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ty and Ins
A B S T R A C T

Lightweight, highly strong and bio-based structural materials remain a long-lasting challenge. Here,
inspired by nacre, a lightweight and highmechanical performance cellulosicmaterial was fabricated via a
facile and effective top-down approach and the resulting material has a high tensile strength of
149.21MPa and toughness of 1.91MJ/m3.More specifically, the natural balsawood (NW)was subjected to
a simple chemical treatment, removing most lignin and partial hemicellulose, follow by freeze-drying,
forming wood aerogel (WA). The delignification process produced many pores and exposed numerous
aligned cellulose nanofibers. Afterwards, the WA absorbed a quantity of moisture and was directly
densified to form above high-performance cellulosic material. Such treatment imitates highly ordered
“brick-and-mortar” arrangement of nacre, in which water molecules plays the role of mortar and
cellulose nanofibrils make the brick part. The lightweight and good mechanical properties make this
material promising for new energy car, aerospace, etc. This paper also explains the strengthening
mechanism for making biomimetic materials by water molecules-induced hydrogen bonding and will
open a new path for designing high-performance bio-based structural materials.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.
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Materials that have lightweight, high strength and good
toughness properties are attracting more attention because of
their promising applications for architecture, new energy vehicles,
aerospace, etc. However, themechanical properties of strength and
toughness are often mutually exclusive [1]. Surprisingly, nature
gives us some inspirations to fabricate strong yet tough materials,
and the nacre is a good example. The nacre is a kind of material
possessing excellent strength and toughness attributing to highly
ordered “brick-and-mortar” arrangement and robust interfacial
bonding [2,3]. Inspired by nacre, scientists assembled a series of
high-performance materials, including Chitosan-Montmorillonite
nacre-like film [4], clay-based nacre-like composites [5,6],
graphene oxide-based artificial nacres [7], bulk artificial nacres
[8], lignocellulose-based artificial nacre [9,10], etc. However, there
are many shortcomings in above assembling technique, such as
g).

titute of Materia Medica, Chinese
chemical intensive, energy consuming, small scale, and compli-
cated forming process.

Wood is a kind of biomass material and it is abundant,
renewable, and sustainable in nature [11–16]. When it comes to
high-performance structural materials, we should first think of the
use of wood and its derivatives. Nanocellulose is a nanoscale semi-
crystalline derivative of cellulose [17–20]. Nanocellulose has many
good physical and mechanical properties, such as low density
(1.6 g/cm3), high tensile strength (0.3–1.4 GPa) and excellent
stiffness (140 GPa), making it a desirable reinforced material
[21–23]. Researchers have already used the nanocellulose to
fabricate a series of strong and tough nacre-mimic materials, such
as nanopapers [24], functional composite paper and films [25,26],
three-dimensional transparent composites [27], etc. Although the
Nanocellulose-based strengthening and toughening materials are
attractive, the extraction of nanocellulose is tedious and chemical/
energy intensive. In recent years, some high strong wood-based
structural materials (such as transparent wood composites
[28,29]) are manufactured using top-down method, to evade
the intricate nanocellulose extraction process and maintain
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 2. (a) Composition analysis of the natural wood (NW) and the wood aerogel
(WA). (b) Density and porosity of NW, WA and compressed wood aerogel (CWA)
compressed under 18% moisture content (CWA18%). (c, d) FTIR spectra of NW and
WA.
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nanocellulose groups’ well-aligned structure. But the adding of
resin makes the resulting products become not pure “green” and
sustainable. So, finding a wood “glue” with natural, “green”, good
adhesive properties, directly used is in demand and valuable.

Recently, water-induced hydrogen bonding assembly strategy is
widely used to fabricate functional polymeric materials. Water
molecules as co-monomers/structural water were involved in
polymers and they played a big role in tuning mechanical
properties of graphene oxide paper [30] and improving adhesion
of supramolecular [31]. In addition to the application in fossil-
based materials, it was also found that water molecules could
change the tensile strength of cellulose bulk materials [32] and
simultaneously improve the strengthening and toughening of
cellulose-based materials [20,33].

Herein, we try to fabricate a lightweight and strong cellulosic
material by means of water molecules-induced hydrogen-bonding
between cellulose nanofibers as shown in Fig. 1. It is a top-down
approach for fabricating high-performance cellulosic materials
through compressing rehydrated wood aerogel (WA). In detail,
natural balsawood (NW) was successively delignified and freeze-
dried formingWAwithwell-aligned cellulose nanofibers. Next, the
oven-dried WAs absorbed a certain amount of water molecules,
followed by directly compressed at room temperature. Finally, the
compressed samples were dried at 70 �C to be the high-
performance cellulosic materials (The materials, chemicals,
preparation process and characterization can be found in
Supporting information). The delignification process can expose
more cellulose nanofibrils within the wood cell walls; Absorbing
water molecules can soft the cellulose nanofibrils, tending to
entangle nanofibrils under compression. These two critical steps
enabled superior mechanical performance of the high-perfor-
mance structural materials.

