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(57) ABSTRACT

A delignified wood material is formed by removing sub-
stantially all of the lignin from natural wood. The resulting
delignified wood retains cellulose-based lumina of the natu-
ral wood, with nanofibers of the cellulose microfibrils being
substantially aligned along a common direction. The unique
microstructure and composition of the delignified wood can
provide advantageous thermal insulation and mechanical
properties, among other advantages described herein. The
thermal and mechanical properties of the delignified wood
material can be tailored by pressing or densifying the
delignified wood, with increased densification yielding
improved strength and thermal conductivity. The chemical
composition of the delignified wood also offers unique
optical properties that enable passive cooling under solar
illumination.
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DELIGNIFIED WOOD MATERIALS, AND
METHODS FOR FABRICATING AND USE
THEREOF

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application is a continuation of U.S.
application Ser. No. 16/647,154, filed Mar. 13, 2020, which
is a U.S. national stage entry of International Application
No. PCT/US18/51091, filed Sep. 14, 2018, which claims the
benefit of U.S. Provisional Application Nos. 62/559,147,
filed Sep. 15, 2017, and 62/725,810, filed Aug. 31, 2018,
each of which is hereby incorporated by reference herein in
its entirety.

FIELD

[0002] The present disclosure relates generally to materi-
als formed from natural wood, and more particularly, to
wood materials that have substantially all of the lignin
removed therefrom (i.e., delignified), as well as structures
and devices incorporating such delignified wood materials.

SUMMARY

[0003] Embodiments of the disclosed subject matter pro-
vide a wood material formed by removing substantially all
of the lignin from natural wood. The resulting delignified
wood retains cellulose-based lumina of the natural wood,
with nanofibers of the cellulose microfibrils being substan-
tially aligned along a common direction. The unique micro-
structure and composition of the delignified wood can
provide advantageous thermal and mechanical properties,
among other advantages described herein.

[0004] The delignified wood can be further processed to
tailor the properties of the wood material to a particular
application. For example, in thermally insulating applica-
tions, the delignified wood may be subject to freeze-drying
or critical point drying so as to maintain a substantially
porous nature of the cellulose microstructures, which may
further enhance the insulating properties of delignified
wood.

[0005] In other applications, for example where thermal
transfer may be desirable, the delignified wood can be
pressed such that lumina collapse (i.e., densified). As a
result, the cell walls forming the lumina become entangled
and hydrogen bonds are formed between adjacent nanofi-
bers. In addition to a higher thermal conductivity, the
resulting densified, delignified wood may have increased
strength and toughness, as well as exhibiting improvements
in other mechanical properties.

[0006] In some embodiments, it may be desirable to
partially press the delignified wood, such that lumina only
partially collapse, so as to tailor the resulting thermal and
mechanical properties to a particular application, for
example, to provide a balance of improved thermal insula-
tion and improved strength.

[0007] By further modifying, manipulating, or machining
the resulting wood material (whether delignified, densified
and delignified, or partially-densified and delignified), it can
be adapted to various applications. Such applications
include, but are not limited to, electronic devices; insulation;
radiative cooling; and building, packaging or structural
materials.
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[0008] In one or more embodiments, a structure comprises
a first piece of natural wood that has been chemically treated
to remove lignin therein while substantially preserving a
structure of cellulose-based lumina of the natural wood. At
least 90% of the lignin in the natural wood has been removed
by the chemical treatment.

[0009] In one or more embodiments, a structure is formed
by removing at least 90% of lignin from a piece of natural
wood while substantially retaining cellulose-based lumina.
[0010] In one or more embodiments, a structure is formed
by removing at least 90% of lignin from a piece of natural
wood while substantially retaining cellulose-based lumina,
and then pressing such that the lumina at least partially
collapse.

[0011] In one or more embodiments, a method comprises
removing at least 90% of lignin from a piece of natural wood
while substantially retaining cellulose-based lumina of the
natural wood, thereby producing a piece of delignified
wood.

[0012] Objects and advantages of embodiments of the
disclosed subject matter will become apparent from the
following description when considered in conjunction with
the accompanying drawings.

BRIEF DESCRIPTION OF DRAWINGS

[0013] Embodiments will hereinafter be described with
reference to the accompanying drawings, which have not
necessarily been drawn to scale. Where applicable, some
elements may be simplified or otherwise not illustrated in
order to assist in the illustration and description of under-
lying features. Throughout the figures, like reference numer-
als denote like elements.

[0014] FIG. 1 is an exemplary process flow diagram for
fabrication and use of delignified wood-based materials,
according to one or more embodiments of the disclosed
subject matter

[0015] FIG. 2A is a simplified illustration of a piece of
natural wood prior to any lignin removal.

[0016] FIG. 2B is a simplified illustration of cellulose
fibrils within the natural wood prior to any lignin removal.
[0017] FIG. 2C is a scanning electron microscopy (SEM)
image of a top surface, in a direction perpendicular to a tree
growth direction, of the natural wood prior to any lignin
removal.

[0018] FIG. 2D is an SEM image of a longitudinal section,
in a direction parallel to a tree growth direction, of the
natural wood prior to any lignin removal.

[0019] FIG. 2E is an SEM image of a close-up of cellulose
fibrils in the natural wood prior to any lignin removal.
[0020] FIG. 3A is a simplified illustration of a piece of
wood after delignification, according to one or more
embodiments of the disclosed subject matter.

[0021] FIG. 3B is a simplified illustration of cellulose
fibrils within the wood after delignification, according to one
or more embodiments of the disclosed subject matter.
[0022] FIG. 3C is an SEM image of a top surface, in a
direction perpendicular to the tree growth direction, of the
wood after delignification, according to one or more
embodiments of the disclosed subject matter.

[0023] FIG. 3D is an SEM image of a longitudinal section,
in a direction parallel to the tree growth direction, of the
wood after delignification, according to one or more
embodiments of the disclosed subject matter.
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[0024] FIG. 3E is a magnified SEM image of region 310
of FIG. 3D, according to one or more embodiments of the
disclosed subject matter.

[0025] FIGS. 3F-3G are magnified and further magnified
SEM images, respectively, of cellulose fibrils of the wood
after delignification, according to one or more embodiments
of the disclosed subject matter.

[0026] FIG. 3H is an SEM image of aligned channels in a
cross-section of the wood after delignification, according to
one or more embodiments of the disclosed subject matter.

[0027] FIG. 31 is a magnified SEM image of region 312 in
FIG. 3H.
[0028] FIG. 4A is a simplified illustration of delignified

wood with anisotropic thermal conductivity, according to
one or more embodiments of the disclosed subject matter.

[0029] FIG. 4B is a simplified illustration of delignified
wood in a state of bending, according to one or more
embodiments of the disclosed subject matter.

[0030] FIG. 4C is a simplified illustration of delignified
wood bent to form a conduit, according to one or more
embodiments of the disclosed subject matter.

[0031] FIG. 5A is a simplified illustration of delignified
wood subject to densification, according to one or more
embodiments of the disclosed subject matter.

[0032] FIG. 5B is a simplified illustration of densified,
delignified wood, according to one or more embodiments of
the disclosed subject matter.

[0033] FIG. 5C is an isometric illustration of densified,
delignified wood, with the inset illustrating a close-up view
of the wood and chemical makeup of the wood surface,
according to one or more embodiments of the disclosed
subject matter.

[0034] FIG. 5D is an SEM image, taken in the R-L plane,
of densified, delignified wood, according to one or more
embodiments of the disclosed subject matter.

[0035] FIG. 5E is a magnified SEM image of region 504
in FIG. 5D.

[0036] FIG. 5F is a magnified SEM image of region 506
in FIG. SE.

[0037] FIG. 6A is a simplified schematic illustration of an
exemplary process for forming densified, delignified wood,
according to one or more embodiments of the disclosed
subject matter.

[0038] FIG. 6B is a simplified schematic illustration of an
exemplary process for forming densified, delignified wood
using rotary cutting, according to one or more embodiments
of the disclosed subject matter.

[0039] FIG. 6C is a simplified schematic illustration of an
exemplary process for forming densified, delignified wood
from a hollow cylinder of natural wood, according to one or
more embodiments of the disclosed subject matter.

[0040] FIG. 6D is a simplified schematic illustration of an
exemplary process for forming densified, delignified wood
from a solid cylinder of natural wood, according to one or
more embodiments of the disclosed subject matter.

[0041] FIG. 6E is a simplified schematic illustration of
another exemplary process for forming densified, delignified
wood from a solid cylinder of natural wood, according to
one or more embodiments of the disclosed subject matter.

[0042] FIG. 7A s a graph of stress versus strain for natural
wood and densified, delignified wood, according to one or
more embodiments of the disclosed subject matter.
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[0043] FIG. 7B is a graph of strength versus toughness for
natural wood and densified, delignified wood, according to
one or more embodiments of the disclosed subject matter.
[0044] FIG. 7C is a graph of scratch hardness for natural
wood and densified, delignified wood, according to one or
more embodiments of the disclosed subject matter.

[0045] FIG. 8Ais a simplified illustration of an exemplary
delignified wood block used for insulation, according to one
or more embodiments of the disclosed subject matter.
[0046] FIGS. 8B-8C are graphs of axial and transverse
(radial) thermal conductivities for delignified wood, accord-
ing to one or more embodiments of the disclosed subject
matter, and natural wood, respectively.

[0047] FIGS. 8D-8E are graphs of axial and transverse
(radial) thermal conductivities for natural wood and densi-
fied, delignified wood, according to one or more embodi-
ments of the disclosed subject matter, respectively.

[0048] FIG. 9A is a graph of reflectance versus wave-
length for natural wood and delignified wood, according to
one or more embodiments of the disclosed subject matter.
[0049] FIG. 9B is a graph of temperature profiles of
natural wood and delignified wood, according to one or
more embodiments of the disclosed subject matter, when
subjected to point illumination by a laser.

[0050] FIG. 9C is a graph of reflectance versus wave-
length for natural wood and densified, delignified wood,
according to one or more embodiments of the disclosed
subject matter.

[0051] FIG. 9D is a graph of absorbance versus wave-
length for natural wood and densified, delignified wood,
according to one or more embodiments of the disclosed
subject matter.

[0052] FIG. 10A is a simplified illustration of a building
including delignified wood as structural components,
according to one or more embodiments of the disclosed
subject matter.

[0053] FIG. 10B is a simplified illustration of a cross-
section of a structural material including one or more pieces
of delignified wood, according to one or more embodiments
of the disclosed subject matter.

[0054] FIG. 11 is a simplified illustration of a cooling
setup using delignified wood, according to one or more
embodiments of the disclosed subject matter.

[0055] FIG. 12A is a graph of infrared emissivity for
densified, delignified wood, according to one or more
embodiments of the disclosed subject matter.

[0056] FIG. 12B is a graph of polar distribution of aver-
aged emissivity across the atmospheric transmission win-
dow for densified, delignified wood, according to one or
more embodiments of the disclosed subject matter.

[0057] FIG. 13A is a simplified illustration of a testing
setup for passive cooling experiments employing natural
wood and densified, delignified wood, according to one or
more embodiments of the disclosed subject matter.

[0058] FIGS. 13B-13C are graphs of temperature profiles
of natural wood and densified, delignified wood, in the setup
of FIG. 13A, during the nighttime and daytime, respectively.
[0059] FIG. 14 is a simplified illustration of an electronics
device including delignified wood, according to one or more
embodiments of the disclosed subject matter.

[0060] FIG. 15 is a simplified illustration of delignified
wood with anisotropic thermal conductivity and a lumina
orientation different from that of FIG. 4A, according to one
or more embodiments of the disclosed subject matter.
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[0061] FIG. 16 is a simplified illustration of delignified
wood subject to densification and having a lumina and/or
pressing orientation different from that of FIG. 5A, accord-
ing to one or more embodiments of the disclosed subject
matter.

[0062] FIG. 17A is a simplified schematic of an arrange-
ment of pieces of delignified wood for forming a laminate
structure, according to one or more embodiments of the
disclosed subject matter.

[0063] FIG. 17B is a simplified schematic of a laminate
structure formed by the wood pieces of FIG. 17A, according
to one or more embodiments of the disclosed subject matter.
[0064] FIG.17C is a simplified schematic of a multi-layer
laminate structure formed of the structure of FIG. 17B,
according to one or more embodiments of the disclosed
subject matter.

DETAILED DESCRIPTION

[0065] Natural wood is a composite of cellulose nanofi-
bers embedded in a matrix of lignin (20 wt %~35 wt %) and
hemicellulose (20 wt %~30 wt %). Cellulose, the major
component in wood (40 wt %~50 wt %), has a specific
modulus and a specific strength higher than most metals,
composites, and many ceramics. Natural wood also has a
unique three-dimensional porous structure with multiple
channels, including vessels and fibril tracheid lumina (e.g.,
tubular channels of 20-80 pm in cross-sectional dimension)
extending in a direction of wood growth. Cell walls in the
natural wood are mainly composed of the cellulose, hemi-
cellulose, and lignin, with the three components intertwining
with each other to form a strong and rigid wall structure.
[0066] In embodiments of the disclosed subject matter,
substantially all of the lignin in the natural wood is removed
to form a piece of delignified wood. As used herein “delig-
nified” or “delignification” refers to removing substantially
all of the lignin from the natural wood, and “removing
substantially all of the lignin” means that at least 90% of the
lignin that naturally exits in the wood has been removed. For
example, the weight percentage (wt %) of lignin may be
reduced from over 20 wt % (e.g., 23.4 wt %) in natural wood
to less than 5 wt % in the delignified wood, and preferably
less than 1 wt % (e.g., =0.6 wt %). Concurrent with the
lignin removal, some or substantially all of the hemicellu-
lose may also be removed. Table 1 below provides illustra-
tive values for the chemical composition and density of
natural wood (e.g., American basswood) and delignified
wood.

