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The world is currently transitioning from a fossil-fuel-driven energy economy
to one that is supplied by more renewable and sustainable materials. Trees as
the most abundant renewable bioresource have attracted significant attention
for advanced materials and manufacturing in this epochal transition. Trees
are composed with complex structures and components such as trunk (stem
and bark), leaf, flower, seed, and root. Although many excellent reviews have
been published regarding advanced applications of wood and wood-derived
biopolymers in different fields, such as energy, electronics, biomedical, and
water treatment, no reviews have revisited and systematically discussed
functional materials and even devices derived from trees in a full scope yet.
Therefore, a timely summary of the recent development of materials and
structures derived from different parts of trees for sustainability is prsented
here. A concise introduction to the different parts of the trees is given first,
which is followed by the corresponding chemistry and preparation of func-

in our future sustainability.! Trees rep-
resent an abundant renewable source of
lignocellulosic biomass, which is consid-
ered as a sustainable material. In addition,
trees provide us with oxygen and remove
carbon dioxide from the atmosphere via
photosynthesis reactions.

The different parts of trees, including
the trunk, leaf, flower, seed, and root, are
all widely used in our society. Tradition-
ally, trunk (accounts for 60% of the tree),
mainly composed of bark, cambium and
xylem, is the central part of the tree sup-
porting, transporting of water, minerals
and nutrients and protecting trees from
disease, insects, and harsh environment.
Trunk is widely used in our lives as con-

tional materials using various biopolymers from trees. The most promising
applications of biopolymer-based materials are discussed subsequently. A
comprehensive review of the different parts of trees as sustainable functional
materials and devices for critical applications is thus provided.

1. Introduction

The increasing demand for petroleum-derived materials and
products has resulted in various environmental problems and
shortages of these commodities.! Hence, the world is currently
transitioning from an age depending on petroleum-based mate-
rials to one that is supplied by more renewable and sustainable
resources.”?l The annual solar energy utilized by lignocellulose
biomass, such as trees, grass, and agricultural feedstock, is ten
times the total energy used by humans.¥! There is no doubt that
lignocellulosic biomass will play an increasingly important role
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structing materials for buildings and fur-
niture, combustion, manufacturing for
paper, and many others. Leaves (account
for 5% of the tree) supply energy and
nutrition for the trees by transforming
light energy into chemical energy, which
is stored in carbohydrate molecules, such
as sugars, via photosynthesis. Flowers, the reproductive organs
of trees, attract insects for pollination and provide humanity
various pigments. Seeds are the results of reproduction and
serve as the propagule, which contain the genetics of a tree and
food reservoirs in the form of cotyledons and endosperm. Some
tree seeds have high medical value and can be used to extract
oil. Roots (account for 20% of the tree) are fibrous-like, which
can feed the entire tree and absorb nutrients and water from
the soil and transport them to the trunk. Even though some of
the aforementioned applications of tree parts can be backed in
thousands of years, functional materials and devices have been
centered in the recent decades for converting tree into high-
value products.

Different parts of the tree have distinct applications due to the
different concentrations of the component chemicals and dif-
ferent structures. Trunk from wood has a naturally hierarchical
porous structure with aligned channels and numerous micro/
nano pores. Inspired by the inherent properties and structure
of wood, advanced applications of sustainable wood materials
have boomed; for example, in sustainable energy storage,l’!
biodegradable flexible electronics,® solar steam generation,”!
and natural energy harvesting.®l Wood is a natural composite
material that is mainly composed of cellulose, lignin, and hemi-
cellulose. These biopolymers have multiple functional groups,
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making them suitable for chemical modification and reconfig-
uration. In addition to similar components as wood, the bark
contains particular components with higher tannin content
than other parts of tree. Flowers and leaves have high pigment
contents that can be used to extract dyes. Recently, in the con-
text of biorefineries, many sustainable and green fractionation
techniques have been developed to enable the utilization of
these biopolymers in large quantities in multiple industries. In
addition, biopolymers derived from trees are considered as a
kind of sustainable resource for developing advanced materials
for use in high-tech fields, such as energy storage, flexible elec-
tronics, biomedicine, and water purification.

In the past years, several excellent reviews have discussed
advanced applications of wood and wood-derived nanomaterials
in different fields.'%l The relationships between the structure,
properties, and applications of wood have also been sum-
marized in detail in other comprehensive review articles.l%!!
However, recent advances in the use of each part of the tree for
energy, biomedical, environment, and electronics have not been
reviewed in detail yet. Understanding the fundamental function
of different parts of trees is crucial for designing and manu-
facturing products for emerging applications. The aim of this
review is to explore biopolymers derived from different parts of
trees and their use in the development of sustainable functional
materials and devices (as shown in Figure 1). This review will
inspire research in biopolymer-based advanced materials and
inspire new ideas to explore value-added high-value utilization
of trees.

2. Structures and Chemical Components of Trunk

2.1. Hierarchical Structures of Trunk

Trunk is the predominant and most important part of the tree that
human has used, for example, as firewood for heating, furniture,
and construction. For industrial electricity generation, combus-
tion of wood offers the advantages of biorenewability, abundant
fuel source, competitive calorific value (18.5-22.0 M] kg,
and low sulfur and nitrogen contents as compared with coal.
The combustion of wood therefore represents a promising
alternative to coal-fired power plants for reducing greenhouse
gas emission and promoting the production of sustainable and
renewable energy. In addition, bulk wood is a popular material
for timber engineering and construction, as it is lightweight,
has high strength, toughness, workability, and durability, and
is a sustainable resource. The intrinsic mechanical strength of
bulk wood that enables the engineering applications is a result
of its macroscopic, microscopic, and molecular structures,
including S1-S2-S3 layered cell walls with helical microfibrils,
hydrogen bonding, and crystalline and inter-/intramolecular
links. These characteristics give wood fiber viscoelastic charac-
teristics. The unique hierarchical structure of wood, from the
molecules to microscopic cell walls and macroscopic fibers,
provides mechanical support to transfer the applied load until
its ultimate failure strength, making wood a strong natural
material for furniture and construction (Figure 2).

In addition to bulk use, wood has been cut into chips and
blocks for emerging advanced materials and devices. The first
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Figure 1. Schematic illustration of the main sections in this review, including materials and structures derived from the trees (trunk, bark, leaf, flower,
seed, and root) for the applications in energy, electronic, environmental, and biological fields. The image of the solar cells in the Energy image is repro-
duced under the terms of the CC-BY Creative Commons Attribution 2.0 Generic license (https://creativecommons.org/licenses/by/2.0/), copyright 2017,
user Zak Zak on Flickr (https://www.flickr.com/photos/151836356 @ N08/34514874094/).

report of functional thin wood was more than a century ago,
where the wood was compressed to enhance its mechanical
strength.' Such thin wood films have been extensively studied
again in recent decades for various emerging materials and
devices, including electrodes, ion conductors, green electronics,
and functional engineering materials.'*l These applications
are enabled by the inherent physical and chemical character-
istics of wood, including the microscale hierarchical pores and
aligned channels, anisotropic cell wall fibrils, and hydrogen
bonding, which are taken advantage of for further functionali-
zation of the wood. There are two types of wood: softwood and
hardwood, which have different nanostructure and microstruc-
ture, including the cells types, chemical components, fiber mor-
phologies, and fiber arrangements. The main cells in softwood
are tracheid, accounting for 90-95% of the total cells, whilst the
main cells in hardwood are fibers and vessel elements, resulting
in more complicated structures. In addition, the fibers in soft-
wood are thicker and longer (3-5 mm in length and 20-35 pm
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in width) than that in hardwood (0.75-1.5 mm in length and
=20 um in width). Furthermore, softwood has more organized
fiber arrangements in cross section (transverse surface) than
hardwood, resulting in a more uniform microstructure.

Most functionalization of thin wood is based on its hierar-
chical porous structures that form longitudinal channels. Wood
has mesopores in the transverse section and nanopores in both
radial and tangential sections. All mesopores are formed from
the longitudinal wood cells, which also form aligned channels
of 0.8-1.6 mm for hardwood and 2—4 mm for softwood along
the radial and tangential directions. In addition to mesopores,
wood has plentiful nanopores, including pits along the cross-
section and ray cells of radial parenchyma. The functions of
these pores and channels in tree growth have much inspired the
processing of wood into emerging devices. All longitudinal cells
in trees function as mass transfer channels for water transport
and provide structural support. Similarly, the pits are channels
for lateral mass transfer, where fluids are exchanged between
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Figure 2. Traditional applications of wood as a bulk engineering material for construction, furniture manufacturing, and combustion.

two adjacent cells for cell-to-cell communication. Analogously,
electrode, separator, ion conductor, and desalination devices
require hierarchically porous structures and well aligned chan-
nels with sufficient surface area for efficient charge and mass
transfer. More stimulated to the materials researches, wood
cells are elongated in the longitudinal direction and form
straight cell channels along the tree stem that can significantly
reduce the mass transfer path and enhance transfer efficiency.
This property enables wood slices to be used as high-quality
ultrathick electrodes with low tortuosity for lithium-oxygen
cathode and sodium-metal anode electrodes, as well as for sepa-
rators with short mass transfer pathways.*! Despite advances
in this field, researchers should further investigate different
porous structures and channels derived from different types
of wood, scalability, and stability. Due to the significant vari-
ations in cell geometries in different tree types, and even the
same species grown in different areas, the porous structure
and channels could be very different. Therefore, identifying a
diverse range of wood with different microstructures suitable
for specific applications should be a topic of further study in
wood-based materials and device manufacturing.

