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Abstract | The complex structure of wood, one of the most abundant biomaterials on Earth, has
been optimized over 270 million years of tree evolution. This optimization has led to the highly
efficient water and nutrient transport, mechanical stability and durability of wood. The unique
material structure and pronounced anisotropy of wood endows it with an array of remarkable
properties, yielding opportunities for the design of functional materials. In this Review, we
provide a materials and structural perspective on how wood can be redesigned via structural
engineering, chemical and/or thermal modification to alter its mechanical, fluidic, ionic, optical
and thermal properties. These modifications enable a diverse range of applications, including
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Forests cover over 30% of the land on Earth and provide
a renewable and sustainable resource. Wood has been
ubiquitously used for thousands of years, most com-
monly for construction, furniture and tools, and as a
source of fuel. In 2017, the annual industrial production
of wood was ~3.8 billion m? (REFS'~). Efforts towards
achieving a sustainable society create opportunities
for wood to replace non-renewable, petroleum-based
materials in a broad range of products and applications.
Specifically, the expanding use of wood-based materi-
als has been driven by a variety of factors, including the
need to reduce carbon footprints, increasing energy and
water security concerns, and the desire for sustainable
industrial growth. As a consequence of the abundance of
wood, wood-based materials are well placed to address
societal needs of low-cost and high-performance com-
posites with minimal environmental impact. These
wood-based materials include bio-based composites that
comprise only wood components and hybrid materials
that comprise wood as well as other non-wood com-
ponents, such as polymers and organic or inorganic
compounds.

Wood possesses a hierarchical cellular structure with
pronounced anisotropy and lignocellulosic compositions
(mainly cellulose, hemicelluloses and lignin) synthesized

the development of high-performance structural materials, energy storage and conversion,
environmental remediation, nanoionics, nanofluidics, and light and thermal management.

We also highlight advanced characterization and computational-simulation approaches for
understanding the structure—property—function relationships of natural and modified wood,

as well as informing bio-inspired synthetic designs. In addition, we provide our perspective on
the future directions of wood research and the challenges and opportunities for industrialization.

by the tree’~*. This hierarchical structure provides wood
with efficient mass transport (for water and nutrients)
and load-bearing functions in the living tree’-"". Beyond
these basic functions, the structure of harvested wood
offers opportunities for the regulation of fluidic and
ionic transport at the microscale and nanoscale, and the
management of light and thermal properties. In the past
decade, the function of wood has extended to applica-
tions beyond construction through the optimization
of its structure and composition by physical, chemical
and/or combined modification approaches®'".

The hierarchical and porous structure of wood
enables the material to be structurally and/or compo-
sitionally designed and modified. Early modification
strategies focused on improving stability (for exam-
ple, dimensional and mechanical stability), rather than
adding functionalities'>""". Although performance was
improved, the control of such modifications was imp-
recise, owing to the limitations in material-synthesis
and material-characterization techniques. In the past
decades, advances in commercial methods for wood
modification, including thermal treatments'>', organic
and/or inorganic salt impregnation'’, chemical modifi-
cation (for example, furfurylation or acetylation)'>'*~*'
and coatings'’, have been realized. For example,
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a The hierarchical structure of wood
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copper-carbonate microparticles and nanoparticles have  functions to wood-based materials from the macroscale
been widely used as wood preservatives, making wood  to the molecular scale?*.

protection one of the largest global end uses of nano- There has also been growth in characterization and
particles'. Recent advances in nanotechnology and mod- ~ computational-simulation methodologies”. Important
ification strategies enable the addition of properties and  insights into the morphology, chemical composition
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< Fig. 1| The hierarchical and porous structure of wood at multiple length scales.
a| Wood has a hierarchical porous structure with hollow channels aligned along the
longitudinal direction. The secondary walls of individual wood cells feature three layers
(S,, S, and S;) that surround the interior lumen (that is, the void space in the centre of the
cell). Cellulose, hemicelluloses and lignin are the three major components that form
the rigid cell wall of wood. b | The cross section and longitudinal views of the structure
of the wood cell wall reveal that the cellulose microfibrils embedded in the lignin
and hemicellulose matrix have both crystalline and amorphous microfibril regions.
c| Anisotropy of wood structure, including the orientated macroscale and microscale
wood cells, microscale cell walls, nanoscale cellulose fibrils and molecular-scale cellulose
chains. Panel a (individual cell) is adapted from REF.*", Springer Nature Limited.

and structure of wood can be gained using electron
microscopy***, X-ray diffraction (XRD)*, Raman
spectroscopy*>*’, atomic force microscopy (AFM)?!,
time-of-flight secondary ion mass spectrometry
(TOEF-SIMS)*, neutron diffraction’*** and NMR spectro-
scopy’’. These analyses can improve our understand-
ing of the process-structure—property relationships
of wood, particularly when combined with powerful
computational-modelling methods, such as molecular
dynamics (MD)* and finite-element simulations®. This
collective information enables more precise control and
tuning of the wood composition, porosity, surface prop-
erties, fibril orientation and molecular structure, all of
which can accelerate the discovery of modification and
functionalization approaches.

In this Review, we overview the structure and compo-
sition of wood, as well as modification strategies. Then,
we explore the intrinsic properties of wood that originate
from its hierarchically porous, anisotropic structure and
lignocellulosic compositions. We discuss achievements
in wood structural design, engineering and applications,
with a focus on understanding the mechanical, ionic,
fluidic, optical and thermal properties of wood bestowed
via diverse structural modifications. Characterization
techniques and modelling approaches that capture the
relationship between wood structure and performance
are discussed. Finally, we offer our perspectives on future
research directions for addressing global challenges in a
sustainable manner using wood-based materials.

Wood structure and composition

Wood has a porous hierarchical structure extending
from the nanoscale of the cell walls to the macroscale of
the wood stem*~’ (FIC. 1a,b). The rigid cell walls of wood
consist of three biopolymers — cellulose, hemicellu-
loses and lignin — that form a natural fibril-based com-
posite, the properties of which are determined by the
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orientation of the aligned cellulose fibrils embedded in
the lignin and hemicellulose matrix'*'"". The bundles
of cellulose microfibrils contain crystalline and amor-
phous regions, and are comprised of elementary fibrils
with diameters of approximately 3 nm. Repeating units
of D-glucose assemble through covalent bonding, as well
as intrachain and interchain hydrogen bonding at the
molecular level, forming linear and stift cellulose chains.

At the cell and tissue level, wood is composed of
different cell types with different volume fractions,
depending on the species of tree (BOX 1). Softwoods are
comprised >90% of one cell type (the tracheid), which
varies in cell diameter and cell-wall thickness, depending
on its function. Tracheids with a large cell diameter and
thin cell walls provide water transport (so-called ‘early-
wood’), whereas tracheids with a small cell diameter and
thick cell walls provide mechanical strength (so-called
‘latewood’)*. Evolutionarily, hardwoods developed later
and use specific cell types for these functions, namely,
vessels for water transport and fibres for mechanical
strength, which has led to a competitive advantage over
softwoods in most climate zones. The lumina (that
is, the open interiors of the cell) of the tracheids, the
vessels and fibres (with diameters varying from a few
micrometres to around half a millimetre), along with
the micrometre-sized pits traversing the cell walls
and the nano-sized pores between the cellulose fibrils
within the cell walls, form the hierarchical porous structure
of wood (FIG. 1).

The structural anisotropy of wood is caused by the
pronounced directionality of channels and constitu-
ent cellulose fibrils at different scales*° (FIG. 1c). At the
microscale, most of the lumina of the vessels, tracheids
and fibres are aligned along the longitudinal direction.
At the nanoscale, cellulose nanofibrils in the cell walls
are orientated in parallel with a certain angle (generally
between 0-60°) to the cell axis, depending on the tissue
type and layer. Furthermore, the gaps between the cel-
lulose nanofibrils, which are nanoscale or sub-nanoscale
in size, form nanopores with similar alignments to the
cellulose nanofibrils after the polymer matrix has been
partially or completely removed. At the molecular scale,
the cellulose chains are linearly aligned. The hierarchi-
cal anisotropy structure with abundant multiscale pores
offers favourable pathways for multiphase transport
(of ions, molecules, gas, solid particles and liquids) and
multispectral energy transfer (for example, photons,
phonons, microwaves and acoustic waves), contributing
to an array of intriguing properties™.

Beyond these general principles of wood’s struc-
ture, there is variability in the cell type, size, shape and
wall-to-lumen ratio, leading to a large diversity in wood
anatomy among tree species™'’. Furthermore, varia-
bility in chemical composition, in particular, of wood
extractives (for example, resins, stilbenes and flavo-
noids), which are responsible for the colour, odour and
durability of wood, also contribute to the diversity of
wood. Structural diversity mainly manifests at the cell
and tissue levels, resulting in different wood densities
across species. For example, the density of wood ranges
from ~150kgm (for balsa) to ~1,200 kg m~* (for pock-
wood)'!. Although there are slight differences in the
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Box 1 | The microstructure of wood

Wood is the load-bearing, water-conducting and nutrient-conducting tissue of trees,
and can be divided into two categories — softwood and hardwood* (see the figure).
Softwood is composed of tracheids and parenchyma, whereas hardwood features a
more complex microstructure containing vessels, fibres and parenchyma (note that
tracheids are found in some species of hardwood). Radial planar cellular structures that
are perpendicular to the growth rings are called ray cells, which function as pathways for
the radial conduction of water, nutrients and other organic substances in the tree. Radial
parenchyma cells constitute the rays entirely in hardwoods; however, in softwoods, ray
tracheids or resin canals might serve as ray constitution in addition to ray parenchyma.
In general, wood cells have a hollow-tube-like structure with varied wall thicknesses,
depending on their functions. The void space in the centre of the cellis called the lumen
(plural lumina), whereas pores connecting adjacent cells are known as pits.
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volume fraction and the chemical composition of the cell-
wall biomacromolecules (in particular, the hemicellu-
loses, lignin and extractive content), unlike the wood
density, the cell walls are very similar between species
in terms of structure, which is reflected in the similar
cell-wall density (~1,550kgm~)"". However, structural
and chemical adaptation may occur at all length scales
when the tree uses its structural and chemical plasticity
to form specific tissue types, such as reaction wood, to
cope with specific loading conditions or to control and
change the growth direction of stems and branches.
These reaction-wood tissues, which differ considerably
between softwoods and hardwoods in terms of structure
and chemistry at the cell and cell-wall levels, as well as
in their biomechanical functionality, are an additional
source of structural diversity provided by nature for
improved material functionalities®*'. This diversity at
the different hierarchical levels of wood is highly bene-
ficial for modification and functionalization treatments
of the wood scaffold at the cell-wall level. Furthermore,
independent of the wood species, the similarity of the
cell walls, in particular, of ‘normal wood’ tissues, allows
similar modification protocols to be applied, particu-
larly when the cell-wall extractives have been removed
to avoid interference with subsequent processing and
chemical modification steps.