TABLE 1

Comparison of composition for natural wood and delignified wood

Cellulose  Hemicelluloss Lignin Density
Natural Wood  41.3 wt % 169 wt% 21.8 wt% 0.47 g/em®
Delignified 334wt % 6.5 wt % 0.6 wt % 0.13 g/em?
Wood
[0067] The resulting delignified wood material is more

porous and less rigid than the original natural wood. The
delignified wood also exhibits unique thermal properties, in
particular, a very low thermal conductivity and anisotropic
thermal conductivity, that enable the delignified wood mate-
rial to function as an excellent thermal insulator. Conven-
tional thermal insulators are typically isotropic, which may
hinder effective thermal management. In contrast, the anisot-
ropy of the thermal conductivity in the delignified wood
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materials can provide efficient thermal dissipation along the
axial direction, thereby preventing local overheating on the
illuminated side of the delignified wood while improving the
thermal insulation along the backside.

[0068] Moreover, the delignified wood exhibits unique
optical properties. In particular, the removal of lignin
changes the color of the wood material to be substantially
white. The delignified wood has a low emissivity (e.g., <5%)
over the solar spectrum, with the ability to effectively reflect
solar thermal energy. Due to its unique composition of
mostly cellulose, the delignified wood can also exhibit a
higher emissivity in the infrared range, in particular, within
the atmospheric transmission window (i.e., between 8 pm
and 13 pm, inclusive), where electromagnetic energy can
propagate without distortion or absorption. As a result, the
delignified wood can radiate heat energy to space via the
atmospheric window to provide passive cooling (or active
cooling, when coupled with additional components to effect
heat transfer).

[0069] The resulting delignified wood material is light-
weight yet strong due to the effective bonding between the
aligned cellulose nanofibrils. However, in some applica-
tions, it may be desirable to have substantially greater
strength and/or improved thermal conductivity. For
example, in passive cooling applications, it may be desirable
to have more heat transfer through the wood. Thus, in
embodiments, the delignified wood can be subject to den-
sification to improve mechanical properties and thermal
conductivity. As used herein, “densification” refers to the
process of pressing the delignified wood in a direction
crossing a direction of extension of the lumina (i.e., a wood
growth direction) of the wood, such that the lumina mostly
or fully collapse (e.g., such that the thickness of the wood is
reduced by ~80%).

[0070] As noted above, the delignification process
removes substantially all of the lignin and at least some of
the hemicellulose from the cells walls of the natural wood,
leading to an all-cellulose microstructure with numerous
aligned cellulose nanofibers. The densification then col-
lapses most of the microchannels in the delignified wood,
resulting in a dense, laminated structure with compactly
stacked and intertwined layers of aligned cellulose nanofi-
bers. The hierarchically aligned and laminated microstruc-
ture, with hydrogen bonding between nanofibers, signifi-
cantly improves the tensile strength and toughness of the
resulting densified, delignified wood material. The nanopo-
res and ultra-high whiteness imparted by the delignification
process provide excellent thermal insulating properties
despite the compact, laminated structure, but higher thermal
conductivity than the original delignified wood. Table 2
below provides illustrative values for the different properties
offered by natural wood (e.g., American basswood), delig-
nified wood, and densified, delignified wood.

TABLE 2

Values for different properties offered by wood preparations

% of Specific ~ Thermal conductivity
Density  original Strength W/m-K
Wood (g/em®)  thickness (MPa-em®g) Axial Transverse
Natural 0.3-0.6 100% ~120 0.468 0.156
Delignified 0.13 ~100% ~138 0.06 0.032
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TABLE 2-continued

Values for different properties offered by wood preparations

% of Specific  Thermal conductivity
Density ~ original Strength W/m-K
Wood (g/fem®)  thickness (MPa-em®/g) Axial Transverse
Densified, 1.21 ~20% ~330 1.82 0.168
Delignified
[0071] Insome applications, it may be desirable to have a

balance of strength and insulating properties. For example,
to provide insulation in structural or building applications, it
may be desirable to have improved strength from the den-
sification process while retaining the lower thermal conduc-
tivity of the structure immediately after delignification.
Thus, in embodiments, the delignified wood can be subject
to partial densification to improve mechanical properties and
thermal conductivity. As used herein, “partial densification”
refers to the process of pressing the delignified wood in a
direction crossing a direction of extension of the lumina (i.e.,
the wood growth direction) of the wood, such that the
lumina only partially collapse (e.g., such that the thickness
of the wood is reduced by 50% or less). The partial-
densified, delignified wood materials may thus provide a
mix of insulating and mechanical strength features.

[0072] Accordingly, in embodiments, the thermal and
mechanical properties of the resulting delignified wood can
be tailored to a particular application by varying the amount
of pressing during densification, from no pressing at all (0%
reduction in thickness and thus higher porosity) to full
pressing (where all channels have fully collapsed and thus
lower porosity, around 280% reduction in thickness). For
example, unpressed delignified wood may be suitable for
high insulating applications with minimal strength require-
ments, such as where the wood material will be supported
between other higher strength components. For example, the
densified, delignified wood may be suitable for passive
cooling applications, where the wood material forms a part
of a building structure, such as a roof, wall, or siding. For
example, the partially-densified, delignified wood may be
suitable for insulating applications with higher strength
requirements, such as where the wood material will directly
form a part of a building structure, such as roof, wall, or
siding.

[0073] Moreover, additional materials can be added to the
delignified wood, before pressing or after pressing, in order
to form a hybrid structure. The added materials can add
functionality not otherwise available with the natural wood,
for example, by providing hydrophobicity or fire resistance,
while enjoying the improved thermal and/or mechanical
performance offered by delignified wood, densified, delig-
nified wood, or partially-densified, delignified wood. Thus,
embodiments of the disclosed subject matter can be adapted
to a wide variety of applications.

[0074] Referring initially to FIG. 1, a generalized process
100 for forming and using delignified wood is shown. The
process 100 can begin at 102, where a particular application
is selected for the delignified wood. As noted above, the
thermal and mechanical properties of the final wood material
can be tailored based on the desired application, and thus the
fabrication method will depend on the ultimate use of the
wood material.
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[0075] The process 100 can proceed to 104, where a piece
of natural wood is supplied, for example, by cutting from an
existing tree (or other plant) or block of natural wood. For
example, FIG. 2A illustrates a piece of natural wood 200 that
has been cut to a rectangular shape, although other starting
shapes are also possible, such as but not limited to, cylin-
drical or hollow cylindrical shapes. The natural wood 200
exhibits a unique three-dimensional structure with lumina
202 that extend along a tree growth direction 206. The
lumina 202 are bounded by cell walls 204.

[0076] Within wood cell walls 204, the three major com-
ponents, i.e., the paracrystalline cellulose microfibril aggre-
gates or bundles 208, amorphous heteropolysaccharide
hemicellulose 210 and polyphenolpropane-based branched
lignin 212, intertwine with each other, as shown in FIG. 2B,
to form a strong and functional vascular structure to trans-
port water, ions, and nutrients from roots to the leaves during
photosynthesis. FIGS. 2C-2E are scanning electron micros-
copy (SEM) images showing the morphology and micro-
structure of the natural wood 200.

[0077] The natural wood can be any type of hard wood or
softwood, such as, but not limited to, basswood, oak, poplar,
ash, alder, aspen, balsa wood, beech, birch, cherry, butternut,
chestnut, cocobolo, elm, hickory, maple, oak, padauk, plum,
walnut, willow, yellow poplar, bald cypress, cedar, cypress,
douglas fir, fir, hemlock, larch, pine, redwood, spruce,
tamarack, juniper and yew. In some embodiments, the
natural wood can be a naturally occurring fibrous plant other
than a tree, such as bamboo.

[0078] After the cutting 104, the process 100 proceeds to
106 where the piece of natural wood 200 can be subjected
to a treatment with a chemical solution in order to remove
substantially all of the lignin therefrom. The chemical solu-
tion can include chemicals used in pulping or pulp bleaching
and can include at least one of NaOH, NaOH/Na,S,
NaHSO,;+S0,+H,0, NaHSO,, NaHSO,+Na,S0O,, NaOH+
Na,S0;, Na,SO;, NaOH+AQ, NaOH/Na,S+AQ, NaHSO, +
SO,+H,0+AQ, NaOH+Na,SO,+AQ, NaHSO,+AQ,
NaHSO;+Na,SO0;+AQ, Na,SO,;+AQ, NaOH+Na,S+Na,S
Na,SO,+NaOH+CH,OH+AQ, CH,OH, C,H,OH,
C,H;OH+NaOH, C,H,OH, HCOOH, CH;COOH,
CH,OH+HCOOH, C,H 0,, NH;H,0, p-TsOH, H,0,,
NaClO, NaClO,+acetic acid, ClO,, and Cl,, where n in an
integer and AQ is Anthraquinone.

[0079] The treatment 106 can be performed under
vacuum, so as to encourage the chemical solution to fully
penetrate the cell walls and lumina of the natural wood. In
some embodiments the treatment 106 can be a single step
chemical treatment, e.g., a single exposure to a single
chemical or mixture of chemicals (e.g., a bath of H,0,).
Alternatively, the treatment 106 can be a multi-step chemical
treatment, e.g., a first exposure to a first chemical or mixture
(e.g., a bath of NaOH and Na,SO,) followed by a second
exposure to a second chemical or mixture (e.g., a bath of
H,0,).

[0080] As a result of the delignification 106, the natural
wood that had a yellow color turns completely white, and
exhibits a change in weight percentage, for example, from
100% to 57%. In particular, the treatment can be such that
at least 90% (weight percent) of lignin previously in the
original natural wood is removed, while otherwise substan-
tially retaining the cellulose-based microstructure of the
natural wood. For example, the wood after the treatment
may have less than 5 wt %, and preferably less than 1 wt %,
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eg., 0.6 wt %, of lignin. As illustrated schematically in
FIGS. 3A-3B, the resulting delignified wood has a cell wall
microstructure 304 with increased porosity and better nano-
fibril alignment due to the removal of non-alignment lignin
and/or self-alignment in the wet processing state.

[0081] Once sufficient lignin has been removed by the
treatment of 106, the process 100 can proceed to optionally
rinsing the treated piece of wood. The rinsing can include
immersing the treated piece of wood in a solvent, such as,
but not limited to, ethanol and/or de-ionized (DI) water. In
some embodiments, the solvent may be at an elevated
temperature, such as boiling. The rinsing can be effective to
remove any remnants of the chemical solution within the
treated piece of wood and/or any components of the wood
dislodged by the treatment.

[0082] After rinsing 108 (or after conclusion of treatment
106 when there is no rinsing), the process 100 can proceed
to 110, where the delignified wood is subject to a drying
step. The drying may be dependent on the final application
of the wood. For example, where the delignified wood is to
be used without pressing for a particular insulating applica-
tion, the wood may be subjected to a drying process that
preserves the nanoporous and open lumen structure, such as
by freeze-drying or critical point drying. Alternatively,
where the delignified is to be used after pressing, the wood
may be subjected to drying in air.

[0083] After drying 110, the process 100 can proceed to
112, where it is determined if pressing for densification or
partial-densification is desired. If no pressing is desired, the
process can proceed to optional further modification 114
(described below) or can be prepared for use in a particular
application 116. The final delignified wood material 300 can
thus have a porous structure with cellulose nanofibers
aligned along a direction of extension 206 of the lumina 202,
as illustrated in FIGS. 3A-3B.

[0084] FIGS. 3C-31 show various SEM images of an
exemplary delignified wood material 300 after freeze-dry-
ing. Wood cell walls in the natural wood 200 are originally
composed of primary and secondary cell walls, with the
latter being further divided into three layers. The cells are
bonded with each other through a middle lamella, as illus-
trated in FIG. 2E. Among the cell wall layers, the middle
layer in the secondary cell wall is the thickest and composed
of parallel cellulose nanofibril aggregates aligned within a
small angle difference along the length axis 206. The fibril
angle (FA) of this middle layer varies by ~10-15° and can
help define the alignment of the cell wall. Due to the natural
alignment of the fibrils in the wood, the individual cellulose
nanofibrils that constitute the cell walls 304 are packed and
aligned parallel to each other, leading to the hierarchical
alignment in the delignified wood. Each fibril aggregate is
composed of aligned crystalline cellulose nanofibrils with
high-aspect ratios (i.e., a diameter of ~30 nm and a length of
>~1 um) that are packed with glucan chains in a crystalline
order and held together by intermolecular hydrogen bonds
and van der Waals forces.

[0085] After the delignification, the cellulose nanofibril
aggregates in the cell wall layer can be directly observed in
the fibril cross section, as shown in FIGS. 3E-3G. The fibril
walls 304 are isolated from each other due to removal of the
main part of the lignin-rich middle lamella and the lignin in
the primary and secondary wall cell wall. The removal of
lignin and hemicellulose not only separates the fibril aggre-
gates from each other but also increases the porosity of the
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fibril wall structure 304, provided that the delignified fibrils
are dried in a careful way to avoid a collapse of the fibril
wall. Thus, the three-dimensional (3D) microporous struc-
ture of the natural wood can be well preserved, but with
more porous cell walls due to the removal of lignin and
hemicellulose components, as illustrated in FIGS. 3H-3L
[0086] Returning to FIG. 1, if pressing is desired at 112,
the process 100 can optionally proceed to 118, where the
delignified wood is subjected to humidification prior to
pressing. The humidification may help the delignified wood
from breaking during the pressing. For example, the humidi-
fication can include subjecting the delignified wood to an
elevated relative humidity (e.g., 90% relative humidity) for
an extended period of time (e.g., 0.5-24 hours, such as 12
hours). In some embodiments, the humidification step may
be omitted, for example, where only minimal pressing is
desired or where the delignified wood otherwise retains
sufficient moisture after the drying process 110.

