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structural properties are of great interest for multifunctional
materials for applications including insulators in buildings,
filters for oil cleanup, electrical storage devices, etc. Contem-
porary aerogels are mostly extracted from fossil resources and
synthesized from bottom-up techniques, often requiring addi-
tional strategies to obtain high anisotropy. In this work, a
universal approach to prepare porous, strong, anisotropic
aerogels is presented through exploiting the natural hierarchical
and anisotropic structure of wood. The preparation comprises
nanoscale removal of lignin, followed by dissolution—regener-
ation of nanofibers, leading to enhanced cell wall porosity with nanofibrillated networks occupying the pore space in the
cellular wood structure. The aerogels retain structural anisotropy of natural wood, exhibit specific surface areas up to 247 m?/
g, and show high compression strength at 95% porosity. This is a record specific area value for wood aerogels/foams and even
higher than most cellulose-based aerogels for its assigned strength. The aerogel can serve as a platform for multifunctional
composites including scaffolds for catalysis, gas separation, or liquid purification due to its porous matrix or as binder-free
electrodes in electronics. To demonstrate the multifunctionality, the aerogels are successfully decorated with metal
nanoparticles (Ag) and metal oxide nanoparticles (TiO,) by in situ synthesis, coated by the conductive polymer
(PEDOT:PSS), and carbonized to yield conductive aerogels. This approach is found to be a universal way to prepare highly
porous anisotropic aerogels.
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erogels are porous solids often prepared from a gel the highly tailorable pores show promise for drug delivery,''
Aform substrate where a solvent is exchanged for air or filters, and adsorbent applications.' " Through tailoring of the
gas." The aerogels exhibit high surface area and low conductivity, the aerogels have also been used as components
density, rendering them suitable in a broad range of materials in electronic devices.
applications, ranging from insulators in buildings to super- The nanocellulose fibrils in the aerogels are generally
capacitors in electrical devices.” A wide variety of aerogels are attained from either mechanical disintegration or acid
available, among which inorganic silica aerogels are most hydrolysis, in which the mechanical approach often requires

studied. However, the impaired strength properties limit their
use. Synthetic polymers can overcome fragility problems, but
the strength is limited and they are often derived from fossil
resources. Aerogels based on natural polymers are of increasing
interest due to potential eco-friendly characteristics. Reported
biobased aerogels include bacterial cellulose,* starch,’
alginate,6 lignocellulose, and chitosan-based aerogels.7
Cellulose nanofiber (CNF) aerogels are interesting due to
high strength-to-density and large surface area-to-weight
ratios.® The low thermal conductivity renders them suitable
for insulating purposes.”'’ Low density is an advantage, and

a preceding treatment such as TEMPO-mediated oxidation'”
. 16

or enzymatic pretreatment ° to decrease the energy demand

during mechanical defibrillation."” CNF aerogels are based on
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the bottom-up approach, where nanocellulose is extracted from
sources and prepared by reconstructing of the building blocks
to form aerogels. This approach is time-consuming and energy
intensive and usually results in aerogels with isotropic
structural properties. An anisotropic structure is beneficial
where directional conduction is needed, such as electrodes for
batteries and substrates for solar steam evaporation.'"
However, assembly of anisotropic materials is challenging.
For nanocellulose aerogels, a common method is directional
freeze-casting, in which ice crystallites are formed by inducing
a temperature gradient during freezing. Even though the
method is useful, the addition of auxiliary processing steps
results in time demanding, costly fabrication with substantial
energy needs.>*"*!

An alternative approach is a top-down synthesis of aerogels.
Instead of reassembly of nanosized building blocks, this
method can take advantage of the hierarchical structure of
wood. Wood consists of anisotropic and highly elongated cells
(20—30 pm in diameter, 1—3 mm in length), organized in a
parallel manner. This results in orthotropic mechanical
properties, but the cells can also transport water and nutrients
for biosynthesis.”> The wood cell wall is a nanostructured
composite, comprised of layers of cellulose nanofibril
reinforcement embedded in a hydrated matrix of molecularly
mixed hemicelluloses and lignin. In the thickest S2 layer the
cellulose fibrils are strongly oriented at a comparably small
angle with respect to the axial direction of the wood cell. The
structural organization of the cells and the directional
alignment result in excellent mechanical properties. Function-
alization of the structure at the molecular or nanoscale could
result in multifunctional nanomaterials of potential for large-
scale applications.””** One limitation is the low specific surface
area of wood structure. Preparation of wood structured
aerogels is one solution, where the structural anisotropy is
retained. Thus far, one type of wood aerogel has been reported,
where the cell wall was delignified and part of the
hemicellulose was removed.””*>*® However, none of these
materials previously studied have a specific surface area
comparable with nanocellulose-based aerogels.