Modification strategies

Generally, modification strategies can be divided into
three categories, physical, chemical and combined mod-
ifications, with chemical modification being further
classified into subtractive and additive techniques (FIC. 2).

In physical modification, processes such as mechani-
cal compression, water or steam wetting, surface pattern-
ing, surface coating or painting, or microwave treatment
are involved (FIG. 2a). With such techniques, the macro-
structure and microstructure, and surface properties of
wood can be tuned to impart improved or new proper-
ties and functions. Compression, for example, has been
widely used to densify wood boards accompanied with
pretreatments, such as steam, heat, ammonia or cold
rolling®~**. These processes cause the wood cells to col-
lapse, leading to the compression or elimination of large
pores and enhanced density and mechanical strength.

In contrast to physical modification, chemical mod-
ification, which can either subtract or add components
to the natural wood structure, offers more diversity at
multiple length scales*** (FIC. 2b). In subtractive chem-
ical modification, certain components of wood (for
example, cellulose, hemicellulose, lignin, extractives
and other functional groups) are either partially or com-
pletely removed, resulting in a new chemical and/or pore
structure®-*. Generally, the removal of wood compo-
nents introduces more nanopores to the cell walls but
without destroying the cellular structure of the original
wood**". More drastic chemical treatments can convert
the porous cellular structure into a substantially differ-
ent structure (for example, collapsing into a lamellar
sponge)**'. Delignification — the process of removing
lignin from natural wood via chemical treatment (for
example, using NaOH/Na,SO, or H,0,)*****" — is a
common subtractive chemical modification strategy and
can be used to produce ‘white wood’ (also called ‘nano-
wood’). Delignified wood inherits the aligned pore struc-
ture of the natural wood and the cellulose nanofibrils of
the cell walls, but without the lignin component, which
functions as a binder to hold the cellulose fibrils in the
cell walls. This delignified structure alters the mechan-
ical, thermal, optical, fluidic and ionic properties and
functions of the natural wood. For example, delignified
wood reflects most incident light and appears white in
colour, as well as possessing a lower thermal conductiv-
ity than natural wood”'. Carbonization is another com-
mon subtractive chemical modification strategy that
can remove wood components (for example, cellulose,
hemicelluloses, lignin and extractives) and convert the
residual material into amorphous carbon*’. The resultant
carbonized wood inherits the cellular structure of the
natural wood while providing improved electrical and
thermal conductivity and light absorption.

Additive chemical modifications enable a variety of
components (for example, inorganic particles, polymers,
metals and metal-organic frameworks) or functional
groups to be added to the wood, resulting in diverse
structures and materials with additional properties
and/or functions*~****-*° In situ polymerization®**" and
mineralization®"** have been widely explored to alter the
wood structure at the cell-wall level by coating, impreg-
nating or filling polymer or inorganic components either
on the surface or inside the cell walls and/or lumina.
In addition to the properties of these new components,
the location and interface between the original and added
materials have crucial roles in altering the properties and
functions of chemically modified wood'®. For example,
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filling polymers or inorganic particles inside the nan-
opores of the cell walls or the interior of the lumina
can result in distinct mechanical, gas-permeability
and fire-retardant properties. Additionally, chemical
bonding between the original and added components is
expected to improve the structural stability of the mod-
ified wood compared with if there was only physical
contact between these components.

Physical and chemical modifications can be com-
bined to tailor the structure of wood and to add intrigu-
ing functionality’****’ (FIG. 2c). For example, combining
delignification and polymer filling results in transparent
wood with excellent optical and mechanical properties™.
In another example, densified wood (or ‘super wood’)
can be produced via partial delignification, followed by
mechanical compression®. These combined processes

a Physical modification
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b Chemical modification
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Lumen filling

Inner coating
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Delignification
(original structure
maintained)

Delignification
(original structure
transformed)

¢ Combined modification
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and grafting

-

Patterning
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lead to a higher degree of compression (up to 80%
reduction in volume) and pronounced enhancement
of tensile strength compared with densified wood pro-
duced solely via mechanical compression. Furthermore,
wood-derived electrodes can be constructed via car-
bonization and subsequent coating or filling with elec-
trode materials”’. Modification strategies involving this
combined approach of physical and chemical processes
offer more opportunities for tuning the structure of
wood to achieve optimized material functionality and
performance.

Intrinsic properties of wood

Before designing and fabricating wood-based materials
for applications, the relationship between the struc-
ture and properties of wood must be understood. The
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Fig. 2 | A selection of structural modification strategies for wood. a | Physical modification strategies, including
densification, patterning and surface coating. b | Chemical modification strategies, including additive modifications

(for example, lumen filling, inner coating, functional-group grafting and cell-wall filling) and subtractive modifications (for
example, delignification, functional-group removal and carbonization). ¢ | Combined (physical and chemical) modification
strategies, such as delignification and filling, delignification and grafting, delignification and densification, as well as

carbonization and coating.
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intrinsic mechanical, ionic, fluidic, optical and ther-
mal properties of wood originate from its hierarchical
cellular structure that features aligned cellulose fibrils
embedded in the lignin and hemicellulose matrix of
the cell walls. Pores and channels of various sizes are
present in the hierarchical structure; more specifically,
wood cells are organized to form abundant pores and
channels within the cells (that is, lumina of the cells),
and, at smaller scales, pores are present in the form of
pits traversing the cell wall.

Mechanical properties
The mechanical properties of wood are determined
at different length scales by the hierarchical structure.
At the bulk wood and tissue level, density, as a measure
of the relative volume fraction of cell-wall material, is the
dominant factor governing mechanical properties. At
the cell-wall level, the orientation of the cellulose nano-
fibrils, the density of their hydrogen bonds and the inter-
action between cellulose and the surrounding polymer
matrix (composed of lignin and hemicellulose) are parti-
cularly important. Cellulose has appealing mechanical
properties, with a higher specific modulus and specific
strength than most metals*>**. Under mechanical stress,
the deformation of wood involves various processes
at the cell-wall level, including fibril sliding and cellulose—
hemicellulose interactions with repeated breaking and
reforming of hydrogen bonds. At the molecular scale,
fibril sliding is facilitated by hydrated hemicelluloses,
which form a soft interphase that interacts strongly
with the cellulose fibrils via the densely distributed
hydroxyl groups on the molecular chains, which ena-
ble secondary interactions, such as hydrogen bonding.
Deformation-induced cascades of the breakage and
reformation of these hydrogen bonds induce a repeated
energy cost, which adds to the work needed to fracture
the wood. This reformation of hydrogen bonds is, there-
fore, a contributing factor to the unique properties of
wood and its local plasticity®. Although the mechanical
properties of wood substantially benefit from the cel-
lulose nanofibrils and interfacial hydrogen bonds, they
suffer from the natural occurrence of pits in the cell
walls, which, while serving essential biological functions
in trees, behave as defects from a structural-material
perspective. At a macroscopic scale, knots are the main
defects, which limit large-scale strength properties®.
Of note, the hydration state of lignocellulose is of
fundamental importance to its mechanical properties’,
particularly when variations of moisture content in
wood occur as a consequence of a change in the sur-
rounding environment (for example, relative humidity
and temperature). Such variation of moisture content
in wood can influence the macroscopic physical prop-
erties of wood, such as mechanical strength. Some of
the challenges of using wood as an engineering material
come from this moisture-content change or abundance
of moisture within wood™.

Fluidic and ionic properties

In addition to the load-bearing function, the structure
of wood is intrinsically designed for the transport of
water and nutrients'"”""%. These are transported from

the tree roots to the upper trunk, branches and leaves
via open channels defined by the vessels and tracheids.
The hierarchically aligned pore structure of wood
(including mainly the various sized lumina of tracheids,
vessels and fibres) and the hydrophilic nature of cellu-
lose and hemicellulose are crucial for water transport,
allowing passive capillary force to move water upwards
along the longitudinal direction to a maximum height
of more than 100 m (REF""). The cell walls, with aligned
cellulose nanofibrils and nanoscale pathways, also
favour ion transport. In addition, the surface charge
can be used to tune the behaviour of ionic transport at
the nanoscale™. The abundant hydroxyl groups in the
molecular chains of cellulose and hemicelluloses ena-
ble the facile tuning of the surface-charge properties
(for example, charge density and potential), which is
another structural benefit of wood for fluidic and ionic

applications™.

Optical properties

The structure and molecular composition of wood influ-
ence its optical properties. Intrinsically, natural wood
demonstrates a brownish colour that varies between
wood species. The brownish colour of wood is attributed
to the strong light absorption of the lignin, as well as the
intensive light scattering by the lumina of the cell**”. By
contrast, pure cellulose and hemicelluloses are optically
transparent to visible light when the material thickness
is small and the porosity is low.

The microstructure of wood also influences its
optical properties. One interesting example of such
influence is the intrinsic grain structure of wood (for
example, annual-growth-ring patterns), which is derived
from its alternating structures at the macroscopic and
microscopic scales. The variations in grain structure
and appearance of different species dramatically increase
the value of specific woods for construction and fur-
niture applications simply because of the aesthetic
appearance. The abundant pore structure, at both the
microscale and the nanoscale, has a key role in deter-
mining the optical properties of the material, because it
creates multiple air-tissue interfaces that are unfavour-
able for photon transport, leading to light scattering.
The amount of light absorption is highly dependent
on the chemical composition, whereas the amount
of light scattering is related to the wood structure. By
altering the composition and microstructure (for exam-
ple, pore structure and interfaces) of wood, its optical
properties can be readily controlled.

Thermal properties

The thermal properties of wood are similarly related
to the compositional and structural characteristics.
Wood naturally demonstrates low thermal conducti-
vity and anisotropic thermal transport, owing to its high
porosity, low levels of crystalline (or even amorphous)
biopolymeric components and structural anisotropy
at multiple length scales (for example, the orientated
distribution of lumina at the macroscale and micro-
scale, and the cellulose nanofibrils within the cell walls
at the nanoscale)®. From a compositional point of view,
the lignocellulosic components in wood have distinct
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thermal conductivities. Thus, it should be possible to
control the thermal properties of wood by tuning its
lignocellulosic composition. The crystalline structure
of biopolymers in wood (for example, cellulose) and the
orientation of the fibril assembly also influence the ther-
mal transport. Tuning the crystalline structure and/or
orientation of the cellulose fibrils, although challenging,
should be effective in modulating the thermal properties
of wood.

