occurring biological systems. A wide range of ecological, technological, and scientific 
problems can be addressed with these materials, allowing a new direction for material science 
[1]. Biomimetic nanomaterials, which are sourced from biological things such as proteins, 
DNA, cells, and creatures, have the ability to generate nanoscale patterns and structures, as 
shown in Fig.1. Biosynthesis and molecular self-assembly are two methods that can be used 
to create BINMs. BINMs continue to be a promising field of study despite obstacles like 
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controlling the synthesis and assemblage procedures and possible negative effects on the 
ecosystem and human health. It is anticipated that developments in biology and 
nanotechnology will expand the potential for creating unique and significant BINMs [2]. 
Using water motion to create electricity is known as "water motion harvesting," and it is a 
viable strategy for becoming carbon neutral. However, because they are distributed, 
traditional hydroelectric techniques have difficulties. The liquid-solid behaviors of naturally 
occurring living things are used by bio-inspired electricity generators to effectively convert 
the interaction between water and solid matter into electrical output [3]. The fundamental 
nature of these generators is still unclear notwithstanding their rapid progress. Self-powered 
sensors and wearable electronics are examples of practical uses; yet, producing electricity on 
a big scale is still a difficulty.  
 
 

 
Fig. 1. Types of bio inspired nanomaterials 

With an emphasis on biotemplating synthesis and biomimetic artificial fabrication, the 
application of bio-organisms in electrode design is investigated IN [4]. It draws attention to 
the special qualities of biotemplates, such as their ability to be structurally designed, their 
metabolism, and their genetically adjustable traits. Improved electrodes' physical properties, 
wetting, mass transportation, electron/charge transfer, and catalytic activity are all improved 
by recent advances in bio-prototypes. The utilization of bioderived and biomimetic electrode 
materials in electrochemical energy preservation and conversion systems has led to 
improvements in electro catalytic and charging/discharging performances. Through a variety 
of uses, nanotechnology has transformed environmentally friendly advancements and made 
greener, more sustainable economic growth possible. Green techniques have been used to 
develop nanomaterials for environmentally beneficial uses, such as MOFs and MeOs. In fuel 
cell and hydrogen electro catalysts, these materials enhance electrocatalytic activity, being 
absorbed, and stability. Moreover, fuel cells and supercapacitors—two types of energy 
storage and conversion devices—have included nanotechnology [5]. To evaluate the 
sustainability, efficacy, and application of nanotechnologies in practical settings, more 
research is required.  