Lignin is hydrophobic and it will hinder the investigation of
water molecules effect on forming hydrogen bonding between
cellulose nanofibers. So, we conduct the delignification using
sodium chlorite (NaClO2). The result of delignification showed the
delignified wood (DW) was composed of 77.72% cellulose, 16.78%
hemicellulose, and 2.68% lignin, demonstrating 4.30% hemicellu-
lose and 88.92% lignin removal (Fig. 2a). In order to further validate
the delignification effect, the NW and DW were characterized by
FTIR spectroscopy (Figs. 2c and d). For NW, there are characteristic
lignin absorption peaks at 1508 cm�1 and 1595 cm�1 (C¼H
stretching of the aromatic rings), 1365 cm�1 (symmetric C��H
bending frommethoxyl group), and 1233 cm�1 (C��O stretching of
the aromatic rings). Meanwhile, the absorption peak at 1734 cm�1

belongs to unconjugated carbonyl C¼O in hemicellulose. After
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Fig. 1. Schematic illustration of the top-down fabrication of lightweight high-
performance cellulosic material. During this process, the natural balsawood (NW)
was converted into wood aerogel (WA) by delignification and freeze-drying, and
then WA went through rehydration and compression under different moisture
contents to form final product.
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delignification process, above typical absorption peaks for lignin
and hemicellulose disappeared. During sample preparation, the
wet DW was freeze-dried into WA. In the freeze-drying process,
the DW swelled by ice crystals. Therefore, WA showed the lowest
density of 0.10 g/cm3 and highest porosity (93.64%) (Fig. 2b). Before
compression, the oven-dried WA was conditioned in a desiccator
providing 97.6%� 0.5% relative humidity (RH). Cellulose nanofiber
is a kind of hygroscopic material, tending to attracting water
through hydrogen bonding via its surface O and H atoms. After
absorbing different moisture, the WAs were then compressed. At
0% moisture content (MC), theWA is hard to be compressed due to
sponge-like structure. With the increase of MC, The WAwas more
likely to be compressed into dense and compact material because
of forming some hydrogen bonding between cellulose nanofibers.
The density of WA compressed at 18% moisture content (CWA18%)
was 0.84 g/cm3, which is more than 8 times that forWA. Therefore,
the CWA18% had a lowest porosity (43.73%).

Themorphology and structure of the NW,WA and CWA18% were
shown in Fig. 3. Figs. 3a and b showed the light brown NW turns
Fig. 3. Structural characterization of the NW,WA and CWA18%. (a) Photo of the NW.
FE-SEM images of the NW: (d) transverse section image; (g) tangential section
image. (b) Photo of theWA. FE-SEM images of theWA: (e) transverse section image;
(h) tangential section image. (c) Photo of the CWA18%. FE-SEM images of the CWA18%:
(f) transverse section image; (i) tangential section image.
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completely white after delignification, supposing the almost all
lignin and hemicellulose have been removed. Above hypothesis
has been proved by component analysis (Fig. 2a) and It also
suggested the WA consisting of almost whole cellulose has been
successfully fabricated. After having 18% MC, the WA was directly
compressed into hard cellulosic slice (Fig. 3c). The SEM images
showed the NW possesses a three-dimensional (3D) porous
structure with lumina of 30�50mm in diameter and
150�400mm in length (Figs. 3d and g). After delignification and
freeze-drying, the intrinsic cell lumina structure was destroyed
and the connection among wood cells was also broken (Fig. 3e).
Besides, the tangential section SEM image of WA showed that the
original tracheid structure has almost disappeared (Fig. 3h). After
compression, wood cells had been stacked together to form layer-
by-layer architecture liking nacre structure. And in every layer,
cellulose nanofibers and cell walls had entangled tightly and
merged together by compression (Fig. 3f). Meanwhile, the
tangential SEM images of CWA18% indicated the structure of every
layer is dense and compact (Fig. 3i).

Fig. 4 displays the tensile stress-strain curves (Fig. 4a) and
corresponding mechanical properties of NW, WA and CWAs.
Because of the fluffy and fragile characteristic formed during
freeze-drying, the tensile strength and failure strain of WA cannot
be tested. The compressed wood aerogels compressed under 9%
moisture content (CWA9%) has an improved mechanical perfor-
mance compared to NW (tensile strength of 47.54 vs. 23.22MPa,
and Young’s modulus of 13.14 vs. 2.82 GPa) (Fig. 4b), which can be
ascribed to the water molecules-induced hydrogen bonding
between cellulose nanofibers. Above results implied that the
dense structure initiated by hydrogen bonding endowed CWA9%

with a big mechanical performance. The toughness of the CWA9% is
also 8 times than that of NW, reaching 1.6MJ/m3.With the increase
of MC to 18%, the CWA showed sharply and simultaneously
enhanced mechanical properties as compared to NW (tensile
strength of 135.63 vs. 23.22MPa, Young’s modulus of 18.68 vs.
1.82 GPa, and toughness of 1.6 vs. 0.16MJ/m3) (Fig. 4b), which is 5.8
times for tensile strength, 10.3 times for Young’s modulus, and 10
times for toughness. Above results indicated that the WA contains
a lot of binding sites that can form hydrogen bonding with water
molecules and 9% MC has not saturated the binding sites in the
WAs. That means the 9% MC is lower than fiber saturation point of
WAs sample. As the MC increased to 18%, more water molecules
[(Fig._4)TD$FIG]