[0087] After the humidification 118, the process 100 can
optionally proceed to 120, where the delignified wood is
subjected to a pre-pressing modification. For example, the
optional modification 120 can include forming or depositing
non-native particles on surfaces of the delignified wood.
Such surfaces can include internal surfaces, e.g., cell walls
lining the lumina, as well as external surfaces of the delig-
nified wood. The non-native particles incorporated onto the
surfaces of the delignified wood can imbue the ultimate
densified wood with certain advantageous properties, such
as hydrophobicity, weatherability, corrosion resistance (e.g.,
salt water resistant), and/or flame resistance among other
properties. For example, in an embodiment, hydrophobic
nanoparticles (e.g., SiO, nanoparticles) can be formed on
surfaces of the delignified wood.

[0088] Alternatively or additionally, the optional modifi-
cation 120 can include adding a polymer to the delignified
wood or performing a further chemical treatment that modi-
fies surfaces of the chemically treated wood to obtain the
advantageous properties. For example, the further chemical
treatment of 120 to provide hydrophobic properties can
include at least one of epoxy resin, silicone oil, polyure-
thane, paraffin emulsion, acetic anhydride, octadecyl-
trichloro silane (OTS), 1H, 1H, 2H, 2H-perfluorodecyltri-
ethoxysilane, fluorocsin, polydimethylsiloxane (PDMS),
methacryloxymethyltrimethyl-silane (MSi), polyhedral oli-
gomeric silsesquioxane (POSS), potassium methyl silicon-
ate (PMS), dodecyl(trimethoxy) silane (DTMS), hexameth-
yldisiloxane, dimethyl diethoxy silane, tetracthoxysilane,
methyltrichlorosilane, ethyltrimethoxysilane, methyl tri-
ethoxysilane, rimethylchlorosilane, phenyltrimethoxysilane,
phenyltriethoxysilane, propyltrimethoxysilane, polymethyl
methacrylate,  polydiallyldimethylammonium  chloride
(polyDADMAC), 3-(trimethoxysilyl)propyl methacrylate
(MPS, hydrophobic stearic acid, amphiphilic fluorinated
triblock azide copolymers, polyvinylidene fluoride and fluo-
rinated silane, n-dodecyltrimethoxysilane, and sodium lau-
ryl sulfate.

[0089] In an exemplary embodiment, the pre-press modi-
fication 120 includes applying a hydrophobic coating to the
delignified wood. For example, the delignified wood can be
immersed in 2% 1H,1H,2H,2H-Perfluorooctyltriethoxysi-
lane/ethanol solution for 24 hours before pressing. The
fluoro-silane groups are chemically bonded to the wood
channels, thus providing a stable surface modification and
restricting the effect of moisture and water on the wood.
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Different than a coating method, the solution penetrates the
mesoporous wood structure and converts the hydrophilic
—OH groups of cellulose into hydrophobic functional
groups (i.e., perflourinated hydrocarbon chains). The fluoro-
silane treatment can introduce a hydrophobicity such that the
final densified, delignified wood material exhibits a static
contact angle of at least 90° or a dynamic contact angle less
than 10°, In some embodiments, the final wood material may
exhibit superhydrophobicity (i.e., having a static water con-
tact angle of 150° or greater) as a result of the fluoro-silane
treatment.

[0090] Alternatively or additionally, the pre-press modifi-
cation 120 can include at least one of cupramate (CDDC),
ammoniacal copper quaternary (ACQ), chromated copper
arsenate (CCA), ammoniacal copper zinc arsenate (ACZA),
copper naphthenate, acid copper chromate, copper citrate,
copper azole, copper 8-hydroxyquinolinate, pentachloro-
phenol, zinc naphthenate, copper naphthenate, kreosote,
titanium dioxide, propiconazole, tebuconazole, cyprocona-
zole, boric acid, borax, organic iodide (IPBC), and
Na,B,0,,-4H,0, in order to provide weatherability or cor-
rosion resistance.

[0091] Although modification 120 is shown as occurring
after the humidification 118, it is also possible for modifi-
cation 120 to occur before or concurrent with humidification
118, according to one or more contemplated embodiments.
The process 100 can then proceed to 122, where the delig-
nified wood is pressed in a direction crossing a direction in
which the lumina extend. For example, the pressing 122 can
be in a direction substantially perpendicular to the direction
in which the lumina extend, or the pressing 122 may be at
another angle but have a force component perpendicular to
the direction in which the lumina extend. The pressing 122
can reduce a thickness of the wood, thereby increasing its
density, as well as removing any voids or gaps within the
cross-section of the wood. For example, the pressing 122
can be at a pressure between 0.5 MPa and 10 MPa, e.g., 5
MPa. In some embodiments the pressing may be performed
at room temperature (i.e., cold pressing), while in other
embodiments the pressing may be performed at an elevated
temperature (i.e., hot pressing). For example, the pressing
may be performed at a temperature between 20° C. and 120°
C., eg., 60-80° C.

[0092] During the pressing 122, hydrogen bonds can form
between the remaining cellulose-based nanofibers of the cell
walls of the delignified wood. thereby improving mechani-
cal properties of the wood. Moreover, any particles or
materials formed on surfaces of the wood or within the wood
during modification 120 can be retained after the pressing,
with the particles/materials on internal surfaces being
embedded within the collapsed lumina and intertwined cell
walls. The pressing 122 can be performed for a period of
time that allows desirable hydrogen bonds to form. For
example, the delignified wood can be held under pressure for
a time period of at least 5 minutes, although other times are
possible depending on factors such as temperature, relative
humidity, and type of wood. For example, the delignified
wood can be held under pressure for at least 1 hour, at least
12 hours, at least 24 hours, or at least 48 hours. The pressing
may result in a relatively low surface roughness, for
example, of 10 nm or less (arithmetic average surface
roughness).

[0093] FIG. 5A illustrates a delignified wood block 300
with lumina 202 extending along direction 206 and walls
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304 comprised of cellulose-based nanofibers aligned along
direction 206. The block 300 can be subjected to pressing
502 in a direction crossing the extension direction 206,
thereby resulting in the densified, delignified wood structure
310 of FIGS. 5B-5C. As a result of the pressing, the lumina
302 can fully collapse, as indicated at 312, and the cell walls
304 can become intertwined. The pressing can be such that
a thickness W, of the block 310 after pressing is reduced
between 0% and 100% as compared to W, of the block 300.
For example, the thickness W, may be reduced by greater
than 50%, 75%, or 80%, as compared to W, of the block
300.

[0094] The SEM images of FIGS. 5C-5F show the mor-
phology and microstructure of an exemplary densified,
delignified wood material. As is evident from FIGS. 5D-5E,
the space between channels of natural wood completely
vanished upon densification, while tightly stacked laminated
layers can be found along the tree-growth direction (i.e., 206
or L). At the higher magnification of FIG. 5F, highly aligned
cellulose nanofibers can be observed, suggesting that den-
sification does not damage cellulose nanofiber alignment.
[0095] As noted above, the pressing may be designed to
only partially collapse the lumina (i.e., partial-densification),
to provide a desired mix of thermal and mechanical prop-
erties. Thus, at 124 in FIG. 1, it is determined if sufficient
pressing has been performed based on the application
selected in 102. If a smaller thickness is desired, the process
may return to 122 to continue the pressing until the desired
thickness (and corresponding densification) has been
achieved. Once the desired thickness has been achieved, the
process can proceed via 124 to optional modification 114.
[0096] The delignification 106 and/or densification 122
can be accomplished in a variety of manufacturing setups.
Referring now to FIG. 6A, an exemplary fabrication process
for forming a densified, delignified wood material from
natural wood 602 is shown. The natural wood 602 may be
in the form of a sheet, stick, strip, bar, block, membrane,
film, or any other shape of wood. Lumina within the natural
wood 602 can extend along wood-growth direction 606. The
first step 600 in the fabrication process can be immersing the
natural wood 602 within a chemical solution 604, for
example, as described above with respect to 106 of process
100, to remove substantially all of the lignin from the wood
602. The chemical solution 604, and the wood 602 immersed
therein, may be contained within a housing 608. In some
embodiments, the housing 608 may be a vacuum housing
and may maintain the solution 604 and wood 602 under
vacuum during the immersion. Alternatively or additionally,
the housing 608 or another component therein can heat the
solution 604 to a temperature above room temperature. For
example, the solution 604 may be heated to boiling during
the chemical treatment 600.

[0097] After the treatment 600, the delignified wood 616
may be conveyed from housing 608 to a compression station
610 for pressing in a direction substantially perpendicular to,
or at least crossing, the direction of extension 606, for
example, as described above with respect to 122 of process
100. For example, the compression station 610 can include
an upper platen 614 and a lower platen 618. Relative motion
between the platens 614, 618 results in the desired com-
pression of delignified wood 616 to produce the densified,
delignified wood. For example, upper platen 614 may move
toward lower platen 618, which remains stationary and
supports the wood 616 thereon, in order to impart a com-
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pression force 612 to the wood 616. Alternatively, both
platens 614 and 618 may move toward each other to impart
the compression force 612.

[0098] In some embodiments, during the compression,
one or both platens 614, 618 can be heated so as to raise a
temperature of the wood 616 above room temperature.
Alternatively or additionally, the platens 614, 618 may be
unheated but a separate heating mechanism may be provided
or an environment containing the compression station may
be heated in order to raise a temperature of the wood 616.
[0099] Referring to FIG. 6B, another exemplary fabrica-
tion process for forming a densified, delignified wood mate-
rial from natural wood 632 is shown. The natural wood 632
may be in the form of a log or cylindrical bar, with lumina
extending in a direction perpendicular to the page. The first
step 620 can be cutting the natural wood 632 using, for
example, a rotary lathe 634 to separate a thin continuous
layer 636 of natural wood for subsequent processing. The
natural wood layer 636 can be conveyed to housing 638 for
the next step 630 in the fabrication process, e.g., immersing
the wood 636 within a chemical solution 604, for example,
as described above with respect to 106 of process 100, to
remove substantially all of the lignin from the wood layer
636.

[0100] Similar to housing 608, housing 638 may be con-
figured to apply a vacuum and/or heat during the immersion.
In some embodiments, the size of the housing 638 and the
speed of conveyance of the layer 636 from the natural wood
632 and through the housing 638 may correspond to the
desired immersion time for the chemical treatment. Thus, a
time from when a portion of the layer 636 enters housing
638 to when it leaves housing 638 for the compression
station 640 would correspond to the immersion time neces-
sary for substantially complete lignin removal.

[0101] After the treatment 630, the delignified wood 648
may be conveyed from housing 638 to compression station
640, for pressing in a direction substantially perpendicular
to, or at least crossing, the direction of extension, for
example, as described above with respect to 122 of process
100. For example, the compression station 640 can include
an upper roller 644 and a lower roller 646, which may
remain at a fixed distance from each other. The fixed
distance may be less than a thickness of the chemically
treated wood 648, thereby applying a pressing force 642 that
results in the densified wood.

[0102] In some embodiments, during the compression,
one or both rollers 644, 646 can be heated so as to raise a
temperature of the wood 648 above room temperature.
Alternatively or additionally, the rollers 644, 646 may be
unheated but a separate heating mechanism may be pro-
vided, or an environment containing the compression station
640 may be heated, in order to raise a temperature of the
wood 648.

[0103] Although only two rollers 644, 646 are shown in
FIG. 6B, multiple rollers may be disposed in series along a
direction of conveyance of the sheet 648. The sheet 648 can
be maintained under pressure as it is conveyed between
adjacent rollers, in order to provide a desired cumulative
time of compression (e.g., on the order of minutes or hours).
Alternatively or additionally, the size of the rollers 644, 646
and the speed of conveyance of the sheet 648 may corre-
spond to the desired compression time. Thus, a time from
when the sheet 648 is first compressed to when it exits the
compression station 640 as the densified, delignified wood
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650 would correspond to the desired pressing time. Of
course, it also possible to decouple the compression station
640 from the chemical treatment 638, for example, by
cutting the sheet 636 prior to or after chemical treatment
638. In such configurations, the compression station may
take the form of rollers as illustrated in FIG. 6B or as flat
platens as illustrated in FIG. 6A.

[0104] Referring to FIG. 6C, an exemplary fabrication
process for forming a densified, delignified wood material
from natural wood 662 is shown. The natural wood 662 may
be in the form of a hollow cylinder, with lumina extending
along wood-growth direction 664. The first step 660 in the
fabrication process can be immersing the natural wood 662
within a chemical solution 604, for example, as described
above with respect to 106 of process 100, to remove
substantially all of the lignin from the wood 662. The
chemical solution 604, and the wood 662 immersed therein,
may be contained within a housing 666, which may be
configured to apply a vacuum and/or heat during the immer-
sion similar to housing 608 of FIG. 6A.

[0105] After the treatment 660, the delignified wood cyl-
inder 668 may be conveyed from housing 666 to a com-
pression station 670 for pressing in a direction substantially
perpendicular to, or at least crossing, the direction of exten-
sion 664 (which is perpendicular to the plane of the page at
670 in FIG. 6C), for example, as described above with
respect to 122 of process 100. For example, the compression
station 670 can include an upper roller 672 disposed on an
exterior of the cylinder 668 and a lower roller 674 disposed
within an interior of the cylinder 668. The rollers 672, 674
may remain at a fixed distance from each other as the wall
of the cylinder 668 passes therethrough. The fixed distance
may be less than a wall thickness of the chemically treated
wood 668, thereby applying a pressing force 676 that results
in a hollow cylinder of densified wood.

