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Self-Densification of Highly Mesoporous Wood Structure

into a Strong and Transparent Film

Kai Li, Shennan Wang, Hui Chen, Xuan Yang, Lars A. Berglund, and Qi Zhou*

In the native wood cell wall, cellulose microfibrils are highly aligned and
organized in the secondary cell wall. A new preparation strategy is developed
to achieve individualization of cellulose microfibrils within the wood cell

wall structure without introducing mechanical disintegration. The resulting
mesoporous wood structure has a high specific surface area of 197 m? g
when prepared by freeze-drying using liquid nitrogen, and 249 m? g~ by
supercritical drying. These values are 5 to 7 times higher than conventional
delignified wood (36 m? g™') dried by supercritical drying. Such highly
mesoporous structure with individualized cellulose microfibrils maintaining
their natural alignment and organization can be processed into aerogels with
high porosity and high compressive strength. In addition, a strong film with a
tensile strength of 449.1 + 21.8 MPa and a Young’s modulus of 51.1 + 5.2 GPa
along the fiber direction is obtained simply by air drying owing to the self-
densification of cellulose microfibrils driven by the elastocapillary forces upon
water evaporation. The self-densified film also shows high optical transmit-

interesting functionalities beyond tradi-
tional wood materials, such as transparent
wood with anisotropic optical properties,?
wood aerogel for continuous oil/water
separation, 4 efficient solar-steam gen-
eration through wood structure, densified
wood composite with extraordinary specific
tensile strength.®l In preparation of these
wood-based materials, delignification is an
essential pretreatment step to extract lignin
and partial hemicellulose, aiming to remove
the chromophores, and to increase the cell
wall accessibility/porosity. Further treat-
ments such as alkaline extraction, acety-
lation,”! oxidation,®”] could be employed
to control the nanostructure and surface
chemistry of the delignified wood. However,
although the porosity of delignified wood

tance (80%) and high optical haze (70%) with interesting biaxial light scat-
tering behavior owing to the natural alignment of cellulose microfibrils.

Wood nanotechnology has recently emerged as a promising
strategy for cellulosic materials preparation through a top—down
approach.! The multiscale hierarchy and intrinsic alignment of
cellulose microfibrils in wood cell wall have inspired the fabrica-
tion of wood-based materials which outperform existing mate-
rials prepared from cellulose nanofibers (CNFs) or cellulose
nanocrystals. These wood-based materials have demonstrated
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could reach up to 98% when low density
wood species is used, typical specific surface
area (SSA) for delignified wood prepared by
sodium chlorite or peracetic acid delignifi-
cation was between 2041 m? g 1341 The
SSA value for delignified wood prepared by NaOH/Na,SO3/H,0,
pulping process was even below 15 m? g™ On the other hand,
the SSA value for CNFs-based aerogels prepared via the bottom—
up approach was generally in the range of 300-600 m? g™! when
supercritical-drying was applied." As a comparison, well indi-
vidualized cellulose nanofiber prepared from wood pulp fibers by
2,2,6,6-tetramethylpiperidinyl-1-oxyl (TEMPO)-mediated oxidation
has a uniform thickness of 3—4 nm.[}l The cellulose microfibrils in
native wood cell wall mainly present in form of large fibril aggre-
gates and the thickness of fibril aggregates also increases after the
delignification process due to the removal of restricting spacers,
lignin, and hemicellulose.! Thus, further disintegration of the
fibril aggregates in the delignified wood without losing the cell
wall structure and the natural alignment of cellulose microfibrils
is a grand challenge in exploiting nanotechnology for wood-based
materials via a top—down approach.