In this paper, a highly porous anisotropic wood aerogel is
prepared by a top-down synthesis method based on nano-
structural wood cell wall manipulation. The preparation
comprises delignification followed by partial dissolution/
regeneration of the cell wall using dimethylacetamide/lithium
chloride (DMAc/LiCl). The cosolvent partially dissolves the
cell wall and regenerates nanofibrils. As a result, a porous cell
wall is obtained with a nanofibrous network in the central
lumen pore space of wood cells. Figure 1 illustrates the wood
aerogel preparation procedure. This approach preserves the
structural anisotropy of wood and introduces exceptional
specific surface areas. The combination of formed nanofibrils
in the cell lumen and retention of highly aligned cellulose of
the cell walls leads to a rare combination of large surface area
with good mechanical strength, not commonly seen in
aerogels. The aerogel is further modified by in situ synthesis
of Ag nanoparticles and TiO, nanoparticles that effectively
deposited on both the cell walls and the formed nanofibrils of
the cell lumen. The conductive polymer (PEDOT:PSS)
(poly(3,4-ethylenedioxythiophene) polystyrenesulfonate)
seamlessly coated onto the aerogel, and carbonization of the
aerogel is also performed to yield conductive carbon aerogels
with an extensive surface area. This highly adaptable aerogel
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Figure 1. Schematic illustration of the wood aerogel preparation
procedure.

shows promise as an eco-friendly alternative for multifunc-
tional scaffolds in several application areas.

RESULTS AND DISCUSSION

Balsa wood derived aerogels with retained hierarchical
structure were prepared first by delignification to increase
porosity and chemical accessibility. After delignification, the
wood was treated with an 8 wt % solution of DMAc/LiCl for
24 h, which partially dissolved the wood cell wall. The samples
were subjected to solvent exchange to precipitate, followed by
freeze-drying or critical point drying (CPD) to form aerogels.
This is a facile preparation of biobased anisotropic aerogels;
however, from a perspective of large-scale production, the
drying methods could potentially be an obstacle. The
preparation is exemplified in Figure 2, depicting the change
in chemical composition, material properties, and Brunauer—
Emmet—Teller (BET) specific surface area (SSA). Images of
typical dimensional changes of the specimens are shown in
Figure Sla—c, and data of dimensional change, weight change,
and density are seen in Table S1. The average material yield
after delignification and freeze-drying was 76 wt %, whereas the
wood aerogels obtained a yield of 60 wt %. This means
removal of lignin represented the larger material loss, and the
dissolution/regeneration process the lesser.

The delignification procedure was performed with NaClO,
in an acetate buffer solution of pH 4.6. Delignification takes
place by radical action of ClO,, where aromatic rings are
oxidized, resulting in ring-opening reactions that effectively
decomposes the lignin. Nearly 90% of lignin was removed
during the procedure (Figure 2). After the procedure, the light-
absorbing chromophoric groups, mainly from lignin, were
removed, resulting in a white texture (Figure 3a and b). As
lignin was removed, the cell wall layers became partially
delaminated and voids were generated in the previously lignin-
rich middle lamella (Figure 3d and e). In addition, nanoscale
pores are generated in the cell wall after delignification, as
reported by Fu et al”’ The extensive loss of lignin and
increased cell wall porosity resulted in a more accessible cell
wall for chemical agents. Data recorded by the N, sorption
method and the calculated BET surface area support the
observation of increased cell wall porosity (Figure 4a). The
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Lignin: 22%

Cellulose: 56%
Hemicellulose: 22%
Density: 129 * 2 kg/m3
Porosity: 92 = 2%

SSA (FD): 2 m%g

Lignin: 2%

Cellulose: 75%
Hemicellulose: 23%
Density: 90 £ 12 kg/m3
Porosity: 94 = 1%

SSA (FD): 9 m?g

Dissolution
8wt% DMAC/LICl
24h

Regeneration
Acetone

Wood aerogel
Freeze-dried -83°C

Lignin: 2%

Cellulose: 73%
Hemicellulose: 25%
Density: 79 + 8 kg/m3
Porosity: 95 = 1%

SSA (FD): 131 + 22 m?g
SSA(CPD): 181 = 47 m2g

Figure 2. Schematic of the synthesis procedure and characterization of the specimen, including data from sugar analysis, Klason lignin
analysis, BET specific surface area measurements, and density measurements.