Another inherent feature of wood that has been explored for
advanced materials is its anisotropic fibril alignment. As shown
in Figure 3a, the cellulose microfibrils in the S2 layer are the
main part of the wood cell wall and have a slightly tilted orienta-
tion (10°-20°) toward the longitudinal direction, which contrib-
utes to the anisotropy of the wood. The nanoscale slots among
these cellulose microfibrils are highly anisotropic and suitable
channels for external ion transfer. In addition, the chemical
modification of cellulose microfibrils by 2,2,6,6-tetramethyl-
piperidine-1-oxyl (TEMPO)-mediated oxidation converts C6
hydroxyl groups to carboxyl groups, which enhance the surface
negative charge of microfibrils and hence changes the surface
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charge of the mass transfer channel. Therefore, the efficiency
of the selective mass transfer can be significantly enhanced.!"l

Significant development in wood-derived functional devices
and materials has been achieved. Specifically, functionaliza-
tion of wood based on its inherent mechanical strength has
made process, although the exact mechanism is still unclear.
Recently reported super-strong wood fabricated from partial
delignification and subsequent thermo-hydrocompression had
a specific strength of =548.8 MPa.l'¥l The superior mechanical
performance was attributed to the enhanced hydrogen bonding
after processing; however, the underlying mechanism has not
yet been proven as a phase transition of the remaining lignin
and possible changes in bonding between cell-wall polymers
also occur. More importantly, even though delignification has
been shown to be crucial in enhancing hydrogen bonding
after thermo-compression, complete removal of lignin in wood
blocks is highly challenging. The uniformity of delignifica-
tion across the wood block, especially thick wood, is still chal-
lenging. Meanwhile, the evaluation of delignification degree
should also be further standardized in this field. The pulping
process starts with preparation of the raw materials, where the
wood is cut into thin chips with a length of 15-20 mm, thick-
ness of 3-5 mm, and width below 20 mm. Reducing the dimen-
sions of the wood chips facilitates penetration of the chemicals,
which enhances the delignification process. Delignification is
one of the most significant challenges for industrialization of
wood blocks for strong engineering materials.

Wood furniture, timber construction, and paper industry are
major wood consuming fields. Deforestation can be a severe
problem if the rate of harvesting is unbalanced with the speed
of cultivation. Promoting the sustainable production and con-
sumption of forest products and sustainable forest manage-
ment requires some key steps and policy supports. For instance,
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Figure 3. a) Graphical illustration of hierarchical structure of wood, from macroscopic to molecular scale. b,c) Schematics of suggested hydrogen
bonding system of cellulose | and cellulose Il, (110), plane (b) and (200),, (c) in cellulose I, in which the cellulose chains are linked together by intermo-
lecular hydrogen bonds at O(2)H-O(6). b,c) Reproduced with permission."l Copyright 2011, Royal Society of Chemistry. d) 020 plane (“down” chains),
e) 020 plane (“up” chains), and f) 110 plane in cellulose 1. The hydrogen bonds interaction between cellulose Il molecules are stabilized by the O(2)
H-O(6) (intra), O(3)H-O(5) (intra), and O(6)H-O(3") (inter) in (d), O(3)H-O(5) (intra), and O(6)H-O(2) (inter) in (e), and O(2)H-O(6) (intra),
O(3)H-O(5) (intra), and O(2)H-O(2") (inter) in (f). d—f) Reproduced with permission.?% Copyright 2005, Elsevier B.V.

technological developments aimed at improving the rates of
reuse, recycling and bioenergy of wood products, encouraging
the development of non-timber products, enforcement in law
and forest governance to fight illegal logging and deforestation,
and planned reforestation and afforestation.] In addition,
three sustainability dimensions, including economic, environ-
mental, and social criteria should be considered to balance
wood harvesting and cultivation.

2.2. Chemical Compositions of Trunk

The wood cell wall is comprised of the primary wall (P) and
secondary wall (S), which account for the bulk of cell wall and
can be further divided into three distinct layers, called S1-S3
(Figure 3a). Wood cell wall has a hierarchical structure mainly
composed of cellulose microfibrils, which are assembled by
36 chains of cellulose and exhibit different orientation to the
tree growth direction (net-like texture in P, 50°-70° in S1,
5°-15° in S2, and 60°-90° in S3); hemicellulose, which pre-
sents as a non-crystalline and branched polymer that bind with
pectin to microfibrils; and lignin, which is a 3D amorphous
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phenolic polymer that probably associates closely with hemicel-
lulose by lignin-carbohydrate complex (LCC) through covalent
bonds.[®l Many environmentally friendly and sustainable frac-
tionation techniques have been developed in biorefineries to
produce high-pure biopolymers. Several excellent reviews have
discussed the fundamental properties of the three main com-
ponents in wood, including the chemistry and structures.['>"]
Some novel and exciting applications of these three compo-
nents are summarized in this section.

2.2.1. Cellulose-Based Novel Functional Materials and Devices

In 1838, Payen first definitively identified and named cellu-
lose.?!l Approximately 40-50% of the mass of wood is cellulose,
depending on the species.??l Cellulose has a linear long-chain
that is comprised of -p-glucopyranose mono-units connected
by -(1—4)-glycosidic bonds.?3l During the biosynthesis process,
van der Waals forces and intermolecular hydrogen bonds pro-
mote the parallel accumulation of cellulose chains, forming basic
fibrils at the nanoscale, which are further organized into larger
fibrils.?4 Cellulose contains both crystalline and amorphous

© 2020 Wiley-VCH GmbH
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Figure 4. a) Schematic illustration of the preparation of CNF microfibers, and b) the corresponding SEM images. a,b) Reproduced under the terms of
the CC-BY Creative Commons Attribution 4.0 International License (https://creativecommons.org/(licenses/by/4.0)).2l Copyright 2017, The Authors,
published by Springer Nature. c) Preparation method and good flame retardancy of CNF/SNP composite fibers, and d) SEM image showing their good
flexibility. c,d) Reproduced with permission.*? Copyright 2017, American Chemical Society. e) Preparation method of CNF/PLA composite fiber and
their mechanical performance. Reproduced with permission.l Copyright 2018, American Chemical Society. f) Schematic and SEM image of magnetic

hybrid fibers. Reproduced with permission.¥ Copyright 2011, Wiley-VCH.

regions in these nanoscale fibrils. In wood, cellulose I,
referred to as natural cellulose, is less strongly hydrogen
bonded than cellulose IT and thermodynamically metastable.
Cellulose I is composed of two polymorphs, I, (a triclinic struc-
ture) and Ig (a monoclinic structure). The hydrogen bonding
within the I, and Ig structures is dominated by the O(2)H—O(6)
bond, which is the most universal one within the (110), and
(200),, planes (Figure 3b,c, respectively).l!) Cellulose II has a
more stable crystalline structure than cellulose I and can be
produced by redeposition and mercerization.?” Intrachain and
interchain hydrogen bonding in cellulose II model is mainly
along the (020) plane for the “down” (center) chains (Figure 3d),
(020) plane for the “up” (corner) chains (Figure 3e), and (110)
plane (Figure 3f). The cellulose chains are mainly linked by
O(2)H-0(6) (intra), O(3)H-O(5) (intra), O(6)H-O(3") (inter), O(6)
H-O(2') (inter), and O(2)H-O(2") (inter) hydrogen bonds.202]
The nanocellulose obtained by chemical or mechanical treat-
ment of cellulose fibers is classified as cellulose nanofibrils
(CNF) and cellulose nanocrystals (CNC).IY The unique struc-
ture of nanocellulose, with its excellent mechanical proper-
ties, low thermal expansion coefficient, and high reinforcing
potential and transparency, makes them ideal building blocks
for smart materials and products. In the following section, we
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describe nanocellulose-based advanced functional materials,
such as 1D fibers, 2D films and papers, and 3D hydrogels and
aerogels, which are produced using bottom-up assembly with
nanocellulose as the building blocks.

Fibers are extensively used in various industries, such as tex-
tiles, wearable electronics, construction, and reinforcing mate-
rials, which are subsequently used in many common consumer
products.””) Using natural and biocompatible nanocellulose to
produce multifunctional fibers is an increasing trend in recent
years. Nanocellulose has been used to prepare mechanically
strong fibers; the crystalline cellulose of elementary fibrils has
excellent mechanical properties, with a Young's modulus of
110-220 GPa and a tensile strength of 75-77 GPa.l?® Two main
methods for producing 1D cellulose macrofibers from CNF are
wet spinning and dry spinning."®! Figure 4a shows the wet spin-
ning method, which are achieved by extruding an aqueous CNF
hydrogel into a coagulation solvent, such as ethanol, acetone,
dioxane, and tetrahydrofuran. The tensile mechanical proper-
ties of individual fibers show high stiffness (=19-20 GPa) and
high toughness (=28-31 MJ m™).®l Figure 4b illustrates that
the alignment of the birefringent CNF results in an increase
in the birefringence of the fiber, and hence strong colors are
observed through imaging fibers between crossed polarizers. In
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dry spinning of cellulose macrofibers, a concentrated cellulose
nanofiber aqueous suspension is directly spun and then dried in
air. The obtained materials have good mechanical properties, e.g.,
Young’s modulus of 12.6 GPa and tensile strength of 222 MPa.l"!

CNF is also an attractive precursor for preparing high-per-
formance carbon fibers with high electrical conductivity. Deng
et al. carbonized CNF at a high temperature (2200 °C) and the
nanofibers maintained their fibrous morphology after carboni-
zation. No obvious skin—core heterogeneity was observed in
their CNF-based carbon fibers, which was attributed to their
small size that a constant temperature can be distributed across
the fiber during carbonization and incomplete oxidation of the
core region during stabilization can be avoided.l*!

Nanocomposite fibers containing nanocellulose have also
been demonstrated as advanced functional materials. Nechy-
porchuk et al. produced flame-retardant macroscopic fibers
using CNF and silica nanoparticles (SNP).32 The addition
of SNP promotes the formation of CNF char and improves
the thermal flame retardancy of the fibers (Figure 4c). The
impressive flexibility of the CNF/SNP fibers is shown in the
SEM image in Figure 4d.5? In addition, nanocellulose was
used as a reinforcement agent to improve strength and stiff-
ness of the polymer fiber.?3] CNF and poly(lactic acid) (PLA)
composite fibers were obtained by melt spinning. The stiff-
ness of the composite fiber increased by 600% as compared to
the pure PLA fiber (from 1.4 to 10.5 GPa; Figure 4e). In addi-
tion, functionalized microfibers were obtained by physical dip-
ping and chemical modification, which were transparent and
magnetic.?¥ CoFe,0, particles were synthesized by a simple
aqueous coprecipitation reaction between FeSO, and CoCl,
in the presence of prepared microfibers (Figure 4f). The satu-
ration moment of the modified fibers was up to 6.5 emu g7,
demonstrating the excellent magnetic properties that could
be taken advantage of for magnetic shielding, microwave
technology, and other applications.