For cellulose nanofiber production from various cellulosic
fiber resources, the individualization of cellulose microfibrils
is often facilitated by the enzymatic or chemical pretreatments,
for example, by using the oxidative enzyme lytic polysaccharide
monooxygenase,”) TEMPO-mediated oxidation,™ carboxy-
methylation,'%! or cationization.”] Yano et al.'® have previously
employed acetylation to avoid the fibril aggregation formed
through interfibril hydrogen bonds, transforming pulp fiber
to nanostructured fiber. Svensson et al.'¥! performed TEMPO-
mediated oxidation on both dissolving pulp and kraft pulp fibers
and a highest SSA value of 130 m? g™ was achieved without dis-
integration procedure. Paper prepared from TEMPO-oxidized
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pulp fibers were further deprotonated by sodium hydroxide
to obtain enhanced tensile strength, transparency while the
dewatering time was minimized to 10 5.2 But no improve-
ment in material properties could be concluded from the nano-
structured pulp fibers as compared to CNF-based materials as
the structural advantages of wood cell wall structure were lost
during pulping. Li et al.®% have reported the oxidation of del-
ignified wood in TEMPO/NaClO/NaBr system at pH 10 to pre-
pare nanofluidic cellulosic membrane. The slightly increased
charge density in cellulose membrane created 2-20 nm chan-
nels between cellulose microfibrils for ion regulation. The cel-
lulose membrane was densified to obtain tensile strength of
58 £ 5 MPa which is however not comparable to TEMPO-CNF
nanopaper.

Herein, we report a highly mesoporous wood structure,
with fibrillated cellulose microfibrils in the cell wall, prepared
by TEMPO-mediated oxidation of delignified wood at neutral
condition (pH = 6.8) with TEMPO/NaClO/NaClO, system.
The resulting TEMPO-oxidized wood exhibited mesoporous
structure with high SSA. Aerogels prepared from the TEMPO-
oxidized wood demonstrated robust compressibility and high
porosity. In addition, the TEMPO-oxidized mesoporous wood
in wet state could also be self-densified into thin films by drying
at ambient condition without assistance of mechanical pressing
or heating. The thin films showed superior mechanical prop-
erties and high optical transmittance. Different from materials
assembled from nanostructured pulp fibers, the natural multi-
scale alignment of cellulose microfibrils in wood cell wall was
preserved after our processes, providing great possibilities in
developing wood-based materials with outstanding properties.

Wood is a natural polymeric composite mainly consisting
of cellulose, hemicellulose, and lignin. Balsa wood (Ochroma
pyramidale) features intrinsic low density, thin cell wall, and
small microfibril angle (MFA), which are advantageous for mate-
rial preparation using wood nanotechnology.?!! After delignifica-
tion of balsa wood using NaClO, at pH 4.6 and 80 °C for 12 h
(Figure 1a), 1.28% residual lignin remained in the white delig-
nified wood (Figure 1b) while cellulose and most hemicellulose
were preserved. This was confirmed by wet chemical analysis
(Table S1, Supporting Information) and disappearance of the
peak at 1505 cm™ for aromatic ring skeleton vibration in FTIR
(Figure S1, Supporting Information). NaClO, is commonly used
for the preparation of holocellulose. Indeed, only a 2% loss of
xylose was detected after delignification (Table S2, Supporting
Information), which originated from highly substituted xylan
associated with lignin.?2l The honeycomb-like cellular wood cell
wall structure was well preserved after the delignification pro-
cess (Figure 1c). Voids can be observed in the lignin-abundant
secondary cell wall and the middle lamella owing to the removal
of lignin. The delignification process increased the accessibility
of cell wall and exposed the surface of cellulose fibrils for further
chemical modification. In addition, a few nanosized pores and
cellulose microfibrils in the form of aggregates were found in the
secondary cell wall (S layer, Figure 1d,f), while the primary cell
wall (P layer, Figure 1g) was still a rather dense fibrils network.

To achieve in situ fibrillation of cellulose microfibrils in bulk
wood, TEMPO-mediated oxidation is considered as an effi-
cient chemical method.?)l TEMPO-mediated oxidation features
position-selective oxidation of C6-primiary hydroxyl groups of
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cellulose to C6-carboxylate groups. The repulsion between car-
boxyl groups results in fibrillation of cellulose microfibrils, which
can later be reorganized into desired nanostructured materials.
The system of TEMPO/NaClO/NaBr at pH 10 has been exten-
sively used to produce CNFs with a high carboxylate content (up
to 1.7 mmol g) and a uniform width (3-4 nm) from various
resources.?*2] Nonetheless, inevitable depolymerization of cel-
lulose often occurs during this process. NaClO is the primary
oxidant that oxidizes TEMPO to TEMPO™, which is reduced by
dissociated primary hydroxyl of cellulose.?’! The latter is then
oxidized to C-6 aldehyde, which can lead to S-alkoxy elimination
in alkaline condition and depolymerization of cellulose.'¥] The
reduction of the molar mass of cellulose has a negative impact
on the mechanical properties of CNFs based composites.*’]
TEMPO-mediated oxidation of pulp fibers at weak acidic or neu-
tral condition using the TEMPO/NaClO/NaClO, system is how-
ever different. NaClO, serves as an oxidant to oxidize any C-6
aldehyde generated by TEMPO/NaClO oxidation. Thus the for-
mation of C-6 aldehyde and substantial depolymerization of cel-
lulose can be avoided, and the hemicellulose content can also be
preserved to some extent.2>26] CNFs prepared from the neu-
tral condition showed a carboxylate content up to 1.3 mmol g™
and longer nanofibril length as compared to those prepared by
using the TEMPO/NaClO/NaBr system.[26:28]