Another factor that influences the thermal properties
of wood is the pore structure, particularly, nanopores
with a size smaller than the mean free path of phonons
in air”. Phonon transport in such confined spaces is
substantially inhibited, leading to improved thermal
insulation. In addition, the existence of abundant pores
introduces numerous air-tissue interfaces, which may
disturb the phonon transport. Structural modifications
via composition and/or pore modification can, there-
fore, be used to manipulate the thermal properties
of wood.

Of note, moisture content also influences the intrin-
sic thermal properties of wood. For example, the heat
capacity of wood has a strong dependence on its mois-
ture content”’. Wet wood, soaked with a large amount of
water, has a higher heat capacity and thermal conduc-
tivity than dry wood. Thus, moisture content must be
considered in the measurement of thermal properties
and the thermally related use of wood.

Sustainable applications of wood

The aforementioned intrinsic mechanical, ionic, fluidic,
optical and thermal properties of wood are mainly deter-
mined by its composition and anisotropic, hierarchically
porous structure. Understanding the structure—property
relationships of natural wood (particularly, its anisot-
ropy) is necessary to make more informed structural and
chemical modifications and, hence, to control the prop-
erties of the material. This control is useful to tune the
material for specific applications, including lightweight
structural materials, energy storage, environmental
remediation, ionic nanofluidics, light and thermal man-
agement, electronics and biomedical science. Towards
this aim, in the past decade, research has focused on
altering the structure and/or composition of wood to
manipulate its ion, photon, phonon and fluidic transport
behaviours and mechanical properties, which can lead
to enhanced performance (for example, substantially
higher mechanical strength) or even new functionalities
(for example, cost-effective energy storage, efficient solar
evaporation, fast ionic and fluidic transport, high optical
transparency and thermal insulation).

Lightweight structural materials

Natural wood has long been used as a structural mate-
rial for the construction of furniture and buildings>”*”,
owing to its high stiffness combined with its low den-
sity and low cost. However, the mechanical perfor-
mance (for example, strength and toughness) of natural
wood is insufficient for high-performance applications.
To address this issue, a few strategies to modify the
porous structure and composition of wood have been
explored, with much success in strengthening and
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hardening natural wood. Before discussing these
approaches, which are based on densification, delig-
nification and other chemical treatments, it should
be noted that there are well-established structural
methods for producing engineered wood products at the
veneer and bulk-wood levels that aim to decrease aniso-
tropy and improve reliability through the optimized
assembly of wood layers. Plywood, produced by the
stacking of veneers with fibre orientations perpendicular
to each other, is one of the oldest of these assembly con-
cepts. In the 1990s, this idea was transferred to produce
cross-laminated timber, the development of which was
a cornerstone for the current trend towards high-rise
wooden buildings’.

A large portion of the volume of wood is made up of
open, air-filled cells. The cellulose component of the cell
walls is essential for the mechanical strength and tough-
ness of wood, whereas the lignin component functions
as a matrix to transfer stress to the stiffer cellulose and
serves to hold the individual cells together. Manipulating
these open cells and the cell walls is, therefore, crucial
for optimizing the mechanical properties of wood””. For
example, filling the open cells with a monomer formula-
tion and subsequent in situ polymerization produces a
wood-polymer composite’* (FIC. 3a). The resultant com-
posite combines the properties of the wood and polymer,
leading to improved compressive and bending strength.

An alternative strategy for improving the mechanical
properties of wood involves reducing the open volume
of the wood cells. Hypothetically, if the open cells are
completely closed, then hydrogen bonding is maxi-
mized. The open volume of the cells can be reduced by
mechanical compression, which increases the volume
fraction of the load-bearing wood tissue and, hence,
the mechanical properties are greatly improved ¢4
(FIG. 3a). Pretreatment with either steam, heat, ammonia
or cold rolling is often necessary to soften the cell walls
to enable densification. Furthermore, the combination of
such densification and polymer-infiltration techniques
can be particularly effective (FIC. 3a). For example, stud-
ies””*’ show that combining polymer filling and mechan-
ical compression can markedly enhance mechanical
properties in wood, including the Young’s modulus
and bending strength. In another study, the mechanical
properties of resin-impregnated wood were optimized
by pretreatment with sodium chlorite (NaClO,) prior
to polymer impregnation and compression®. However,
pretreatment methods that soften the wood structure
without changing its chemical composition result in
only a limited reduction in thickness during densifica-
tion (60% reduction at maximum)®. Moreover, partial
recovery of the wood’s thickness after densification
(namely, spring-back) often occurs when the material
is subjected to moist conditions, which further compro-
mises the enhancement of mechanical strength from
densification®.

The latest development of densification strategies
involves the partial removal of lignin and hemicelluloses
from natural wood followed by hot pressing® (FIC. 3b).
The partial removal of lignin and hemicelluloses from the
cell walls increases the porosity and decreases the rigi-
dity of the delignified wood, given that some of the
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< Fig. 3| Strategies to enhance the mechanical strength and fire resistance of wood.
a| Conventional strategies to strengthen wood include compression, polymer
impregnation and combined polymer impregnation and compression. In the third
approach, wood was first impregnated with polymer and then compressed to enhance
the mechanical strength. b | A two-step manufacturing process to strengthen wood,
involving partial delignification and densification. First, the wood was chemically treated
to remove part of lignin and hemicelluloses and soften the cell walls. Then, the material
was hot pressed under ~5MPa at 100 °C to densify the wood structure (~80% reduction
in thickness). The mechanical properties of densified wood are greater than those of
naturalwood, as illustrated in the tensile stress—strain curves and the graphical comparison
of the tensile strength and work of fracture. In addition, the specific tensile strength of
densified wood is higher than those of typical metals, including Fe-Al-Mn-C alloy
(TRIPLEX) and high-specific-strength steel (HSSS), and even lightweight titanium alloy
(TicALV). The schematics show multiscale strengthening of the densified wood, including
the macroscale laminated, dense bulk structure, intertwined microfibres, aligned
cellulose nanofibrils and molecular-scale hydrogen bonds between cellulose fibrils
and molecular chains. ¢ | Improving the fire resistance of wood by in situ mineralization
of the cell walls. A schematic shows the mineralization process (left). The Raman-mapping
images show calcium carbonate (CaCO,; 1,080-1,090 cm™?) prevailing in the middle
lamella and cell corners (middle). The heat-release capacity of spruce and beech as a
function of the precursor concentration (right). The maximum rate of heat release
divided by the heating rate in the combustion test is a derived property called the
heat-release capacity. The in situ mineralization of the cell walls leads to the generation
of calcium carbonate within the cell walls, which improves the fire resistance of spruce
and beech. DMC, dimethyl carbonate. Panel b adapted from REF.%, Springer Nature
Limited. Panel c adapted from REF.?’, CC BY 3.0.

design is often imposed by limits of design variables
(for example, to prevent failure). To this end, a perfor-
mance index is introduced to quantify how desirable a
material will be in a specific structure as a functional
component. For example, for a tensile structural ele-
ment, the performance index is defined as o/p (where
0 is tensile strength). In general, the higher the perfor-
mance index of a material, the better its mechanical
performance. In the case of wood densification, the
increases in mechanical properties (for example, in stiff-
ness and tensile strength) outweigh the increase in den-
sity, further lowering the material index and enhancing
the performance index.

In addition to achieving good mechanical properties,
fire retardancy and weather resistance are two key prop-
erties that are desirable for construction applications of
wood’' . In densified wood, the packed structure (with
almost all of the open cells collapsed) enhances the fire
retardancy by forming a dense char layer on exposure to
flames®. This char layer can block the transportation of
air and heat to the inner part of the wood, which helps
to prevent the material from fully combusting. The fire
resistance of wood (for example, spruce and beech) can
also be improved by removing the open cell voids via

matrix that bonds cellulose fibrils together is removed.
During densification, the wood lumina, as well as the
porous wood cell walls, collapse, resulting in a densified
piece of wood with a ~80% reduction in thickness and
a >10-fold increase in strength and toughness® (FIG. 3b).
As aresult, the densified wood features specific strengths
higher than almost all structural metals and alloys. The
high strength and toughness of the densified wood is
derived from the retained alignment of the cellulose
nanofibrils, similar to natural wood but much more
densely packed (FIG. 3b). The densely packed micro-
structure also drastically reduces the quantity and size
of the pore ‘defects’ (more specifically, the vessels, fibres
and pits) in the densified wood structure, leading to a
much higher strength than natural wood. The remaining
lignin within the structure has a crucial role in achieving
the substantially enhanced strength and toughness
by functioning as a phenolic binder of the cellulose
fibrils. Studies have demonstrated that densifying fully
delignified wood without adding an additional matrix
phase leads to a less pronounced enhancement of the
mechanical strength®*, although it does improve
the formability of the wet cellulose scaffolds for
achieving complex geometries®>*.

For diverse civil-engineering applications, the
material index, as well as performance index, serve as
parameters in material selection to achieve an opti-
mal combination of mechanical properties and weight
(or cost)”**, Such indexes are structure and func-
tion dependent. For example, the material index is

p’ | E (where p is density and E is stiffness) in select-
ing a material for a plate deflecting out of its plane
owing to self-weight, ./ p®/ E in selecting a material for
a beam deflecting under self-weight and p/E in select-
ing a material for a tension element®*’. Generally,
the lower the material index of a material, the better the
mechanical performance of the material. Engineering

in situ mineralization of calcium carbonate (CaCO,)
inside the nanoporous cell-wall structure®” (FIC. 3c).
Compositional analysis by confocal Raman microscopy
showed a strong v1 (CaCO,) vibration at 1,086 cm™,
along with cell-wall-sensitive spectral bands, confirming
the presence of CaCO, within the spruce tracheids and
beech fibres. The formation of minerals inside the cell
wall protects the wood components (such as cellulose)
from thermal decomposition by reducing the generation
of volatiles, thereby, improving the fire retardancy by
reducing the heat-release capacity of the hybrid wood-
mineral material. Other strategies, such as the forma-
tion of the mineral struvite in the wood structure™, the
impregnation of clay into the cell walls”, in situ polymer-
ization inside the cell lumina® and boron-nitride
coatings”, have also been proved to enhance the fire
retardancy of wood.

Thermal, acetylation, coating, inorganic and
polymer-impregnation treatments have been widely
applied to improve the dimensional stability and weath-
ering resistance of wood'>*>”. For example, densified
wood — generated via a simple coating process using an
oil-based paint — demonstrated excellent dimensional
and structural stability (that is, no dimensional change
or mechanical strength degradation after 128 h of testing
in 95% relative humidity)®’.

Despite these achievements, additional efforts are
needed to simultaneously improve the mechanical
properties, fire safety and weathering resistance of
wood materials to meet the demands of high safety,
good stability and durability, and high mechanical
strength required for construction, transportation and
sustainable-engineering applications.