Fig. 4. Mechanical properties of NW and CWA compressed at different moisture
content (MC 0%, 9% and 18%). (a) Typical tensile stress-strain curves, (b) the
respective tensile strength, toughness, and Young’s modulus values derived from
the tensile stress-strain curves, (c) the comparation of the toughness and strength
of NW and CWA18%, (d) Comparison of the specific strength of CWA18% and other
conventional building materials, including concrete, low carbon steel (AISI 1010,
LCS), stainless steel (304, SS), and aluminium alloy (7075-T6, AA).
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were adsorbed and formed hydrogen bonding with O and H atoms
of cellulose nanofibers. So, the CWA18% sample has a bigger
mechanical property than CWA9%. Besides, the CWA18% also
showed very high specific strength (161.46MPa cm3/g) as
compared to other conventional building materials, including
concrete, low carbon steel (AISI 1010, LCS), stainless steel (304, SS),
and aluminum alloy (7075-T6, AA). This high specific strength is
because of the relatively low density of the cellulosic materials,
making the compressed wood aerogel a light yet strong material.

The essential cause of the increased densification, compactness,
andmechanical properties at higher MC could be analyzed in three
aspects. Firstly, water molecule can be viewed as flexibilizer and
softener to WAs, causing cell walls and its internal cellulose
nanofibers to densely pack together and tightly intertwine under
compression. Secondly, 0%, 9% and 18% MCs are all lower than the
fiber saturation point of WAs. So, there are more bound water in
cellulose nanofibers, more hydrogen bonding between cellulose
nanofibers, and less internal defect in the structure of CWA18%.
Thirdly, there is a sliding movement between cellulose nanofibers
in the tensile test process, leading to the break of hydrogen
bonding between cellulose nanofibers. However, the broken
hydrogen bonding can quickly regenerate due to water-molecule
bridging effect [34]. In addition, the cellulose nanofibers inter-
twined together under compression, giving CWA a good fracture
toughness [35]. Thus, the more MCs gave CWA more hydrogen
bonding, faster regeneration, and good fracture toughness. Based
on the above reasons, the compressed wood aerogel at 18% MC has
a stronger tensile strength and a longer strain under tensile stress
test, inducing a bigger toughness.

Because our final product was from the WA, we have also
characterized a typical property of WA - the thermal insulation
performance. As shown in Fig. S1a (Supporting information), the
thermal conductivity of the WA is smaller than that of NW (0.044
vs. 0.039W/mK), indicating delignification and freeze drying can
increase the porosity of sample and then endowing superior
thermal insulation property of WA. Comparing to the NW andWA,
the CWA18% sample has a bigger thermal conductivity. Due to the
compression, thewood cellulose nanofiberswere tightly entangled
together and the porosity of sample was reduced, inducing the
increase of the thermal conductivity (up to 0.102W/mK). This
trend is also consistent with the density, porosity, and microstruc-
ture as shown in the previous section. Although the CWA18% has a
relative bigger thermal conductivity, the value is still much smaller
than some traditional commercial building materials (Fig. S1b in
Supporting information). Together with the mechanical property
characterization, we actually fabricated a kind of engineering
materials with superior mechanical performance and thermal
insulation property.

In summary, we fabricated a lightweight, strong and tough
cellulosic structural material by three-step streamlined process,
including making WA, rehydration and water molecule-induced
hydrogen-bonding assembling under compression. The obtained
WAs showed a low thermal conductivity of 0.039W/mK along the
layer-stacking direction, closing to a pure cellulose-based aerogel.
In addition, the CWAs showed an increased mechanical property
along the increased MC prior to compression. Surprisingly, the
CWA18% had a highest tensile strength of 135.63MPa and
toughness of 1.60MJ/m3, which are approximately 6 and 10 times
higher, respectively, as compared to those of NW. More impor-
tantly, there’s a simultaneously improved strength and toughness
in CWAs, and the reinforcementmechanismwas analyzed. Because
of the top-down fabrication, sustainable materials and superior
mechanical properties, the high-performance cellulosic material
can be used in modern architecture, new energy vehicles, etc.
Besides, this preparation process also provided the sustainable
solution of reusing the wasted WAs.
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