TEMPO-oxidation in alkaline condition is efficient in hemi-
cellulose solubilization and degradation which, on the other
hand, results in removal of surface bound xylan and complete
individualization of cellulose microfibrils.” Hence, when
it was used for wood oxidation, compromise between wood
structural integrity and carboxylate content had to be made,
resulting in a carboxylate content reported to be 0.25 mmol g™
for oxidized wood previously.l”) In this work, TEMPO-oxidation
at neutral condition was applied on delignified wood for the
first time. The TEMPO-oxidized balsa wood had a carboxylate
content of 0.78 mmol g™ as measured by conductimetric titra-
tion, which is three times higher than delignified balsa wood
(0.26 mmol g) and comparable to CNFs obtained from hard-
wood pulp fibers.[?® Swelling of wood structure was observed
in the tangential direction (Figure 1h) after TEMPO-mediated
oxidation and subsequent washing with deionized water.
Although the de-bonding of wood fiber cells occurred during
the swelling, the structural integrity of wood remained as a
microtube array structure was observed at cross section along
longitudinal direction (Figure 1i). Nanoscale pores were gener-
ated in the secondary cell wall (Figure 1j), owing to the par-
tial removal of hemicellulose and electrical repulsion between
surface carboxylated cellulose microfibrils. Higher magnifica-
tion scanning electron microscopy (SEM) images on the inner
(S layer) and outer (P layer) surfaces of fibers in TEMPO-
oxidized wood (Figure 1l and 1m, respectively) revealed the
arrangement of intact cellulose microfibrils, similar to those
found in native wood cell wall prepared by rapid freeze deep-
etching technique.?”! The S layer (Figure 11), which accounts
up to 90% of the cell wall thickness,? consists of highly
aligned fibrillated cellulose microfibrils with visible aggre-
gation size of =20 nm. The inter-fibrillar spaces mainly pre-
sented in a double convex lens shape. The primary cell wall
(Figure 1m) exhibited a random-in-plane network organization
of cellulose microfibrils with a uniform size of =10 nm.Bl

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 1. TEMPO-oxidized wood preparation and microstructure characterization. a) Schematic illustration for the two-step preparation of TEMPO-
oxidized wood. b) Photograph of delignified wood. ¢,d) SEM images of the cross section of delignified wood. e-g) SEM images of the longitudinal
section of delignified wood. h) Photograph of TEMPO-oxidized wood. i,j) SEM images of the cross section of TEMPO-oxidized wood. k-m) SEM images
of longitudinal section of TEMPO-oxidized wood. Samples for SEM were prepared by freeze-drying using liquid nitrogen.

The TEMPO-oxidized wood dried by using supercritical
CO, showed a high specific surface area of 249 m? g! which
is over 10 times higher than the delignified wood prepared with
NaClO, and almost 20 times higher than that prepared with
NaOH/Na,SO;/H,0, (Table S3, Supporting Information).l341
The SSA value of supercritical dried delignified wood prepared
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in this work was 36 m? g, which is =7 times lower than
TEMPO-oxidized wood. The drying method has a significant
impact on the physical properties of wood aerogels. TEMPO-
oxidized wood prepared by freeze-drying using liquid nitrogen
had also a high SSA value of 197 m? g~'. TEMPO-oxidized wood
prepared by both supercritical drying (SCD) and freeze drying