Common paper for printing and art, white cardboard paper,
and rice paper, contain cellulose fibers with a diameter of
20-50 um. These conventional papers are optically opaque due
to their roughness and porous structures that produce strong
light scattering because of the difference between the refractive
index of air (1) and cellulose (1.5).3 Hence, conventional papers
are unsuitable for optoelectronic applications. In addition, the
high surface roughness of traditional paper limits its application
as an electronic substrate. Optically transparent papers that have
higher barrier properties, better visual appearance, and stronger
mechanical strength than traditional paper have attracted
increasing interest from academia and industries. To produce
paper with high optical transmission, physical and/or chemical
methods have been used to remove the air within the pores of
the paper. This can be achieved by: 1) immersing opaque paper in
a material with a similar refractive index, such as oil, resin, and
wax; 2) using a cellulose solution; and 3) using deep mechanically
treated wood fibers followed by a supercalendering or impregna-
tion process.13* The light transmittance of some early transparent
papers was less than 80%. However, the use of TEMPO-oxidized
CNF to prepare transparent nanopaper resulted in a transpar-
ency of 90% at 600 nm and a density of 1.45-1.46 g cm3.13%
The oxidized CNF facilitated densification of the fiber networks,
thereby suppressing backward light scattering.
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Yano et al. first reported a transparent nanofiber paper sim-
ilar to glass with high transmittance, high strength, ultralow
coefficient of thermal expansion (CTE), and high foldability
(Figure 5a).””) Zhu et al. also reported light management of
wood cellulose paper and used it in optoelectronics.B®¥! Figure 5b
shows the hierarchical structure of wood microfibers, where
each microfiber consists of nanofibers. The transparent paper
prepared from the microfibers had both a high transmittance
(>90%) and transmittance haze (>90%). In contrast, the total
super-clear paper from oxidized CNF had a high transmit-
tance (>90%) but a very low transmittance haze (<1%). This
value complies with the standards for high-end displays, which
require an optical haze value of less than 1%. The optical haze
of super-clear paper (0.5% at 550 nm) is similar to that of flex-
ible glass and lower than that of polyethylene terephthalate
(PET). Highly transparent, but hazy paper used for an organic
light-emitting diode (OLED) watch effectively reduced glare.*®!
In addition, they showed that the transparent nanopaper had
good tensile strength, which was higher than that of PET and
regenerated cellulose film. In addition, the preparation of the
OLED device on a super-clear nanopaper substrate has broad-
ened the application of transparent paper.*®¥ Another study
was flexible transparent electrodes developed by depositing Ag
nanowires on a wet nanocellulose sheet, resulting in a high
transmittance of 86.5% at 550 nm and a low sheet resistance
of 26.2 Q/sq.’” This device showed good magnetic and con-
duction properties (Figure 5c). Furthermore, other functional
composite films prepared from nanocellulose and its derivatives
have showed great potential in electromagnetic interference
(EMI) shielding applications. Zhou et al. developed wearable,
flexible electromagnetic interface shielding films with alter-
nating CNF and MXene layers. This CNF/MXene film had high
specific shielding effectiveness up to 7029 dB cm™ g! due to
the high impedance mismatch and interaction between EM and
high-density electron carriers when EM radiation passes through
the CNF/MXene films (Figure 5d).*! Wang et al. developed
superhydrophobic shape-memory adhesive films by adhering a
layer of superhydrophobic polyurethane (PU) onto a PU-CNF
substrate to obtain the hair-like skin structure (Figure 5e).*l
This smart film has great potential in many applications, such
as microreactions, biodetection, and fluidic devices.

In addition to the abovementioned applications, CNF-
based composite membrane has been widely used in selective
gas-separation. Membranes fabricated by uniting inorganic
metal-organic frameworks (MOFs) with traditional polymers
encounter poor polymer-MOF affinity, which results in interfa-
cial defects and gas leakage in the gas-separation applications.
To address this issue, Matsumoto et al. reported an ultraselec-
tive gas separation that was enabled by an nanoporous MOF
embedded gas-barrier CNF film.l*2l ZIF-90 MOFs (ZIF = zeolitic
imidazolate framework) reacted with the carboxyl group of CNF
to form tight contact for gas separation. The obtained ZIF-90/
CNF composite film illustrated extremely high flux of CO,
(2.97x 103 gas permeance units (GPU)) and high selectivity (CO,/
CH, = 123) for selectively separation of CO, from a CO,/CH,.
In another study, Zhang et al. developed a gas-separation mem-
brane by using UiO-66-NH, (Zr-based MOF) nanoparticles
and CNF-COOH.! Attributed to the electrostatic forces and
acid-base interaction between the —COOH groups of CNF and
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Figure 5. a) Photograph of high-quality transparent paper. Reproduced with permission.”) Copyright 2009, Wiley-VCH. b) Schematic of the preparation
of transparent paper from wood. Reproduced with permission.?® Copyright 2016, American Chemical Society. ) SEM image of CNF-based film, its
magnetic properties, and photograph of illuminating the conductive film. Reproduced with permission.>> Copyright 2016, American Chemical Society.
d) Schematic of the preparation of CNF/MXene films and EM shielding mechanism, (inset) photographs of the flexible film. Reproduced with permis-
sion.% Copyright 2020, American Chemical Society. €) SEM images of shape-memory adhesive film before and after recovery, and schematics of the

design strategy of the film. Reproduced with permission.!l Copyright 2019, Royal Society of Chemistry.

the —NH, groups of MOF, the CNF and MOF can be easily
anchored together. The composite membrane displayed ideal
interfacial morphology that the UiO-66-NH, is well-dispersed
in the CNF matrix. The porous structure of UiO-66-NH,/CNF
membrane strengthened the diffusion of CO, molecules and
improved CO, separation performance, which showed that CO,
permeability reach 139 Barrer and the CO,/N, selectivity ratio
is as high as 46.

In addition to CNF, CNC has been largely developed to
prepare functional 2D films. To prepare CNC, the natural cellu-
lose extracted from trees is acid hydrolyzed to selectively remove
amorphous regions of cellulose microfibers, leaving crystal-
line nanorods in the reaction solution (Figure 6a). Figure 6b
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shows a schematic diagram of a chiral nematic structure in a
CNC film after different acid treatments, where P/2 is the half-
spiral pitch. Since P/2 is at a similar scale to the wavelengths
of visible light, the CNC film appears iridescent. Cheng et al.
also reported the correlation between electrostatic interactions
and the chiral nematic structures of CNC. The variations in
P/2 values produced after different acid treatments resulted
in the generation of different colors.! It was found that the
CNCs formed a chiral nematic structure by electrostatic repul-
sion as a consequence of the negative surface charge.*” This
change can be detected by circular dichroism (CD) and UV-vis
spectroscopy, which may provide guidance for developing new
sensors. Moreover, free-standing chiral plasmonic composite
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Figure 6. a) Schematic illustration of CNC preparation using acid hydrolysis. Reproduced with permission.l*l Copyright 2019, American Chem-
ical Society. b) Schematic diagram of the half-helical pitch (P/2) change of CNC treated with different acids. Reproduced with permission.l*’!
Copyright 2019, Wiley-VCH. c) Images of CNC/n-GNR hybrid films and CNC/p-GNR hybrid films (“n” represents negative charge, “p” represents
positive charge). Reproduced with permission.¢! Copyright 2019, Wiley-VCH. d) Photographs of CNC-based films during stretching under polarized
light. The film changes color under stretching. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0).147] Copyright 2019, The Authors, published by Springer Nature. e) Schematic illustration of a flow bat-
tery using the CNC/PVDF-HFP membrane, and its cycle stability shown by the CE and discharge capacity of the membrane at 100 mA cm=2. Reproduced

with permission.! Copyright 2019, American Chemical Society.

films were designed by coassembling anisotropic plasmonic
gold nanorods (GNRs) and rod-like CNCs.l The effects of
surface charge and the concentration of the GNRs on the struc-
ture and optical properties of the CNC/GNR films were sys-
tematically examined. The CNC/GNR hybrid films retained the
photonic characteristic of the CNCs host while concomitantly
possessed the plasmonic resonance of GNRs. The chiral plas-
monic hybrid films showed tunable plasmatic optical proper-
ties, e.g., controlling the color of the film by modifying the zeta
potential of CNF/GNR hybrid films by adding different content
of gold nanorods (Figure 6¢).1*! Another study fabricated CNC-
based stimuli-responsive stretchable optics by mixing CNCs
with an elastomer.”! Vivid colors appeared when the film was
stretched and disappeared when the elastomer returned to its
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original shape (Figure 6d). Furthermore, Mukhopadhyay et al.
prepared CNC-based ion-selective membranes for flow battery
applications. The proton-conductive CNC was incorporated in
a matrix of semicrystalline hydrophobic poly(vinylidene fluoride)
hexafluoropropylene (PVDF-HFP) and used to produce a stable
and highly ion-selective membrane. The Coulombic efficiency
(CE) of this device was 98.2%, and performed at a current den-
sity of 100 mA cm™2 over 650 cycles (Figure 6e). The use of CNC-
based membranes in flow batteries is expected to contribute to
the development of low-cost energy storage technology.

