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Application of Biomass-Based Nanomaterials in Energy

Zhongwei Yang, Xiaoyu Zhang, Jian Zhang, Hong Liu,* and Xin Yu*

1. Introduction

The distinctive characteristics exhibited by
carbon nanomaterials have emerged as
pivotal drivers of societal progress and
technological advancements. However,
the majority of carbon sources for synthe-
sizing these nanomaterials primarily come
from nonrenewable energy reserves, thus
exacerbating the risks associated with fossil
fuel depletion and environmental destruc-
tion.[1] Consequently, there is a pressing
imperative to explore alternative carbon
sources that are environmentally sustain-
able, economically feasible, and renewable.
Biomass as an abundant and renewable
carbon source represents an attractive solu-
tion to this challenge. Biomass is originated
from agricultural, industrial, and forestry
activities, represents a low-cost, widely
available, environmentally benign, and
renewable resource. The rational disposal
of biomass as a by-product/biowaste from
agriculture, industry, and forestry is an
essential concern.[2] Owing to economic
considerations, traditional approaches to
biomass waste management have focused
on mechanical and energy recovery meth-

ods.[3] However, recent advancements in nanotechnology have
developed promising avenues for transforming various forms
of biomass waste into high-value or low-hazard materials.[4]

This transformation offers several advantages, including reduced
recovery costs, minimized adverse environmental impacts, and
enhanced recovery efficiency. Carbon nanomaterials convention-
ally derived from fossil fuels possess exceptional properties that
render them highly versatile for diverse applications.
Nonetheless, the reliance on fossil fuels for their production
presents challenges such as resource scarcity and environmental
degradation.[5] Utilizing biomass waste as a precursor for produc-
ing these valuable carbon nanomaterials not only mitigates
dependence on fossil fuels but also addresses the ecological
and environmental concerns associated with biomass waste
management.[6]

Biomass, derived through the process of photosynthesis in the
atmosphere, water, and land, constitutes an abundant and
renewable carbon source in nature.[7] It encompasses a variety
of organic compounds, including cellulose, starch, chitin, chito-
san, pectin, lignin, vegetable oil, proteins, and so on.[8] Biomass
energy, stored as chemical energy resulting from solar radiation,
represents a paramount form of stored energy.[9] Its unparalleled
ubiquity, abundance, and renewability distinguish it as a prime
contender among various renewable energy sources. Globally,
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The utilization of biomass as a sustainable and renewable resource for
nanomaterial synthesis has received considerable attention in recent years.
Through the efficient utilization of biomass waste, opportunities for energy
production, energy conversion, and the fabrication of nanomaterials can be
maximized. The combination of biomass-based nanomaterials with additional
nanomaterials makes the composite system have more remarkable performance,
which further facilitates the transformation procedure of biomass-based nano-
materials for applications. This comprehensive review provides an overview of
the preparation and applications of biomass-based nanomaterials. The prepa-
ration section covers a range of methods for synthesizing biomass-based
nanomaterials, including biomass-based carbonaceous nanomaterials, biomass-
based carbon nitride nanomaterials, nanomaterials derived from biomass tem-
plates, biomass-based nanomaterials as carriers, and the use of biomass for
metal ion reduction. The applications section explores the diverse applications of
biomass-based nanomaterials, such as hydrogen production, carbon dioxide
reduction, batteries, and supercapacitors. The unique properties and advantages
of biomass-based nanomaterials in each application are discussed. The con-
clusion summarizes the current progress and presents future perspectives for the
development and utilization of biomass-based nanomaterials. This review
emphasizes the potential of biomass as a valuable and sustainable source for
nanomaterial synthesis, opening up promising opportunities in various fields.
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more than 1.4 billion tons of biomass were produced annually,
with a considerable portion comprising biomass waste generated
by industrial, agricultural, and forestry practices. The efficient
development and utilization of these natural biomass wastes
transcend resource utilization and emerge as an urgent environ-
mental imperative.[10] With the depletion of nonrenewable
energy sources and the global temperature increasing, biomass
waste has attracted widespread attention as an alternative energy
source. Traditional biomass recycling methods were stuck in the
primary stage of direct combustion and composting, which had
the defects of poor value-added conversion rate and secondary
pollution to the environment. Through the conversion and
extraction of biomass waste to obtain higher value-added prod-
ucts can acquire better economic and environmental benefits
to the maximum extent.[11] Since the 1970s, the efficient
utilization and valorization of biomass waste have captivated
widespread attention, resulting in significant strides and
industrial-scale applications.[12]

The utilization of petroleum energy resources yields a consid-
erable waste burden, which accumulates owing to the high recy-
cling expenses. This perpetual accumulation of waste materials
exerts a profound impact on soil, air, and water resources.[13]

Utilizing the inherent properties of renewable biomass
(e.g., plants, marine organisms, microorganisms, and biomass
wastes), nanomaterials derived from biomass not only demon-
strate favorable biocompatibility, environmental benignity, facile
degradability, straightforward synthesis, substantial economic
benefits and facile modifiability but also frequently manifest
characteristics such as low thermal conductivity, low dielectric
constant, and exceptional mechanical properties.[14] The further
deployment of biomass-derived nanomaterials holds immense
potential for accelerating nanomaterial fabrication and recycling
processes, thereby mitigating the adverse environmental
ramifications stemming from biomass waste. The distinctive
properties arising from the conversion of biomass into nanoma-
terials could emerge as a pivotal domain and opportunity for the
advancement of future green nanomaterials, applicable across
various fields, including energy and beyond.[15] Presently, carbon
nanomaterials derived from biomass have immense potential
across different fields such as supercapacitors (SCs), fuel cells,
sensing/bioimaging, photo/electrocatalysis, ecological restora-
tion, and energy applications (Figure 1).