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 2. Physical properties of delignified wood and TEMPO-oxidized wood aerogels prepared by supercritical drying (SCD) and freeze-drying (FD1,
rapid frozen by using liquid nitrogen; FD2, frozen in —20 °C freezer). a) N, adsorption/desorption isotherms of delignified wood and TEMPO-oxidized
wood aerogels (filled marker: adsorption isotherm, empty marker: desorption isotherm). b) Pore size distribution derived from N, adsorption using
the method of non-local density functional theory. c) lllustration of the loading direction on wood aerogels during compressive mechanical test.
d) Compressive stress—strain curves with maximum strains of 20%, 30%, 40%, and 60% for TEMPO-oxidized wood aerogels (SCD and FD1). e) Com-
pressive stress—strain curves of the TEMPO-oxidized wood aerogel (FD2) with different maximum strains of 20%, 30%, 40%, 60%, and 80%, respec-
tively. f) Compressive stress—strain curves of the TEMPO-oxidized wood aerogel (FD2) at the maximum strain of 20% for 9 cycles.

using liquid nitrogen (FD1) showed significant higher adsorp-
tion of N, as compared to the delignified wood (Figure 2a). Pore
size distribution using the Barrett-Joyner-Halenda model is
based on cylindrical pores and often used in analysis of wood
pulp fiber pore structures.?? For the ultra-structures of wood
cell walls in this work, a model based on non-local density
functional theory with density-independent weights and a slit-
like pore geometry!33l was used to analyze the pore size distri-
bution using nitrogen adsorption data. The results are plotted
in Figure 2b and both TEMPO-oxidized wood and delignified
wood show a mesoporous structure. The delignified wood had
mesopores from 3 to 20 nm, while the TEMPO-oxidized wood
(SCD and FD1) had mesopores from 3 to 50 nm with much
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higher cumulative pore volume. Most of the pores in TEMPO-
oxidized wood were in the range of 4-30 nm, same as that
confirmed by the structure analysis by SEM (Figure li-m).
However, when the TEMPO-oxidized wood was frozen at
—20 °C and then lyophilized (FD2), the SSA value was 28 m? g!
and only mesopores of 2.5-10 nm were detected, corresponding
to much denser cell walls as revealed by structure analysis
using SEM (Figure S2, Supporting Information).

Compressive testing was conducted along the tangential direc-
tion of TEMPO-oxidized wood aerogels (Figure 2c). The com-
pressive stress—strain curves of TEMPO-oxidized wood aerogels
prepared by the SCD and FD1 methods are shown in Figure 2d.
Both wood aerogels showed a linear elastic region reflecting the

© 2020 The Authors. Published by Wiley-VCH GmbH
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cell wall bending with compressive strain up to 10%, followed
by a densification region with rapid increase of the compressive
stress resulting from deformation of the cell walls. The com-
pressive stress of the FD1 aerogel at 10% strain was 5 kPa due
to a rather porous cell wall structure (Figure 1i-m). The stress—
strain curves of TEMPO-oxidized wood aerogel prepared by the
FD2 method showed three distinct regions (Figure 2e). Par-
ticularly, as the compressive strain increased from 10% to 40%,
a stress plateau stage was observed due to the gradual com-
pression of the rather dense cell walls (Figure S2, Supporting
Information), which were formed during the process of slow
freezing at —20 °C and subsequent lyophilization. The compres-
sive stress of the FD2 aerogel at 10% strain was 24 kPa, and
the compressive stress at 40% strain was recorded at 52 kPa,
10 times higher than those wood aerogels previously prepared
via the top—down approach.*™ A cyclic test at 20% strain dem-
onstrated its good stability under multiple rounds of compres-
sion (Figure 2f). Besides, high porosity of 96.9 + 0.1% and low
density of 46.6 £ 1.4 kg m~ (Table S3, Supporting Information)
was obtained for the FD2 aerogel, indicating possibility to be
used for liquid absorption. Although SCD and FD1 aerogels
have poorer compressibility, the low rigidity of wood cell wall
provides the opportunity for better densification of the native
wood structure for functional materials.

Transparent cellulose film prepared from CNFs features
high mechanical toughness and optical transparency, and has
been used as substrates for developing advanced electronics,34
sensors,*l energy storage devices,>® and light harvesting
system,””] etc. A general approach for the film preparation
involves mechanical isolation of CNFs and the self-assembly
of CNFs initiated by the removal of water from dispersion
through either solution casting or vacuum filtration.?3! A sub-
sequent densification and drying process is applied to achieve
high density and low porosity, which are significantly impor-
tant to the improvement of mechanical strength as well as light
transmittance.*®!