[0106] In some embodiments, during the compression,
one or both rollers 672, 674 can be heated so as to raise a
temperature of the wood 668 above room temperature.
Alternatively or additionally, the rollers 672, 674 may be
unheated but a separate heating mechanism may be pro-
vided, or an environment containing the compression station
670 may be heated, in order to raise a temperature of the
wood 668.

[0107] Although only two rollers 672, 674 are shown in
FIG. 6C, multiple rollers may be disposed in series around
the circumference of the cylinder 668. The wall of the
cylinder 668 can be maintained under pressure as it is
conveyed between adjacent rollers, in order to provide a
desired cumulative time of compression (e.g., on the order
of minutes or hours). Alternatively or additionally, the size
of the rollers 672, 674 and the speed of rotation of the
cylinder 668 may correspond to the desired compression
time.

[0108] Referring to FIG. 6D, an exemplary fabrication
process for forming a densified, delignified wood material
from natural wood 682 is shown. The natural wood 682 may
be in the form of a solid cylinder, with lumina extending
along wood-growth direction 684. The first step 680 in the
fabrication process can be immersing the natural wood 682
within a chemical solution 604, for example, as described
above with respect to 106 of process 100, to remove
substantially all of the lignin from the wood 682. The
chemical solution 604, and the wood 682 immersed therein,
may be contained within a housing 666, which may be
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configured to apply a vacuum and/or heat during the immer-
sion similar to housing 608 of FIG. 6A.

[0109] After the treatment 680, the delignified wood cyl-
inder 685 may be conveyed from housing 666 to a com-
pression station 690 for pressing in a direction substantially
perpendicular to, or at least crossing, the direction of exten-
sion 684 (which is perpendicular to the plane of the page at
690 in FIG. 6D), for example, as described above with
respect to 122 of process 100. For example, the compression
station 690 can include a single roller 688 disposed on an
exterior of the cylinder 685, which can be supported and
rotatable around a central axis thereof. The roller 688 may
remain at a fixed distance that presses into the wall of the
cylinder 685 as it rotates past, thereby applying a pressing
force 692 that results in a solid cylinder of densified,
delignified wood.

[0110] In some embodiments, during the compression, the
roller 688 can be heated so as to raise a temperature of the
wood 685 above room temperature. Alternatively or addi-
tionally, the roller 688 may be unheated but a separate
heating mechanism may be provided, or an environment
containing the compression station 690 may be heated, in
order to raise a temperature of the wood 886.

[0111] Although only a single roller 688 is shown in FIG.
6D, multiple rollers may be disposed in series around the
circumference of the cylinder 685. The cylinder 685 can be
maintained under pressure as it is conveyed between adja-
cent rollers, in order to provide a desired cumulative time of
compression (e.g., on the order of minutes or hours). Alter-
natively or additionally, the size of the roller 688 and the
speed of rotation of the cylinder 685 may correspond to the
desired compression time. In yet another alternative, the
cylinder 686 may be pressed by a compression belt 694 of
compression station 695, as illustrated in FIG. 6E, instead of
compression station 690 with roller 688. In such a configu-
ration, the cylinder 686 may remain static rather than being
rotated.

[0112] Although FIGS. 6A-6E illustrate a single chemical
treatment step, in some embodiments multiple chemical
treatments are applied to achieve the delignification. In
embodiments where the delignification comprises a multi-
step chemical process, the solution 604 within housing 608
may be exchanged for the subsequent treatment solution
while maintaining the wood 602 therein, or the wood 602
may be moved to a different housing (not shown) or a
different part of housing 608 containing the next treatment
solution in the sequence.

[0113] Although particular wood shapes and fabrication
techniques have been illustrated in FIGS. 6A-6E, other
shapes (whether solid or hollow) and fabrication techniques
are also possible according to one or more contemplated
embodiments. Accordingly, the wood shapes and fabrication
techniques are not limited to those specifically illustrated.
Moreover, although rinsing stations, drying stations,
humidification stations, and pre-pressing and post-pressing
modifications have not been specifically illustrated, the
techniques of FIGS. 6 A-6E can be readily adapted to include
rinsing, drying, humidification, pre-pressing modification
and/or post-pressing modification, according to one or more
embodiments of the disclosed subject matter.

[0114] Returning to FIG. 1, after pressing 122, or when
densification is not required at 112, the process 100 option-
ally proceeds to 114, where a further modification can be
performed. For example, the optional modification 114 can
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include forming or depositing a coating (e.g., of non-native
particles) on exterior surfaces of the delignified wood. The
coating can imbue the delignified wood with certain advan-
tageous properties, such as hydrophobicity, weatherability,
corrosion resistance (e.g., salt water resistant), color, and/or
flame resistance among other properties. For example, the
coating can comprise oil-based paint, hydrophobic paint,
polymer coating, or fire-resistant coating.

[0115] Alternatively or additionally, the coating of modi-
fication 114 can include at least one of boron nitride (BN),
montmorillonite clay, hydrotalcite, silicon dioxide (SiO,),
sodium silicate, calcium carbonate (CaCOj;), aluminum
hydroxide (Al(OH),;), magnesium hydroxide (Mg(OH),),
magnesium carbonate (MgCO;), aluminum sulfate, iron
sulfate, zinc borate, boric acid, borax, triphenyl phosphate
(TPP), melamine, polyurethane, ammonium polyphosphate,
phosphate, phosphite ester, ammonium phosphate, ammo-
nium sulfate, phosphonate, diammonium phosphate (DAP),
ammonium dihydrogen phosphate, monoammonium phos-
phate (MAP), guanylurea phosphate (GUP), guanidine dihy-
drogen phosphate, and antimony pentoxide. In an embodi-
ment, a fire-resistant coating of nanoparticles (e.g., BN
nanoparticles) can be formed on exterior surfaces of the
densified wood. Alternatively or additionally, the further
modification 114 can include dyeing the otherwise white-
color delignified wood. For example, the dye can be meth-
vlene blue.

[0116] After the optional modification 114, the process
100 can optionally proceed to 116, where the delignified
wood can be prepared for an eventual use, for example, by
machining or manipulating to alter a structure or shape of the
delignified wood. Machining processes can include, but are
not limited to, cutting (e.g., sawing), drilling, woodturning,
tapping, boring, carving, routing, sanding, grinding, and
abrasive tumbling. Manipulating process can include, but
are not limited to, bending, molding, and other shaping
techniques.

[0117] After the optional machining or manipulation of
116, the delignified wood can be used in a particular
application. Because of its unique combination of thermal,
optical, and mechanical properties, the delignified wood can
find application in a wide variety of structures and uses. For
example, the delignified wood can be adapted for use as:

[0118] an exterior component (e.g., body panel, door
panel, roof, bumper, flooring, roof, trim, mast, etc.), an
internal structural component (e.g., chassis, frame rails,
crossheam, fuselage frame, wing frame, etc.), or an
interior component (e.g., door panel, liner, handle,
railing, flooring, seat, trim, storage bin or shelf, etc.) of
an automobile, truck, motorcycle, train, aircraft, watet-
craft, spacecraft, ship or any other transport, vehicle, or
conveyance;

[0119] an exterior component (e.g., external wall, sid-
ing, roofing, shutters, etc.), an internal structural com-
ponent (e.g., frame, studs, wall plates, lintels, cross-
beams, load bearing beam, underfloor, etc.), or an
interior component (e.g., door, door frame, window
frame, picture frame, wall, flooring, paneling, ceiling,
trim, stairs, railing, etc.) of a home, office, barn factory,
warehouse, tower, or any other building or structure;

[0120] a structural component of a deck, awning, dock,
patio, bridge, pole, bleachers, or platform;

[0121] furniture (e.g., chair, bench, desk, table, cabinet,
wardrobe, countertop, etc.) or internal structural com-
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ponents thereof (e.g., frame for sofa or chair, bedframe,
etc.), or home accent or decoration;

[0122] musical instrument (e.g., piano, guitar, violi,
harp, zither, drum, etc.), sports equipment (e.g., golf
clubs, table tennis table and paddle, basketball back-
board, goal or goalpost, baseball bat, etc.), tool (e.g.,
hammer handle, broom handle, sawhorse, etc.); or

[0123] protective component (e.g., computer case, cell
phone case, blast shield, protective vest, etc.), enclo-
sure, container, box, shipping crate, packaging, or
housing.

[0124] The above list is not intended to be exhaustive.
Uses of the delignified wood beyond those specifically listed
are also possible according to one or more contemplated
embodiments. Indeed, one of ordinary skill in the art will
readily appreciate that the delignified wood can be adapted
to other applications based on the teachings of the present
disclosure.

[0125] As noted above, the delignified wood can exhibit
anisotropic thermal properties that can be used to advantage
in insulating applications. For example, FIG. 4A illustrates
an exemplary delignified wood block 400, where the wood
has been cut such that top surface 402 and bottom surface
404 are substantially parallel to a direction 206 of extension
of the wood lumina (i.e., parallel to a tree growth direction
L). Because of the porous cell walls and the open lumina of
the delignified wood, the thermal conductivity 410 in the
transverse/radial direction (i.e., perpendicular to the cellu-
lose nanofibril alignment direction 206) is substantially
reduced as compared to the natural wood. For example, the
delignified wood 400 can have a transverse thermal conduc-
tivity 410 of ~0.03 W/m-K, while the natural wood had a
transverse thermal conductivity of ~0.156 W/m-K. At the
same time, the nanofibrils act to conduct heat along their
axes, albeit at a reduced rate as compared to the natural
wood due the presence of nanopores in the cell walls. Thus,
the delignified wood exhibits an anisotropic thermal con-
ductivity, with the axial thermal conductivity 408 (i.c.,
parallel to the cellulose nanofibril alignment direction 206)
being greater than the radial thermal conductivity 410. In
some embodiments, the axial thermal conductivity 408 is at
least two times greater than the transverse thermal conduc-
tivity 410. For example, the delignified wood 400 can have
an axial thermal conductivity of ~0.06 W/m-K, while the
natural wood had an axial thermal conductivity of ~0.47
W/m-K. Such anisotropy can allow heat to spread along the
nanofibril direction 206, which prevents local failure due to
accumulated thermal energy and reduces the heat flow in the
transverse direction R.

[0126] The delignified wood 400 is composed of long,
aligned fibril aggregates with large surface-to-volume ratio
and high aspect ratio. Since the delignification removes
substantially all of the lignin and much of the hemicellulose,
the fibril walls are more porous than the natural wood. This
results in a lower compressive strength of the delignified
wood, in the thickness direction of the nanofibrils, as com-
pared to the natural wood. For example, the maximum
compressive stress along the axial direction 206 for the
delignified wood 400 can be ~13 MPa. However due to the
orientation of the fibrils in the fibril wall, i.e., in a twist along
the fibril axis 206, the delignified samples have a significant
strength in the thickness direction of the fibrils and a more
significant strength in the length direction of the fibrils. The
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properties in tension and compression are thus affected in a
different way due to the difference in breakage mechanisms
for the loading situations.

[0127] The nanofiber structure of the delignified wood 400
also improves the flexibility as compared to the natural
wood. Thus, the delignified wood 400a can be bent without
damage, as shown in FIG. 4B, where the direction of
extension 206 of the lumina follows the curved top surface
402a and bottom surface 404q. In addition, when the thick-
ness, t, of the delignified wood 400 is less than ~1 mm, the
block 400 may be capable of being rolled or folded into a
structure. For example, as illustrated in FIG. 4C, the delig-
nified wood 4005 can be rolled into a tube or conduit, where
one surface 40256 forms the exterior of the conduit and an
opposite surface 4045 delineates an interior volume 414 of
the conduit. A joint 412 may couple opposing ends of the
delignified wood 4005 to seal the interior volume 414 from
the exterior of the conduit.

[0128] In contrast, the densification of the delignified
wood can yield significantly improved mechanical propet-
ties as compared to the natural wood. In particular, the
densified, delignified wood is mechanically stronger and
tougher than natural wood due to the larger interaction area
between exposed hydroxyl groups of the aligned cellulose
nanofibers in the growth direction 206 after lignin removal.
The densified, delignified wood 700 demonstrates a tensile
strength as high as 404.3 MPax14.8 MPa, which is about ~9
times higher than natural wood 702, as illustrated in FIG.
7A. Mechanical strength per weight is an important param-
eter in structural applications, such as buildings. For the
densified, delignified wood 700, the specific tensile strength
can exceed 300 MPa-cm®/g, for example, 334.2 MPa-cm?/g.
[0129] In addition, a significantly improved toughness of
3.68 MI/m® was observed for densified, delignified wood
700, which is ~10 times higher than that of natural wood
702, as shown in FIG. 7B. This can be attributed to the
energy dissipation enabled by repeated hydrogen bond for-
mation/breaking at the molecular scale in the densified,
delignified wood material. Note that in conventional struc-
tural materials, strength and toughness are typically mutu-
ally exclusive. The simultaneous enhancement of strength
and toughness in the densified, delignified wood material is
thus desirable for structural material design, as well as other
applications.

[0130] The densified, delignified wood 700 also shows
improved scratch hardness as compared to natural wood
702, as illustrated in FIG. 7C, where direction A represents
a direction parallel to the tree growth direction 206, direction
B represents a direction perpendicular to the tree growth
direction 206, and direction C represents an intermediate
direction between A and B. As characterized by a linear
reciprocating tribometer, the scratch hardness of the densi-
fied, delignified wood reaches up to 0.175 GPa in direction
C. Compared with natural wood, the scratch hardness of the
densified, delignified wood increased by 5.7, 6.5 and 8.4
times in directions A, B and C, respectively.