2. Preparation of Biomass-Based Nanomaterials

2.1. Biomass-Based Carbonaceous Nanomaterials

Carbon-rich biomass serves as a renewable and sustainable feed-
stock, and pyrolysis-based conversion of biomass holds signifi-
cant promise in enhancing its economic viability.[16] The
remarkable electron mobility, high thermal conductivity and per-
meability of 3D graphene films (3DGFs), and carbon nanotube
fibers (CNTFs) have propelled their development in diverse
domains, including energy storage, nanodevices, green chemis-
try, and catalysis.[17] Catalyst-assisted chemical vapor deposition
(CVD) has emerged as a viable technique for synthesizing these
nanomaterials. Nonetheless, this approach is less cost effective
due to the extensive consumption of purified chemicals such

as hydrogen, methane, acetylene, or other precursors, as well
as the prolonged deposition duration.

Exploiting low-cost carbon sources derived from biomass
waste, such as lignin, cellulose, wheat straw, and sawdust, for
the pyrolysis synthesis of 3DGFs and CNTFs represents a novel
strategy to promote biomass conversion.[18] In fast pyrolysis, the
biomass was pyrolyzed into biochar, bio-oil, and gas mixture at
800 °C. The gaseous product enters the gas-purification device,
which contains alkali absorption solution and a molecular sieve,
through the pipeline to obtain small-molecule gases. The purified
gases were deposited onto the catalyst substrate and placed into
the center of a CVD tube furnace at atmospheric pressure and a
specific temperature. The fast-pyrolysis reactor in part 1 was
heated to 800 °C. The feedstocks (powdered lignin, cellulose,
and biomass wastes) were then fed to the reactor and decom-
posed into volatiles and carbon skeleton within 1–2 s.
Following rapid pyrolysis, deposition, and etching steps under
a strong reducing atmosphere, 3DGFs derived from different
carbon sources exhibit comparable hollow three-dimensional
network architectures composed of few-layer graphene sheets
(Figure 2a,b), the ripples and wrinkles on the skeleton surface
were retained. The SAED images exhibit multiple reflection
spots in the hexagon, indicating the presence of graphene
structures in the measurement area with rotational stacking
faults. The structural layers of graphene were determined by
HRTEM, and the curled edges of the film indicate that the
3DGF consisted of few-layered graphene sheets (<10 layers).
Moreover, these biomass-derived 3DGFs possess lower mass
density and higher electrical conductivity than most reported
graphene aerogels, rendering them suitable for applications as
electrodes in SCs, nanoscale electronic devices, and lightweight
conductive materials. Additionally, the bio-oil obtained from

Figure 1. Schematic representation of the preparation method and
application of biomass-based carbonaceous nanomaterials.
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rapid pyrolysis of grain biomass waste can effectively mitigate
reliance on petroleum-based energy sources (Figure 2c).
Compared to conventional CVD processes, this expedited
pyrolysis synthesis route minimizes the impact on human
health, ecological well-being, and global warming, thereby
opening up new avenues for sustainable and safe production
of high-value carbon-based nanomaterials.

Three-dimensional interconnected porous architectures
endow aerogel materials with low density, large specific surface
area, superior mass transfer properties, and low thermal conduc-
tivity, rendering them highly attractive for applications in energy
storage, electrocatalysis, and other energy-related domains.[19]

Conventional aerogels, typified by silica-based inorganic aerogels
and organic aerogels like polybenzene dicarboxylate, consist of
cross-linked primary nanoparticles (NPs), impeding precise
microstructural control.[20] Recent efforts have explored the
assembly of aerogels using NPs of varying sizes, aiming to
address microscale manipulation. However, these methods
suffer from complexity and limited economic efficiency.[21]

Currently, researchers are focusing on the development of
superelastic structures utilizing carbonaceous aerogels derived
from wood or bacterial cellulose.[22] A promising approach
for fabricating carbonaceous nanofiber aerogels entails
template-directed hydrothermal carbonization of biomass
nanofibers, including cellulose, chitin, β-chitin and proteins
(Figure 2d).[23] For them, all of prepared nanofibers contain a

large number of carboxyl groups, while there are also a large
number of amino groups on the surface of protein nanofibers,
which have been proved to be able to promote the nucleation
growth of hydrothermal carbonaceous layers. Therefore, cellu-
lose nanofibers and chitin nanofibers were surface aminated
before use. Finally, uniform carbonaceous nanofibers were also
obtained by using amino-functionalized nanofibrils and partially
deacetylated chitin nanofibers as templates for directing
hydrothermal carbonization process. In comparison to tradi-
tional biopolymer-based aerogels, carbonaceous nanofiber
aerogels synthesized through this method exhibit remarkable
recoverability, mechanical strength and surface functionality.
The functional groups present on the aerogel’s surface facilitate
nucleation and growth of carbonaceous layers during the hydro-
thermal process. This sustainable synthesis technique, with its
distinctive structure, unlocks novel possibilities for advancing
the application and transformation of biopolymer aerogels.

2.2. Biomass-Based Carbon Nitride Nanomaterials

Doping carbon-based nanomaterials with heteroatoms have
emerged as a promising avenue for the development of innova-
tive catalysts, characterized by their low cost, facile synthesis,
high surface area, tunable morphology, and excellent stability.
Heteroatom-doped carbon-based nanomaterials have found
wide-ranging applications in catalyst supports, sensors, fuel cells,