2 Bio-inspired Nanomaterial’s for Energy Harvesting  

A dependable renewable power source with little fluctuation is osmotic energy. On the other 
hand, membranes need to have both long-term durability in seawater and effective ion 
rectification along with elevated ionic flux. These problems can be solved by using soft 
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biological tissue-inspired membranes with nanocomposite components. Despite pressure 
decreases and salinity gradients, the multilayer membranes made of BN nanosheets and 
aramid nanofibers exhibit remarkable stiffness and tensile strength. Over wide areas, the 
overall produced power density was more than 0.6 W m2, and it was maintained for up to 20 
cycles (200 h), exhibiting remarkable robustness. Additionally, they function well in osmotic 
energy harvesting throughout a broad temperature and pH range [6]. The quick growth of 
electronic devices that are worn, such e-skins, requires self-powered sensing in order to 
identify signals from the body as well as harvest bioenergies. The development of a new, 
flexible, and biocompatible hybrid nan generator combining triboelectric, piezoelectric, and 
pyroelectric processes has produced ultra-high transmission rates of up to 99% and sheet 
resistances as low as 1.4 Ω sq−1. With this novel design, mechanical and thermal energy can 
be produced by scavenging a maximum open-circuit output voltage of 55 V and 86 V. For 
real-time vital sign tracking, the translucent hybrid nanogenerator can be conformally hooked 
up to a variety of bodily areas. With possibilities for use in wearable electronics, healthcare 
surveillance, energy conversations, and device dimension shrinking, this research increases 
self-powered sensing in devices that are worn [7]. In the realm of bio-hybrid nanomaterials, 
material the production has emerged as a significant research area, especially in light 
harvesting devices. Recognizing photosynthetic systems, energy transfer, charge storage 
spaces. And quantum coherent processes is essential as the world's climate changes and 
demands the use of alternate energy sources. These characteristics are used to create artificial 
substitutes for photo-electrochemical processes. Narrow bandgap semiconductors' optical 
characteristics and bio-hybrid structures' self-assemblage capabilities have been researched 
for use in photocatalysis, hydrogen production, and water desalination. The article offers a 
strong foundation for ideas that could be developed into practical uses, such as DNA 
assembly, photosynthetic antennae, marine seashells, and tea leaf stains [8].  For the first 
time, a multipurpose energy harvester constructed using PVDF and bioinspired vitamin B2 
(VB2) has been developed. It can gather significant amounts of electrical energy from various 
energy sources within a single device. The entirely organic-based piezoelectric 
nanogenerator (PNG) has a high output current of 12.2 μ A and a voltage of roughly 61.5 V. 
It can generate wind, sound, and mechanical energy. With a maximum power density of 
roughly 9.3 mW/cm3 and an exceptionally high energy conversion effectiveness of 62%, the 
gadget can power over 100 LEDs directly and charge mobile devices and CD motors via 
capacitor charging. Additionally, the gadget may be used as an artificially acoustic ultra-
sensor, opening up new possibilities for e-healthcare surveillance and next-generation 
multifunction developing power sources [9]. An eight-day continual power output utilizing 
an average voltage of 0.6 V and a maximum power density of 1.6 µW cm−2 is possible with 
the tri-layered poly-ionic membrane (TL-PIM), which was motivated by plant transpiration 
mechanisms [10]. The TL-PIM has better repeatability since it may be used for at least 70 
cycles at a steady voltage. Targeted and effective bromide ion shuttles are made possible by 
stable nanochannels made of hydrophilic polymeric material, 2D nanosheets in shape and 
poly-ionic liquids (PILs) throughout the processes of power production and discharge. The 
great environmental flexibility of the TL-PIM is demonstrated by its capacity to generate 
power in a wide variety of humidity and temperature levels, even outside. Triboelectric 
nanogenerators (TENGs) are a potential class of electric energy harvesting devices that use 
environmental mechanical excitement to generate clean, energy from renewable sources. 
Pressure sensors, battery charging appliances, and biological devices are just a few of the 
uses for which these devices can be adapted [11]. With the use of biocompatible and 
environmentally safe materials, triboelectric energy harvesting has advanced. Dry 
leaf/polyvinylidene fluoride-based TENG devices have the ability to produce up to 14 mW 
of electricity. These results highlight the special abilities of plants to produce electricity for 
a range of uses. The triboelectric nanogenerator (BITENG) described in [12] is a bio-inspired 
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device that uses wave motion to generate energy, much like kelp. Energy harvesting operates 
at frequencies of vibration as low as 1 Hz and is both steady and efficient. Having a density 
of power of 25 μW•cm−2, the unit can power at least 60 LEDs with an output voltage of 260 
V and current of 10 μA. Table 1 bio-inspiration presents a novel approach to wave energy 
gathering.  

Table 1: Advanced Bio-inspired Nanomaterials for Energy Harvesting and Storage 

Feature Osmotic 
Energy 

Membra
nes 

Hybrid 
Nanogener

ator 

Bio-
hybrid 

Nanomate
rials 

Organic
-based 
PNG 

TL-PIM Dry Leaf-
based TENG 

BITEN
G 

Material 
Type 

BN 
nanoshee

ts and 
aramid 

nanofibe
rs 

Triboelectri
c, 

piezoelectri
c, and 

pyroelectri
c processes 

DNA, 
photosynth

etic 
antennae, 

marine 
seashells, 
tea leaf 
stains 

PVDF 
and 

vitamin 
B2 

(VB2) 

Hydrophil
ic 

polymeric 
material, 

2D 
nanosheet
s, poly-
ionic 

liquids 

Dry 
leaf/polyvinyl
idene fluoride 

Bio-
inspired 

(like 
kelp) 