The TEMPO-mediated oxidation was successfully applied
on delignified balsa wood with different geometry, from a large
piece of wood (100 x 100 x 10 mm?, Figure S3, Supporting
Information) to a wood veneer (60 x 30 X 2 mm?, Figure 3a).
After NaClO, delignification and TEMPO-mediated oxidation
(Figure 3a), a 2 mm thick balsa wood veneer was air-dried into
an 80 um thick transparent film on a glass plate after 24 h at
ambient condition (22 °C, 30% RH) without any additional
pressure. Without TEMPO-mediated oxidation, delignified
wood veneer only reduced to half of its original thickness and
resulted in an opaque film after drying in the same condition.
The delignified wood showed insufficiently densified structure
with rough surface, and apparent buckling of cell wall can be
observed (Figure 3b,c). The TEMPO-oxidized wood completely
collapsed into a film with layered dense structure (Figure 3d—g),
which is very similar to previously reported densified wood,
where external mechanical pressure and heating had to be
applied.[6:3940]

Self-densification is a solution casting process in principle,
the process efficiency for TEMPO-oxidized wood film is sur-
prisingly higher than those films casted from TEMPO-oxidized
CNFs water suspension, for which several days are required
at ambient condition. The self-densification relies on the
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elastocapillarity generated by the water flow in a flexible tube,
and the water flow in the cell lumen of TEMPO-oxidized wood
was driven by evaporation (Figure 3h). The water movement
in wood is combined with capillary flow of free water in the
cell cavities and diffusion as hygroscopic water in the cell wall
and/or as water vapor through the fiber cells.*”l In natural
bulk wood, capillary pressure can move the water from inside
the wood to the surface and replace it with air during lumber
drying process.[¥¥l Such cavitation phenomenon takes place in
xylem conduit generates negative pressure, which would lead
to collapse of the tubular structure. By depositing lignin in the
cell wall, tree developed resistance to collapse.* The native and
delignified wood fibers have limited porosity. Their lumen and
cell-wall micropores can be assumed as closed structure, which
exhibits buckling resistance to compressive loads, that is, elas-
tocapillary force in fiber lumen, due to the lack of flexibility.[*"!
TEMPO-mediated oxidation significantly increased the flexi-
bility of wood cell wall thus there was no buckling, allowing the
complete collapse of cell structure. The distance which elasto-
capillary force becomes effective in deforming solids is given
as L = y/E, where yis the surface tension and E is the Young’s
modulus of the solid.**! The surface tension of anisotropic sur-
face between cellulose and pure water is 72 mN m™ The
elastic modulus of TEMPO-oxidized wood was =50 kPa. Hence
the effective distance is at the magnitude of micrometers.
The water content of TEMPO-oxidized wood increased from
94.5% (delignified wood) to 99.5%, indicating improved hydro-
philicity and more accessible hydroxyl groups due to fibril-
lation. Once the two sides of lumen were in contact, strong
hydrogen bonding would form between the abundant hydroxyl
groups on cellulose fibrils, hence the deformation was fixed in
place and high densification rate was achieved.

The self-densified film from TEMPO-oxidized balsa wood
has a density of 1.32 £ 0.1 g cm™3, which is the highest among
the reported anisotropic densified wood films or composites
(Table S4, Supporting Information) in literature.[394048] Density
is strongly correlated to the mechanical properties of materials.
The in situ fibrillation of wood cell wall allows further dense
packing of cellulose microfibrils during self-densification. The
self-densified film showed high tensile strength of 449.1 +
21.8 MPa and Young’s modulus of 51.1 £ 5.2 GPa (Figure 3i;
Table S4, Supporting Information) which are 173-times and
22.2-times compared to air dried delignified wood, respectively.
Part of the contribution to such extraordinary mechanical prop-
erties was from the inherent alignment of cellulose microfi-
brils in wood cell wall. Indeed, the MFA of dominant S2 layer
in balsa wood cell wall measured with wide-angle X-ray scat-
tering was reported in the literature to be about 1.4° offset the
axial direction (longitudinal direction).?Y) Such high degree of
orientation is still difficult to achieve for CNFs-based materials
using existing artificial orientation techniques such as wet-
stretching or wet-extrusion, hence the self-densification process
of TEMPO-oxidized balsa wood demonstrates the advantage of
preserving the natural alignment of cellulose microfibrils.[234
Similar mechanical performance was reported previously
for densified materials from partially delignified wood!® and
alkaline-extracted delignified wood®! (Table S4, Supporting
Information). However, densification of the partially delignified
wood required hot pressing for 24 h under a pressure of 5 MPa,