Figure 2. a) Schematic diagram of carbon nanomaterials prepared from biomass pyrolysis. b) Scanning electron microscope (SEM), transmission
electron microscope (TEM), and high-resolution TEM (HRTEM) images of 3DGFs. c) Graph of biomass reserves and cost price. Reproduced with
permission.[18] Copyright 2020, Springer Nature. d) Schematic of the process of preparing carbon nanofiber aerogels from different biomass precursors.
Reproduced with permission.[23] Copyright 2022, Wiley-VCH.
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SCs, and various other fields.[24] Leveraging abundant and eco-
nomically viable renewable resources for the pyrolysis synthesis
of nitrogen-doped carbon nanomaterials represent an ideal prep-
aration strategy. Silk, predominantly composed of hydrophobic
fibroin proteins, serves as an environmentally friendly protein
polymer. The coexistence of sericin and fibroin in silk provides
a nitrogen source for the pyrolytic synthesis of nitrogen-doped
carbon (Figure 3a). By utilizing natural silk cocoons as the
carbon–nitrogen precursor, monofilament fibers consist of two
parallel fibroin fibers that are adhered by hydrophilic sericin
(Figure 3b). At molecular scale, silk fibroin comprises primarily
hydrogen-bonded β-sheet crystallites embedded in a less-ordered
α-helix domain, leading to the exceptional strength and tough-
ness of silk fibers. Under high-temperature heat treatment in
the presence of KOH, as an active agent, the adjacent amide
bonded protein chains can transform to aligned porous polyar-
omatic carbon structures (NC) due to intermolecular dehydra-
tion.[25] There are many small pores randomly distributed
across the surfaces. These pores derived from the thermal treat-
ment process in the presence of KOH in which small molecule
gases released and left spaces in the NC support. The thermal
pyrolysis of silk cocoons for the synthesis of nitrogen-doped car-
bon nanomaterials adheres to the principles of green chemistry,
offering a fresh avenue for the utilization of biomass-derived
nitrogen-doped carbon nanomaterials in the realm of catalysis.

In light of the escalating global energy and environmental
challenges, the development of environmentally friendly and
renewable energy sources has gained paramount importance.
Metal-air batteries have emerged as promising solutions due
to their high energy density and low emissions. However, their
practical application is hindered by the sluggish kinetics of the
oxygen reduction reaction (ORR) at the cathode.[26] Most reported
ORR catalysts are derived from complex and costly organic

monomers, posing risks of environmental pollution.[27] In this
context, the utilization of biomass waste for the preparation of
carbon-based nanomaterials offers a compelling alternative, com-
bining excellent stability, environmental friendliness, and the
presence of multiple heteroatoms and unique coordination struc-
tures. These carbon-basedmaterials present themselves as highly
promising electrocatalysts for ORR applications.[28] Watermelon
peel carbon (WPC) was obtained by precarbonizing the dried
watermelon peel to remove partial hydroxyl groups and volatiles
on the surface of the biomass, followed by carbonization under
argon environment. Second, WPC was activated by KOH to
obtain watermelon peel activated carbon (WPAC). Finally,
WPAC was treated with urea to gain the watermelon peel-derived
nitrogen-doped hierarchically porous carbon sample (N-WPAC)
(Figure 3c).[29] The KOH activation process facilitates the
construction of a well-defined porous structure, while the subse-
quent urea post-treatment further refines it into a layered porous
structure, resulting in the formation of N-WPAC (Figure 3d).
Remarkably, N-WPAC exhibits superior stability compared to
conventional Pt/C catalysts and demonstrates excellent ORR
activity, thereby providing a simple and effective pathway for
the preparation of high-performance nonmetal catalysts using
biomass waste as a valuable resource.

2.3. Nanomaterials Made From Biomass Templates

In recent years, there has been significant progress in the
synthesis of nanomaterials with diverse morphologies, with tem-
plate methods emerging as stable and effective approaches.
Notably, natural microorganisms with diverse three-dimensional
geometric shapes have proven valuable as mineralization
templates for synthesizing highly dispersed structures such as
rods, spheres, and hollow shells.[30] Leveraging these biological

Figure 3. a) Schematic diagram of carbon nitride prepared from silk. b) SEM image of carbon nitride and carbon nitride loaded with functional
components. Reproduced with permission.[25] Copyright 2021, Wiley-VCH. c) Schematic diagram of the synthesis of N-WPAC. d) SEM, TEM, and
EDX elemental maps of N-WPAC. Reproduced with permission.[29] Copyright 2021, Wiley-VCH.
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templates offers promising prospects for novel synthesis strate-
gies, leveraging their varied morphology, uniform size, excellent
solvent stability, and abundant surface functionality. Among
these templates, Escherichia coli (E. coli) strains, which are harm-
less and widely distributed in the environment, food, and animal
intestines, have been employed as biological templates for the
fabrication of TiO2/Au/TiO2 nanostructures, showcasing their
powerful potential as surface plasmon resonance (SPR) photoca-
talysts assisted by whispering gallery mode (WGM) resonance
(Figure 4a).[31] E. coli plays a dual role in reducing Au ions to
Au NPs and guiding the formation of microcapsules exhibiting
WGM properties. First, Au3þ aqueous solution was mixed with
the culture solution containing E. coli. Au ions were first trapped
on the cell wall by electrostatic interactions, which were subse-
quently reduced by protein/enzyme on the cell wall or with
bacterial metabolites to form Au NPs attached on the bacteria
surface. Finally, the E. coli/Au/TiO2 composite was calcined
under an air atmosphere to remove E. coli and obtain an
E-TiO2/Au/TiO2 heterostructure (Figure 4b). The resulting
photocatalysts exhibit excellent photocatalytic performance, with
the recovery of preciousmetals offering significant economic and
environmental benefits. This biofabrication method offers a
promising bioprocess for the preparation of photocatalytic nano-
materials, demonstrating the potential of harnessing biological
templates in nanomaterial synthesis.

Manganese oxides offer great potential as anode materials for
lithium-ion batteries due to their cost-effectiveness and environ-
mental friendliness. However, their lower conductivity compared
to other metal oxides has limited their exploration in this field. To
address this, researchers have successfully utilized Bacillus
sphaericus as a template to selectively synthesize manganese

oxides with hollow rod-like nanostructures by incorporating
MnCl2·4H2O and NaBH4 for reflux stirring (Figure 4c).[32] The
resulting manganese oxides exhibit single crystals or small clus-
ters with a diameter of approximately 2-5 nm, uniformly attached
to the bacterial template. Subsequent calcination removes the
template, yielding manganese oxides with a hollow nanostruc-
ture (Figure 4d). Remarkably, these manganese oxide nanoma-
terials not only inherit the one-dimensional rod-like structure
from the bacterial template but also possess a high specific sur-
face area. Even after multiple cycles, the manganese oxide nano-
materials synthesized in this manner maintain a high reversible
capacity, demonstrating their potential for advancing the appli-
cation of manganese-based materials in the field of battery anode
materials. This innovative approach paves the way for the devel-
opment of high-performance manganese oxide-based electrodes
in lithium-ion batteries.