Energy 
Source 

Pressure 
decrease

s and 
salinity 

gradients 

Mechanical 
and 

thermal 
energy 

Light Wind, 
sound, 

mechani
cal 

energy 

Humidity 
changes 
(inspired 
by plant 

transpirati
on) 

Environmenta
l mechanical 
excitement 

Wave 
motion 

Power 
Density 

> 0.6 
W/m² 

- 
-

9.3 
mW/cm³ 

1.6 µW 
cm−2 

14 mW 25 
μW•cm

−2 
Voltage/Cu

rrent 
Not 

specified 
55 V 

(open-
circuit), 86 

V (max) 

-

12.2 μA, 
61.5 V 

0.6 V 

-

260 V, 
10 μA 

Durability/
Cycle Life 

20 cycles 
(200 h) - -

Can 
power 

over 100 
LEDs 

70 cycles 

-

Not 
specifie

d 

Temperatur
e and pH 

Range 

Broad 

- -

Not 
specified 

Variety of 
humidity 

and 
temperatur

e levels 

-

Low 
frequen
cies (1 

Hz) 

Application
s 

Osmotic 
energy 

harvestin
g 

Wearable 
electronics, 
healthcare 
surveillanc

e 

Photocatal
ysis, 

hydrogen 
production, 

water 
desalinatio

n 

E-
healthcar

e 
surveilla

nce, 
power 

sources 

Environm
ental 

energy 
harvesting 

Pressure 
sensors, 
battery 

charging 

Wave 
energy 
harvesti

ng 

3 Bio-inspired Nanomaterials for Energy Storage  

One very effective method for creating complex nanostructures that is both sustainable and 
high-efficiency is bio-inspired synthesis. This method offers special benefits and superior 
qualities by imitating electrode materials at the nanoscale. A library of intricate resembling 
building with high-order, hierarchical porosity, bionic function, and improved 
electrochemical properties, as well as the development of bio-templates and bio-resources, 
are some of the recent developments in bio-inspired synthesis of nanomaterials and 
innovative structures in the fields of energy storage and conversion that are covered [13]. 
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Environmental damage is being caused by electrical appliance generation of non-
biodegradable e-waste. Nanomaterials based on biopolymers could be a viable way to 
develop sustainable, environmentally friendly electronics. Gelatin/single walled carbon 
nanotube (Gel/SWCNT) nano-composites were the subject of a study in [14] that revealed 
enhanced SWCNT-gel matrix interaction. The surface wettability of the nanocomposites 
shifted from hydrophilic to hydrophobic, which and there was a four-fold decrease in DC 
resistivity. Additionally, particular capacitance and pseudo-capacitance were raised by 
SWCNTs. With a capacitive retention of 98% after 2000 charging/discharging cycles, the 
nanocomposite demonstrated cyclic stability. Because it degrades in water in 12 hours, it is 
a good option for applications involving temporary energy storage. This shows that the 
Gel/SWCNT nanocomposite might present a fresh approach to biodegradable, portable, and 
environmentally friendly electronics. In an effort to improve current systems, researchers are 
looking toward greener nanosystems with special qualities. Bioinspired graphene 
nanosystems are high-performing nanostructures with abundant interfacial interactions and 
hierarchical micro/nanoscale structure that are taken from nature. These nanosystems are 
scalable, highly electrically charged, working, flexible, and living-being-adaptable [15]. 
Electronic gadgets, batteries for energy sensors, and their uses in the medical sciences can all 
benefit from them. Nevertheless, there is a lack of general knowledge regarding bio-inspired 
graphene nan systems and their possible uses. This mini-review seeks to inspire researchers 
to create and develop new bio-inspired graphene nanosystems for next-generation biomedical 
equipment that are more inexpensive, scalable, and environmentally friendly. Anemone-like 
transition-metal chalcogenides (VS4), a bio-inspired nanotechnologies structure composed 
of nanorods with 30-100 nm diameter and 1-2 μm length, is presented in [16]. Three- and 
two-electrode systems were used to assess the nanomaterial's electrochemical efficiency as a 
super capacitor electrode. The anemone-like VS4 showed remarkable durability during 
cycling with 93.8% retention of capacity after over 12,000 galvanostatic charge-discharge 
cycles at an electrical current density of 6 A g−1, a high specific capacitance of 617 F g−1 at 
a current density of 0.4 A g−1, and an outstanding energy density of 113.6 W h kg−1 at a 
power density of 720 W kg−1. Polydopamine (PD) serves as a strong metal binder, 
functionalize, and decreasing agent in a bio inspired hydrogen-holding medium. Three-
dimensionally linked graphene foam's specific surface area can be regulated by varying the 
degree of functionalized PD on graphene. Furthermore, the amount, size, and arrangement of 
platinum (Pt) nanoparticles painted on the foam are influenced by the the functionalization 
degree of polyethylene (PD) [17]. The Pt-decorated PD-functionalized graphene 
(rGO/PD_Pt), considered to be the best for hydrogen storage medium with the greatest 
hydrogen uptake per unit particular surface area, exhibits a high hydrogen storage capacity 
of 3.19 wt% at room temperatures and 100 bar through the combination of a high surface 
area with an evenly distributed distribution of small sized Pt nanoparticles. Since bismuth-
based compounds have a larger volumetric capacity and a greater operational potential than 
graphite, they are appealing as anode materials in energy storage devices such as batteries 
that are rechargeable. Maintaining this high capacity over time is still difficult, though. A 
polypyrrole shell encasing bismuth sulfide nanowires forms the yolk-shell composite used in 
a bio-inspired material engineering technique [18]. The resulting composite outperforms 
earlier bismuth-based materials with its improved Li storage the cyclability (99% for 500 
cycles) and high rate capability (337 mAh g–1 at 10 C). In addition, it provides a good 
endurance for Na storage and a high reversal capacity of 591 mAh g−1 as shown in Table 2. 
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Table 2: Bio-Inspired Nanomaterials for Sustainable Energy Solutions 