In addition to 1D and 2D materials, nanocellulose can
be assembled into 3D composites and aerogels, which have
shown promising properties such as low density, low thermal
conductivity, high specific surface area, and accessible surface

© 2020 Wiley-VCH GmbH


https://creativecommons.org/licenses/by/4.0

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

Refrigerator and/or
freezer

1

1 1
Wet foam/ . :
iINanocellulose Structuring and solvent removal | Porous solid |.
' Hydrogel h
1 1
' > .
1 - 1
] —_— ]
: Wet Foam Convective S%Iid. Folgm !
T . as-in-soli

: Gasdlgrs‘ ":,li'igl,?e' drymg dispersion i :
: CNC - Porosity = 50% i
1 - Pore size 2 50 nm 1
’ Solvent Supercritical |
: exchange drying Aerogel :
: CNF = = Mesoporougs solid :
' Dispersion/ materilas '
1 1
' Hydrogel Freezing |—| Freeze drying H - Porosiy = 90% '
: -2 nm < Pore size 2 50 nm :
! Precooling = !
1 1

Figure 7. Schematic illustration of processes used to form nanocellulose-based foams and aerogels.

chemistry.®! In this review, we define a nanocellulose-based
foam as a heterogeneous porous material with a porosity
higher than 50% and a pore size greater than 50 nm. In con-
trast, we define a nanocellulose-based aerogel as a particular
nanocellulose-based foam with a high porosity (>90%) and a
pore size in range of 2-50 nm. There are two main steps to
produce nanocellulose-based aerogels (Figure 7). A wet foam or
hydrogel is prepared from dispersion first, which is followed by
the removal of the solvent by evaporation (oven drying), super-
critical drying, or freeze drying preceded by solvent exchange.
In addition, the foams can be structured from the dispersion by
freeze-drying the solvent.[*]

Nanocellulose foams and aerogels have various significant
properties. First, ultralight and highly porous nanocellulose-
based foams and aerogels have a density of 1-200 kg m~3, with
a corresponding porosity >99%.°%1 Figure 8a shows a cellulose
aerogel with an ultralow density (1 mg cm™3) and ultrahigh
porosity (99.9%) that was produced using a freeze-drying
method with a cellulose nanofibril hydrogel. An aerogel with
a porous structure was formed due to widespread hydrogen
bonding between the cellulose nanofibrils.”! Second, the high
specific surface area of the foams is ideal for applications such as
insulators, electrodes, and adsorbents.*? In addition, good con-
trollability of the pore size and morphology can be achieved by
adjusting the processing route, particle size, shape, and inter-
actions. Another benefit of these materials is their superior
mechanical properties. Figure 8b shows the compressive stress—
strain curves of CNF aerogels with different densities.”) These
curves have three main stages: i) linear elastic behavior caused
by bending of the cell wall; ii) a plateau area indicating plastic
deformation due to collapse of the cell; iii) densification regime,
where opposing cell walls approach each other and eventually
contact.*°!l Finally, aerogels and foams have low dielectric loss,
low thermal conductivity, and good absorption of sound. These
properties make nanocellulose foams and aerogels of interest
for a wide range of applications, including fire retardant and
thermal insulation materials, devices for energy storage, and
scaffolds for pharmaceutical and biomedical applications.

This section summarizes recent advances in these fields.
Nanocellulose-based foams and aerogels have thermal conduc-
tivity (k) values below 25 mW m™ K., similar to that of air,
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which makes them super-insulating materials.l>*! Wicklein et al.
developed anisotropic composite foams by combining nanocellu-
lose, graphene oxide, and sepiolite, which had excellent thermal
conductivity (15 mW m~! K7) and fire retardancy; they proposed
that these materials could replace commercial expanded polysty-
rene (EPS) foams (A =35 mW m™ K7 (Figure 8c)." In another
study, thermally insulating aerogels were fabricated using CNF
and metallic MoS,, which showed highly desirable thermal and
combustion properties (k = 28.09 mW m™" K%; limiting oxygen
index of 34.7%).°°! Vertical combustion tests also highlighted
excellent flame retardancy and self-extinguishing ability of the
aerogels (Figure 8d). Nanocellulose foams and aerogels have
also been used in energy storage systems, but their electrical
conductivity is usually lacking. Cao et al. used nanocellulose as
a printing additive and stable scaffold in 3D printing of lithium
metal battery.”® The dried CNF/LiFePO, electrode printed with
different layers is shown in Figure 8e. Nanocellulose has good
conductivity after carbonization, and does not require other
conductive additives. The printed electrode showed good ionic
accessibility and excellent cycle stability over 300 h (Figure 8e).
Porous lithium metal electrodes prepared with nanocellulose
efficiently inhibited the formation of lithium dendrites. In addi-
tion, nanocellulose aerogels and foams have been applied in the
biomedical and pharmaceutical fields as scaffolds and templates,
which have been shown to support cell growth and proliferation.
Cell culture using CNF aerogel scaffolds resulted in less than
5% cell death during 72 h of cell growth.’’l Another study used
hydroxyapatite nanocrystals to mineralize cellulose hydrogels,
where the precursor minerals penetrated the nanopores of the
aligned CNF network. The ultrastructure and mechanical prop-
erties of the obtained mineralized gel were strikingly similar to
those of bone and dentin (Figure 8f).1%®!

2.2.2. Hemicellulose-Based Novel Functional Materials and Devices

Hemicellulose is a heteropolysaccharide that accounts for
about 15-35% of the mass of wood cells.”” Unlike cellulose
that are linear and chemically homogenous, hemicellulose
is highly branched polysaccharide that consists of xylose, glu-
cose, arabinose, galactose, mannose, and galacturonic acid.

© 2020 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Hybrid

80 81 82 83 84 85 295 206 297 298 299 3|
Test time (h)
e e R L e RSB
w__{ By 1.6 23 Dry

HAp/Cellulose

www.advmat.de

=30

B Density (mg/cm?)
L4 27
g e 5.2
g 20 4 8.1
o 15+
2
g 10
2
g
Q0 ;| I T
(&)
0.0 0.2 0.4 0.6 0.8

Compressive strain

——Li foil r
——¢-CNF/Li |

L e e e e e |

= y
51 [ Rehydrated [ Rehydrated

-
<14
B
V12
2
@ 1.0
g
208
Tos
E
=04
0.2
0.0+

Figure 8. a) Photograph of CNF aerogel on top of a dandelion and SEM image of its porous structure. b) Compressive stress—strain curves of aerogels
with different densities. a,b) Reproduced with permission.’!l Copyright 2014, Royal Society of Chemistry. c) Schematic comparison of the thickness
of polystyrene and nanocomposite foam needed for house insulation, and the burning performance of the aerogel. Reproduced with permission.>*l
Copyright 2014, Springer Nature. d) Vertical burning test of the CNF/MoS, aerogel. Reproduced with permission.B3 Copyright 2017, Royal Society of
Chemistry. e) From left to right are schematics of 3D-printed lithium metal batteries as a scaffold to host Li, photographs of printed electrode with
different layers, and cycle performance of the cell at a current density of 5 mA cm™2. Reproduced with permission.l’®! Copyright 2019, Wiley-VCH.
f) Schematics of nanocellulose-based gel used in human hard tissues and its corresponding mechanical properties compared to other biomaterials.

Reproduced with permission.l8 Copyright 2019, American Chemical Society.

Different woods have different hemicellulose compositions,
structures, and concentrations. In hardwoods, the major com-
ponent is O-acetyl-4-O-methylglucuronoxylan, in which one-
tenth of the xylopyranose backbone units are substituted at C-2
with (1—>2)-linked 4-O-methyl glucuronic acid residues.[*"
In contrast, the major hemicellulose in softwood is O-acetyl-
galactoglucomannan, which has a backbone connected man-
nose and glucose units by f-(1—4)-glycosidic bonds with the
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branched galactose units linked to the mannose and glucose
by o-(1—6)-glycosidic bonds.®] Various processing technolo-
gies, including alkaline extraction,® dilute acid pretreatment,®?
liquid hot water extraction,®® microwave treatment,®! steam
treatment,®! and ionic liquid extraction,®® have been developed
to extract hemicellulose from wood. However, some key issues,
such as reducing hydrophilicity and increasing thermal stability
and mechanical flexibility, should be addressed to facilitate
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Figure 9. a) Schematic diagram of the process for extracting hemicellulose and applying it to the biomedical field. Reproduced with permission.[s!
Copyright 2017, Wiley-VCH. b) Treated DNA complex results from 0.6% agarose gel electrophoresis analysis. Reproduced with permission.”> Copyright
2009, Elsevier B.V. c) Schematic illustration of the process for preparing polysaccharide nanocapsules and the corresponding SEM images. Reproduced
with permission.[®'l Copyright 2006, Elsevier B.V. d) SEM images of galactoglucomannan-based microspheres and their release properties. Reproduced
with permission.®% Copyright 2008, Sage Publications Ltd. e) Hemicellulose-based polysaccharide from trees, which showed good potential in food-
packaging applications. Reproduced with permission.? Copyright 2012, Elsevier B.V. f) Optical microscopy images of hemicellulose-based hydrophilic
films. g) Contact angles of the composite films shown in (f). f,g) Reproduced with permission.[®3 Copyright 2014, Elsevier B.V.

advanced production. Recently, native hemicellulose materials  reported that oxidized mannan poly-1-lysine (OMPLL) and
have been modified to synthesize new hemicellulose derivatives, = reduced mannan poly-1-lysine (RMPLL) could be used to target
for example, using esterification,[*’] acetylation,l®! oleoylation,®” ~ DNA vaccines to antigen-presenting cells (Figure 9b).”*! In
fluorination,” etherification,”™ and crosslinking,”” to meet  addition, hemicellulose has antimicrobial activity. When micro-
the demands of functional applications. The following sections  organisms cause infectious diseases by attacking host cells and
describe the use of such hemicelluloses for various applications.  tissues, good adhesion is essential to allow pathogens to obtain
Biomedical ~Applications: Hemicellulose-derived materials nutrients and deliver toxic substances into the cells of host
have been extensively studied in recent years to guide the  tissues.”® Iwamoto et al. reported that mannan inhibits the
design and manufacture of biomedical materials. Hydrophobi-  adhesion of several Candida albicans strains to plastic plates,
zation and crosslinking have been used to modify hemicellulose  therefore coating medical devices with mannan-type hemicellu-
(Figure 9a). In comparison with unmodified hemicellulose, the  lose can reduce C. albicans adhesion.”!
modified hemicellulose is a suitable precursor for producing Hemicellulose has also been widely used in wound dressings.
water-resistant materials toward biomedical applications. Several =~ The ideal wound dressing should maintain a high humidity envi-
types of hemicellulose have been successfully used to inhibit the = ronment at the wound dressing interface, remove exudates, allow
growth of different tumors by inducing the activity of the host’'s  gas and vapor exchange, be impermeable to microorganisms
immune system.’3l A study showed that oxidized mannan as  and water, can reduce pain caused by the wound, and can be
a biologically active substance can be combined with a vaccine  removed without damaging the healing wound.’® A hemicellu-
(MUC) to obtain a fusion protein (M-FP), which could be used  lose-based wound dressing (Veloderm) has been commercialized
as a target for cancer immunotherapy.”¥ Apostolopoulos et al. by Medestea Research & Production, Italy. Veloderm is a biofilm
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with a polymeric structure consisting of hemicellulose micro-
fibers that has been described by the manufacturer as a wound
dressing that provides selective penetration of gas and vapor as
well as prevents water and microorganisms from the penetra-
tion, which thus protects the wound from dirt and bacteria pen-
etrating from the outside. Veloderm was also claimed to reduce
pain and create an environment for granulation and re-epithelial-
ization, which promotes rapid and optimal wound healing.