2.4. Biomass-Based Nanomaterials as Carriers

Compared with the procedure of removing the biomass
template, the utilization of biomass nanomaterials as carriers
provides enhanced exploitation of the inherent properties of
biomass. Biomass-based nanomaterial carriers possess a variety
of characteristics such as facilitating carrier deposition, reducing
carrier loss, enlarging the active area of the carrier, strengthening
the physicochemical properties of the composite system, and
accelerating the rate of interfacial mass transfer. Cellulose, a
key component of biomass, has garnered significant attention
in various fields such as flexible electronic devices, dielectric
layers, and derived carbon materials due to its abundant reserves,

Figure 4. a) Schematic of the synthesis process of TiO2/Au/TiO2 heterostructures. b) SEM and TEM images of E. coli and the TiO2/Au/TiO2

heterostructures. Reproduced with permission.[31] Copyright 2020, American Chemical Society. c) Schematic representation of the synthesis process
of bacterial templates of manganese oxide nanostructures. d) TEM and HRTEM images of bacterial/manganese oxide composite nanorods. Reproduced
with permission.[32] Copyright 2011, Royal Society of Chemistry.
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cost-effectiveness, biodegradability, and exceptional mechanical
properties.[33] At the nanoscale, cellulose often exhibits enhanced
performance, and its combination with conductive polymers,
metal oxides, metal hydroxides, and carbon nanomaterials ena-
bles the formation of flexible conductive substrates suitable for
solid-state supercapacitor assembly.[34] However, the practical
application of cellulose-based nanomaterials is impeded by mate-
rial aggregation and the degradation of mechanical and optoelec-
tronic properties induced by the reaction system with water.[35]

Thus, the development of efficient strategies to disperse nanoma-
terials is crucial for advancing the application of nanocellulose
composite materials in energy storage devices. Deep eutectic sol-
vents (DES), known for their green nature, biocompatibility, high
stability, biodegradability, and material dispersion capabilities,
offer a viable solution.[36] Leveraging DES for the one-step prep-
aration of nanocellulose/reduced graphene oxide (CNF/rGO)
film electrodes represents a simple and effective strategy to pro-
duce functional nanocellulose composite materials.[37] The
resulting CNFs film exhibits an interwoven fiber structure with
irregular cross-sections. Mix CNFs and graphene oxide (GO)
sheet suspensions with DES and stir to obtain a homogeneous
solution. The homogeneous solution was obtained by mixing
CNFs and GO sheet suspension with DES and stirring.
Subsequently, the GO content was minimized by the use of
L-ascorbic acid (VC), covered on polyvinylidene fluoride
(PVDF) after water bath treatment, and dried to obtain conduc-
tive composite films. Upon loading rGO nanosheets, the gaps
between CNFs are filled, and the rGO effectively covers the film’s
surface, rendering the composite filmmore compact (Figure 5a,b).
The layered structure of the composite film, akin to other cellulose
materials, allows for increased interlayer spacing with higher
CNFs content, facilitating enhanced contact between the electrode
and the electrolyte. This, in turn, boosts the specific capacitance
and stability of the electrode. Moreover, increasing the rGO con-
tent further enhances the flatness, thickness, and mechanical
properties of the composite material. The resulting composite film
exhibits remarkable flexibility, high conductivity, and exceptional
mechanical properties, providing valuable insights for the design
of functional nanocellulose composite materials. This work high-
lights the potential for utilizing nanocellulose composite materials
in energy storage applications.

Carbon-based nanomaterials have emerged as exceptional cat-
alyst supports in the field of catalysis, driving extensive research
and applications. An effective catalyst support necessitates a large
specific surface area to accommodate ample active sites for uni-
form catalyst loading.[38] While templating methods enable pre-
cise control over the pore size of carbon materials, they often
involve high temperatures or chemical etching to remove the
templates, resulting in energy consumption and environmental
hazards.[39] To address these challenges, researchers have
explored the use of four distinct biomass carbon precursors,
namely bamboo, cotton, cork, and hardwood, for the preparation
of porous carbons. These biomass-derived materials exhibit
unique mesoporous structures and large specific surface areas,
rendering them highly promising as catalyst supports
(Figure 5c).[40] The chemical composition and surface functional
groups of the carbon supports influence the nucleation and
growth of catalysts, while the porous structure impacts the inter-
facial mass transfer between substrates and products. Leveraging

the tubular cell structure of natural plant fibers, the carbon
precursors obtained from biomass undergo carbonization and
oxidation processes, yielding micrometer-sized pores in the
resulting carbon materials, which is derived from the tubular cell
structure of natural plants. CBamboo and CMaple remain their
closely packed tube array structure, while Cspruce-pine-fir shows
separated tube cells that is attributed to the degradation of adhe-
sive lignin between cells. CCotton remained its fabric feature and
microscopic hollow tube structure after the carbonization and
oxidation processes. Focusing on the surface, uniform porous
structures penetrating through the cell wall can be observed indi-
cating the oxidation process not only generates pores at surface
but also inner structure of carbon. The nucleation and growth
processes of Ag NPs catalysts on the four types of biomass-
derived carbon nanomaterials demonstrate variations attributed
to differences in surface active groups and ions (Figure 5d).
Furthermore, increasing the oxidation temperature or extending
the oxidation time enhances the oxidation level of the nanoma-
terials. Oxygen-containing functional groups such as carboxyl,
aldehyde, and phenolic groups can interact with carbon defect
sites, enhancing surface reactivity, facilitating the deposition
of metal NPs, and promoting surface wettability, which in turn
promotes interfacial mass transfer.[41] This study offers novel
insights into the conversion of biomass into catalyst supports
and the promotion of metal catalyst loading, opening up new pos-
sibilities in this field.