Water and energy applications

Multiphase transport (of, for example, ions, electrons,
gases and liquids) in wood is important for various appli-
cations, such as energy storage'”, solar evaporation'”’,
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ionic nanofluidics'?, microfluidics'*'** and filtration'®.
Although the intrinsic features of wood, including its
hierarchically aligned microchannels, nanopores and
cellulose nanofibrils, are beneficial for multiphase
transport, structural modifications are necessary for
regulating multiphase-transport behaviours, particularly

a Energy storage

b Environmental remediation

for improving the transport speed to meet the perfor-
mance requirements of various devices. In particular,
pore structure has a vital role in multiphase transport
in water-energy devices. For example, in wood-based
energy-storage and nanofluidic devices, the abun-
dant hierarchical pores with charged surfaces and
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swelled polymer matrix can provide ion-transport
pathways when filled with electrolyte®>*’. In filter and
solar-evaporator devices, such abundant hierarchical
pores provide water-transport pathways while disturb-
ing heat or contaminant transport with good multiphase
selectivity’”*. Thus, the modification strategies for
engineering the porosity, pore size, molecular structure
and/or surface properties of wood to improve ion and
fluid transport depend on the desired function (FIC. 4).

Energy storage. For energy-storage technologies, such as
supercapacitors and rechargeable batteries, fast ion and
electron transport is crucial for achieving high energy
and power densities'. Wood is ionically conductive
when filled with either aqueous or organic electrolyte.
However, the mechanism of ion diffusion through the
cell wall in natural wood has been a topic of debate'”".
A recent study has revealed that mineral-ion diffusion
occurs via interconnecting nanoscale pathways of rub-
bery amorphous polysaccharides in natural wood, which
is different from previous assertions of transport inside
the cell wall being an aqueous process occurring through
simple interconnecting water pathways'”’. In terms of
electron transport, natural wood is electrically insulat-
ing. Thus, to make wood suitable as an electrode mate-
rial for energy-storage devices, structural modification
is necessary to enable efficient pathways for electron
transport.

Generally, there are two strategies for constructing
such electron-transport pathways®'**'”, The first strat-
egy is direct carbonization of natural wood, which can
transform ligneous material into amorphous carbon
while maintaining the hierarchically porous structure
of wood (FIG. 4a). This carbonization strategy has been
widely adopted to impart wood-based materials with
high electrical conductivity for energy-storage appli-
cations®!%%110-177 The carbonized wood structure fea-
tures high porosity (~80%), high electrical conductivity
(~20Scm™), low-tortuosity hierarchical pores, good
processability and low deformability, making it an ideal
3D current collector'”, in which various electrode mate-
rials, including lithium-iron phosphate, sulfur, manga-
nese dioxide, lithium metal or sodium metal, can be
infiltrated into the pores to construct high-mass-loaded,
ultra-thick 3D electrodes. The decoupled low-tortuosity
ionic (electrolyte-filled nanochannels in the cell walls)

< Fig. 4| Structural modifications to enhance multiphase transport for water and
energy applications. a | The construction of wood-based energy-storage devices with
decoupled pathways for fast transport of ions and electrons. These pathways can be
achieved by the carbonization of the wood or by partial delignification and coating
with carbon nanotubes and/or metallic nanoparticles to form triple pathways for the
fast transport of ions, electrons and gas. b | For environmental-remediation applications,
decorating metallic catalyst nanoparticles or functional groups on the surface of the cell
walls can yield a wood-based filter with a high throughput of water and high efficiency.
Alternatively, a surface-carbonized bilayer wood evaporator, which offers strong light
absorption, fast water transport and evaporation, and good thermalinsulation, can be
used for solar-assisted production of clean water. ¢ | Wood-based nanofluidic membranes
can be constructed via delignification to produce numerous aligned nanochannels with
high surface-charge density that provide highly conductive and selective ionic transport.
Awood hydrogel can also be fabricated via delignification and polymer-crosslinking
treatment, and functions as a highly conductive, mechanically robust and stable
nanofluidic membrane.
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and electronic (carbonized cell walls) pathways facili-
tate the fast transport of both ions and electrons, con-
tributing to the high energy and power density of the
energy-storage device'*. Although high ionic and elec-
trical conductivities can be achieved via carbonization,
the mechanical robustness, especially toughness, is
largely sacrificed in this process, which is undesirable
for wearable and portable electronic applications.

The second strategy of generating electron-transport
pathways in wood involves the coating of a thin confor-
mal layer of conductive material (for example, conduc-
tive carbon or polymer, or metallic particles) on the
external and internal surface of the cellular structure
(FIG. 4a). This method does not sacrifice the mechani-
cal robustness of the cellulose-based cell walls and is an
effective approach at balancing the trade-offs between
the conductivity and the mechanical properties of
wood'*"'%, For example, natural balsa wood can be con-
verted into a highly conductive and flexible wood-based
cathode for lithium-oxygen (Li-O,) batteries via partial
delignification (making the wood flexible), followed by
a coating with carbon nanotubes and ruthenium nano-
particles, imparting the wood with electron-transport
pathways and improved catalytic activity, respectively'”.
The uniform and stable coating of carbon nanotubes and
ruthenium nanoparticles on the surface of the cell walls
combined with the filling of electrolyte in the cell-wall
nanochannels forms a robust liquid—solid-air interface,
which provides three pathways for the non-competitive
transport of ions (through the electrolyte-filled nano-
channels), electrons (through the conductive network
of the carbon-nanotube-coating layer) and gas (through
the open microchannels, such as the vessel lumina).
As a result of this tri-pathway design, an ultra-high
areal capacity of 67.2mAh cm™ and long cycling life of
220 cycles were achieved. Moreover, the wood-based
cathode and device demonstrated excellent mechanical
flexibility, with the ability to be bent, rolled and even
folded, holding promise for wearable and portable
electronic applications. This nature-inspired, multi-
pathway design could be applicable for other devices
involving reactions at multiple interfaces.

Wood can accommodate a wide diversity of struc-
tural modifications at multiple length scales and, hence,
has the potential for use in large-scale (for example,
electric grid and electrical vehicles) and portable (for
example, personal electronics) energy-storage appli-
cations. Among the intrinsic advantages of wood, its
low-tortuosity, hierarchically porous structure and
nanofluidic behaviour for rapid ion transport are three of
its most unique features, especially when carbonization
treatment is avoided to preserve the structure and com-
positions of the cell wall. The low-tortuosity pores enable
the rapid transport of ions through the shortest distance
between two ends of the electrode, which is attractive
for high-performance thick-electrode designs®'".
Additionally, the abundant nanochannels between the
fully hydrated cellulose nanofibrils in the cell walls can
accelerate ion transport as a result of their charged sur-
faces and small diameter of less than the Debye length'®.
Despite these advantages, continuous efforts are needed
to address challenges towards applications, such as
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the sacrificed volumetric energy density owing to the
high porosity of the material and the relatively high
cost and low efficiency and precision of the structural
modification at scalable production. Future studies will
need to focus on precise structural modifications, espe-
cially at the nanoscale and the molecular scale, to finely
manipulate ion, electron and mass transport.

Environmental remediation. Wood also holds great
promise for environmental remediation in response
to the global water-scarcity and pollution issues. Water
scarcity is a severe global challenge, with nearly one-fifth
of the world’s population living in areas with water scar-
city and another 1.6 billion people living in economic
water scarcity because of the technical or financial lim-
itations of obtaining fresh water, even when it is availa-
ble'". Efforts have been devoted to developing effective
and eco-friendly technologies to produce clean and
drinkable water from sources, such as sea, lake, river,
underground and contaminated water'’"''*'*. Among
these technologies, membrane filtration and solar evap-
oration are two of the most effective, cost-efficient and
affordable technologies for the production of clean
water, especially in remote areas where access to the grid
and facilities is limited.

Wood’s naturally hierarchical porous structure makes
it attractive for water purification. With suitable struc-
tural modification, such as the grafting of functional
groups or catalytic nanoparticles on the internal and
external surface of the cell walls, wood membranes can be
used as filters for water purification***”'*! (FIG. 4b). When
the water flows through the wood channels, pollutants
(such as organic contaminants, heavy metals and inor-
ganic particles) can be absorbed by the cellulose-based
cell walls grafted with functional groups (for example,
carboxylic-acid groups) or even decomposed by catalytic
nanoparticles (for example, silver and palladium nano-
particles), contributing to a high treatment efficiency of
up to 99.5%***'2!. Another benefit of wood-based filters
is the high throughput imparted by the low-tortuosity
porous structure, in which a large amount of water can
rapidly flow through the microchannels. The trade-off
between treatment efficiency and throughput has been
along-standing issue for water purification; however, as
wood-based filters exhibit a high efficiency without sac-
rificing the throughput, they are a promising approach
to the scalable, low-cost and sustainable production of
clean water. Wood with modified surface properties (for
example, hydrophobicity) also demonstrates capability
in oil absorption and oil-water separation, representing
a practical route to address severe oil pollution®*>!2>!23,

Solar evaporation, in which absorbed sunlight is used
to heat and induce the fast evaporation of water as a puri-
fication method, is attracting growing interest because of
its high efficiency, low cost and technical simplicity, as
well as its use of renewable solar energy. The operation
of a solar-evaporation device (also called a solar evapo-
rator) involves three processes — light absorption and
conversion into heat, water transport and evaporation,
and thermal management'”". It is well known that water
transport in trees, from the roots to the trunk and leaves,
occurs via evaporation at the leaf-air interface and is a

key mechanism for tree growth and wood formation'*.

This ability inspired researchers to develop wood-based
evaporators to exploit the intrinsic properties of wood,
including its aligned hierarchical pores and excellent
hydrophilicity, which are beneficial for fast water trans-
port. Additionally, the low thermal conductivity of wood
results in good thermal insulation and heat localization
at the evaporative surface. As strong light absorption is
a key factor in this process, it is necessary to structurally
alter natural wood to improve this characteristic. Since
2017, intensive efforts have been dedicated to improv-
ing the solar-light absorption of wood-based evapora-
tors, from less than 30% to nearly 100% across the full
solar spectrum using structural modification strategies,
such as surface carbonization'**-** and the addition of
photothermal materials via coatings of, for example,
graphene oxide'”’, carbon nanotubes'*’, graphite'’!,
plasmonic metallic nanoparticles’ and narrow-bandgap
semiconductors'*.

Among these approaches, surface carbonization
is the most facile and cost-effective (FIC. 4b). In a typi-
cal surface-carbonized bilayer wood evaporator'”, the
incident solar light is nearly completely absorbed by
the black carbonized layer on top of the wood surface
and converted into heat, which is largely localized at this
top surface, owing to the good thermal insulation of the
wood substrate'*. Simultaneously, water is absorbed
and transported from an underlying reservoir beneath
the wood device, transporting up through the wood’s
microchannels and nanochannels to the top evapora-
tive surface via the capillary driving force. This water is
then heated by the absorbed solar light and evaporates
quickly. The generated vapour is then condensed and
collected as clean water that meets the World Health
Organization standard for drinkable water, regardless
of the water source.