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 3. Preparation, structures, and mechanical properties of air-dried (22 °C, 30% RH) delignified wood film and TEMPO-oxidized wood film from balsa
wood veneer. a) Schematic illustration for the preparation. b,c) SEM images of surface (b) and cross section (c) of air-dried delignified wood. d—g) SEM images
of surface (d,f) and cross section (e,g) of the air-dried TEMPO-oxidized wood film indicating densification. h) Schematic illustration for the self-densification
mechanism of the TEMPO-oxidized wood. i) Typical stress—strain curves of air-dried delignified wood and TEMPO-oxidized wood films.

and densification of the alkali-extracted delignified wood was
achieved under a load of 5 kg at room temperature for up to
2 days. Our self-densified film features the highest energy effi-
ciency in film formation processes.

Optical transparency is one of the key features for cellulose
nanopaper, and has drawn a lot of attention for developing opto-
electronic devices.”” The transmittance is largely dependent on
the density, thickness, and nanostructure. The self-densified
film from TEMPO-oxidized balsa wood had a total optical trans-
mittance of around 80% and a total optical haze of around 70%
in the wavelength range of 400-760 nm (Figure 4a,b). As a com-
parison, the delignified wood dried with the same procedure
had an optical transmittance of 10% (Figure S4, Supporting

Adv. Mater. 2020, 32, 2003653 2003653 (6 of 9)

Information), indicating incomplete densification. As the
native alignment of cellulose microfibrils in wood cell wall was
kept after TEMPO-mediated oxidation (Figure 1i), self-densified
film also exhibited anisotropic light scattering behavior, similar
to transparent wood/polymer composites.?***> The collected
scattering light transmitted through the self-densified film
showed an ellipse shape due to the different scattering inten-
sity in orthogonal directions (Figure 3c inset), which is a key
feature of anisotropic materials.’? Detailed light intensity dis-
tributions were plotted in Figure 3c,d. Due to the alignment of
cellulose microfibrils along the fiber in the longitudinal direc-
tion, light scattering perpendicular to the fiber direction had
stronger intensity and wider scattering angle (£60°) than that

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 4. Optical properties of self-densified film from TEMPO-oxidized balsa wood. a) Optical transmittance and b) optical haze of the film (thickness =
80 um). c) The normalized angular intensity distribution and d) Lorentz fit of scattered light for the film at direction perpendicular (red) and parallel (green)
to fiber direction. e,f) Photographs of the film placed on a grid paper (e) and 20 mm above a grid paper (f). Arrows: fiber direction. Inset: photo of scattered

light after the sample.

parallel to fiber direction (£50°). When the film was placed on
a grid paper, the grids could be clearly seen with no distortion
(Figure 3e). As the film was leveled up to 20 mm above the grid
paper, only those lines perpendicular to the microfibrils orien-
tation could be observed with good clarity (Figure 3f).

In conclusion, TEMPO-mediated oxidation in neutral
condition was successfully applied in bulk wood modifica-
tion for the first time. The resulting TEMPO-oxidized wood
with a carboxylate content of 0.78 mmol g! showed a highly
mesoporous cell wall structure with fibrillated cellulose
microfibrils and a high specific surface area of 249 m? g
when dried by using supercritical CO,. TEMPO-oxidized
wood was processed into compressible aerogel with a high
porosity of 96.9% and a low density of 46.6 + 1.4 mg cm™
with high compressive strength by using freeze-drying tech-
nique. In addition, an interesting self-densification process
was demonstrated for the fabrication of an ultrastrong trans-
parent film at room temperature. TEMPO-mediated oxidation
significantly softened the wood cell wall and allowed elasto-
capillary force generated by water evaporation to deform the
tubular structure. The collapsed structure was further locked
by hydrogen bonding between cellulose, forming a dense
film with natural aligned cellulose microfibrils, which dem-
onstrated high mechanical strength and anisotropic optical
properties. Such in situ fibrillation of cellulose microfibrils
enabled by TEMPO-mediated oxidation is a novel approach
for cellulosic materials fabrication, taking advantages of
natural wood structure. We foresee that further functionali-
zation can be performed on TEMPO-oxidized wood to form
multifunctional materials with the interests from flexible
electronics, strain sensing, environmental remediation, etc.
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Experimental Section