2.5. Biomass for Metal Ion Reduction

In the past few decades, biomass nanomaterials have attracted
significant attention in the domains of green chemistry and
renewable energy. The inherent functional groups and distinc-
tive biological structures found in biomass enable their effective
utilization in the creation of sustainable nanomaterials for clean
energy applications.[42] Extracts derived from plants, animals, or
active organisms, encompassing substances like dopamine,
aldose/ketose sugars, and polyphenols, can undergo bioreduc-
tion processes to form nanoscale structures that retain specific
characteristics of the biomass’s biological structure or function-
ality. These bio-derived nanomaterials offer advantages such as
straightforward synthesis methods, low cost, and environmental
compatibility. Extracts containing oxidizing and reducing groups
can serve as reducing agents in redox reactions, enabling precise
and controlled reduction of metal ions and facilitating large-scale
synthesis. By harnessing the unique properties of biomass-based
extracts, including their reducing capabilities and diverse func-
tional groups, it becomes feasible to tailor the structures and
properties of nanomaterials.[43] The integration of biomass-
derived extracts and their redox properties presents a versatile
platform for the development of sustainable and environmentally
friendly nanomaterials across various applications.[44]

One of the primary objectives in nanotechnology is the devel-
opment of simple and environmentally friendly synthesis meth-
ods that improve fabrication processes.[45] This entails precise
control over cluster size and morphology, enabling large-scale
production while minimizing potential pollution risks.[46] Iron
oxide NPs possess diverse surface morphologies, unique
nano-scale structures, and variable oxidation states, making them
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highly versatile in numerous fields. However, to retain their dis-
tinctive physicochemical properties, it is crucial to synthesize
them under conditions that yield a narrow size distribution
and monodispersity, preferably below 20 nm.[47] The utilization
of red clover as a biofabrication method for the production of
small metal particles under specific pH conditions holds
significant promise. Suspensions of alfalfa were obtained by
pretreatment such as grinding, washing, pH adjustment, and
centrifugation. The alfalfa suspension was mixed with
FeNH4(SO4)2·12H2O aqueous solution and centrifuged to obtain
iron oxide NPs with particle sizes below 5 nm (Figure 6a).[48] By
further optimizing reaction conditions, including pH, even
smaller NPs can be synthesized in a more controlled manner.

Additionally, the resulting NPs exhibit a face-centered cubic
lattice, enhancing their stability at the quantum dot scale. The
use of biomass for the production of small-sized NPs offers sev-
eral advantages, including mild reaction conditions, controllable
nanoparticle size and structure, and environmental friendliness.
This approach provides novel insights into nanomaterial
synthesis strategies.

Conventional techniques for removing heavy metal ions from
wastewater, such as chemical precipitation, ion exchange, reverse
osmosis, and electrochemical evaporation, often consume
substantial energy.[49] Microorganisms, including fungi, have
emerged as powerful tools for the removal of toxic heavy metal
ions due to their small residual volume, rapid clearance rate, low

Figure 5. a) Schematic diagram of the preparation process of CNF/rGO composite film. b) Top side and cross-section SEM images of different materials.
Reproduced with permission.[37] Copyright 2021, Elsevier. c) Schematic diagram of the preparation of porous carbon carriers, hybrid catalysts, as well as
apparent images of biomass before carbonization and SEM images after carbonization. d) TEM and size distribution images of Ag loading of different
carbonization precursors. Reproduced with permission.[40] Copyright 2016, Elsevier.
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cost, and widespread availability.[50] However, the practical appli-
cation of live fungal cells with physiological activity is limited.
Inactivated cells have thus become the preferred approach for
metal ion reduction, offering advantages such as nontoxicity,
absence of growth media requirements, and reusability.[51]

Inactivated bacteria for heavy metal ion adsorption and reduction
were obtained through natural drying, grinding, high-pressure
thermal inactivation, and scrubbing. Through adsorption,
coupling, and reduction processes using inactivated Coriolus ver-
sicolor, Cr6þ can be transformed into Cr3þ and subsequently
released.[52] Carboxyl groups on the cell surface have been iden-
tified as the primary contributors to the adsorption capacity of
Cr6þ, while the fibrous framework composed of chitin provides
numerous active sites. Additionally, the acetamide groups on the
fibers can coordinate with metal ions (Figure 6b). Both thermal
treatment and acidic pH conditions significantly enhance metal
ion adsorption, with lower pH conditions favoring the reduction
of Cr6þ. This cost-effective, environmentally friendly, and effi-
cient bioreduction method for metal ions offers new perspectives
on reducing energy consumption, minimizing resource waste,
and mitigating environmental pollution.

3. Applications of Biomass-Based Nanomaterials

3.1. Biomass-Based Nanomaterials for Hydrogen Production

H2 energy plays a pivotal role in reducing fossil fuel consumption
and achieving sustainable development as a clean, nonpolluting,
and renewable energy source.[53] Efficient photocatalytic
hydrogen production relies on semiconductor catalysts that
are nontoxic, stable, cost effective, and highly efficient.
Among various hydrogen production technologies, solar-driven

photocatalytic H2 production from wastewater holds great
promise as a green energy source to replace fossil fuels.[54] In
this context, nanostructured composites comprising biomass-
activated carbon (AC) modified with Co3O4 have been developed
for photocatalytic H2 production from H2S wastewater under
solar irradiation (Figure 7a).[55] The hierarchical structure, high
porosity, large specific surface area of Co3O4, and high
conductivity of AC collectively contribute to the remarkable
photocatalytic H2 production performance of the Co3O4-AC
nanocomposites. Under 730Wm�2 solar irradiation, the H2

yield of the Co3O4-AC nanocomposites is significantly higher
compared to pristine Co3O4 nanosheets, thanks to the synergistic
effect between Co3O4 and AC. Furthermore, as the concentration
of sulfides and sulfites increases, the H2 production rate reaches
an impressive 70mL h�1. However, excessive sulfide ions can
inhibit the redox process, as the accumulation of sulfur species
on the catalyst surface hinders the reaction. Additionally, the
Co3O4-AC nanocomposites exhibit excellent cycling stability, a
crucial factor for sustained photocatalytic H2 production
(Figure 7b). This study provides novel insights into green H2 pro-
duction through solar-driven wastewater treatment, opening up
new avenues for sustainable energy generation.