The wood-based evaporator shows excellent
salt-rejection capability after suitable structural modi-
fication, such as by drilling macroscale holes as replen-
ishing channels in the structure or by carbonizing wood
with naturally large vessels (for example, balsa)'**'%.
The difference in size between the drilled and natural
wood channels leads to different hydraulic conductivi-
ties, which creates salt-concentration gradients between
the millimetre-sized drilled channels (with a low salt
concentration similar to bulk water) and the micro-
scale natural wood channels (with a high salt concentra-
tion). Under such gradients, spontaneous interchannel
salt exchange through the pits traversing the cell walls
occurs, resulting in the dilution of salt in the microscale
wood channels. The drilled channels with high hydraulic
conductivities act as salt-rejection pathways to rapidly
exchange the salt with the bulk solution, enabling the
real-time self-regeneration of the evaporator. In this
manner, it is simple to treat even high-concentration
brines to produce potable water.

Wood-based materials, with their naturally hier-
archical porous structure combined with structural
modifications, have enjoyed success in environmental
remediation in response to global water scarcity and
the challenges of environmental pollution. Despite this
success, challenges remain at the material, device and
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system levels, which need to be overcome before com-
mercialization is possible. For example, the presence of
water, bacteria, fungi and contaminants may lead to the
poorer stability of wood than in dry conditions, which
is a concern for long-term operation. Hence, strategies
are required to improve stability, such as by crosslinking,
the fabrication of robust surfaces via coating or impreg-
nation, or through thermal treatment. In addition, inte-
grating wood-based materials into a device or system for
an application may be of higher cost and lower efficiency
than laboratory-scale demonstrations, requiring further
efforts to develop rational system designs from academia
and industry.

Nanoionics and nanofluidics. Ionic nanofluidic mem-
branes comprising a large number of nanochannels
for the regulation of ion transport have been used in a
range of applications, including in osmotic-energy gen-
eration'*, desalination'*, ion-molecular separation'*’
and ionic circuitry'*. Ton transport in nanoconfined,
surface-charged channels substantially differs from bulk
behaviour, owing to the interactions between the sol-
vated ions and the inner channel walls. This nanofluidic
effect produces high ionic conductivity and/or selectiv-
ity, which is essential for these kinds of applications. The
wood cell walls are comprised of orientated, assembled
cellulose nanofibrils embedded in the hemicellulose and
lignin matrix, which provides a scaffold for numerous
aligned nanochannels between the adjacent cellulose
nanofibrils after partial or complete delignification to
remove the polymer matrix. Additionally, the abundance
of functional groups (such as hydroxyl groups) on the
cellulose nanofibrils enables the surface-charge density
to be easily tuned via chemical modification.

The existence of nanochannels combined with their
tunable surface-charge density and spacing makes wood
an attractive material for nanofluidic membranes. The
size and surface-charge properties (for example, density
and potential) of the nanochannels are two factors that
can markedly influence the ion-transport behaviour of
the nanofluidic membrane. Tuning these two factors
via structural modification provides an effective strat-
egy for regulating ion transport. For example, a scalable
and highly ionic conductive wood-based nanofluidic
membrane has been fabricated by delignifying natural
basswood (Tilia)™ (FIG. 4c). The removal of lignin and
hemicelluloses from the wood cell walls generates more
nanochannels between the aligned cellulose nanofi-
brils. The surfaces of the negatively charged cellulose
nanofibrils can attract layers of counterions adjacent
to the fibres to form an interface-dominated electro-
static field that surrounds the nanofibrils, providing
surface-charge-governed ion transport along the fibre
direction for desirable ionic separation. By altering
the geometry and surface charge of the wood-based
nanofluidic membrane, the ion transport can be eas-
ily regulated to achieve tunable ionic conductivity and
selectivity. Through densification treatment, the aver-
age diameters of the nanochannels are also substantially
reduced from ~20nm to 2 nm, resulting in an order of
magnitude higher ionic conductivity at a low concentra-
tion of less than 10> moll™ (REF*°). The surface-charge

REVIEWS

density, reflected by the material’s zeta potential value,
can be increased by converting the hydroxyl groups
into carboxyl groups to improve the ionic conductivity
of the wood-based nanofluidic membrane®. Moreover,
the surface-charge potential can be reversibly converted
(for example, from negatively charged into positively
charged) to tune the ionic selectivity'*.

In addition to ionic conductivity and selectivity,
material stability is crucial for nanofluidic membranes,
particularly for their application. Although deligni-
fication can greatly improve the ionic conductivity of
the wood-based nanofluidic membrane, the material
stability in aqueous solution is sacrificed, owing to the
removal of the lignin and hemicellulose binding agents.
Improving the ionic conductivity without reducing the
material stability is desirable, yet remains challenging.
Towards this aim, a crosslinking strategy has been
developed to improve the stability of a delignified wood-
based nanofluidic membrane by growing a polymer net-
work inside the lumina and cell walls in situ, resulting
in a material termed a ‘wood hydrogel*® (FIG. 4c). The
polymer network not only binds the cellulose nanofi-
brils tightly together but provides additional nanochan-
nels for ion transport, contributing to the membrane’s
improved mechanical robustness and ionic conduc-
tivity. Such a combination of high ionic conductivity,
mechanical strength and stability can be achieved in
a cationic wood membrane by partially removing the
hemicellulose-lignin polymer matrix from natural
wood, along with surface-charge modification and
densification'”.

Despite the progress made, wood-based ionic nano-
fluidic membrane devices are still in their infancy.
Continuing efforts are needed to solve the challenges
for applications, such as improving the fouling issue of
cellulose-based materials, finely tuning the geometry
and surface charge of the wood channels to improve
the precision of ion control, and exploring applications,
such as heat-to-electricity conversion for low-grade heat
harvesting”.

Optical applications

Research into the manipulation of the optical properties
of wood have mainly focused on making wood trans-
parent for various optical applications?»**7*!40-14> In
1992, Fink'*’ reported the first preparation of transparent
wood for the purpose of facilitating the morphological
study of wood. In 2016, the addition of functionalities to
load-bearing transparent wood, such as optical transpar-
ency and thermal insulation, was realized by combining
mechanical studies with the characterization of optical
transmittance’®'*. Since then, research has focused on
improving the performance of transparent wood and
exploring new functions'*'>*,

Approaches for making wood transparent gener-
ally involve two steps — removing the light-absorbing
components (mainly lignin) and infiltrating a polymer
with a refractive index that matches the wood substrate®
(FIG. 5a). The hierarchically porous structure is well
maintained upon delignification and, at the same time,
additional nanopores are generated from the removal
of almost all the lignin and part of the hemicellulose
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a Two-step manufacturing process

Delignification

Natural wood

b Wave-guiding effect

wood

Delignified wood

Magnetic
transparent

Polymer infiltration

Transparent wood

avan

 Wood

c Structural modification and functionalization strategies

Heat-shielding transparent wood

7 . Luminescent
< transparent
G wood

Ultraviolet-shielding transparent wood

O Fe,0, nanoparticle O Cs WO, nanoparticle

& Antimony-doped

I}
-0t Quantum dot
tin oxide nanoparticles

Fig. 5| Manipulating the optical properties of wood. a| Wood can be made transparent via a two-step process involving
delignification and polymer infiltration. First, wood is chemically treated to remove lignin from the cell walls and it is then
infiltrated with a polymer of a refractive index that matches the refractive index of the wood substrate. The photographs
show the colour change of wood from brown (natural wood) to white (delignified wood) to transparent. b | A schematic of
the wave-guiding effect of transparent wood. Light can be guided along the wood fibres independent of the angle of the
incident beam. c | Structural modification and functionalization strategies to impart additional functionality to transparent
wood, including infiltrating magnetic (Fe,O,) nanoparticles to impart magnetic function, antimony-doped tin oxide
nanoparticles to impart ultraviolet-shielding function, quantum dots to impart luminescence and caesium-doped tungsten
bronze (Cs WO,) nanoparticles to impart heat-shielding function. Panel a adapted with permission from REF.?, Wiley.

content. The brown colour of natural wood becomes
white after delignification, owing to the strong light scat-
tering at the boundaries between the air in the cellular
void channels and the solid cell walls, resulting in a large
refractive index mismatch (n=1.53 for the cell wall and
n=1 for air). Air can be replaced by a polymer with a
refractive index of ~1.53 via infiltration, which reduces
the light scattering, resulting in a highly transparent
wood-polymer composite (namely, transparent wood)
that features low light absorption and low reflection.
Of note, although transparent wood can reach a trans-
mittance as high as ~95%, it is difficult to reduce the
haze (usually >50%), which makes the material substan-
tially different from low-haze commercial glass”. The
high haze is attributed to the microcurvatures and resi-
dual voids of the wood structure that can scatter light,
even after polymer infiltration. The combination of high

transparency and haze is desirable for light management
in solar-cell applications'** but undesirable for window
applications that are currently dominated by glass, in
which high transparency and low haze are required.

An interesting feature of transparent wood is the
wave-guiding effect resulting from the anisotropic cel-
lular structure of wood (FIC. 5b). More specifically, light
is guided along the wood fibres independent of the angle
of the incident beam. This ability has been used in com-
bination with an optical dye to prepare a wood laser'**.
Additionally, when transparent wood is used as a win-
dow or roofing material for buildings, this wave-guiding
effect allows the maximum utilization of solar light
for illuminating the interior, holding great promise for
energy-efficient buildings. In this context, transparent
wood may replace some traditional window or roofing
materials, such as glass.
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By modification of transparent wood with var-
ious functional groups, the material may find uses in
other fields, such as optics, electronics and magnet-
ics'¥71%% (FIC. 5¢). For example, transparent magnetic
wood with combined optical and magnetic functions
was achieved by mixing ferrosoferric-oxide nano-
particles with polymers of methyl methacrylate and
2,2'-Azobis(2-methylpropionitrile) prior to polymer
infiltration'*". The uniform distribution of nanoparticles
within the polymer filler without aggregation is the key
to maintaining both good optical and good magnetic
properties. In another study, several types of quantum
dots were incorporated into the polymer filler to impart
transparent wood with light-emission function (namely,
luminescent transparent wood)'“’. The strong light scat-
tering caused by the anisotropic wood structure results
in diffused luminescence from the embedded quantum
dots, which expands the application of transparent wood
optical devices and luminescent building constructions.
Other functions, such as heat shielding and ultraviolet
(UV) shielding, have also been imparted to transparent
wood by adding functional particles to the polymer
ﬁllerlr'l7,l52.