[0131] As noted above, the unique microstructure of the
delignified wood offers anisotropic thermal properties that
can be useful for insulation applications. For example, FIG.
8A shows an exemplary delignified wood material 800 used
as an insulating material. The delignified wood 800 pos-
sesses four key characteristics desirable for superior thermal
insulation. First, the delignification process increases the
porosity of the wood (e.g., from 60% for basswood to ~91%
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for the delignified wood). The large porosity results in a
much smaller thermal conductivity than that of the natural
wood. Second, the removal of intermixed lignin and hemi-
cellulose largely reduces the linkage among cellulose fibrils
and the fibril aggregates within the fibril wall 304, leading
to a much weaker interaction between fibrils and further
reducing the thermal conductivity in the transverse/radial
direction. Third, the aligned, high aspect ratio nanofibril 314
aggregates result in anisotropic heat flow 806 along the
direction of the nanofibril alignment. Fourth, most of the
void channels 202 (fibrils and vessel elements) in the
delignified wood 800 are between 10-100 pum in diameter,
while the individual cellulose nanofibrils 314 in the fibril
aggregates in the cell walls 304 exhibit an inter-fibril aggre-
gate spacing in the nanometer range. The spacing between
aligned fibril aggregates is much smaller than the mean free
path of air (~70 nm) at ambient condition, which reduces the
contribution of air thermal conduction.

[0132] These features combine to yield an anisotropic
thermal conductivity for the delignified wood 800 that is
highly insulating. The thermal conductivity in the radial
direction is 0.032+£0.002 W/m-K at 25.3° C. and 0.05620.
004 W/m-K at 24.3° C. in the axial direction, as illustrated
in FIG. 8B. In contrast, the natural wood (American bass-
wood) exhibits a thermal conductivity of 0.107x0.011
W/m-K in the radial direction and 0.347+0.035 W/m-K in
the axial direction at 22.7° C., as illustrated in FIG. 8C. The
thermal conductivity in the natural wood stays almost con-
stant from room temperature to 80° C. However, for the
delignified wood, the thermal conductivity in the transverse
direction slowly rises from 0.03 to 0.055 W/m-K at higher
operating temperatures, whereas in the axial direction, the
value slowly changes from 0.056 to 0.10 W/m-K.

[0133] Performing densification on the delignified wood
increases the thermal conductivity, which may be useful for
particular applications. But the densification preserves the
wood cell alignment, such that the densified, delignified
wood also exhibits strong anisotropy with respect to thermal
conductivity. As shown in FIG. 8E, the thermal conductivi-
ties of the densified, delignified wood along (axial) and
perpendicular (radial) to the tree growth direction were
measured to be 1.82 W/m-K and 0.168 W/m-K, respectively.
In contrast, the natural wood (i.e., basswood, but a different
batch than that of FIG. 8C) has a thermal conductivity of
0.468 W/m-K and 0.156 W/m-K in axial and radial direc-
tions, respectively, as illustrated in FIG. 8D.

[0134] Thus, the thermal conductivity of the densified,
delignified wood in the transverse direction is comparable to
that of the natural wood, which can be attributed to the
complete removal of lignin and the numerous phonon scat-
tering interfaces between the aligned cellulose fibers during
the delignification process. Upon chemical removal of amor-
phous lignin and hemicellulose, the delignified wood poten-
tially exhibits a higher crystalline quality, which contributes
to a higher thermal conductivity in axial direction. Notably,
when normalized by weight, the specific thermal conduc-
tivities of the densified, delignified wood in both directions
are much lower than that of the natural wood. For the
densified, delignified wood, a high anisotropic factor can be
obtained. For example, the densified, delignified wood can
have an anisotropic factor that is at least five or at least ten,
for example, 10.8, which is 3.6 times higher than that of
natural wood.
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[0135] The removal of substantially all of the lignin from
the natural wood also yields a uniquely low emissivity,
making the delignified wood highly efficient for blocking
thermal solar radiation. For example, a piece of delignified
wood 900 exhibited an average ~95% reflection covering
from 400 nm to 1100 nm wavelength range, as shown in
FIG. 9A, with the transmittance being below the basic noise
level (<0.1%). The unique broadband omnidirectional
reflectance of the delignified wood results from the dense
nano-sized scattering centers on its surface. The emissivity
was calculated to be ~5%, which indicates an effective
reflection of thermal energy from the radiative heat source.
In contrast, natural wood 902 absorbed an average of 50%
of the light in the visible light spectrum.

[0136] To further test the reflection features of delignified
wood 900, a collimated 820 nm laser source with a spot size
of 1 mm and an input power of 0.95 W/mm? was directed at
the surface of delignified wood and natural wood specimens.
As shown in FIG. 9B, the maximum temperature of the
delignified wood was 36° C., while the natural wood 902
exhibited a substantially higher temperature of 99.4° C. The
vast difference in thermal response between delignified
wood 900 and natural wood 902 is due to the improved heat
dissipation due to the anisotropic thermal conductivity as
well as the lower absorption from the improved reflectance.

[0137] The densified, delignified wood exhibits similar
optical properties with respect to solar radiation. For
example, reflection results in the visible spectrum for a piece
of densified, delignified wood 910 and a piece of natural
wood 902 are shown in FIG. 9C. Both types of woods
exhibit negligible transmittance (less than 0.1%). Therefore,
the absorptivity spectra were derived by subtracting the
reflectivity from unity (A=1-R-T), as shown in FIG. 9D.
Despite the pressing, the densified, delignified wood con-
tains some multiscale pores, as well as the cellulose nano-
fibers substantially aligned along the tree growth direction
206. The multiscale pores and channels function as random-
ized and disordered scattering elements for an intense broad-
band reflection at all visible wavelengths, as shown in FIG.
9C. In contrast to the use of high index particles (e.g., TiO,)
to achieve whiteness, which otherwise suffer from high
absorption in the UV range that could increase heating due
to solar radiation, the cellulose nanofibers exhibit a low
refractive index of ~1.48. As a result, the reflectivity of the
densified, delignified wood 910 is greater than 90% over the
visible light range, and thus yields a low absorption with
respect to the solar radiation spectrum 904. When the
electric field of the incident light is polarized along the
alignment direction of the cellulose nanofibers 206, the
reflectance of the densified, delignified wood 910 further
increases to ~96%, due to strong scattering by the aligned
nanofibers as well as the low refractive index of cellulose.

[0138] Compared to natural wood 902, absorption of
densified, delignified wood 910 in the visible wavelengths is
dramatically reduced due to the complete removal of its
lignin and the largely disordered cellulose-based photonic
scattering centers. The integrated solar absorbance of the
densified, delignified wood 910 was 8%z=0.4%, resulting in
~75 W/m? solar heating under a direct light of 1000 W/m?>
integrated power (equivalent to the solar radiation intensity).
In contrast, the natural wood 902 demonstrated an average
solar absorbance of 29%x0.3%, which is nearly 200 W/m>
higher than that of the densified, delignified wood 910.
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[0139] The anisotropic and low thermal conductivity
properties, coupled with the reflectance of radiation, can
allow embodiments of the delignified wood and densified,
delignified wood to act as efficient thermal insulators. For
example, as illustrated in FIG. 8A, the layered structure of
aligned cellulose nanofibrils of the delignified wood 800
effectively reflects 804 the incoming radiative energy 802
while redirecting the absorbed heat 806 in the planar direc-
tion, thereby minimizing (or at least reducing) the amount of
heat reaching the back surface of the wood 800. Compared
with an isotropic insulator, the prepared delignified wood
can re-direct the incoming thermal energy along the axial
direction, leading to a much lower front-side and backside
temperature of the wood material.

[0140] Due to its chemical composition, the delignified
wood also preferentially emits radiation in the infrared
range, which can be used in combination with the low,
anisotropic thermal conductivity and high solar radiation
reflectance to advantage, for example, in passive cooling
applications. In particular, the emissivity spectra of the
densified, delignified wood in the infrared range, from 5 pm
to 25 pm (i.e., covering blackbody emission centered at
room temperature) is shown in FIG. 12A. The densified
delignified wood exhibits high emissivity in the infrared
range (i.e., close to unity), emitting strongly at all angles and
radiating a net heat flux via the atmospheric transparency
window (i.e., 8 um to 13 um) to the cold sink of outer space
in the form of infrared radiation. In other words, the densi-
fied, delignified wood can be considered “black” in the
infrared range while appearing “white” in the solar spec-
trum.

[0141] As illustrated in FIGS. 12A-12B, the infrared emis-
sivity spectrum response shows negligible angle dependence
from 0-60°. The averaged emissivity across the atmospheric
window is greater than 0.9 for emission angles between
+60°, indicating a stable emitted heat flux when the densi-
fied, delignified wood is aimed at different angles in relation
to the sky, as it would be in practical applications. The strong
emission from 8 um to 13 pm is mainly contributed by the
complex infrared emission of OH association, C—H, C—O,
and C—O—C stretching vibrations between 770 cm™ and
1250 cm™. The cellulose in the delignified wood exhibits
the strongest infrared absorbance by OH and C—O centered
at ~1050 ¢cm™ (9 pm), which coincidently lies in the
atmospheric transparency window. The high emissivity
across the rest of the infrared spectrum results in radiative
heat exchange between the densified, delignified wood and
the atmosphere, such as in the second atmospheric window
between 16-25 pum, which further increases the overall
radiative cooling flux when the surface temperature is close
to that of the ambient.

[0142] Thus, the densified, delignified wood is capable of
simultaneously low solar absorption, high reflection of solar
radiation, and good emission in the infrared range. Appli-
cations can take advantage of these simultaneous properties,
for example, to provide cooling via radiative heat transfer.
For example, FIG. 11 illustrates a cooling setup 1100
employing densified, delignified wood 1110. When the den-
sified, delignified wood 110 faces a clear sky 1106 in an open
environment, its surface radiates heat 1104, while absorbing
solar irradiance 1006 and any thermal radiation emitted by
the atmosphere. However, due to the optical properties of the
surface of the wood 1110, most of the solar radiation 1006
is reflected 1020 rather than being absorbed by the wood
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1110. As a result, the emitted heat flux 1104 of the densified,
delignified wood 1110 overwhelms any solar radiation 1006
absorbed by the densified, delignified wood, yielding a
continuous net emitted heat flux.

[0143] At the same time, heat can be transferred from the
ambient to the wood 1110 via conduction and convection
(non-radiative processes) because of the temperature differ-
ence between the wood 1110 and ambient. Moreover, heat
1108 may be transferred from a heat source 1102 to the wood
1110. Heat is conducted through the thickness of the wood
1110 from the back surface to the front surface via the
transverse thermal conductivity and can be emitted via
radiation to the sky 1106. Alternatively or additionally, the
heat source 1102 may be disposed at an end of the wood
1110 (as shown by the dashed lines in FIG. 11), so that heat
1108 is transferred parallel to the tree growth direction 206,
thereby taking advantage of the relatively higher axial
thermal conductivity of the wood 1110.

[0144] In some embodiments, the heat source 1102 may be
an internal environment or structure separated from an
external environment by the piece of delignified, densified
wood 1110. In such embodiments, the densified, delignified
wood 1110 may be considered to provide passive cooling,
since no machinery or external energy is otherwise required
to provide the cooling effect. Alternatively or additionally,
the heat source 1102 may be part of a heat transfer system,
for example, a heat exchanger or other component of a
heating, ventilation, and air condition (HVAC) system,
where heat 1108 from the system is dumped to the densified,
delignified wood 1110 for radiative cooling. In such embodi-
ments, the delignified, densified wood 1110 may be consid-
ered to be part of an active cooling system.

[0145] To test the effect of passive cooling using the
densified, delignified wood, a testing setup 1300 as illus-
trated in FIG. 13A was used. In particular, identically sized
samples (e.g., 60 mmx45 mmx3 mm) of delignified, densi-
fied wood 1306 and natural wood 1310 were placed in
respective windows of a polystyrene enclosure 1304, with
an interior volume 1302 of the enclosure 1304 insulated
from the external environment. The surface 1314 of the
enclosure 1304 was covered in a mirror film, which was
reflective with respect to solar radiation, in order to reduce
the effect of heating via solar radiation absorption. At room
temperature (300 K), the densified, delignified wood shows
an emitted heat flux of 37.4 W/m? and 112.4 W/m* during
daytime and nighttime, respectively. Notably, the emitted
heat flux increases along with the ambient temperature,
which is desirable in practical applications.

[0146] The bottom surface 1308 of the densified, deligni-
fied wood 1306 and the bottom surface 1312 of the natural
wood 1310 were measured to ascertain the temperature
change of the respective material over time. FIGS. 13B-13C
are graphs of the resulting temperature profiles of natural
wood 1356 and densified, delignified wood 1354 during the
nighttime and daytime, respectively, as well as the level of
incident solar radiation 1358 during the daytime. When it
faces a clear sky, the densified, delignified wood 1354
demonstrates temperatures that are below ambient tempera-
ture 1352 as a result of the radiative cooling for both
nighttime and daytime operation.