In recent years, conjugated polymers have attracted consider-
able attention due to their unique nonmetallic structure, facile
fabrication processes, and distinctive optical properties.[56]

Among these polymers, graphitic carbon nitride (g-C3N4),
composed of triazine units, has emerged as a prominent research
focus in the field of photocatalytic water splitting for hydrogen
production. This is attributed to its suitable bandgap,
excellent cycling stability, and tunable electronic properties.[57]

However, the photocatalytic performance of g-C3N4 still falls
short of expectations due to limited visible light absorption, fast
recombination of electron–hole pairs, and limited active sites.[58]

Figure 6. a) TEM and HRTEM images of samples prepared at different pH conditions. Reproduced with permission.[48] Copyright 2007, American
Chemical Society. b) Possible reaction pathways of biomass surface functional groups interacting with metal ions. Reproduced with permission.[52]

Copyright 2009, Elsevier.
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Templates, acting as structural directing agents, are commonly
employed to tailor the morphology and structure of photocata-
lysts. Biomass, as a cost-effective, diverse, and abundant
resource, serves as an effective template for g-C3N4 synthesis.

[59]

By polymerizing a melamine precursor on the surface of organic
yeast, a biomass-derived graphitic carbon nitride with a thin-
layered structure (CCNx) is prepared (Figure 7c).[60] The hydro-
gen bonding between melamine and yeast creates interface
constraints, resulting in the formation of small-sized CCNx.
CCNx exhibits enhanced visible light absorption, significantly
improving the delocalization of electrons and facilitating the sep-
aration of photogenerated charge carriers. Under visible light
irradiation, CCNx demonstrates a remarkable photocatalytic
hydrogen evolution rate of 2704 μmol g�1 h�1, nearly 11 times
higher than that of pristine g-C3N4. Moreover, CCNx exhibits
excellent cycling stability and resistance to photocorrosion after

multiple cycles (Figure 7d). This work harnesses the synergistic
effects of morphology and composition control achieved through
biomass templating, thereby offering broad prospects for the
development of efficient nonmetallic photocatalysts.

3.2. Biomass-Based Nanomaterials for Carbon Dioxide
Reduction

The accumulation of CO2 poses a significant challenge to ecosys-
tems, and achieving carbon neutrality has become a globally
recognized goal.[61] Harnessing the abundance and low cost of
CO2 for its conversion into high-value chemicals represents
an effective strategy to mitigate CO2 accumulation and achieve
energy and environmental sustainability.[62] Rice husks (RHs),
composed of organic matter and silica dioxide, are abundant

Figure 7. a) Schematic of the synthesis of Co3O4-AC nanocomposites. b) Photocatalytic H2 production mechanism and performance characterization of
Co3O4-AC nanocomposites. Reproduced with permission.[55] Copyright 2023, Elsevier. c) Schematic synthesis and apparent image of CCNx. d) Schematic
diagram of material transformation process, photocatalytic mechanism, and performance evaluation. Reproduced with permission.[60] Copyright 2023,
Elsevier.
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biomass resources. Conventional approaches for converting RHs
into photocatalysts often involve the combustion of organic mat-
ter, resulting in the release of large amounts of CO2. However,
the utilization of molten salt, an anaerobic high-temperature
medium generated from the pyrolysis of organic matter, provides
a unique avenue to accelerate the reduction of metal oxides by the
generated carbon and facilitate metal functionalization.[63]

Additionally, molten salt exhibits excellent in situ capture and
conversion capabilities for CO2, overcoming the interference
of impurities in RHs and facilitating the self-purification process
of biomass-derived photocatalysts.[64] Through the electrolysis of
RHs and AgCl in molten salt, a SiC/C/Ag photocatalyst is con-
structed, demonstrating remarkable potential for CO2 reduction
(Figure 8a).[65] Under light excitation, electrons are excited from
the valence band (VB) of SiC to the conduction band (CB) and
subsequently migrate to carbon, facilitating CO2 reduction. The
incorporation of RHs and AgCl significantly reduces the energy
consumption during catalyst preparation. The SiC/C/Ag photo-
catalyst exhibits significantly enhanced photocatalytic activity and
a substantially reduced threshold for CO2 reduction. It demon-
strates excellent photocurrent, high charge–hole pair separation

efficiency, rapid charge migration rate, and long carrier lifetime,
enabling efficient photocatalytic reduction under visible light
irradiation (Figure 8b). Notably, under simulated solar light irra-
diation, the photocatalytic CO2 reduction achieves CO and CH4

production rates of 48.0 and 7.0 μmol g�1, respectively. The
apparent quantum efficiency of the photocatalyst at 365 nm
reaches 0.32%, surpassing previous similar photocatalysts, while
maintaining excellent stability. This work provides a promising
approach for the preparation of CO2 reduction photocatalysts
using biomass and molten salt, thereby contributing to the
advancement of sustainable CO2 utilization strategies.

Plant photosynthesis harnesses solar energy to convert CO2,
providing a continuous and sustainable supply of renewable
energy. This intricate process relies on a series of catalytic steps,
including light absorption by chlorophyll, water splitting for oxy-
gen evolution, NADPH generation, and CO2 fixation.