In recent years, interest in hemicellulose-derived biopoly-
mers as a drug-delivery system has greatly increased. Xylan
is known to be degraded by xylanases and p-xylo-sidases
secreted by the human colonic microflora.””! The presence of
microorganisms that secrete these enzymes in the colon affect
the use of hemicellulose as a drug-carrier polymer for colon-
specific drug delivery. Several forms of drug-delivery systems,
including nanoparticles, microparticles (microcapsules and
microspheres), and nanocrystals, have been reported.%8U
Jiang et al. prepared crosslinked polysaccharide nanocapsules
by polymerization of methacrylated N,N-diethylaminoethyl
dextran (DdexMA) and DdexMA-vinyl terminated polylactide
macromonomers (PLAM) (Figure 9c). The loaded drug can be
released again in a manner that lasts up to 100 h.BU Edlund
et al. fabricated galactoglucomannan (GGM)-based micro-
spheres as a drug-delivery system, which contained caffeine (a
very small hydrophilic substance) and macromolecular model
protein (bovine serum albumin). The release rate of GGM-
based microspheres varied depending on several factors such
as pH, the type of encapsulating substance (Figure 9d).18

Packaging and Other Applications: Xylans and mannans as the
main hemicelluloses in wood cell walls can potentially be recov-
ered in large quantities from biorefineries. Xylan and mannan
have good film-forming ability and biodegradability, making
them effective substitutes for the petroleum-based materials cur-
rently used for food packaging (Figure 9e).[82l The development
of xylan and mannan-based films and coatings as sustainable
packaging materials has received widespread industrial atten-
tion. A key patent for hemicellulose membranes was reported
by Xylophane, Sweden, in 2008.84 Since then, the number of
academic publications on the subject has grown steadily. The
main disadvantage of polysaccharide films is usually their sensi-
tivity to moisture.®] Recently, a patent owned by Xylophane has
proposed a method for producing flexible films and coatings for
packaging based on hemicellulose by using a crosslinking or
hydrophobic agent, which provides a barrier to oxygen, aromas,
and/or grease and has improved moisture resistance.®! In the
work of Gordobil et al., xylan-cellulose films in different propor-
tions were prepared by solvent casting (Figure 9f).83] Acetylated
hemicellulose served as the hydrophobic matrix and acetylated
cellulose were used to increase the hydrophobicity of the film.
The contact angle of the film increased from 57° to 72°, which
increased the hydrophobicity of the film (Figure 9g). Péroval
et al. developed an arabinoxylan film grafted with omega-3 fatty
acid to improve its water resistance. The contact angle of the
film increased from 66.8° to 115° after grafting.®¥l In another
study,®”! hemicellulose acetate was used as an internal plasti-
cizer for a cellulose acetate film. The cellulose acetate films with
5% xylan acetate had a tensile strength of 40 MPa, while the
films without xylan acetate even cannot be cut into unnotched
specimens for mechanical testing.
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In addition, hemicellulose has been widely used in coating
applied in the pulping and paper-making industry. Coatings
play a key role in improving paper quality, e.g., decreasing ink
absorption. Coated paper provides clearer and glossier printing
results, and water and grease resistance in packaging applica-
tions. In the food industry, coatings can be used as moisture
barriers to prevent food spoilage. Kisonen et al. developed
O-acetyl galactoglucomannan (GGM) esters for barrier coat-
ings used in food packaging.®®¥ A layer of GGM esters can be
effectively coated on rough inorganic layer of cardboard. The
penetration of the grease barrier of a GGM-coated carton was
controlled by adjusting the GGM content. Hence, this review
has demonstrated that hemicellulose-derived materials have
been widely used in many applications, where further investi-
gation would benefit this developing area.

2.2.3. Lignin-Based Advanced Functional Materials and Devices

Cellulose and hemicellulose have been widely used for the
production of paper, biofuels, and sugars in both the paper
industry and lignocellulosic biorefineries. Lignin is the major
byproduct from these industries, which has not yet been effec-
tively utilized. The lignin content in wood is in the range of
15-30 wt%, where softwood has a higher lignin content than
hardwood, which can be up to 30 wt%.%%] The majority of the
lignin produced in the paper industry (>95%) is burned to gen-
erate heat and electricity, while less than 2% is recovered for
use as dispersants, adhesives, additives, and surfactants for
concrete.’ Lignin is a complex and water-insoluble amorphous
polymer with plentiful aromatic moieties, which is biosynthe-
sized from three main monolignols of p-coumaryl, coniferyl,
and syringyl alcohols by forming condensed carbon—carbon
bonds and uncondense ether bonds. The inherent characteris-
tics of lignin, such as its high carbon content, high aromaticity,
various functional groups, antioxidant ability, UV absorb-
ance, biocompatibility, and abundance offer great potential for
making high-value products.®l Three main methods have been
used to produce lignin-based materials (Figure 10): 1) lignin
as a biopolymer component in thermoplastic polymer blends;
2) improving the interfacial properties of lignin by chemical
modification and grafting that provides better compatibility
with synthetic polymers; and 3) depolymerizing lignin into plat-
form chemicals that can be converted into monomers for some
polymer syntheses.””l The large number of published reviews
on different lignin applications indicate the great interest in
such lignin-based polymers.*%92-%4 This section provides an
overview of the latest research on converting lignin into high-
value materials for energy storage, biomedical, and adsorption
applications.

Rechargeable Batteries: In recent years, renewable and clean
energy storage systems have been significantly sought after as
a replacement for traditional fossil fuels. To meet the growing
demand for large-scale applications, such as electric stationary
energy storage grids and vehicles, many studies have investigated
the electrochemical performance of each component in recharge-
able batteries, such as the cathode, anode, binders, and electro-
lyte.’!l In addition, the cost of the processing method is especially
critical for large-scale applications. This section provides an
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Figure 10. Schematic illustration of the strategies for producing value-added polymeric materials from lignin. Reproduced with permission.l?

Copyright 2019, Elsevier B.V.

overview of lignin as a low-cost and renewable biomass mate-
rial in recent advanced rechargeable battery applications, such as
lithium batteries, sodium batteries, and flow batteries.

Cao et al. developed a Li metal anode using lignin-derived
3D scaffolds for lithium dendrite suppression.I®! They used a
boron nitride (BN) sheet grafted with sodium lignosulfonate
by carbonization to obtain a layered structure (Figure 11a). The
addition of the thermally conductive BN increased heat dissipa-
tion and charge transfer in the porous and layered structures,
thereby stabilizing the lithium metal anodes. The electrode
maintained good stability after several charge and discharge
cycles, and also effectively suppressed the growth of lithium
dendrites. Gong et al. first reported a lignin-based gel polymer
electrolyte (GPE) to achieve green and environmentally friendly
lithium batteries.”® Lu et al. used lignin as a binding material
for both the positive (LiFePO,) and the negative electrode mate-
rials (graphite), which displayed relatively good stability and
high specific capacity of the battery.”’]

Due to the potential low cost and the abundance of the
sodium resources, sodium battery is considered as a promising
alternative to lithium battery. Recently, hard carbon with a lay-
ered pore structure and an increased interlayer lattice distance
was reported to be advantageous for the storage and transporta-
tion of Na* ions. As a precursor for hard carbon, lignin-based
hard carbon anodes have been used for sodium batteries. Du
et al. studied an N-doped lignin porous carbon structure by
adding SiO, nanoparticles to the precursor and etched it after
pyrolysis in N,.”® The battery showed high reversible capacity
of 100 mAh g after 1100 cycles (Figure 11b).

In addition, lignin has been used in flow batteries. Mukho-
padhyay et al. first used an ultrafiltered lignosulfonate as the
electrolyte of an aqueous flow battery.”” Quinone analogs in
lignosulfonate can undergo redox reactions for energy storage.
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Figure 10c shows the cyclic voltammetry curve of lignin on the
carbon paper working electrode without any substantial signs
of irreversibility. The measured current density of the flow cell
was up to 20 mA cm? (Figure 11c). However, there are few
phenolic polymers that can convert phenol into quinone from
traditional lignin, which contains monomer structures mostly
composed of G-lignin, H-lignin, and S-lignin. This two-electron
redox reaction can be achieved in catechyl lignin (C-lignin),
but the content of C-lignin in traditional lignin is small.l%
C-lignin was found in cacti of one genus (Melocactus), in the
seed coating of the vanilla orchid and candlenut (Aleurite moluc-
canus) shells.[10)