Although progress has been made towards achiev-
ing a high optical transmittance, mechanical strength
and various functions in transparent wood composites,
several challenges need to be addressed. For example,
ahigh optical transmittance is accompanied by a relatively
high haze in transparent wood, which hinders its appli-
cations in areas where high transmittance and low haze
are required simultaneously (for example, optically clear
windows in buildings). The optical haze of transparent
wood can be reduced to ~10% by removing wood com-
ponents to construct a highly porous microstructure for
polymer infiltration, representing a promising direction
for clear wood fabrication'*!. Manufacturing of thick and
large lateral-sized transparent wood is another challenge
with difficulties in both fabrication (for example, the
diffusion of chemicals inside large wood blocks suf-
fers from non-uniformity) and achieving a high optical
transparency (light scattering increases in severity as the
thickness of transparent wood increases). In addition,
the effects of weathering, for example, the UV stability
of transparent wood, need to be improved to meet the
requirements of outdoor application.

Thermal management

Wood has been used as a thermal insulating material
in a variety of fields, including construction and solar
evaporation. Wood has a good thermal-management
capability, owing to its hierarchically porous structure
and biopolymer-based composition'*>"*°. For instance,
the thermally insulating behaviour of natural wood can
block most of the heat transfer from the warm outdoors
to cool, air-conditioned, indoor environments during
the summer (and the reverse in the winter), resulting in
passive energy savings for buildings.

In the past few years, growing effort has been dedi-
cated to improving the thermal insulation of wood***"'*¢.
Delignification is one of the most effective approaches
in regulating the thermal properties of wood by remov-
ing the thermally conductive lignin component and
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simultaneously generating a large number of nanopores
in the cell walls, which disrupt phonon transport® (note
that the final wood product after delignification is called
nanowood; FIG. 6a). In this manner, the thermal con-
ductivity of basswood can be substantially reduced from
~0.35t0 0.06 Wm ™' K' along the longitudinal direction
after complete delignification®. Interestingly, the ther-
mal conduction of wood is anisotropic, as a consequence
of its anisotropic structure. In natural basswood, the
thermal conductivities in the longitudinal and radial
(normal to the growth rings) directions are 0.347+0.035
and 0.107+0.011 Wm™ K, respectively. After delignifi-
cation, the thermal conductivities decrease substantially
t0 0.056 £0.004 Wm™ K" in the longitudinal direction
and 0.032+0.002 W m™ K™ in the radial direction,
corresponding to an anisotropy of 2, both of which
are lower than most commercially available thermally
insulating materials" (FIC. 6a).

The low and anisotropic thermal conductivity can
be attributed to the structural change in wood after the
delignification process. Following this chemical treat-
ment, the cellulose nanofibrils are partially isolated,
which imparts numerous air—cellulose interfaces along
the tangential direction (the direction along the tangent
of the growth rings). Additionally, the resulting struc-
ture features improved nanofibril alignment, owing
to the removal of non-aligned lignin and the further
self-alignment of the nanofibrils when they are in the
wet state. Such low and anisotropic thermal conduc-
tivities are useful in thermal-related applications, such
as energy-efficient buildings, thermal insulation for
space applications and insulation of electrical devices.
More specifically, the use of nanowood to construct
energy-efficient buildings is particularly attractive
because of their substantially improved thermal insu-
lation and high mechanical strength. In addition, nano-
wood has the advantage of being sustainable and green,
unlike more commonly used construction materials,
such as concrete, steel or brick-based systems.

However, the increase in structural porosity and the
partially isolated cellulose nanofibrils that result from
delignification are beneficial for thermal insulation but
are detrimental to the mechanical robustness of the
material. This trade-off between thermal and mechanical
properties could be balanced by further densification®
or crosslinking. Other strategies, such as hybridization
with organic particles and polymers, are also promis-
ing approaches for enhancing the thermal-insulation
performance of wood.

For some applications, such as battery electrodes,
electronic substrates and crude-oil absorbents, a high
thermal conductivity is preferred. In these cases, struc-
tural modifications that can increase the thermal con-
ductivity of wood are needed. One widely used strategy
is high-temperature carbonization, in which the ther-
mally insulating lignocellulosic components are con-
verted into thermally conductive carbon, increasing the
thermal conductivity from ~0.1-0.3 to ~0.6 Wm™K™!
(REFS'*”1%). When used as an electrode or electronic
substrate, heat is conducted via the carbonized wood,
preventing thermal accumulation and, therefore, device
failure. Hybridizing with metal, carbonaceous materials
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or thermally conductive polymers has also been pro-
posed to improve the thermal conductivity of wood,
suggesting a wide range of thermal behaviour that can
be controlled via structural modification'*>'®* (FIC. 6b).
Nanoscale and molecular-scale structural engineering
(for example, tuning the crystallinity and/or orientation
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of cellulose fibrils) may also enhance the thermal
conductivity.

The use of wood for the thermal management of
buildings via passive radiative cooling has recently
gained interest. For a material to exhibit passive radi-
ative cooling, it must emit more heat than the amount
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< Fig. 6| Manipulating the thermal properties of wood. a| The thermal conductivity

of wood can be reduced via delignification and pore engineering (generating more
nanopores). After delignification, the anisotropic structure and, hence, the anisotropic
thermal transport of the wood is maintained. Abundant nanopores between the cellulose
nanofibrils and boundaries between crystalline and amorphous regions within a single
nanofibril provide large cellulose—air and cellulose (crystalline)—cellulose (amorphous)
interfaces for phonon scattering. The anisotropic wood structure leads to different
thermal conductivities for both nanowood and natural wood in the longitudinal and
radial directions. The enhanced phonon scattering leads to a low thermal conductivity
of nanowood, which is superior to most commercially available thermally insulating
materials. b | The thermal conduction of wood is improved by either carbonization or
hybridization (for example, coating or filling) with other thermally conductive
components. Carbonization converts the lignocellulosic wood components into carbon
for better thermal transport. By coating or filling thermally conductive components into
wood lumina, the thermal transport can also be greatly improved. ¢ | Radiative cooling
wood can be created via complete delignification and densification. Owing to its high
solar reflectance and high infrared emissivity, as well as high mechanical strength,
cooling wood can be used as an energy-efficient building material. A 24-h continuous
measurement of a 200-mm x 200-mm piece of cooling wood, including the direct
measurement of the radiative-cooling power (top) and the steady-state temperature
(middle) of the cooling wood, and the temperature difference between the ambient and
the cooling wood (bottom), indicated that an average below-ambient temperature of
>9°C during the night and >4 °C at midday (between 11 am and 2 pm) can be achieved.
Panel a adapted (graphicalillustration of thermal transport in nanowood on left) and
reprinted (photographs and curves) from REF*’, CC BY 4.0. Panel c (right) reprinted with
permission from REF.'%?, AAAS.

of solar irradiance it absorbs. This process enables the
efficient regulation of interior temperatures by offering
a perpetual path to dissipate heat from the structure
through the atmospheric transparent window into the
ultra-cold universe with zero energy consumption'®'.
Wood can be made into a radiative-cooling material
(namely, cooling wood) by the modification steps of
complete delignification followed by mechanical com-
pression’®. Delignification imparts the cooling wood
with brilliant whiteness, as demonstrated by its high,
diffusive reflectance in the solar-radiation range, lead-
ing to alow absorbed solar irradiance. The compression
increases the mechanical strength and thermal con-
ductivity of the cooling wood. Meanwhile, the molec-
ular vibration and stretching of cellulose in the cooling
wood facilitates strong emission in the infrared range.
Benefiting from these structural advantages, the cool-
ing wood demonstrates a radiative-cooling temperature
below ambient during the day and night (FIC. 6¢), with an
average below-ambient temperature of >9°C during the
night and >4 °C between 11 am and 2 pm (REF.'®?). Such
natural cooling capability is attractive in energy-saving
buildings, especially when a high mechanical strength
is integrated.

As a consequence of the thermal-management
requirements of wood materials and devices, manipu-
lating thermal transfer behaviour for specific functions
requires different structural modification strategies.
Efforts in this direction are essential to gain a deeper
understanding of the relationship between wood’s
structure and thermal properties.

Other applications

Wood has been explored for other functions, such as tis-
sue engineering, thermal-energy storage, ion detection,
sensing, microwave absorption, electromagnetic shield-
ing and electrocatalysis®>'**'"*. The anisotropy of the
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wood structure and its abundant aligned pores provide an
ideal material scaffold for the fabrication of anisotropic
hydrogels and inorganic materials®>'*°. Similarly, wood
can be used as a platform in tissue engineering, given
the similarity between its structural features and that
of animal tissue'®'”. For example, a general and fac-
ile method employing a seeded-growth strategy ena-
bles the fabrication of self-standing zeolitic tissue that
inherits the cellular structure of wood at various hier-
archical levels'®. With suitable structural modification,
wood can be converted into flexible membranes, either
with or without the inherent hierarchical pores, which
can be used as biodegradable substrates for flexible
electronics or cell culture’>®. Wood can be converted
into a compressible aerogel by chemically removing
lignin from the cell walls, with the resulting material
demonstrating potential in thermal management, water—
oil separation and strain sensing®°"'*". Additionally, if
made electrically conductive via either carbonization or
conductive-polymer coating, wood can absorb micro-
waves for electromagnetic shielding'¢>'”. Highly con-
ductive graphene can also be directly patterned on wood
via ultra-fast laser pulses for use as a green electronics
substrate'®®. The development of the use of wood in bio-
fuels'”, timber construction'”” and bio-templates for
bio-inspired materials'’®'"”” has been outlined previously.

Advanced characterization and modelling
Characterization techniques and computational-
modelling approaches are critical for our understanding of
the composition, structure, properties and functions
of wood. Here, we overview these approaches, with a
focus on how these techniques and approaches enable
the regulation of composition, structure and properties
of wood functional materials.

Characterization techniques

The successful development of wood-based materials
requires a high degree of control over the location and
distribution of the functionalization of the wood. Thus,
analytical techniques that provide high-resolution 2D
and/or 3D mapping with high chemical and spatial
resolution of the material are needed to understand the
structure at the nanoscale and sub-nanoscale''. As
the development of these techniques has progressed, our
ability to understand wood structures with increasing
accuracy has improved, which should enable the optimi-
zation of the properties of the aforementioned functional
devices and materials.

A range of characterization techniques based on
Raman microscopy, AFM and synchrotron XRD, each
of which has its unique measurement principles, can
be used to identify the composition and structure of
wood-based materials (FIC. 7).