[66] Inspired
by natural photosynthesis, research in photocatalyst development
and the construction of photocatalytic systems has made signifi-
cant progress.[67] The integration of photocatalysis and biocataly-
sis requires establishing pathways for the transfer of reducing
equivalents between these catalysts and creating compatible

Figure 8. a) Schematic diagram of electrochemical conversion and device. b) Charge carrier migration mechanism and photocatalytic performance
evaluation. Reproduced with permission.[65] Copyright 2021, Royal Society of Chemistry. c) Schematic of the similarity between natural photosynthesis
and artificial vesicle-enzyme coupling system. d) Photocatalytic CO2 reduction performance test of microcapsules. Reproduced with permission.[70]

Copyright 2019, American Chemical Society.
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interfaces.[68] Currently, three representative artificial photosyn-
thesis systems based on photocatalysis, photoelectrocatalysis,
and photobiocatalysis have been developed for the continuous
synthesis of fuels and chemicals.[69] Artificial photosynthesis
holds great potential for the production of solar dyes and chem-
icals. Photobiocatalytic systems combine the light-harvesting
ability of photocatalysts with the CO2 reduction ability of bioca-
talysts, mimicking the biological prototype (Figure 8c). By modi-
fying the inner wall of fish sperm protein-titanium dioxide (PTi)
microcapsules with CdS quantum dots (QDs), an artificial vesicle
is constructed for enzymatic and multi-enzymatic coupling of
CO2 reduction.[70] The vesicles spatially separate the photocata-
lytic and enzymatic reactions, preventing enzyme deactivation
caused by photogenerated holes and reactive oxygen species
(ROS), ensuring efficient compatibility between the two types
of catalysts.[71] The heterostructure of CdS QDs and PTi facili-
tates the transfer of photoexcited electrons within the microcap-
sule, enabling the efficient regeneration of β-nicotinamide
adenine dinucleotide (NADH) for subsequent enzymatic CO2

reduction. The optimized system exhibits a NADH regeneration
rate of 4226� 121 μmol g�1 h�1 and an optimal yield of
93.03� 3.84%. This photobiocatalytic system enables the
individual enzymes to produce formic acid and methanol at rates
of 1500 and 99 μMh�1, respectively (Figure 8d), paving the
way for the construction of complex multireaction artificial
catalytic systems. These advancements represent a significant
step toward the realization of efficient and sustainable artificial
photosynthesis.

3.3. Biomass-Based Nanomaterials for Batteries

Lithium-sulfur (Li-S) batteries have attracted significant interest
due to their high energy density, environmental friendliness,
cost-effectiveness, and the abundance of their raw materials.[72]

However, Li-S batteries face formidable challenges, including
volume expansion and the formation of polysulfide intermedi-
ates, resulting in poor rate performance, low coulombic effi-
ciency, and limited cycling stability, which complicate their
design and operation.[73] The changes in polarity, conductivity,
and solubility of sulfur species further exacerbate these issues.
Biological cells, with their selectively permeable membranes that
regulate substance entry and exit, provide an excellent model for
the design of Li-S batteries. Biomimetic bipolar microcapsules,
fabricated through bacterial fermentation and chemical modifi-
cation, can serve as microreactors to address the challenges faced
by Li-S batteries (Figure 9a).[74] The nonpolar core of the biomi-
metic microcapsule is utilized for loading active materials, while
the polar shell controls the selective transport of substances. The
carbonaceous material inside the biomimetic microcapsule is
derived through microbial fermentation and thermal treatment.
Each microcapsule acts as a microreactor, adsorbing sulfur
atoms on the porous carbon core, while the polar TiO2 shell pre-
vents the migration of polysulfides during lithium ion diffusion,
effectively addressing the issue of poor cycling stability. The
sulfur utilization in the biomimetic microcapsule cathode
reaches 70.6%, effectively suppressing the migration of polysul-
fides during the cycling process. It can provide a specific capacity
of 1202mAh g�1 and exhibits a capacity decay rate of only

0.016% after 1500 cycles (Figure 9b). Through this biomimetic
approach, waste microorganisms can be repurposed as cathode
materials for sulfur batteries, further promoting the application
of bio-synthesis technology in the field of batteries. These find-
ings offer new insights into the design of Li-S batteries inspired
by biological systems.

The depletion of fossil fuels and lithium resources necessi-
tates the development of new energy storage technologies to
enable the integration of renewable and clean energy sources.[75]

Sodium-ion batteries (SIBs) have emerged as a promising
alternative due to the abundance of sodium resources and their
unique operating mechanism.[76] However, the further advance-
ment and utilization of SIBs have been impeded by challenges
associated with the larger size of sodium ions and the selection of
suitable anode materials.[77] Traditional anode materials like
graphite, alloys, and metal oxides are not well suited for SIBs
due to issues such as thermodynamic limitations, narrow inter-
layer spacing, limited sodium storage capacity, and poor cycling
stability.[78] Conversely, amorphous carbonaceous materials offer
several advantages, including larger interlayer spacing and a
higher density of structural defects, which provide ample diffu-
sion pathways and abundant active adsorption sites for Naþ ions,
thereby enhancing sodium storage capacity. Carbonaceous mate-
rials derived from natural biomass possess favorable traits such
as low cost and good stability, making them potential candidates
for SIBs anode materials.[79]

Through a bottom-up pyrolysis process, carbonaceous materi-
als can retain the structural characteristics of the biomass precur-
sor while achieving uniform heteroatom doping, such as
nitrogen, sulfur, and phosphorus. Carbon electrodes derived
from waste silk protein exhibit increased interlayer spacing as
a result of nitrogen doping, leading to the exposure of more
active sites. Nitrogen sites act as negative centers, facilitating
enhanced Naþ adsorption.[80] The carbon electrode exhibits
exceptional reversible discharge capacity even after 5000 cycles
(Figure 9c). When assembled as an anode in SIBs after sodiation
treatment, the full cell demonstrates a reversible discharge capac-
ity of 105.3mAh g�1, high coulombic efficiency of 91.8%, and
excellent cycling stability (Figure 9d). This study demonstrates
the feasibility of commercial applications for all-SIBs using
biomass-derived carbon rods as anode materials, offering
promising prospects for the development of sustainable energy
storage technologies.