[0147] During the night (FIG. 13B), the steady-state tem-
perature of the densified, delignified wood 1354 was 4.1+0.
2° C. below ambient 1352. Since the natural wood behaves
as a black emitter with high emissivity in the mid-infrared
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region, it has the same temperature profile 1356 as the
densified, delignified wood 1354. However, during the day
(FIG. 13C), the densified, delignified wood 1354 was able to
maintain its temperature below ambient 1352 despite the
exposure to solar radiation. In particular, the back surface of
the densified, delignified wood 1354 was cooled by 1.4°+0.
5° C. below ambient 1352 under the exposure of over 800
W/m? solar itradiance from 10:54 am to 14:02 pm (where
the dip in temperature profiles at 13:46 pm was caused by a
brief blockage of sunshine from scattered clouds). In con-
trast, the back-surface temperature of the natural wood 1356
was 4.7°£1.7° C. above the ambient air temperature 1352
because of the heating effect by light absorption. As com-
pared to the natural wood, a temperature reduction of
6.1°+1.4° C. can be obtained through the use of densified,
delignified wood. Note that the cooling performance in
favorable atmospheric conditions could be further improved.
[0148] While the densified, delignified wood demonstrates
excellent passive radiative cooling behavior, practical appli-
cations require stable performance under different weather
conditions, such as varying levels of humidity, as well as to
resistance to degradation despite exposure to water and other
elements. To improve the stability of the densified, deligni-
fied wood against water, the wood material can be made
hydrophobic prior to use. For example, the densified, del-
ignified wood can be subjected to a fluoro-silane treatment
(e.g., 1H, 1H, 2H. 2H-perfluorodecyltriethoxysilane as part
of the pre-pressing treatment 120 described above). The
fluoro-silane treatment is capable of introducing a superhy-
drophobic surface, with a static water contact angle of
~150°. Moreover, such a treatment can easily penetrate into
the mesoporous structure, rendering the densified, deligni-
fied wood superhydrophobic even from the inside, with little
change to the optical and thermal properties supporting the
radiative cooling performance of the wood.

[0149] Although the above discussion focuses on the use
of densified, delignified wood, it also possible to use delig-
nified wood (i.e., without pressing) or partially-densified,
delignified wood (i.e., with less than full pressing) for
cooling applications. However, the reduced thermal conduc-
tivity of the delignified wood or partially-densified, delig-
nified wood, as compared to the densified, delignified wood,
may reduce the heat transfer through the wood and thus
inhibit the effectiveness in such cooling applications.
[0150] In embodiments, the disclosed wood materials can
be adapted for use in a variety of applications, with the
mechanical and thermal properties of the material tailored to
fit the particular application. For example, FIG. 10A shows
a building structure 1000, where embodiments of the dis-
closed wood materials may be used as one or more exterior
components of the structure 1000. For example, the wood
materials may form a part of the roof 1002, siding 1004, or
any other component of the structure 1000.

[0151] When the wood material is designed to be self-
supporting and provide insulation, the wood material for the
roof 1002, siding 1004, or other component may be par-
tially-pressed, delignified wood, which exhibits a mix of
thermally insulating properties and improved mechanical
strength. When the wood material is designed to be sup-
ported by other structures (for example, as described below
with respect to FIG. 10B), the wood material for the roof
1002, siding 1004, or other component may be unpressed or
minimally-pressed (i.e., less than 20% reduction in thick-
ness) delignified wood, which exhibits superior thermal
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insulation but at the cost of lower mechanical strength.
When the wood material is designed to optimize passive
cooling, the wood material for the roof 1002, siding 1004 or
other component may be partially-densified, delignified
wood or densified, delignified wood, which enjoys an
improved thermal conductivity as compared to unpressed
delignified wood, thereby allowing heat from the back side
of the wood in thermal communication with a heat source to
be transmitted through the wood for emission to the sky.
Moreover, the improved strength in both tension and com-
pression of the densified wood can allow it to be used as the
exterior component of the structure 1000 without separate
mechanical support. The wood material in the building
structure 1000, whether unpressed, densified, or partially-
densified, can have optical properties that act to reflect
incoming solar radiation 1006, and thereby minimize, or at
least reduce, heating of the structure 1000 due to absorption
of solar radiation 1006.

[0152] In embodiments, the disclosed wood materials can
form a composite structure 1022, for example, as shown in
FIG. 10B. For example, varieties of the disclosed wood
materials with different thermal or mechanical properties
can be combined together, or a particular wood material may
be combined with other types of materials to form the
composite structure. As illustrated in FIG. 10B, the com-
posite structure 1022 includes multiple layers 1010-1014
separating an internal environment 1016 from an external
environment 1018.

[0153] For example, the outermost layer 1010 can be
formed of a densified, delignified wood material or partially-
densified, delignified wood material so as to provide struc-
tural support. The unique optical properties of the delignified
wood can also allow the outermost layer 1010 to effectively
reflect 1020 incoming solar radiation 1006, thereby mini-
mizing heating due to solar absorption and potentially
offering passive cooling as described above. For example,
the innermost layer 1014 can be formed of a partially-
densified, delignified wood material so as to provide struc-
tural support and insulation, and the middle layer 1012 can
formed of minimally densified (e.g., <20% of original thick-
ness), delignified wood or unpressed, delignified wood, so as
to provide superior insulation while relying on the outer
1010 and inner 1014 layers for structural support. Any
heating caused by solar radiation 1006 can thus be isolated
to the outermost layer 1010, which can cool itself by passive
cooling, and the internal environment 1016 can be efficiently
insulated from the external environment 1018 by the mul-
tilayer insulation provided by middle 1012 and inner 1014
layers.

[0154] Other configurations and material selection for the
composite structure 1022 besides those explicitly discussed
above are also possible according to one or more contem-
plated embodiments. For example, the orientation with
respect to the tree growth direction 206 of the layers of the
composite structure may be different from each other (for
example, as described below with respect to FIGS. 17A-
17C). Alternatively or additionally, the wood materials may
be combined with other types of materials, such as natural
wood, processed wood, wood that has been partially delig-
nified and/or densified, dry wall, metal, or other building
materials, to form the composite structure.

[0155] Although only three layers are shown in FIG. 10B,
embodiments of the disclosed number are not limited to the
illustrated number. Rather, two or more layers are possible
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according to one or more contemplated embodiments. For
example, two or more delignified wood pieces 1702a, 17025
(which may be a wood block, wood chip, or wood pieces of
different size/shape) can be combined together to form a
laminate unit 1704, which itself may be combined with other
laminate units to form a multilayer laminate 1706, as illus-
trated in FIGS. 17A-17C. The laminate unit 1704 may be
designed to enhance the anisotropic nature of the thermal
and mechanical properties of the underlying wood materials,
e.g., by aligning respective wood directions 206a, 2065, or
to reduce the anisotropy, e.g., by intentionally crossing wood
directions 206a, 2065 (as shown in FIGS. 17A-17C) or
providing a random orientation of wood directions 206a,
206b.

[0156] The wood pieces 1702a, 17025 can be joined
together by glue or epoxy, or by hydrogen bonding. The
wood pieces 1702a, 17025 can be joined together before the
pressing for densification or as part of the pressing for
densification when densification is desired, or just after the
delignification when no densification is desired. For
example, in those embodiments where hydrogen bonding is
used, the joining can include pressing the aligned pieces
1702a, 17025 together under high pressure, similar to the
pressing used to form the densified wood pieces. In other
embodiments, the joining of wood pieces may be combined
with the pressing to densify the wood pieces. The pressing
is thus effective to compress each wood piece (ie., to
produce densified, delignified wood pieces) and to cause
hydrogen bonding to form between facing surfaces of the
wood pieces.

[0157] Although rinsing, drying, pre-pressing modifica-
tion, humidification, and post-pressing modification have
not been separately illustrated in FIGS. 17A-17C, it will be
understood that these embodiments can also include the
features of process 100 of FIG. 1. In addition, although a
particular number of densified, delignified wood materials
for a laminated structure is illustrated in FIGS. 17A-17C,
other numbers of densified, delignified wood materials are
also possible according to one or more contemplated
embodiments.

[0158] Moreover, the laminate unit 1704 can be formed of
different wood materials in combination with the disclosed
delignified wood materials. For example, one component of
the laminate can be a densified, delignified wood material, a
second component can be an unpressed, delignified wood
material, and a third component can be a partially-densified,
delignified wood material, such as described above with
respect to FIG. 10B. In another example, one component of
the laminate can be a densified, delignified wood material,
and another component can be a natural wood material, an
unpressed, partially-delignified wood material, or a par-
tially-delignified, densified wood material. Other configu-
rations are also possible according to one or more contem-
plated embodiments.

[0159] Moreover, although rectangular shapes are illus-
trated in FIGS. 17A-17C, other shapes are also possible
according to one or more contemplated embodiments.
Indeed, wood chips may have irregular or different shapes/
sizes prior to being combined into the laminate structure.
[0160] In other embodiments, the orientations 206a, 2065
of coupled pieces of wood 17024, 17026 may be at a
non-orthogonal angle with respect to each other. Thus, the
first piece 1702a can be coupled to the second piece 17026
such that a direction of the orientation 2064 of the first piece
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merely crosses a direction of the orientation 2065 of the
second piece in a plan view. In addition, other orientations
and alignments beyond those illustrated in FIGS. 17A-17C
are also possible according to one or more contemplated
embodiments. In some embodiments, the orientations of
adjacent pieces may be aligned, for example, to enhance
anisotropy.

[0161] Although FIGS. 10A-10B and 17A-17C have been
discussed with respect to structural components for a build-
ing, embodiments of the disclosed subject matter are not
limited thereto. Rather, the disclosed wood materials can be
adapted to a variety of applications beyond building struc-
tures, such as, but not limited to, packaging, ornamentation
(e.g., to take advantage of the unique visual appearance
offered by the white color and underlying wood structure),
and electrical devices.

[0162] For example, FIG. 14 shows an electrical device
1400 that employs delignified wood 1402 (whether
unpressed, partially-densified, or densified) as a substrate for
supporting one or more electronic components 1406. Espe-
cially when the delignified wood 1402 has undergone some
degree of densification, the top surface 1404 may have a low
surface roughness, e.g., 10 nm or less, that allows electronic
components 1406 to be formed directly on the delignified
wood 1402. The wood surface 1404 is also naturally elec-
trically insulating, thereby allowing direct formation of the
electronic components 1406 thereon. Alternatively, an inter-
vening layer may be formed on wood surface 1404, with the
electronic components 1406 formed on the intervening
layer. Thus, the electrical circuit may be considered inte-
grated with the delignified wood material. For example, the
display device may be an integral part of the delignified
wood that forms a wall in a building.

[0163] The electronic components 1406 can include one or
more of transistors, capacitors, resistors, inductors, electrical
conductors, electrical insulators, and energy storage com-
ponents (e.g., battery) and can form one or more desired
electrical circuits. For example, the electronic components
1406 may form a display device. Other electronic devices
integrated with the disclosed delignified wood materials are
also possible according to one or more embodiments,
including, but not limited to, integrated sensors and input/
output interfaces.

[0164] Although the above discussion has focused on the
wood materials with a direction of extension 206 being
perpendicular to the thickness direction (where the thick-
ness, t, is considered the smallest dimension of the wood
material), it is also possible for the wood material to have a
different direction of extension 206. For example, as illus-
trated in F1G. 15, the direction of extension 206 is along (i.e.,
substantially parallel to) the thickness direction and is sub-
stantially perpendicular to the top surface 1502 and bottom
surface 1504. As a result, the axial thermal conductivity 408
between the top 1502 and bottom 1504 surfaces is higher
than the transverse thermal conductivity 410 in planes
parallel to the top 1502 and bottom 1504 surfaces. Such a
configuration may be advantageous in certain applications,
for example, in passive cooling applications where it is
desirable to transfer heat from the back surface 1504 to the
front surface 1502 for emission.

[0165] Moreover, the orientation of the direction of exten-
sion 206 may be at angle other than 0° or 90° with respect
to the exterior surfaces of the wood. For example, FIG. 16
shows an example where wood material 1600 has a direction
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of extension 206 that is at a non-zero angle with respect to
the top 1602 and bottom 1604 surfaces. When the direction
of extension 206 is angled as illustrated in FIG. 16 or
otherwise, pressing 502 to effect densification may also be
angled, either with respect to the external surfaces (as
shown) or with respect to the direction of extension 206 (not
shown), to encourage reorientation of the alignment of the
cellulose nanofibers.

[0166] In one or more first embodiments, a structure
comprises a first piece of natural wood that has been
chemically treated to remove lignin from the natural wood
while substantially preserving a structure of cellulose-based
lumina of the natural wood. At least 90% of the lignin in the
natural wood has been removed by the chemical treatment.

[0167] In the first embodiments or any other embodiment,
the lignin in the first piece is less than 5 wt %, less than or
equal to 1 wt %, or less than or equal to 0.6 wt %.

[0168] In the first embodiments or any other embodiment,
the first piece has an axial thermal conductivity in a direction
of extension of the lumina and a transverse thermal conduc-
tivity in a direction perpendicular to the direction of exten-
sion of the lumina, and the axial thermal conductivity is
greater than the transverse thermal conductivity. In the first
embodiments or any other embodiment, the axial thermal
conductivity is at least two times greater than the transverse
thermal conductivity, the axial thermal conductivity is at
least five times greater than the transverse thermal conduc-
tivity, or the axial thermal conductivity is at least ten times
greater than the transverse thermal conductivity. In the first
embodiments or any other embodiment, the transverse ther-
mal conductivity is less than 0.2 W/m-K, is less than 0.1
W/m-K, or is less than 0.05 W/m-K.

[0169] In the first embodiments or any other embodiment,
the first piece has an emissivity of at least 0.8 in a wave-
length range of 8 pum to 13 um, or at least 0.9 in the
wavelength range of 8 um to 13 pm.

[0170] In the first embodiments or any other embodiment,
the first piece has an absorbance of less than or equal to 10%
in a wavelength range of 400 nm to 1100 nm, or less than or
equal to 8% in a wavelength range of 400 nm to 1100 nm.

[0171] In the first embodiments or any other embodiment,
a first emissivity of the first piece in a wavelength range of
400-1100 nm is less than a second emissivity of the first
piece in a wavelength range of 8-13 um. In the first embodi-
ments or any other embodiment, the second emissivity is at
least 3 times, at least 5 times, at least 8 times, or at least 10
times the first emissivity. In the first embodiments or any
other embodiment, the second emissivity is at least 0.8 and
the first emissivity is less than or equal to 0.1.