Materials and Chemicals: Balsa wood (O. pyramidale) was purchased
from Wentzel's Co. Ltd., Sweden. According to different demonstrations
purposes, balsa wood was cut into dimension of 10 x 10 x 10 mm?
or 60 X 30 x 2 mm? (longitudinal x radial X tangential). The oven dry
density and equilibrium moisture content at RH 30% of balsa wood
were 112 + 5 mg cm™ and 5.01 + 0.35% respectively. Sodium chlorite
(NaClO,, 80%), sodium hypochlorite (NaClO), sodium phosphate, and
2,2,6,6-tetramethyl-1-piperidinyloxy were purchased from Sigma-Aldrich,
Germany.

Chemical Treatment: The wood samples were delignified using T wt%
of sodium chlorite with acetate buffer (pH 4.6) at 80 °C for 12 h. After
delignification, samples were washed thoroughly with deionized water.
The delignified balsa wood (dry mass of 1 g) was immersed in 0.1 m
sodium phosphate (PBS) solvent (200 mL, pH 6.8) dissolving TEMPO
(0.032 g, 0.2 mmol) and sodium chlorite (2.26 g) in a sealed beaker.
20 mL 0.1 m sodium hypochlorite PBS solution was added into the
beaker. The beaker was placed at RT overnight and reaction was then
carried out at 60 °C for 48 h without stirring to avoid mechanical
disintegration. The TEMPO-oxidized wood was washed with deionized
water until the swelling stopped.

Self-Densified Film and Compressible Aerogel: The TEMPO-oxidized
wood samples with 60 X 30 x 2 mm? starting dimension were gently
transferred onto a glass plate and left at ambient temperature (22 °C,
30% RH) for 24 h to form self-densified film. The TEMPO-oxidized
wood samples with 10 x 10 x 10 mm? was rapidly frozen in liquid
nitrogen (196 °C) or at —20 °C overnight and then lyophilized to
form aerogels. Delignified wood and TEMPO-oxidized wood were also
solvent exchanged to ethanol and dried with supercritical CO, for N, gas
adsorption test and compressive test.

Measurements and Characterizations: The morphologies of different
wood samples were imaged with a scanning electron microscope
(S-4800, Hitachi, Japan). Both tensile and compressive test were
performed on a universal testing machine (Instron 5944, UK) at ambient
condition (25 °C and 50% RH). For tensile test, the sample strips with

© 2020 The Authors. Published by Wiley-VCH GmbH
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dimension of 50 mm x 5 mm (longitudinal x radial) was stretched
at a tension speed of 1 mm min~'. Compressive test upon TEMPO-
oxidized wood aerogels was conducted at a strain rate of 5% min~, with
a 500 N load cell. Prior to N, gas adsorption test, samples dried with
supercritical CO, or freeze-drying were degassed at 50 °C for 48 h. N,
adsorption and desorption isotherms were obtained at 77 K with a 3Flex
instrument (Micromeritics Instrument Corp., Norcross, GA, USA) at the
relative pressures in the range of 0.01-0.995.

Haze and Transmittance Test: The optical transmittance of wood film
was measured using an integration sphere. First, the white (W) and dark
(D) reference were measured with the incident beam going into the
integration sphere or turned off. Then the sample was placed in front
of the integration sphere and the transmittance was obtained. Haze was
measured based on the ASTM D1003 “Standard Method for Haze and
Luminous Transmittance of Transparent Plastics”, which is described as

T4 T3

=t _- O,
Haze—(T2 T.|)><1OOA m

where T1, T2, T3, and T4 were measured according to ref. [52].

A He-Ne laser (633nm) with a beam size 3 mm was passed through
the sample, then a power meter was placed on a rotation stage with the
radius of 13.6 cm, and the moving step was 3° horizontally. To investigate
the scattering property along and perpendicular to the fiber direction, the
sample was placed with the fiber direction both parallel and perpendicular
to the rotation stage where a detector/power meter was placed.
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Supporting Information is available from the Wiley Online Library or
from the author.
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