Aspect 
Bio-

Inspired 
Synthesis 

Gel/SWCN
T 

Nanocomp
osite 

Bioinspired 
Graphene 
Nanosyste

ms 

Anemone-
like VS4 

PD-
functional

ized 
Graphene 

Foam 

Yolk-
Shell Bi-

S 
Nanowir

es 

Synthesis 
Method 

Sustainable, 
high-

efficiency 
creation of 
complex 

nanostructu
res 

Biopolymer
-based 

sustainable 
approach 

Scalable, 
nature-
inspired 

with 
hierarchical 

structure 

Bio-
inspired 
nanorods 

Bioinspire
d 

hydrogen 
storage 
medium 

Bio-
inspired 
material 
engineeri

ng 
approach 

Structure 
and 

Properties 

High-order, 
hierarchical 

porosity; 
bionic 

function; 
enhanced 
electroche

mical 
properties 

Hydrophilic 
to 

hydrophobi
c surface 

shift; 
lowered DC 
resistivity 

Highly 
electrically 
charged; 
abundant 
interfacial 

interactions 

Nanorods 
with 30-
100 nm 
diameter 
and 1-2 

μm length 

3D 
graphene 

foam; 
controllabl
e surface 

area and Pt 
nanopartic

le 
distributio

n 

Yolk-
shell 

structure 
with 

polypyrro
le shell 

and 
bismuth 
sulfide 

nanowire
s 

Electroche
mical 

Performanc
e 

Not 
specified 

Specific 
and pseudo-
capacitance 
enhanceme

nt by 
SWCNTs 

Not 
specified 

617 F g−1 
capacitanc
e at 0.4 A 
g−1; 113.6 
W h kg−1 

energy 
density at 

720 W 
kg−1 
power 
density 

High 
hydrogen 
storage 
capacity 

(3.19 wt% 
at room 

temperatur
e and 100 

bar) 

High Li 
storage 
capacity 
and rate 

capability 
(337 

mAh g–1 
at 10 C) 