Raman microscopy. Confocal Raman-spectroscopy
imaging — which relies on the inelastic scattering of
monochromatic light, resulting from the interactions
with molecular vibrations* — can provide a diffraction-
limited (maximum of 250-300 nm), spatially resolved
visualization of the composition of the wood-based
composite. In contrast to other diffraction-limited
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Fig. 7| Characterization techniques for determining the structure—-property—-function relationships of wood.

a| Raman microscopy imaging of the compositional distribution in poplar latewood by integrating over defined
wavenumber areas. Note the intensity of the aromatic lignin band (1,550-1,640 cm™) and the C—H stretching region
(2,780-3,060cm™), and the intensity of the bands in the carbohydrate region at 1,026-1,195 cm™ and the intensity of

the 1,096-cm~! band (1,090-1,105cm™). S1 and S2 are layers of the secondary cell wall, S2ray is the S2 of the parenchyma
ray cell, CC s the cell corner and CML is the compound middle lamella, which comprises two adjacent primary walls and
the middle lamella. CCD is charge-coupled device and CCD cts is the digital units (or counts) contained in the CCD image.
b | Atomic force microscopy height image (top) and Young’s modulus image (bottom) of a CML. The scan direction isin line

with the structures, as indicated by the arrow. The cutting direction is perpendicular to the CML. ¢ | Synchrotron X-ray-
diffraction-based characterization of the dry cellulosic membrane, which shows mostly cellulose Il (the arrows indicate
cellulose 11[110], [110] and [020], with small amounts of cellulose | crystal). The wet cellulosic membrane is infiltrated with
electrolyte; a Na—cellulose | complex was observed to coexist with the cellulose Il and cellulose | structures. Panel a
reprinted with permission from REF.'®", American Society of Plant Biologists. Panel b reprinted from REF.'*’, CC BY 4.0.

Panel c reprinted from REF.*, Springer Nature Limited.

optical-microscopy-imaging techniques, such as UV
and fluorescence microscopy, Raman spectroscopy
analysis is not limited to specific constituents. Rather, it
enables the simultaneous characterization of the wood
components and different types of modifying agents,
including polymers, minerals and metals*>?!7%17%,
One of the first and ground-breaking studies of the
composition of wood cells using this approach was by
Gierlinger, Agarwal and co-workers***'*, Using Raman
spectroscopy, the researchers demonstrated that spatial
maps of the cells of poplar latewood could be obtained
using unique spectral information emanating from the
cellulose and lignin'*° (FIG. 7a). Additionally, Raman-
spectroscopy imaging can provide spatially resolved
chemical analysis of the delignified cellulose scaffold.
Raman spectroscopy is not only capable of mapping the
distribution of the individual components of wood but is
highly sensitive to conformational changes of the wood
constituents. For example, Raman spectroscopy has been
used in situ to analyse the conformational changes in
constituents of wood-hydrogel materials in response to
temperature changes, which leads to transformation of
the surface properties from hydrophilic to hydropho-
bic'®'. However, a problem with this technique for wood

analysis is the presence of chromophoric structures that
often remain in the sample after delignification, which
can generate fluorescence during imaging and mask the
Raman-scattering signal'®.

Although Raman spectroscopy is valuable in wood
research, the maximum resolution of the technique
is limited to half the wavelength of the incident light.
However, the sizes of various substructures of the wood
cells are below this limit. Thus, substantial increases
in spatial resolution are needed to enable the chemical
analysis of wood. In 1928, Synge'* had the idea of break-
ing the diffraction limit by illuminating the sample or
collecting the optical signal through a sub-wavelength
aperture that is located in close vicinity (in the nano-
metre range) to the sample surface. The ability to
bring the aperture to this position is possible with
scanning-probe-microscopy feedback and, in 1984, the
first near-field measurements were reported'**. However,
the low signal intensity owing to the small diameter
of the aperture has necessitated the development of meth-
ods to improve the signal, such as tip-enhanced Raman
spectroscopy, whereby the Raman signal is enhanced
by the irradiation of a metallic probe near the sample
surface. The illumination of the metallic probe results
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in surface plasmons, which lead to a strong electro-
magnetic field at the tip apex'®. To date, such near-
field optical-microscopy methods have been mainly
applied for simple biological systems'** and only a few
studies have analysed the cell walls of natural wood'*".
However, these methods have immense potential for the
analysis of wood-based composites.

Atomic force microscopy. Changes in wood chemistry
and composition during the fabrication of wood-based
composites affect the mechanical properties of the mate-
rial. As a result, further mechanical characterization is
necessary in addition to chemical analysis. Conventional
mechanical-testing protocols do not offer sufficient spa-
tial resolution, but these limitations have been overcome
by new developments in AFM. Previously, AFM was
intensively used for the nanostructural characteriza-
tion of lignocellulosic materials, in which a very small
tip is raster-scanned across the surface of the sample.
The specific interactions (more specifically, van der
Waals, electrostatic and capillary forces) between the
tip and the sample surface are then converted into a
high-resolution topographical image'**'*’. Aside from
enabling these structural analyses, AFM modes have
been developed for nanomechanical characterization
that are mainly based on mapping the surface with a
grid of force-distance (FD) curves, which provide val-
uable insight into mechanical parameters such as local
stiffness and adhesion®'. Mechanical characterization of
wood-based materials using FD-curve-based AFM (FD-
AFM) is already in a more advanced phase of develop-
ment than the aforementioned near-field microscopy
methods. Different types of lignocellulosic samples
have been characterized and the first steps have been
made towards the analysis of functionalized wood mate-
rials using FD-AFM' (FIG. 7b). However, AFM-based
mechanical characterization with nanometre resolution
is still at an exploratory stage, and unresolved questions
must be addressed, specifically regarding the contact
between the tip and the sample. Additionally, there is
a troubling lack of consistency in the values obtained
in studies using FD-AFM. A direct comparison of the
individual AFM results is often impeded by the use of
different measurement set-ups, including cantilever type
and stiffness, the fitting procedure and measurement
velocities, making it difficult to validate findings.

Synchrotron X-ray diffraction. Synchrotron radiation is
another powerful tool for probing the innermost details
of the cellular and hierarchical structure of wood. This
capability is especially true for X-ray tomographic imag-
ing, which had been, until recently, reserved for more
conventional materials. In this technique, a structure’s
detail can be mapped in 3D, with a temporal dimension
also possible, enabling real-time evaluations of complex
materials. As discussions on how to apply this tech-
nique to porous structures are available elsewhere', we
highlight some examples of where it has been applied
to wood. One of the first studies to examine the wood
structure in detail was a case study'”> on two species
of wood — oak and beech. The conventional manual
technique of optical micrography for wood anatomical
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characterization was compared with an automated
tomographical approach. The findings indicated no
differences between the approaches in terms of statis-
tically significant measurements of the wood’s porosity,
as well as vessel surface area, inner diameter and den-
sity, suggesting that the techniques are comparable.
Furthermore, tomography, specifically, X-ray computed
microtomography (microCT), have the advantages of
being non-destructive and faster than conventional
optical micrographs'*”. Benefiting from these features,
in vivo X-ray microCT enables the visualization of
water movement in wood'”, negating the need for the
time-consuming sample preparation that is necessary
for conventional microscopy (for example, sectioning
and slicing). Another application of synchrotron-based
tomography is its ability to map in the temporal dimen-
sion, which allows dynamic measurements to be per-
formed. As a result, it has been possible to observe the
change in the structure of wood during compression,
clarifying mechanisms of deformation'”.

In addition to morphological imaging, synchrotron
radiation can determine the microfibril and crystal
structure, as well as nanoscale spacing between cellulose
fibrils of wood. For example, synchrotron XRD was used
to determine the crystal structure of cellulose in a delig-
nified wood membrane* (FIG. 7). The synchrotron XRD
pattern of the dry delignified wood membrane indicated
the formation of cellulose II in the dry state, owing
to the partial conversion of cellulose I into cellulose II
that occurs during the delignification process with high
concentrations of sodium hydroxide. Interestingly, when
the delignified wood membrane was soaked in electro-
lyte, the spectrum revealed a new peak (220), suggesting
the presence of the Na-cellulose complex structure (that
is, sodium intercalating in the charged molecular chain
of the delignified wood membrane). As a result, the del-
ignified wood membrane exhibited a thermal gradient
ratio of 24 mV K™', which is more than twice the highest
value ever reported.

Other characterization techniques. Small-angle X-ray
scattering (SAXS) has also been used to probe the
structure and dimensions of wood cell walls. Fibril sizes
obtained from SAXS measurements concur with meas-
urements taken using electron microscopy, demonstrat-
ing that the regularity of the thickness of the fibrils is an
indication of the structural stability of wood'**. Detailed
analysis of microfibril angles using SAXS in a complete
branch of wood has shown that the mechanical prop-
erties adapt to loading situations by the variation of
microfibril angles'®. In addition, the microfibril angles
in the wood cell walls can be determined using SAXS
if the data are fitted appropriately'”’. However, a realis-
tic model is required for SAXS (or small-angle neutron
scattering (SANS)) data from wood to be fitted and for
structure on the fibrillar and long-range order scale to
be analysed. Although most small-angle results for con-
ventional polymeric structures can rely on relatively sim-
plistic constructions, wood requires more sophisticated
approaches. For instance, a model featuring infinitely
long cylinders packed in hexagonal arrays, and with para-
crystalline distortions, has given reasonable estimates

NATURE REVIEWS | MATERIALS




REVIEWS

of the microfibril diameters, for both the wet and the dry
states of wood'*.

Similarly, neutron scattering and solid-state NMR
spectroscopy can be used to measure the nanosized
spacing and/or crystal structure of wood. For example,
the spacing between neighbouring cellulose microfibrils
and the evolution of this spacing under various moisture
conditions were determined by SANS, offering insights
into the 3D nanostructure and moisture-induced swell-
ing in wood™. This knowledge can be used to develop
improved wood-protection treatments and wood adhe-
sives in forest research. 2D NMR spectroscopy has been
demonstrated as a non-destructive tool for elucidating
the lignin subunit composition and the distribution of
interunit linkage between subunits of lignin in the cell
walls'”’. An advantage of this technique is that the spec-
tra can be acquired from the cell walls of the whole plant
without the cell walls being isolated or fractionated; thus,
structural information can be preserved.

Computational-modelling approaches
Computational modelling performed on multiple scales,
ranging from the atomic level to the nanoscale, meso-
scale, microscale and continuum scale, can provide
valuable insight into the structure, properties, function
and behaviours of wood. The physico-chemical proper-
ties and multiscale structural evolution of wood under
stimuli (for example, mechanical force, heat, light, water
or other solvents) can be computed and the knowledge
gained from these simulations used to guide the design
of wood materials and modification strategies.