Supercapacitors: Supercapacitors are widely used in elec-
tric vehicles and other devices due to their long cycle life
(>10° cycles), high power density, and wide operating tempera-
ture range (—40 to 80 °C).['0 Energy storage in supercapacitors
is mainly achieved by electrostatic adsorption of ions on the
electrode—electrolyte interface and faradaic reaction of active
materials. Various electrode materials have been developed
for supercapacitors in recent years.'" Among them, porous
carbon-based materials have received tremendous attentions
due to their superior electrical conductivity, high specific sur-
face area, and high chemical stability. Lignin is an ideal carbon
precursor for porous carbon electrodes. In addition, the redox
reaction with lignin as a result of the phenol structure provides
pseudocapacitance. Milczarek et al. first reported that phenol
moieties in lignin can be used for electron storage and exchange
during redox cycling.'¥l Figure 11d shows a simplified presen-
tation of electrochemical redox reactions of phenol functional
groups in a lignosulfonate biopolymer in a polypyrrole matrix.
Jeon et al. developed a lignin-derived nanoporous carbon elec-
trode material for supercapacitors (Figure 11e).'*4 Carbonized
lignin has excellent charge-storage capacity and good capacity
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Figure 11. a) Schematic of the preparation method for lignin-based scaffolds for Li battery applications, and the corresponding Li deposition behavior
before and after cycling. Reproduced with permission.>>l Copyright 2019, Wiley-VCH. b) Schematic illustration of synthesis of the process for preparing
lignin-based Na anodes and their Na battery performance. Reproduced with permission.®® Copyright 2019, IOP Publishing, Ltd. c¢) Schematic of the
lignin flow cell assembly process, the redox reaction involving lignin molecules, and the cell performance. Reproduced with permission.l®?l Copyright
2018, American Chemical Society. d) Redox reaction involving quinone functional groups in lignin. Reproduced with permission.'%l Copyright 2012,
American Association for the Advancement of Science. e) Schematic of lignin being carbonized to prepare supercapacitor electrodes. Reproduced with

permission.['™ Copyright 2015, Wiley-VCH.

retention. Additionally, lignin can be used as a carbon source
via templating to obtain hierarchical porous carbon. This super-
capacitor with lignin-based templated carbon electrodes showed
high energy density and excellent cycling performance.
Biomedical Applications: Lignin-based nanomaterials can
overcome the limitations of lignin, e.g., complex macro-
molecular structure, high polydispersity, immiscibility with host
polymer matrices, and provide morphological and structural
control of lignin to improve blending properties with the host
matrix.191%) The preparation of nanostructured lignin also
provides the possibility of using lignin-based materials for
high-value biomedical applications, such as drug/gene delivery
and tissue engineering.'’”’l Recently, lignin has been used to
develop various nanomaterials, such as nanotubes, nanofibers,
and nanoparticles.'%1%] Tionin nanoparticles (LNPs) are

Adv. Mater. 2020, 2001654
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widely used in biomedical fields due to key advantages such
as improved polymer blend performance and higher anti-
oxidant activity due to the high specific surface area.'®! Fur-
thermore, LNPs possess active functional groups that can be
modified and tailored for the specific application. Figure 12a
shows a schematic of the different methodologies used to
produce LNPs with different shapes. These methods include
anti-solvent precipitation, interfacial crosslinking, polymeriza-
tion, sonication, and solvent exchange (Figure 12a).”! In this
section, we summarize the main applications of LNPs in the
biomedical field. Figure 12b depicts the interaction of lignin-
based nanomaterials with a generic cell (yellow structure at
the bottom right of the image).”) For instance, Alexander et al.
doped LNPs with silver ions to prepare a green substitute for
antibacterial silver nanoparticles, which provide Ag" ions that
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Figure 12. a) Schematic illustration of the various methods used to produce LNPs. Reproduced with permission.l®3l Copyright 2018, Elsevier B.V.
b) Lignin-based nanomaterials and their interaction with a cell (bottom right of the image). Reproduced with permission.l®¥ Copyright 2019, Elsevier.
) Schematic illustration of lead absorption on CLNPs. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license
(http://creativecommons.org/licenses/by/4.0/).["*l Copyright 2019, The Authors, published by MDPI.

interfere with basic bacterial cell functions.'® Another study
used the principle of oil-in-water emulsion to synthesize lignin
nanocapsules,™™ which rapidly assembled via the 7 stacking
of lignin and its metal chelating ability at alkaline pH. These
lignin nanocapsules can be loaded with Coumarin-6. Liu et al.
studied lignin-based graft copolymers by atom transfer radical
polymerization (ATRP) grafting of 2-(dimethylamino) ethyl
methacrylate (DMAEMA).?l The lignin-PDMAEMA copoly-
mers were studied for DNA binding and gene transfection in
cultured cells. These lignin-based copolymers efficiently com-
pacted pDNA into nanoparticles, which is suitable for gene
delivery. Solid lignin nanorods and hollow lignin nanotubes
were also synthesized using an aluminum film template, which
also showed an affinity for DNA.II

Adsorption Applications: The inherent properties of lignin have
also made it a suitable feedstock for the fabrication of activated
carbon and adsorbents. The abundant aromatic structure of
lignin means that this feedstock is well suited for developing gas

Adv. Mater. 2020, 2001654
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adsorbents.™ Much research has focused on the production of
lignin-derived activated carbon for air pollutant adsorption, such
as SO,, CO,, and H,S.">l Saha et al. developed a nitrogen-doped
carbon from lignin that has a CO, adsorption capacity at 273 K
and 1 bar of 8.6 mmol g . In addition, lignin-derived mate-
rials have also been used for the adsorption of organic dyes and
chemicals such as methylene blue, methyl orange, and pheno-
lics.™l Fu et al. used steam-activated carbon derived from lignin
to remove methylene blue from aqueous solutions."8! Further-
more, modified lignin materials have been developed for the
removal of heavy metals (such as Pb, Cu, Cd, and Zn) and the
recovery of noble metals (e.g., Ag, Pd, Au, and Pt)."! Liu et al.
reported the use of carboxyl-modified lignin nanospheres for
adsorbing heavy metal ions. The modified lignin nanospheres
showed a good Pb(1I) adsorption capacity as high as 333.26 mg g~*
(Figure 12¢)."™ Comprehensive research on lignin-derived
materials for adsorption materials has been described in detail
recently,’?% and therefore will not be discussed here.
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3. Bark-Derived Advanced Materials and Devices

Apart from wood xylem, the bark (outer layer of a tree trunk)
is the second most important part of the trunk. Bark in living
trees has several distinct physiological and mechanical func-
tions, such as defense against pests, maintaining moisture
levels, controlling the trunk girth during seasonal changes,
and the protection against fire.'?!l Bark is usually considered as
a waste material in the timber industry so that it is abundant,
renewable, inexpensive, and widely available. In addition to the
cellulose, hemicellulose, and lignin existed in wood, bark has
other chemical components such as tannin, suberin, rosin, and
extractants.'??l This section summarizes recent progress in the

www.advmat.de

field, where representative examples of bark-derived products
and applications are discussed, mostly those with multiple func-
tions. To date, the bark of most tree species is mainly used in
horticulture and energy production. However, value-added use
of bark is attracted increasing attention by the researchers. There
are some species of bark that have been widely used in society,
such as cork, which is the bark from the cork oak tree. Corks in
their natural form are mainly used to manufacture wine stop-
pers and car interiors in the automotive industry (Figure 13a).
Some species of bark are also used to produce binderless bark
particleboard.'?l In addition, bark-based polyols and bio-oil
have been synthesized through liquefaction and pyrolysis,
respectively (Figure 13b).124
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Figure 13. a) Images of cork stoppers, steering wheel, and door panel as representative examples of bark applications. Reproduced under the terms
of the CC-BY Creative Commons Attribution 4.0 International license (http://creativecommons.org/licenses/by/4.0/).1% Copyright 2015, The Authors,
published by MDPI. b) Schematic of the process and characterization of bark-based oil. Reproduced with permission.['?l Copyright 2013, American
Chemical Society. ¢) Mechanical performance of PVA-TA hydrogel and the corresponding wide-angle X-ray 2D diffraction images. Reproduced with
permission.2% Copyright 2019, American Chemical Society. d) Schematic of tannin molecules, their advantages for specific applications, and their
electrochemical performance. Reproduced with permission.['6] Copyright 2017, American Chemical Society.
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Beyond the applications of bulk bark, bark components
have been successfully applied in producing bark-based epoxy
resins, polyurethane foams, and phenol formaldehyde adhe-
sives.'27128] Some specific wood species, such as those with
high tannin extraction, have many potential applications. Bark
tannins have various biological activities, such as antifungal
and antioxidant activity,'?’l as well as anticancer, antidiabetic,
and antifeedant properties.'??! In addition, tannic acid (TA) has
been used as a gelation binder to crosslink poly(vinyl alcohol)
(PVA) into hydrogels through stepwise physical crosslinking
and molecular orientation methods.!?’! The obtained hydrogel
with aligned PVA fibers showed high mechanical strength of
=750 MPa (Figure 13c). Furthermore, tannin is considered as
the most abundant and versatile redox-active biopolymer in
nature.[26l By taking advantage of its high phenol content that
can be converted to quinones, tannins are promising energy
storage materials. For example, tannins were used as a cath-
odes for supercapacitors.'?®! The CV curves of this device
showed prominent redox reaction peaks, which corresponded
to the reversible oxidation and reduction of phenolic hydroxyl
groups (Figure 13d). The introduction of tannin as a redox
active substance provides an excellent opportunity to develop
sustainable energy storage systems.

4, Leaf-Derived Advanced Materials and Devices

The tree leaf is capable to harvest solar energy and trans-
port this energy to reaction centers in the tree for catalytic
conversion of chemical species, while itself remains flexible
and lightweight.3% Similar use of solar energy by chemical
synthesis is a long-standing aim for the chemical commu-
nity. The transpiration of plants, especially the evaporation
of water from leaves, accounts for a large portion of the total
precipitation on the continent and affects the global water dis-
tribution and climate.!3 They contain various components,
such as polyphenols, plant pigments, and proteins that can
provide active sites for adsorption; as well as other extractives
that have antimicrobial, antipyretic and osteogenic activity,
and other medicinal value.3? These inherent features provide
great potential for the application of leaves. In this review, we
will not discuss the medicinal value of leaves and leaf extracts;
we focus on leaf-based materials and products in the fields of
environment, catalysis, and energy.