Cycling 
Stability 

Not 
specified 

98% 
capacitive 
retention 

after 2000 
cycles 

Not 
specified 

93.8% 
capacity 
retention 

after 
12,000 
cycles 

Not 
specified 

99% 
capacity 
retention 
for 500 
cycles 

Environme
ntal Impact 

Sustainable 
and 

environmen
tally 

friendly 

Biodegrada
ble in water 
within 12 

hours 

Environmen
tally 

friendly 

Not 
specified 

Not 
specified 

Higher 
volumetri

c 
capacity, 
greater 

operation
al 

potential 

Potential 
Application

s 

Energy 
storage and 
conversion 

Temporary 
energy 
storage; 

biodegrada
ble 

electronics 

Electronics, 
energy 
sensors, 

biomedical 
applications 

Supercapa
citor 

electrodes 

Hydrogen 
storage 

Recharge
able 

battery 
anodes 
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4 Green Chemistry Approaches in Nanomaterial Production  

Despite their tiny size, nanoparticles have several uses, and one of those uses is in the 
synthesis process. Green synthesis presents a viable, economical, and ecologically 
responsible substitute for conventional techniques [19-23]. Natural materials and 
physiologically active substances are used in this one-step synthesis as capping, stabilizing, 
and reducing agents. Sustainable chemistry is a viable method for the effective and 
environmentally conscious synthesis of nanoparticles since it has less of an impact on the 
environment and improves safety. Because of its sustainability and possible uses in 
environmental cleanup, consumer goods, and medicinal research, green synthesis of 
nanomaterials (NMs) has drawn interest [24-27]. But there are issues with present methods: 
choosing a safe solvent, process parameters, cytotoxicity of nanomaterials, bulk 
manufacturing, and control over morphology, laborious maintenance, and lack of 
understanding. Future research should concentrate on comprehending the internal workings 
of synthesis processes, finding more biological as well as chemical agents, advancing the 
viability of green synthesis at an industrial level, and enhancing factors impacting the 
synthesis process in order to increase the utilization of biogenic NMs [28-30]. 
 

 

Fig. 2: Different methods for synthesis of nanoparticles  

Production that satisfies current needs while preserving the capacity of future generations to 
satisfy their own needs is known as sustainable development[30]. A growing area called 
"green chemistry" encourages the use of ideas meant to lessen the usage and manufacture of 
hazardous chemicals [31-33]. Greener methods therefore reduce the negative environmental 
effects of industrial labor [34]. These techniques have been created by researchers as 
prospective solutions to the costly procedures and hazardous materials discovered when 
using conventional synthesis techniques. The best way to lessen the negative effects of its 
production and application is through green nanomaterial synthesis, which also lowers the 
risk associated with nanotechnology [35-37]. Green nanotechnology uses the 
physicochemical properties of materials to produce environmentally friendly and energy-
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efficient solutions. It can boost energy availability and lessen the requirement for 
conventional raw materials in the energy sector [38]. Nonetheless, lawmakers, business 
leaders, and consumers may find it unclear. It is imperative that scientists and engineers stop 
weak legislation, fight greenwashing initiatives, and educate the general public about 
environmentally friendly synthesis and nanotechnology [39-42]. They ought to encourage 
sustainable nanotechnology investigation, incorporating toxicological assessments and 
societal repercussions, and explain the uses and implications of new technologies [43-48]. 

5 Conclusion 

Bio-inspired nanomaterials (BINMs) have proven tremendous promise in the realm of 
sustainable energy solutions, leveraging nature-inspired systems to enhance energy 
harvesting and storage technologies. The synthesis and application of these materials offer a 
greener alternative to standard energy assets, aligning with worldwide sustainability desires. 
However, the path forward requires addressing demanding situations in scalability, 
environmental impact, and integration into present systems. 
• Revolutionary energy solutions: BINMs offer innovative techniques to energy 

harvesting and storage, inspired by means of natural systems, leading to better 
performance and novel functionalities. 

• Sustainability and Environmental effect: The improvement of BINMs is aligned with 
green chemistry ideas, promoting environmentally friendly options to conventional 
energy resources. 

• Demanding situations and opportunities: even as promising, BINMs face demanding 
situations which include large-scale manufacturing, ecological safety, and the 
complexity of bio-inspired designs, which want to be addressed to recognise their full 
capability. 

• Destiny instructions: endured research and improvement are crucial to overcome modern 
obstacles and explore new applications of BINMs in sustainable energy technology. 
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