[0172] In the first embodiments or any other embodiment,
cellulose nanofibers in the first piece are substantially
aligned along a direction of extension of the lumina. In the
first embodiments or any other embodiment, the first piece
has nanopores between the aligned cellulose nanofibers. In
the first embodiments or any other embodiment, inner vol-
umes of the cellulose-based lumina of the first piece are open
or unobstructed.

[0173] In the first embodiments or any other embodiment,
the first piece has an increased flexibility as compared to the
natural wood before the chemical treatment. In the first
embodiments or any other embodiment, a bend radius of the
first piece is at least two times smaller than that of the natural
wood before the chemical treatment.
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[0174] In the first embodiments or any other embodiment,
the lumina extend perpendicular to a thickness direction of
the first piece. In the first embodiments or any other embodi-
ment, the lumina extend in a thickness direction of the first
piece. In the first embodiments or any other embodiment, a
dimension of the first piece in a direction perpendicular to
the thickness direction is greater than a thickness of the first
piece in the thickness direction.

[0175] In the first embodiments or any other embodiment,
a thickness of the first piece is less than or equal to 1 mm.

[0176] In the first embodiments or any other embodiment,
the chemically treated wood of the first piece has been
pressed in a first direction crossing a direction of extension
of the lumina such that the lumina at least partially collapse.
In the first embodiments or any other embodiment, the first
piece has a thickness in said first direction that is no more
than 40% reduced as compared to that of the natural wood,
or that is no more than 20% reduced as compared to that of
the natural wood. In the first embodiments or any other
embodiment, the first piece has a thickness in said first
direction that is at least 40% reduced as compared to that of
the natural wood, or that is at least 80% reduced as compared
to that of the natural wood.

[0177] In the first embodiments or any other embodiment,
the first piece has an increased density as compared to the
natural wood before the chemical treatment. In the first
embodiments or any other embodiment, the density of the
first piece is at least two times greater than that of the natural
wood before the chemical treatment.

[0178] In the first embodiments or any other embodiment,
the first piece has a surface roughness that is 10 nm or less.

[0179] In the first embodiments or any other embodiment,
the first piece has a mechanical property that is increased as
compared to that of the natural wood before the chemical
treatment. In the first embodiments or any other embodi-
ment, a specific tensile strength of the first piece is at least
200 MPa-cn’/g, at least 300 MPa-cm®/g, or at least 330
MPa-cm’/g.

[0180] In the first embodiments or any other embodiment,
the structure further includes a second piece of natural wood
that has been chemically treated to remove lignin from the
natural wood while substantially preserving a structure of
cellulose-based lumina of the natural wood. At least 90% of
the lignin in the natural wood having been removed by the
chemical treatment, and the first and second pieces are
coupled to each other along facing surfaces. A direction of
extension of the lumina of the first piece crosses a direction
of extension of the lumina of the second piece. In the first
embodiments or any other embodiment, the direction of
extension of the lumina of the first piece is orthogonal to the
direction of extension of the lumina of the second piece. In
the first embodiments or any other embodiment, the first and
second pieces are coupled to each other by at least one of
hydrogen bonding, glue, and epoxy. In the first embodiments
or any other embodiment, each of the first and second pieces
is formed as a flat sheet, a block, a stick, a strip, a hollow
shape. a membrane, a film with thickness less than 200 pum,
awood chip, or a wood flake. In the first embodiments or any
other embodiment, the chemically treated natural wood of
the first piece and the second piece have been pressed in a
direction crossing a respective direction of extension of the
lumina therein, such that the lumina at least partially col-
lapse.
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[0181] In the first embodiments or any other embodiment,
the first piece consists essentially of the chemically treated
natural wood.

[0182] In the first embodiments or any other embodiment,
the first piece is hydrophobic. In the first embodiments or
any other embodiment, the first piece exhibits a static
contact angle of at least 90°, or a dynamic contact angle less
than 10°, In the first embodiments or any other embodiment,
the first piece has been chemically treated so as to be
hydrophobic, and the chemical treatment comprises at least
one of epoxy resin, silicone oil, polyurethane, paraffin
emulsion, acetic anhydride, octadecyltrichloro silane (OTS),
1H, 1H, 2H, 2H-perfluorodecyltriethoxysilane, fluoroesin,
polydimethylsiloxane (PDMS), methacryloxymethyltrim-
ethyl-silane (MSi), polyhedral oligomeric silsesquioxane
(POSS), potassium methyl siliconate (PMS), dodecyl
(trimethoxy) silane (DTMS), hexamethyldisiloxane, dim-
ethyl diethoxy silane, tetracthoxysilane, methyltrichlorosi-
lane, ethyltrimethoxysilane, methyl tricthoxysilane,
rimethylchlorosilane, phenyltrimethoxysilane, phenyltri-
ethoxysilane, propyltrimethoxysilane, polymethyl meth-
acrylate, polydiallyldimethylammonium chloride (poly-
DADMAC), 3-(trimethoxysilyl)propyl methacrylate (MPS,
hydrophobic stearic acid, amphiphilic fluorinated triblock
azide copolymers, polyvinylidene fluoride and fluorinated
silane, n-dodecyltrimethoxysilane, and sodium lauryl sul-
fate.

[0183] In the first embodiments or any other embodiment,
the first piece has been chemically treated so as to be
resistant to weather or salt water In the first embodiments or
any other embodiment, the chemical treatment for resistance
to weather or salt water comprises at least one of cupramate
(CDDC), ammoniacal copper quaternary (ACQ), chromated
copper arsenate (CCA), ammoniacal copper zinc arsenate
(ACZA), copper naphthenate, acid copper chromate, copper
citrate, copper azole, copper 8-hydroxyquinolinate, pen-
tachlorophenol, zinc naphthenate, copper naphthenate, kreo-
sote, titanium dioxide, propiconazole, tebuconazole, cypro-
conazole, boric acid, borax, organic iodide (IPBC), and
Na,B,0,54H,0.

[0184] In the first embodiments or any other embodiment,
the structure further includes a coating on one or more
external surfaces of the first piece. In the first embodiments
or any other embodiment, the coating comprises an oil-
based paint, a hydrophobic paint, a polymer coating, or a
fire-resistant coating. In the first embodiments or any other
embodiment, the fire-resistant coating includes at least one
of boron nitride, montmorillonite clay, hydrotalcite, silicon
dioxide (Si0O,), sodium silicate, calcium carbonate (CaCOj;),
aluminum hydroxide (AlI(OH),), magnesium hydroxide (Mg
(OH),), magnesium carbonate (MgCQ,), aluminum sulfate,
iron sulfate, zinc borate, boric acid, borax, triphenyl phos-
phate (TPP), melamine, polyurethane, ammonium poly-
phosphate, phosphate, phosphite ester, ammonium phos-
phate, ammonium sulfate, phosphonate, diammonium
phosphate (DAP), ammonium dihydrogen phosphate, mono-
ammonium phosphate (MAP), guanylurea phosphate
(GUP), guanidine dihydrogen phosphate, and antimony pen-
toxide.

[0185] In the first embodiments or any other embodiment,
the first piece is white in color. In the first embodiments or
any other embodiment, the first piece has been a dyed a color
other than white.
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[0186] In the first embodiments or any other embodiment,
the structure further includes a heat source in thermal
communication with the first piece, and the first piece is
exposed so as to radiate heat from the heat source to the sky.
In the first embodiments or any other embodiment, a surface
of the first piece that is exposed is substantially parallel to a
direction of extension of the lumina.

[0187] In the first embodiments or any other embodiment,
the structure further includes an electrical component
formed over a surface of the first piece. In the first embodi-
ments or any other embodiment, the electrical component
comprises at least one of a transistor, capacitor, resistor, and
inductor.

[0188] In one or more second embodiments, a structure is
formed by removing at least 90% of lignin from a piece of
natural wood while substantially retaining cellulose-based
lumina.

[0189] In one or more third embodiments, a structure is
formed by removing at least 90% of lignin from a piece of
natural wood while substantially retaining cellulose-based
lumina and then pressing such that the lumina at least
partially collapse.

[0190] Inthe third embodiments or any other embodiment,
a thickness of the piece after pressing is reduced by at least
40% as compared to that of the natural wood, or by at least
80% as compared to that of the natural wood. In the third
embodiments or any other embodiment, a thickness of the
piece after pressing is reduced by no more than 40% as
compared to that of the natural wood, or by no more than
20% as compared to that of the natural wood.

[0191] In the second embodiments, the third embodi-
ments, or any other embodiment, the piece has less than or
equal to 5 wt % of lignin therein, or less than or equal to 1
wt % of lignin therein.

[0192] In the second embodiments, the third embodi-
ments, or any other embodiment, the piece has an anisotro-
pic thermal conductivity.

[0193] In the second embodiments, the third embodi-
ments, or any other embodiment, the piece absorbs less than
or equal to 10% of solar radiation and has an emission
greater than or equal to 90% in an atmospheric transmission
window.

[0194] In the second embodiments, the third embodi-
ments, or any other embodiment, the piece is hydrophobic.
[0195] In the second embodiments, the third embodi-
ments, or any other embodiment, the piece is coupled
together with another piece of natural wood, which has at
least 90% of lignin removed therefrom, to form a laminate.
[0196] In the second embodiments, the third embodi-
ments, or any other embodiment, the piece is substantially
white in color.

[0197] In one or more fourth embodiments, a method
includes removing at least 90% of lignin from a piece of
natural wood while substantially retaining cellulose-based
lumina of the natural wood, thereby producing a piece of
delignified wood.

[0198] In the fourth embodiments or any other embodi-
ment, the delignified wood is substantially white in color.
[0199] In the fourth embodiments or any other embodi-
ment, the removing comprises immersing the piece of natu-
ral wood in a chemical solution comprising at least one of
NaOH, Na,S, NaHSO,, SO,, H,0. Na,SO;, Anthraquinone
(AQ), Na,S,, (where n is an integer), CH;OH, C,H,OH,
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C,H,OH, HCOOH, NH,, p-TsOH, NH, 1,0, 0.,
NaClO, NaClO,, CH,COOH (acetic acid), C10,, and CL,.

[0200] In the fourth embodiments or any other embodi-
ment, the removing comprises immersing the piece of natu-
ral wood in a first chemical solution followed by immersing
in a second chemical solution. In the fourth embodiments or
any other embodiment, the first chemical solution comprises
a mixture of NaOH and Na,SO; and the second chemical
solution comprises H,O».

[0201] In the fourth embodiments or any other embodi-
ment, the method further includes at least one of (a) after the
removing, drying the piece of delignified wood by freeze
drying or critical point drying, such that the cellulose-based
lumina remain open or unobstructed in a cross-sectional
view; (b) after the removing, rinsing the delignified wood to
remove residual chemicals from the removing; (c) after the
rinsing, drying the piece of delignified wood; (d) after the
rinsing, exposing the delignified wood to 90% relative
humidity for a first time period; (e) pressing the delignified
wood; () prior to or after the pressing, subjecting the wood
to a hydrophobic treatment; (g) dyeing the delignified wood
a color different from white; (h) chemically treating the
delignified wood to be resistant to weather or salt water; and
(i) coating a surface of the delignified wood.

[0202] In the fourth embodiments or any other embodi-
ment, a solution for the rinsing comprises at least one of
ethanol and de-ionized (DI) water.

[0203] In the fourth embodiments or any other embodi-
ment, the pressing is such that a thickness of the wood is
reduced between 0% and 40%, or between 0% and 20%,
inclusive. In the fourth embodiments or any other embodi-
ment, the pressing is such that a thickness of the wood is
reduced by at least 40%, or by at least 80%. In the fourth
embodiments or any other embodiment, the pressing is
performed at a temperature of 20-120° C., and at a pressure
of 0.5-10 MPa. In the fourth embodiments or any other
embodiment, a microporous filter membrane or filter paper
is disposed on a surface of the delignified wood prior to or
during the pressing. In the fourth embodiments or any other
embodiment, the pressing is in a direction crossing a direc-
tion of extension of the cellulose-based lumina. In the fourth
embodiments or any other embodiment, after the pressing,
the delignified wood has a surface roughness of 10 nm or
less.

[0204] In the fourth embodiments or any other embodi-
ment, the hydrophobic treatment comprises at least one of
epoxy resin, silicone oil, polyurethane, paraffin emulsion,
acetic anhydride, octadecyltrichloro silane (OTS), 1H, 1H,
2H, 2H-perfluorodecyltriethoxysilane, fluoroesin, polydim-
ethylsiloxane (PDMS), methacryloxymethyltrimethyl-silane
(MSi), polyhedral oligomeric silsesquioxane (POSS), potas-
sium methyl siliconate (PMS), dodecyl(trimethoxy) silane
(DTMS), hexamethyldisiloxane, dimethyl diethoxy silane,
tetracthoxysilane, methyltrichlorosilane, ethyltrimethoxysi-
lane, methyl triethoxysilane, rimethylchlorosilane, phenylt-
rimethoxysilane, phenyltriethoxysilane, propyltrimethox-
ysilane, polymethyl methacrylate,
polydiallyldimethylammonium chloride (polyDADMAC),
3-(trimethoxysilyl)propyl methacrylate (MPS, hydrophobic
stearic acid, amphiphilic fluorinated triblock azide copoly-
mers, polyvinylidene fluoride and fluorinated silane, n-do-
decyltrimethoxysilane, and sodium lauryl sulfate.
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[0205] In the fourth embodiments or any other embodi-
ment, the hydrophobic treatment is performed before the
pressing and comprises 1H, 1H, 2H, 2H-perfluorodecyltri-
ethoxysilane.