4.1. Adsorption

Biosorption is a method that uses inexpensive biomass to chelate
toxic heavy metals and remove dyes, in particularly, it is suitable
for removing pollutants from industrial wastewater. In addition
to the lignin discussed in Section 2.3.3, which is widely used for
environmental adsorption, various kinds of biomass can also be
used for biosorption processes, such as leaves, microorganisms,
and sawdust. Tree leaves (Figure 14a) are an attractive biomass
as they are inexpensive, effective, and abundantly available.[*?!
They contain a variety of ingredients, such as plant pigments,
polyphenols, and proteins, which provide active sites for binding
heavy metals. In previous research, various leaves were used to
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adsorb heavy metals, including Cr, Ni, Cu, Pb, and Cd.['3#13]
Arunima et al. used Neem leaf powder as a biosorbent to
remove Cd(II) from aqueous solutions.'*¥ Figure 14b shows
the irregular morphology of fine particles of leaf powder adsor-
bent, which showed good adsorption behavior in alkaline media.
Another study showed that leaf powder had good biosorption
performance for removing Cu(Il) from aqueous solutions, with
a removal fraction up to 85.92% (Figure 14c).[%]

4.2. Energy

As the demand for supercapacitors and lithium batteries con-
tinues to grow, researchers have invested significant efforts
in developing advanced electrode materials with high specific
capacity/capacitance and long cycle life. Similar to other bio-
mass materials, leaves are a naturally abundant carbon source.
Among the various carbon materials, porous carbon has been
widely used as an electrode material. In recent years, the pro-
duction of porous carbon from leaves has been attracting
increasing interest. Chuang et al. were inspired by the unique
functions and tissue structure of leaves, and proposed nat-
ural carbonized leaves (CL) as polysulfide diffusion inhibitors
in lithium-sulfur (Li-S) batteries (Figure 14d).3¢1 The free-
standing CL films had an anatomically hierarchical layered
microstructure, which is critical for intercepting polysulfides
migration. Additionally, the CL had an integral carbon skeleton,
rich micro/mesoporous space, and an internal macroporous
network for storing captured active materials, transporting elec-
trons, and absorbing electrolytes. The unique microstructure of
CL resulted in a high coulombic efficiency above 98% and good
cyclability over 150 cycles. In another study, nitrogen-doped
porous carbon nanosheets were prepared from tree leaves by
carbonization and activation.¥”] The porous carbon was used as
an electrode material for lithium batteries and supercapacitors,
which both showed outstanding electrochemical performance.

Interestingly, Jie et al. developed a leaf-based triboelec-
tric nanogenerator (Leaf-TENG), which uses green leaves as
charged layers and electrodes to efficiently collect mechanical
energy.38 Leaf TENG showed a maximum output power of
~45 mW m~2, which was sufficient to drive LEDs (Figure 14e).
In addition, interests in leaf-derived materials as solar absorbers
have greatly increased in recent years. Zhuang et al. showed for
the first time that the design of solar-absorber-leaf interfaces
can also increase or suppress transpiration efficiency, extending
the concept of solar vapor generation at the interface to adjust-
able plant transpiration (Figure 14f).[13%]

4.3. Catalysis

Metal nanoparticles have found widespread applications
as antibacterial and therapeutic agents, microelectronics,
catalysis, and topical ointments and creams. Various
methods were studied for metal nanoparticle syntheses, such
as electrochemical and photochemical reduction, chemical
methods, heat evaporation, and microwave-assisted pro-
cesses."l However, these methods are not cost-effective,
require hazardous chemicals and high energy input, and have
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Figure 14. a) Image of a green leaf. Reproduced with permission.[*}l Copyright 2016, Elsevier B.V. b) SEM images of leaf powder, along with their
adsorption capacity as a function of pH. Reproduced with permission.*!l Copyright 2005, Elsevier B.V. c) Cu adsorption performance of leaf powder
as a function of concentration and time. Reproduced with permission.**l Copyright 2006, Elsevier B.V. d) Schematic illustration of the fabrication
process for CLs. Reproduced with permission.[*¥ Copyright 2014, Wiley-VCH. e) Schematic of the fabrication process of leaf-TENG assembled using
green leaves and poly(methyl methacrylate) (PMMA), showing that leaf-TENG can drive LEDs. Reproduced with permission.[* Copyright 2018, Wiley-
VCH. f) Schematic of the fabrication process of leaf absorbers and their evaporation performance over time. Reproduced under the terms of the CC-BY
Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[3% Copyright 2017, The Authors, published by
Wiley-VCH. g) Schematic of the fabrication process of silver and gold nanoparticles using leaf extracts, along with the corresponding SEM images of
the produced Ag and Au nanoparticles. Reproduced with permission.l3l Copyright 2012, VBRI Press.

low material conversion. Ecofriendly approaches using plant
leaf extract for metal nanoparticle synthesis have been devel-
oped as effective alternatives to chemical approaches. These
new approaches use aqueous extracts with high reduction
capacities that are obtained from leaves.*1%2] Several tree-leaf
extracts have been successfully used for synthesis of metal
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nanoparticles, such as Dalbergia sissoo extract, which was used
to prepare spherical gold (50-80 nm) and silver nanopar-
ticles (5-55 nm) at ambient temperature (Figure 14g).3] In
addition, Amla leaf extract has been used to synthesize silver
(1020 nm) and gold (15-25 nm) nanoparticles.* Awward
et al. prepared copper hydroxide nanowires using sodium
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Figure 15. a) Representative image of red flowers from a tree. Reproduced with permission.*l Copyright 2015, Elsevier B.V. b) Schematic of the
operational process of a dye-sensitized solar cells (DSSC). Reproduced with permission.l8 Copyright 2014, Elsevier Ltd. c) Time dependence of the
efficiency of a DSCC using flower-extract dye. Reproduced under the terms of the CC-BY Creative Commons Attribution 3.0 Unported license (https://
creativecommons.org/licenses/by/3.0/)."% Copyright 2011, The Authors, published by MDPI. d) Schematic of the dye extracted from the indigo fera
plant, along with the ion exchange mechanism of IC-Na and IC-H, and its performance when used in a flow battery. Reproduced with permission.'>
Copyright 2019, American Chemical Society. e) Schematic of the process for preparing supercapacitor electrode materials and their cycle stability.
Reproduced with permission.[>l Copyright 2019, Elsevier B.V. f) Adsorption properties of crystal violet. Reproduced with permission.[*3 Copyright 2006,
Elsevier B.V.

traditional functional food and medicine due to their anti-
oxidant activity, while others have little medicinal value. In
general, there are two main ways to achieve value-added utiliza-
tion of the tree flowers: 1) dye extracted from flowers is used
as light-harvesting materials and redox materials in the field of
energy storage; 2) one-step pyrolysis and activation treatment of
flowers to obtain activated carbon that can be used in the fields
of environment adsorption and energy storage.

hydroxide and copper chloride dehydrates from pistachio leaf
extract at ambient temperature.!*?!

5. Flower-Derived Advanced Materials and Devices

Generally, tree flowers are used for horticultures (Figure 15a),*!

although they have a wide variety of applications. Several
dyes can be extracted from flower pigments, including antho-
cyanins, flavonoid, and carotenoids, which can be used as

red, yellow, violet, and blue colors.*l In addition, flowers
are natural sources of antioxidants because they are rich in
phenolic components, which have anticarcinogenic, anti-
mutagenic, anti-inflammation, and antioxidant activities.¥]
It is well known that degenerative and pathological processes,
including atherosclerosis, aging, and cancer in humans, are
caused by oxidative damage. Some tree flowers are used in
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5.1. Dye Applications in Energy Harvesting and Storage

Natural dyes, exacted from tree flowers, can be used as the sen-
sitizer in dye sensitized solar cells (DSSC). Natural dyes have
a donor-7-conjugated bridge-acceptor structure, which enables
fast and energetically optimized charge transfer. As shown in
Figure 15b, dyes harvest incident photons from light and get
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excited from the ground state (S) to the excited state (S*) and
release electrons, which are injected into the conduction band
of TiO, and result in the oxidation of dyes (S*). Then, S* accept
electrons from the redox mediator (I—ions) and return to S.
Dye sensitizers are classified as inorganic dyes, organic dyes,
and metal-organic dyes. Among them, ruthenium bipyridyl
compounds are the most successful due to their high conver-
sion efficiency (17> 10%) and stability, but require the expensive
raw material (Ru), and involve multistep and time-consuming
preparation procedures. Natural dyes used in DSSC normally
have 1 < 1%, which is relatively low as compared to synthetic
dyes.¥ Hernandez-Martinez et al. used Bougainvillea extract
as a sensitizer in DSSC with a 7 of 0.48% and a current density
of 2.29 mA cm™? (Figure 15c), where the low 77 was because of
poor interaction between TiO, and the dye.l*! However, nature
dyes are a promising alternative to synthetic dyes due to their
large absorption coefficients in the visible region, accessibility,
easy preparation, low cost, and environmentally friendliness.

Natural dyes have also been used as environmentally
friendly and sustainable reactive substances in battery elec-
trolytes because of their redox properties. Mukhopadhyay
et al. used natural dye (5,5"-indigodisulfonic acid sodium salt)
(IC-Na) extracted from the flower of the indigofera plant, as
a redox active anolyte in an aqueous organic redox flow bat-
tery (Figure 15d).%% To improve the poor solubility of I1C-Na,
5,5-indigodisulfonic acid (IC-H) was obtained through ion
exchange resulting in a 22-fold increase of the solubility in 0.1 m
HCIO, solution. The improved IC-H dye had a voltage window
of 0.85 V, an energy density of 20.6 W h L7}, and a power den-
sity of 48 mW cm™ at 40 mA cm™2 current density, when paired
with bromine/hydrobromic acid (Br,/HBr) catholyte.