3.4. Biomass-Based Nanomaterials for SCs

Micro-SCs (MSCs) have emerged as promising energy storage
devices for smart electronic devices, offering high energy den-
sity, long cycle life, and rapid charge–discharge capabilities.[81]

To overcome the electrochemical limitations of batteries, bio-
mass has garnered significant attention in the development of
sustainable energy storage systems. Biomass exhibits renewabil-
ity, sustainability, structural flexibility, and chemical diversity,
making it an attractive candidate for energy conduction and
redox properties.[82] Fabricating MSCs using functional inks with
suitable rheological properties for high-resolution screen print-
ing is an effective approach. Pyrroloquinoline derivatives
(PDs), which are key components of electron transfer proteins
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found in nature, possess a pyrroloquinoline quinone structure
and high capacitance.

By coordinating PDs with biomass-derived porous graphene
(BHG) through hydrogen bonding and π-π stacking noncovalent
interactions, biomass-based inks can be formulated
(Figure 10a).[83] These inks enable scalable screen printing of
flexible micro-SCs (FMSCs), allowing for the precise printing
of diverse patterns and structures with high resolution.
The printed MSCs exhibit an impressive capacitance of
95.3 mF cm�2, an energy density of 16.3 μWh cm�2, excellent
cycling stability, and flexibility, rendering them suitable for appli-
cations in wearable devices and integrated electronics
(Figure 10b). The noncovalent interactions between PDs as redox
centers and BHG demonstrate that MSCs or FMSCs fabricated
using stable screen-printing technology can serve as sustainable
energy storage systems with broad prospects in the field of
energy. This research paves the way for the development of
biomass-based MSCs with enhanced performance and scalabil-
ity, contributing to the advancement of sustainable energy
storage technologies.

In recent years, with the growing demand for high-
performance electronic devices and renewable energy sources,
research related to novel energy storage devices has developed
at a rapidly increasing rate.[84] Limited by factors such as poor
structural utilization, biomass carbon aerogel (CA) suffers from
undesirable energy density and specific capacitance problems,
which seriously hinder its application in high performance.[85]

The electrochemical performance of SCs depends on the perfor-
mance of the electrode materials, and carbonaceous materials
with different morphologies and sizes have been extensively
studied as electrode materials for SCs. Although these carbona-
ceous materials provide better electrochemical performance for
SCs, the obstacles of complicated preparation process, high cost,
and unavoidable impact on the environment have greatly limited
their conversion to commercial applications.[86] Binary compo-
sites with excellent electrochemical properties can be constructed
by in situ growth of polypyrrole pseudocapacitor (PPy) particles
on layered porous liquefied wood carbon aerogel (LWCA)
(Figure 10c).[87] The deposition of PPy particles improves the
energy density and specific capacitance of the SCs, and the

Figure 9. a) Schematic diagram of the design and synthesis process of biomass Li-S battery. b) Electrochemical characterization of biomass Li-S battery.
Reproduced with permission.[74] Copyright 2018, Wiley-VCH. c) Electrochemical testing of carbonaceous nanorods for Naþ battery and Naþ storage
mechanism. d) Schematic of the electrochemical device and electrochemical performance tests of the Naþ full battery. Reproduced with permission.[80]

Copyright 2021, Elsevier.
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layered structure of the LWCA can inhibit the aggregation of PPy
particles while ensuring the rapid transfer of electrolyte ions. The
assembled LWCA-PPy hybrid capacitive composites have a high
capacitance performance of 421.45 F g�1 and excellent cycling
stability. In the KOH electrolyte, the LWCA-PPy exhibited a
remarkably energy density of 52.0Wh kg�1 and power density
of 2012.8W kg�1 (Figure 10d). In the H2SO4 electrolyte,
LWCA-PPy still maintains excellent cycling performance. This
3D biomass composite aerogel exhibits excellent electrochemical
properties and has a promising application in energy storage
devices.

4. Conclusion and Perspectives

In this review, we summarized the research progress of
biomass-based nanomaterials in the field of energy, including
the design and preparation of biomass nanomaterials as well
as their various applications in hydrogen production, CO2 reduc-
tion, and energy storage devices. Based on the current situation
of environmental destruction caused by fossil energy consump-
tion, there is a necessity to develop alternative energy resources
that are renewable, sustainable, low cost, and environmentally.
The preparation of high value-added nanomaterials from bio-
mass is an effective way to dispose of biomass waste and provide
green energy. The diverse morphological structures, elemental

compositions, and abundant functional groups of biomass make
them important candidates for the preparation of carbonaceous
nanomaterials and composites. However, due to the complex
structure and composition of biomass precursors, the prepara-
tion of biomass-based nanomaterials with tunable physicochem-
ical properties, highly compatible and complex reaction systems
still present many challenges. In addition, biomass-based nano-
materials are currently in the laboratory stage, and there are tech-
nical barriers limiting their large-scale fabrication and quality
management. Due to the diversity of surface groups, information
on the critical active sites and mechanisms of interaction of
biomass-based nanomaterials is still unclear. Furthermore,
biomass-based nanomaterials suffer from suboptimal activity
and instability. By combining biomass-based nanomaterials with
functional components to construct composite nanosystems, the
utilization of biomass can be improved while optimizing its cat-
alytic properties. Through theoretical calculations and rational
design, the reaction mechanism and synergistic effect between
components of biomass-based nanomaterials and their compo-
sites can be further investigated, which will be conducive to fur-
ther enhancement of their performance and economic efficiency.
In addition, with the continuous development of machine
learning, neural network algorithms, and artificial intelligence,
applying them to guide the development and design of
next-generation biomass-based nanomaterials can significantly
broaden the species of biomass-based nanomaterials and the

Figure 10. a) Schematic of FMSCs screen-printed using noncovalently interacting isoxazine/BHG inks. b) Energy storage mechanism and electrochemi-
cal characterization of printed-state MSCs. Reproduced with permission.[83] Copyright 2022, Wiley-VCH. c) Schematic of the synthesis of LWCA-PPy-x.
d) Electrochemical characterization of LWCA-PPy-x in alkaline electrolyte. Reproduced with permission.[87] Copyright 2022, Elsevier.
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types of catalytic substrates and effectively promote the process of
their application and transformation in the energy field.
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