[0206] In the fourth embodiments or any other embodi-
ment, the chemical treatment for resistance to weather or salt
water comprises at least one of cupramate (CDDC), ammo-
niacal copper quaternary (ACQ), chromated copper arsenate
(CCA), ammoniacal copper zinc arsenate (ACZA), copper
naphthenate, acid copper chromate, copper citrate, copper
azole, copper 8-hydroxyquinolinate, pentachlorophenol,
zinc naphthenate, copper naphthenate, kreosote, titanium
dioxide, propiconazole, tebuconazole, cyproconazole, boric
acid, borax, organic iodide (IPBC), and Na,B;0,;-4H,0.
[0207] In the fourth embodiments or any other embodi-
ment, the coating comprises an oil-based paint, a hydropho-
bic paint, a polymer coating, or a fire-resistant coating.
[0208] In the fourth embodiments or any other embodi-
ment, the fire-resistant coating includes at least one of boron
nitride, montmorillonite clay, hydrotalcite, silicon dioxide
(5i0,), sodium silicate, calcium carbonate (CaCO,), alumi-
num hydroxide (Al(OH),), magnesium hydroxide (Mg(OH)
,), magnesium carbonate (MgCOj,), aluminum sulfate, iron
sulfate, zinc borate, boric acid, borax, triphenyl phosphate
(TPP), melamine, polyurethane, ammonium polyphosphate,
phosphate, phosphite ester, ammonium phosphate, ammo-
nium sulfate, phosphonate, diammonium phosphate (DAP),
ammonium dihydrogen phosphate, monoammonium phos-
phate (MAP), guanylurea phosphate (GUP), guanidine dihy-
drogen phosphate, and antimony pentoxide.

[0209] In the fourth embodiments or any other embodi-
ment, the method further includes disposing the piece of
delignified wood such that a surface thereof radiates heat to
the sky. In the fourth embodiments or any other embodi-
ment, the surface is substantially parallel to a direction of
extension of the lumina.

[0210] In the fourth embodiments or any other embodi-
ment, the method further includes forming the piece of
delignified wood as a building material, a packaging mate-
rial, or other structural material.

[0211] In the fourth embodiments or any other embodi-
ment, the method further includes forming one or more
electrical components on a surface of the piece of delignified
wood.

[0212] In the fourth embodiments or any other embodi-
ment, the method of further includes cooling a structure or
environment using the piece of delignified wood to radiate
energy. In the fourth embodiments or any other embodiment,
the cooling is passive cooling. In the fourth embodiments or
any other embodiment, the piece of delignified wood has a
first emissivity in a wavelength range of 400-1100 nm and
a second emissivity in a wavelength range of 8-13 pm, and
the first emissivity is less than the second emissivity. In the
fourth embodiments or any other embodiment, the second
emissivity is at least 3 times, at least 5 times, at least 8 times,
or at least 10 times the first emissivity. In the fourth
embodiments or any other embodiment, the second emis-
sivity is at least 0.8 and the first emissivity is less than or
equal to 0.1.

[0213] In the fourth embodiments or any other embodi-
ment, the piece of delignified wood radiates more energy
than it absorbs. In the fourth embodiments or any other
embodiment, thermal conductivity of the piece of delignified
wood is anisotropic. In the fourth embodiments or any other
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embodiment, thermal conductivity of the piece of delignified
wood in a direction parallel to an exposed surface of the
delignified wood is greater than thermal conductivity of the
piece of delignified wood in a direction perpendicular to the
exposed surface.

[0214] In the fourth embodiments or any other embodi-
ment, the method further includes removing at least 90%
lignin from another piece of natural wood while substan-
tially retaining cellulose-based lumina of the natural wood,
thereby producing another piece of delignified wood, and
coupling a surface of the piece of delignified wood to a
surface of the another piece of delignified wood. In the
fourth embodiments or any other embodiment, a direction of
extension of the lumina of the piece of delignified wood
crosses a direction of extension of the lumina of the another
piece of delignified wood. In the fourth embodiments or any
other embodiment, the piece of delignified wood and the
another piece of delignified wood are coupled to each other
by at least one of hydrogen bonding, glue, and epoxy.
[0215] In the fourth embodiments or any other embodi-
ment, the method includes, prior to or after the coupling,
pressing the piece of delignified wood and the another piece
of delignified wood in a direction crossing a respective
direction of extension of the lumina therein, such that the
lumina at least partially collapse.

[0216] In the first through fourth embodiments, or any
other embodiment, the natural wood comprises a hardwood,
a softwood, or bamboo. In the first through fourth embodi-
ments, or any other embodiment, the natural wood com-
prises basswood, oak, poplar, ash, alder, aspen, balsa wood,
beech, birch, cherry, butternut, chestnut, cocobolo, elm,
hickory, maple, oak, padauk, plum, walnut, willow, yellow-
poplar, bald cypress, cedar, cypress, douglas fir, fir, hemlock,
larch, pine, redwood, spruce, tamarack, juniper, or yew.
[0217] In one or more fifth embodiments, an active or
passive cooling device includes a structure according to any
of the first through fourth embodiments, or any other
embodiment.

[0218] In one or more sixth embodiments, an insulating
material includes a structure according to any of the first
through fifth embodiments, or any other embodiment.
[0219] In one or more seventh embodiments, an electronic
device includes a structure according to any of the first
through sixth embodiments, or any other embodiment. In the
seventh embodiments or any other embodiment, at least one
electrical component is formed over a surface of the struc-
ture. In the seventh embodiments or any other embodiment,
the electronic device is constructed as a display panel.
[0220] In one or more eighth embodiments, an packaging
material includes a structure according to any of the first
through seventh embodiments, or any other embodiment.
[0221] In one or more ninth embodiments, a building
material includes a structure according to any of the first
through eighth embodiments, or any other embodiment. In
the ninth embodiments or any other embodiment, the build-
ing material is constructed as an exterior surface of a
building. In the ninth embodiments or any other embodi-
ment, the exterior surface is at least one of a roof and siding
of the building.

[0222] In one or more tenth embodiments, a material
includes the structure according to any of the first through
ninth embodiments, or any other embodiment. In the tenth
embodiments or any other embodiment, the material is
formed as an interior or exterior component of an automo-
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bile, a train, a truck, a plane, boat, ship, or any other
transport, vehicle, or conveyance, a warchouse, factory,
office building, barn, home, or any other building or struc-
ture. In the tenth embodiments or any other embodiment, the
material forms a part of a container, box, or shipping crate;
a display, decoration, window frame, picture frame, door or
door frame, table, desk, chair, cabinet, wardrobe, bed, or any
other piece of furniture or home accent; a bridge, dock, deck,
or platform; a musical instrument; a protective cover, blast
shield, or other protective device; a tool, athletic equipment,
or sporting good.

[0223] In this application, unless specifically stated oth-
erwise, the use of the singular includes the plural, and the
separate use of “or” and “and” includes the other, i.e,
“and/or.” Furthermore, use of the terms “including” or
“having,” as well as other forms such as “includes,”
“included,” “has,” or “had,” are intended to have the same
effect as “comprising” and thus should not be understood as
limiting.

[0224] Any range described herein will be understood to
include the endpoints and all values between the endpoints.
Whenever “substantially,” “approximately,” “essentially,”
“near,” or similar language is used in combination with a
specific value, variations up to and including 10% of that
value are intended, unless explicitly stated otherwise.
[0225] The foregoing descriptions apply, in some cases, to
examples generated in a laboratory, but these examples can
be extended to production techniques. Thus, where quanti-
ties and techniques apply to the laboratory examples, they
should not be understood as limiting.

[0226] It is thus apparent that there is provided, in accor-
dance with the present disclosure, delignified wood materi-
als, and methods for fabricating and use thereof. Many
alternatives, modifications, and variations are enabled by the
present disclosure. While specific examples have been
shown and described in detail to illustrate the application of
the principles of the present invention, it will be understood
that the invention may be embodied otherwise without
departing from such principles. For example, disclosed
features may be combined, rearranged, omitted, etc. to
produce additional embodiments, while certain disclosed
features may sometimes be used to advantage without a
corresponding use of other features. Accordingly, Applicant
intends to embrace all such alternative, modifications,
equivalents, and variations that are within the spirit and
scope of the present invention.

1. A method comprising:

subjecting a piece of natural fibrous plant to one or more
chemical treatments so as to remove at least 90% of
native lignin from said piece while retaining a cellu-
lose-based microstructure of the fibrous plant, thereby
producing a delignified fibrous plant piece; and

pressing the delignified fibrous plant such that lumina in
the cellulose-based microstructure at least partially
collapse, thereby producing a piece of a densified
fibrous plant piece.

2. The method of claim 1, wherein the subjecting to one
or more chemical treatments comprises immersing the piece
of natural fibrous plant in a chemical solution comprising at
least one of NaOH, Na,S, NalSO,, SO,, H,O, Na,SO,,
Anthraquinone (AQ), Na,S, (where n is an integer),
CH,OH, C,H;OH, C,H,OH, HCOOH, NH,, p-TsOH,
NH,—H,0, H,0,, NaClO, NaClO,, CH;COOH (acetic
acid), ClO,, and Cl,.
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3. The method of claim 2, wherein the subjecting to one
or more chemical treatments comprises immersing the piece
of natural fibrous plant in a first chemical solution followed
by immersing in a second chemical solution, the first chemi-
cal solution comprising a mixture of NaOH and Na,SO; the
second chemical solution comprising H,O,.

4. The method of claim 1, wherein the natural fibrous
plant is a hardwood or a softwood.

5. The method of claim 1, wherein the natural fibrous
plant is bamboo.

6. The method of claim 1, wherein a content of lignin in
the densified fibrous plant piece is less than 5 wt %.

7. The method of claim 1, further comprising, prior to the
pressing, exposing the delignified fibrous plant piece to at
least 90% relative humidity.

8. The method of claim 1, wherein the pressing is per-
formed at a temperature in a range of 20-120° C. and a
pressure of 0.5-10 MPa.

9. The method of claim 1, further comprising, prior to or
after the pressing, subjecting the fibrous plant piece to a
hydrophobic treatment.

10. The method of claim 9, wherein the hydrophobic
treatment comprises at least one of epoxy resin, silicone oil,
polyurethane, paraffin emulsion, acetic anhydride, octa-
decyltrichloro silane (OTS), 1H, 1H, 2H, 2H-perfluoro-
decyltriethoxysilane, fluororesin, polydimethylsiloxane
(PDMS), methacryloxymethyltrimethyl-silane (MS1), poly-
hedral oligomeric silsesquioxane (POSS), potassium methyl
siliconate (PMS), dodecyl(trimethoxy) silane (DTMS), hex-
amethyldisiloxane, dimethyl diethoxy silane, tetraethoxysi-
lane, methyltrichlorosilane, ethyltrimethoxysilane, methyl
triethoxysilane, rimethylchlorosilane, phenyltrimethoxysi-
lane, phenyltriethoxysilane, propyltrimethoxysilane, polym-
ethyl methacrylate, polydiallyldimethylammonium chloride
(polyDADMAC), 3-(trimethoxysilyl)propyl methacrylate
(MPS), hydrophobic stearic acid, amphiphilic fluorinated
triblock azide copolymers, polyvinylidene fluoride and fluo-
rinated silane, n-dodecyltrimethoxysilane, and sodium lau-
ryl sulfate.

11. The method of claim 1, wherein the pressing is in a
direction crossing a direction of extension of lumina in the
cellulose-based microstructure.

12. A structure comprising:

a first piece of natural fibrous plant that has been chemi-

cally treated to remove native lignin from the natural
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fibrous plant and subsequently pressed so as to partially
collapse lumina in a cellulose-based microstructure of
the natural fibrous plant,
wherein the first piece retains no more than 10% of the
native lignin from the natural fibrous plant.
13. The structure of claim 12, wherein the natural fibrous
plant is a hardwood or a softwood.
14. The structure of claim 12, wherein the natural fibrous
plant is a bamboo.
15. The structure of claim 12, wherein a content of lignin
in the first piece is less than 5 wt %.
16. The structure of claim 15, wherein the content of
lignin in the first piece is less than or equal to 1 wt %.
17. The structure of claim 12, wherein the first piece
comprises at least one of epoxy resin, silicone oil, polyure-
thane, paraffin emulsion, acetic anhydride, octadecyl-
trichloro silane (OTS), 1H, 1H, 2H, 2H-perfluorodecyltri-
ethoxysilane, fluororesin, polydimethylsiloxane (PDMS),
methacryloxymethyltrimethyl-silane (MSi), polyhedral oli-
gomeric silsesquioxane (POSS). potassium methyl silicon-
ate (PMS), dodecyl(trimethoxy) silane (DTMS), hexameth-
yldisiloxane, dimethyl diethoxy silane, tetracthoxysilane,
methyltrichlorosilane, ethyltrimethoxysilane, methyl tri-
ethoxysilane, rimethylchlorosilane, phenyltrimethoxysilane,
phenyltriethoxysilane, propyltrimethoxysilane, polymethyl
methacrylate,  polydiallyldimethylammonium  chloride
(polyDADMAC), 3-(trimethoxysilyl)propyl methacrylate
(MPS), hydrophobic stearic acid, amphiphilic fluorinated
triblock azide copolymers, polyvinylidene fluoride and fiuo-
rinated silane, n-dodecyltrimethoxysilane, and sodium lau-
ryl sulfate.
18. The structure of claim 12, wherein a density of the first
piece is greater than that of the natural fibrous plant.
19. A method comprising:
removing at least 90% of lignin from a piece of natural
fibrous plant while substantially retaining lumina of a
cellulose-based microstructure of the natural fibrous
plant, thereby producing a delignified fibrous plant
piece; and
drying the delignified fibrous plant piece by freeze-drying
or critical point drying such that the lumina remain
open or unobstructed in a cross-sectional view.
20. The method of claim 19, wherein the natural fibrous
plant is a hardwood, a softwood, or a bamboo.
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