5.2. Carbonized Flower-Derived Materials

Compared with other carbonized biomass or tree parts, car-
bonized flowers have unique morphologies and pore struc-
tures. Wu et al. used carbonized flowers to prepare hierarchical
porous carbon microrods for high-performance supercapacitors
via one-step pyrolysis and activation treatment (Figure 15e).°!
They obtained carbon microrods with high specific area
(275763 m? g™!) and pore volume (1.47 cm? g!), which gave a
high specific capacitance of 406 F gl at 0.5 A g in 6 m KOH
electrolyte and a good rate capability of 86.1%. In another study,
active carbon prepared from male flowers of coconut trees
with a porosity of 65% and surface area of 55.6 m? g showed
high adsorption capacity of 85.84 mg g™ for crystal violet
(Figure 15f).[152]

6. Seed-Derived Advanced Materials and Devices

The main use of the seeds in the fruit is still plant reproduc-
tion, while seeds are increasingly used in our daily lives. Seeds
are a cheap and renewable raw material, which could be col-
lected from the trees in autumn as it matures, even over the
winter to early spring. Seeds that contain viscous oil, such as
Jatropha seeds, tallow tree seeds, and olive seeds, are used
for making soap and candles. In the cosmetics industry, the
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viscous oil from seeds are used as a diesel/paraffin substi-
tute or extender, for treating skin diseases, and to soothe pain
caused by rtheumatism.>314 Various methods have been used
for extracting oils from these oilseeds, including mechanical
pressing, supercritical fluids, organic solvents, ultrasound, and
microwave-assisted extraction. In the following section, we
summarize current and potential applications of various types
of seeds, and seed waste after oil extraction, such as compo-
nents extracted from seeds to fabricate advanced materials and
devices, carbon-based materials from seeds or seed waste for
energy and environmental applications.

6.1. Seed Extracts for Advanced Materials and Devices

The rapid technological development has greatly reduced life
expectancy of consumer electronics, meanwhile, an increasing
number of electronic waste has been produced due to the non-
degradable materials for device fabrication. Recently, the uti-
lization of natural renewable biomaterials as the substrate for
electronics fabrication has attracted extensive attention. How-
ever, lots of degradable biomaterials are not shape-stable in
organic solvents, which is a big challenge for the electronics
fabrication and limits their practical applications. To address
this issue, polysaccharides from renewable bio-based materials
have attracted more attention in recent years. There are dif-
ferent sources of polysaccharides, including seaweed extracts,
tree cell wall materials (cellulose and hemicellulose), and tree
seeds. Polysaccharide extracts from tree seeds have also been
used to develop advanced materials and electronic devices.
Yi et al. developed water-soluble and high-performance tran-
sient sensors on a galactomannan (GM) substrate.’>! In this
study, the GM was extracted from the endosperm of dicotyle-
donous seeds, such as L. leucocephala, Sesbania cannabina, and
Cyamopsis tetragonoloba (Figure 16a). They used simple and
cost-effective extraction and purification methods to fabricate
GM films as biodegradable substrates. The zinc-based sen-
sors on the degradable galactomannan substrate endowed with
high-performance, including high-precision temperature meas-
urement and high-fidelity electrophysiological signal moni-
toring (Figure 16b). The baseline drift of electrocardiogram
(ECG) signals collected from copper and zinc electrodes was
due to breathing or body movement (Figure 16¢). More impor-
tantly, the resulting sensors were stable in organic solutions
while they were fully soluble in water, which make it highly
promising to be extensively applied in green electronics fields.
Tamarind seed polysaccharide (TSP)-based proton conducting
biopolymer membranes have also been reported.>®! Figure 16d
shows a transparent thin film of pure TSP biopolymer. The
electrical conductivity was controlled by NH,SCN doping of
the TSP films. The primary proton battery had an open circuit
voltage of 1.51V for the highest conductivity film. This TSP film
has great potential in the application of electrochemical devices.

6.2. Carbon-Based Materials
Tree seeds are another carbon source derived from biomass that

can be used to produce carbon-based materials. In this section,
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Figure 16. a) Photographs of the seeds and leaves of L. leucocephala. b) Sensors can be placed on the heart to potentially diagnose arrhythmia and
c) ECG signals collected from the electrode of the heart sensor. a—c) Reproduced with permission.l’%l Copyright 2018, American Chemical Society.
d) Photographs of the transparent seed-polysaccharide film and its corresponding conductance spectra. Reproduced with permission.['*¢! Copyright
2016, Elsevier B.V. e) Schematic of the fabrication process for seed-based activated carbon and cyclic stability of the supercapacitor (inset: PLS-AC
device setup). Reproduced with permission.l'””] Copyright 2019, Elsevier B.V. f) The ability of seed-based activated carbon to adsorb heavy metal ions

with temperature changes. Reproduced with permission.'*® Copyright 2006, Asian Network for Scientific Information.

we summarize carbon-based materials from seeds and seed
waste for energy and environmental applications. Recently, Srin-
ivasan et al. reported a polyalthia longifolia seed (PLS)-derived
activated carbon (AC) that was synthesized by pyrolytic chemical
activation (Figure 16e).'”) The prepared PLS-AC samples were
studied for their performance as electrode materials in super-
capacitors, which showed stable cycling up to 3000 cycles at
2 A gt and good capacitance retention of 88.7% (Figure 16e). In
addition, seed-derived AC has also been used in environmental
pollution adsorption. For example, AC prepared from seed shells
of palm trees was used for removing heavy metals from aqueous
solutions.®! Increasing the activation temperature opened new
pores accessible to metal ions, which facilitates adsorption of
heavy metals (Figure 16f). Another study has investigated the
adsorption of phenols from wastewater using date seed carbon
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(DSC).15% These results displayed that seed-derived AC has a
wide range of industrial applications, such as energy storage
and adsorption of metal ions and organic pollutants.

7. Root-Derived Advanced Materials and Devices

Our perception of plants is mainly based on their visible parts,
such as the trunk, branches, and leaves, while the underground
root system is often hidden. Globally, forests account for 4 billion
hectares that is 30% of the Earth’s land surface, where 20-40%
of forest biomass consists of roots.1%] Roots play a key role in
tree growth, as they absorb water and nutrients from the soil,
store carbon compounds, and provide physical stability. The root
system is a complex 3D network that varies among plant species
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Table 1. Different tree-based materials and their novel applications.
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Tree section Components and structures Applications Reference
Wood Chips and blocks Energy storage, environment, solar evaporation, multifunctional materials, etc. [5-7,16,18]
Cellulose Energy storage, membrane, electronics, environment, biomedical, composites, etc. [10,32,37,44,58]
Hemicellulose Biomedical, packaging, membrane, paper coating, etc. [60,80,82,83]
Lignin Energy storage, environment, biomedical, binder, composites, etc. [1,91,93,95,97]
Bark Aromatic polymer Bio-oil, epoxy resins, polyurethane foams 124,127
Tannin Super strong and tough hydrogel [125]
Supercapacitors [126,163]
Biosorbents [164]
Leaf Pigments polyphenols Biosorption [135]
Carbon derived from leaves through Li-ion batteries [136,165]
carbonization
Supercapacitors [137,166]
Structural design based on leaves Leaf-TENG [138]
Solar vapor generation [139]
Leaf extract Catalysis [143,167]
Biomedical [133]
Flower Dye Flow batteries [150]
Li-ion batteries [168]
Solar cell [148,149]
Carbon derived from flowers through Supercapacitors [151,169]
carbonization
Zinc—air batteries [170]
Adsorption [152]
Flower extract Biomedical [147]
Seed Polysaccharides Electronics [155]
Biomedical 71
Carbon derived from seeds through Supercapacitors [157]
carbonization
Adsorption [159]
Root Root extract Biomedical [172]

by age, root system type, branching pattern, orientation, inter-
face properties with the soil, and diameter.'!l Despite advances
in root system research in recent decades, most of these studies
focus on physical and chemical properties of root and root—soil
interactions.'®?l Other applications include handicrafts carved
from tree roots, medicinal from many roots (e.g., banyan, neem,
moringa). However, little research has been done on the func-
tional materials based on tree roots. It is certaintly that great
values can be added to the forest industry if functional materials
could be prepared from tree roots in the future.

8. Conclusions and Perspectives

Herein, the recent achievements in bioderived materials
from different parts of trees for sustainable functional mate-
rials have been systematically reviewed. As summarized in
Table 1, the applications of the different parts of trees vary
with their chemical components and structures. Traditionally,
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wood-based products have been used in construction, furni-
ture, transportation, combustion, and paper manufacturing.
Recently, the inherent structures and components of wood
have been further explored for material functionalization
and device fabrication, including hierarchical architectures
and mesoporous structures, anisotropic cell wall alignments,
chemical features of molecules, and hydrogen bondings, etc.
Biopolymers from trees have their unique characteristics. For
instance, nanocellulose has been applied as building blocks
to design various advanced materials and configurations with
widespread applications in the energy, electronics, and bio-
medical fields. Hydrophobization can promote many industrial
applications of hemicellulose. Recent works have shown that
hemicellulose after hydrophobization can be widely used in
biomedical field (e.g., wound dressings and drug release sys-
tems) and transportation packaging field. Moreover, the use of
lignin through synthetic polymers is preferable in the produc-
tion of nanomaterials for drug delivery and other biomedical
fields. Tannin in bark, and dye extracted from flowers have also

© 2020 Wiley-VCH GmbH
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been used in energy storage due to their aromatic structures
and various active groups that provide reversible redox sites.
Polysaccharides from seeds have excellent film formability
and biocompatibility, which has attracted much interest in
biomedical research. Leaf extracts with good reducibility have
been developed for metal nanoparticle synthesis. Furthermore,
components in the different parts of the tree can be used to
make activated carbon by carbonization, which has potential
applications in energy storage and environmental adsorption
fields.

Even though the relationship of materials, structure, perfor-
mance, and applications of biopolymers from trees is studied
in various research fields, due to the significant variations of
cell geometries in different tree types and even the same tree
type from different areas, the structures and components could
be very different. Wood diversity with suitable microstructures,
therefore, should be further considered in wood-based matters
and devices. There are various efforts that need to be made to
commercialize the structures and materials from trees for new
applications, including: 1) developing environmentally friendly
and green pathways for producing tree-based derivatives or sus-
tainable functional materials; 2) increasing the scalability, life-
time and durability of materials and devices to ensure that they
provide sufficiently high performance for the intended appli-
cations; 3) developing technologies for the full utilization of
components and structures derived from nontimber products,
such as bark, leaf, flower, seed, and root; and 4) developing
well-established standards for characterizations. We expect that
future studies will provide more exciting ideas and inspira-
tions of tree-based materials with outstanding performance for
immense applications.
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