For example, MD simulations have been applied to
investigate the temperature-induced structural change in
cellulose crystals at the molecular level” and probe the
deformation and nanomechanics in cellulose materials.
It was found that the kink defects in cellulose nano-
fibrils caused by bending deformation facilitate localized
hydrolysis*'. Another MD-simulation study showed that
the bending deformation could cause local amorphiza-
tion at the kinking point and enable partial allomorphic
transitions””. Furthermore, an MD-based investigation
of the interactions between cellulose nanofibrils during
tensile deformation has highlighted the role of hydro-
gen bonds in conferring enhanced toughness in cellulose
nanopaper”. At the mesoscale, coarse-grained simula-
tion models have been shown to capture the mechanical
properties, such as the bending resistance of native cel-
lulose nanofibres*”. Moreover, a generic coarse-grained
simulation scheme has been used to qualitatively reveal
the underlying mechanism for the enhancement in the
mechanical properties of densified wood, indicating
that the hydrogen bonds formed between neighbour-
ing cellulose nanofibrils make a pivotal contribution
to the remarkably enhanced strength and toughness®.
These hydrogen bonds, as a type of secondary bond, can
repeatedly break and reform under tensile stress until
fracture, which is desirable for the design of mecha-
nically robust and biodegradable material. At the
microscale and the continuum scale, numerical and
finite-element simulations have the dominant role.
Examples include numerical simulations of transverse
compression and densification in wood** and failure in

wooden structures™, as well as deformation analysis for
bulk composite wood'¢"*.

Simulations have also been performed to visualize
the water-transport behaviour in wood using compu-
tational fluid dynamics. The results indicate that the
low-tortuosity pores are beneficial for fast water trans-
port, which is an attractive feature for water-treatment
applications (for example, solar evaporation and water
filtration)'?*.

Although progress has been made, it remains chal-
lenging to fully capture the composition-dominated
and/or structure-dominated properties and behav-
iours of wood-based materials through computational
modelling, owing to their compositional and structural
complexities. Such complexities were usually largely
simplified in simulation models because of limitations in
computation capability and/or computation time.
In addition, previous computational-modelling efforts
focused on the mechanical and fluidic behaviours of
wood-based materials, yet, limited modelling method-
ologies have been developed to simulate the optical,
thermal and ionic-transport behaviours*-'".

Future perspective

Wood is a structural and morphological complex mate-
rial with hierarchical anisotropy at multiple length
scales. Since ancient times, the load-bearing behaviour
of wood has been explored and tailored for use as a
structural material in construction. The development
of nanotechnology and new chemical and physical
treatments has further expanded the structural and
functional modifications of wood for such applications.
In parallel, characterization techniques and simulation
methodologies have improved our understanding of the
structure and properties of wood, allowing us to more
precisely control the mechanical properties, as well as
the mass, ion, electron, photon and phonon transport
behaviours of the material.

To bring more wood-based materials into practice
and to benefit society, several challenges must be over-
come. For example, achieving the cost-effective, green
and scalable production of wood-based materials is
required. Most structural modifications use significant
amounts of chemicals, energy and water, and have only
been conducted at the laboratory scale. Green chemicals
(that provide performance and functionality while being
environmentally benign throughout their life cycle) are
also preferred to avoid polluting the environment and
contaminating the wood. Additionally, rational har-
vest and use of wood and the use of value-added waste
products from wood processing are important for the
sustainable production of wood-based materials.

Scalability is another requirement for industrial prac-
tice and commercialization. This scale-up capability is
a particular concern because the sufficient diffusion of
chemicals into large (for example, with length, width and
thickness over 10 cm) wood blocks for chemical treat-
ment can be challenging. An improved understanding
of the diffusive behaviour of chemical solutions within
wood depending on the surface chemistry, pore struc-
ture and bulk size of the material is necessary to optimize
the chemical-treatment process. Chemically treating
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small-sized veneers (thin slices of wood and, sometimes,
bark) and their subsequent assembly into large panels is
another promising direction that can balance the needs
between chemical diffusion and the size of the final
product. Both the technical realization and implemen-
tation of wood processing are necessary areas for future
research to reduce the gap between academic studies and
industrial practice.

To date, research into the structural modification
and functionalization of wood has focused on improv-
ing performance, whereas little attention has been
paid to stability. However, the stability of wood when
exposed to water, fire, bacteria or weathering during
long-term operation is an important consideration,
given the hydrophilic and biodegradable nature of the
lignocellulosic wood components. Thermal treatment
has improved the stability of wood functional materials
against water and bacteria'’, but the mechanical prop-
erties and/or mass-transport performance are compro-
mised, owing to the substantial reduction of hydrogen
bonds after thermal treatment. Coating of stable pol-
ymer or inorganic materials on the external surface
and/or internal channels of wood can mitigate this
trade-off by enhancing the stability without sacrificing
the mechanical or mass-transport properties, owing
to the protective coating layer and the good preservation
of the wood structure. Crosslinking is another viable
strategy to improve the stability of wood-based mate-
rials by forming robust bonding networks inside the
wood structure. Conversely, for sustainability purposes,
the wood product may need to be biodegradable, which
will generally come at the cost of the material’s stability.
Reversible crosslinking with chemical bonds that are
stable under operational conditions but easily broken in
response to a stimulus (for example, high temperatures)
represents a promising direction for achieving stable yet
biodegradable wood materials.

Although various structural modification and func-
tionalization strategies have been developed, the field is
at an early stage, given the relatively limited functionality
of wood and the limited success in its precise regulation
at the sub-nanoscale and molecular scale. We can expect
new functionalities from the application of the versatile
chemistry available to the hierarchical structure of wood,
along with the use of powerful characterization tools
to improve our understanding and validate structure—
property relationships. Molecular and nanoscale mod-
ification of the cell walls, including the modification of
the molecular structure of the wood components and the
manipulation of chemical and physical processes occur-
ring in the confined pore spaces, can lead to enhanced
properties, unforeseen yet useful functions and even the
creation of new materials. Transparent wood'", flexible
wood”, spongy wood'®” and strong wood® are examples
of structural modifications at the macroscale, mesoscale,
nanoscale and molecular scale that result in improved
properties and new functions. In the future, regu-
lation of the molecular structure of the cellulose fibrils
and/or the hemicellulose-lignin matrix of wood may
lead to more precise manipulation of the mechanical
behaviour of wood, as well as its water, gas, ion, electron,
photon and phonon transport behaviours.
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In addition to post-structural modifications, the
genetic engineering of trees is an attractive modification
strategy. Genetic modification is a powerful means for
modifying the structure and composition of plants, espe-
cially with the advent of clustered regularly interspaced
short palindromic repeats (CRISPR) gene-editing
technologies™. The concept of simply ‘growing’ wood
with the desired hierarchical structure and composi-
tion, rather than post-processing to achieve the same
result, is clearly attractive. For example, the lignin con-
tent of trees can be regulated via genetic modification
to improve biomass characteristics for biofuels®”’. The
number of new wood functionalities that we can expect
by combining genetic engineering with post-structural
modification is particularly intriguing.

Wood’s multiscale hierarchical cellular structures
also provide an attractive material platform for creating
a wide range of wood-inspired synthetic materials with
complex structure, morphology and anisotropy via the
bottom-up assembly (for example, ice-templating fol-
lowed by freeze-drying)**® of various monomers and
building blocks (for example, phenol-formaldehyde
resin, melamine-formaldehyde resin and chitosan)®*,
which further extends the potential of wood’s unique
structure in functional-materials design. By mimicking
wood’s hierarchical structure, new properties and even
functions can be added to wood-inspired synthetic
materials. These properties and functions can vary in a
wide range and be substantially distinct from wood and
existing synthetic materials owing to the combination of
wood-mimetic structures and non-lignocellulosic com-
positions. However, in most cases, synthetic assembly
fails to fully duplicate the complexity of the biological
wood structure. Thus, manufacturing processes that
can more precisely control the assembly of monomers
or building blocks from macroscale to nanoscale (for
example, 3D printing) hold promise for improving the
structural and morphological complexity of artificial
wood materials®”.

In addition, advanced characterization techniques
(such as transmission electron microscopy, Raman
microscopy, AFM, X-ray microCT, chemical force
microscopy and scanning near-field optical micros-
copy) with high-resolution time and length scales could
help visualize various chemical and physical processes
occurring in wood functional materials either at rest or
under certain conditions (for example, tension, com-
pression, bending, elevated temperature, water or other
chemical solutions). Such tools will help us to unravel
the fundamental structure-property relationships of
wood-based materials, which can guide rational multi-
scale material design with optimized properties and
performance. Future research should focus on develop-
ing advanced in situ characterization techniques that are
able to observe the dynamic evolution of the material in
response to physical or chemical stimuli.

In parallel, powerful and precise modelling tools and
theories are needed to predict the physical or chemi-
cal dynamic processes and behaviours in wood-based
materials. Computational challenges remain in terms of
improving the precision of modelling tool kits and the
prediction of specific functional outcomes. Additionally,
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machine learning and high-throughput computational
screening might offer opportunities for the visualiza-
tion and simulation of chemical and physical processes
and/or behaviours in wood-based materials. However,
as a consequence of the complexity of the structure of
wood, which varies widely across species, the properties
of wood-based materials are likely to vary considerably,
and some modification strategies might not be effective
for all wood species. Such variations in wood proper-
ties and modification strategies increase the difficulty
of wood functionalization and utilization. Artificial
intelligence offers a way of determining the structures
and properties of different wood species by analysing
large amounts of images, spectra and other data in a
high-throughput manner, which, in turn, facilitates
the structural modification and functionalization pro-
cess?'*?!". The structures and properties of various wood
species can be collected and organized in a database to
accelerate the design and manufacturing of wood-based
functional materials.

Forests are abundant renewable resources and pro-
vide essential ecosystem services (such as climate-change
mitigation, soil and water conservation, and habitat pres-
ervation) and support the production of pulp, paper,
wood products and energy. Restructuring industries by

replacing non-renewable resources with wood has great
potential to support the sustainable development needs
of our society. Despite the rapid development of wood
research and its great potential to transform existing
industries into more resource-efficient systems, there has
been little large-scale implementation. The major barri-
ers are our lack of knowledge about the technical per-
formance, economic feasibility, environmental impacts
and social implications of using different wood species,
processing technologies and applications of wood-based
materials. Future research should focus on addressing
these gaps in knowledge by developing system-analysis
models integrating life-cycle analysis, techno-economic
assessment and dynamic modelling to determine optimal
sustainable-wood utilization and forest-management
practices. Although tremendous challenges remain, we
believe wood-based materials will come to fruition given
the sustained research efforts investigating experimen-
tal manufacturing and multiscale modelling. Rethinking
and redesigning wood through rational structural mod-
ification and functionalization will surely pave the way
for a range of functional wood materials to support a
sustainable modern lifestyle.
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