Figure 3. DMAc/LiCl-treated wood at different stages. (a, b, and ¢) Native wood, delignified wood, and DMAc/LiCl-treated wood aerogel,
respectively. (d and e) Low-magnification SEM images of native and delignified wood from a cross-section, respectively. Inset images in (d)
and (e) display the cell wall structures, while (e) shows the partial delamination of the cell wall pointed by the arrows. (f) Generation of
nanofiber networks inside the lumen structure of the balsa wood after delignification and DMAc/LiCl treatment. Inset image exhibits the
filling of the lumen with a nanofiber network. (g and h) Empty cells along the fiber direction for wood and delignified wood and (i) lumen of
the regenerated wood aerogel with a nanofiber network created as a consequence of the DMAc/LiCl treatment.

BET surface area of the wood after delignification and freeze-
drying (FD) was 9 m?/g compared with native wood,
exhibiting 2 m*/g. Note that these values are still very low
compared with typical nanocellulose aerogels.

Following delignification, DMAc/LiCl treatment was
introduced to partially dissolve the wood cell wall. After
regeneration of the dissolved cell wall in acetone and drying, a
wood aerogel was obtained. The final aerogel shows similar
macroscopic appearance as delignified wood (Figure 3c) yet
with vastly different nanostructure. From the SEM images of
the wood aerogel cross-section, the lumen space of the fibers is
filled by a nanofibril network (Figure 3f). DMAc/LICl is
reported with the ability to extract cell wall components,
mainly by dissolving cellulose.”® The celluloses then diffuse to
the solution localized in the lumen. During this extraction
process, the intermolecular interactions in native cellulose are
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disrupted.”*** When an antisolvent (acetone in this study) is
added, intermolecular hydrogen bonds are re-formed and the
dissolved cellulose chains coagulate to form nanofibril
structures in situ in the lumen. In the regeneration bath, the
following reasons limit the diffusion of formed nanofibril
network out of the wood: (1) the small pores of the cell wall,
(2) the interaction of the nanofibrils and the cell wall, and (3)
the shrinkage of the wood structure during the solvent
exchange. During the dissolution process, roughly 41% of the
crystalline cellulose was dissolved. Wherein the regenerated
cellulose inside the wood accounted for approximately 34% of
the dissolved cellulose, the remaining portion was lost to the
regeneration bath. Retention of nanofibril networks of the
lumen space after drying is attributed to the high concentration
of fibrils and the rapid freezing rate.”’ The dense presence of
fibrils has been reported to hinder growth of ice crystals,
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Figure 4. (a) Nitrogen adsorption and desorption measurements of native wood, delignified wood, and wood aerogel. Solid lines display
adsorption, whereas dashed lines symbolizes desorption. (b) XRD spectra of native wood, delignified wood, and wood aerogel. (c) Wide-
angle X-ray diffraction images showing the azimuthal intensity profiles of native wood, delignified wood, and the wood aerogel.

preserving separation of fibrils, observed by Jin et al.”' A faster
freezing rate was also observed to retain separation of the fibrils
in nanocellulose aerogels, again through prevention of ice
crystal growth.”'

Figures 3g—i show the plane perpendicular to the fiber
direction for native wood (Figure 3g), delignified wood
(Figure 3h), and the regenerated wood aerogel (Figure 3i).
The regenerated nanofibril network is present in the lumen
space throughout the aerogel (Figure 3i), but is absent in the
other materials. The regenerated nanofibers showed approx-
imate diameters ranging from 10 to 20 nm (Figure S2). The
nanofiber-filled lumen structure suggests high specific surface
area. N, sorption data showed that the BET surface area
reached up to 159 m?/g for wood aerogels after FD, seen in
Figure 4a. In addition, a higher value of 247 m?/g was obtained
after CPD. From the results above, a hierarchically structured
anisotropic aerogel with very high BET surface area is
achieved. The BET surface area of wood after both FD and
CPD had higher values than any other documented top-down
prepared wood aerogel.

To investigate the partial dissolution mechanism, powder X-
ray diffraction (XRD) was performed, displayed in Figure 4b.
Native wood and delignified wood show cellulose I structures
with crystallinity indices of 0.73 and 0.83, respectively.
According to the literature, cellulose regeneration from
DMACc/LIiCl dissolution is often in a nonordered manner,
consisting of both amorphous and paracrystalline cellulose.”
By analyzing the intensity changes of crystalline native
cellulose I (14.7°, 16.6°, 22.8° and 34.9°) and amorphous
cellulose (21.5°), an indication of the dissolution/regeneration
mechanism can be acquired.”® The regenerated wood aerogel
displays lower intensities for cellulose I peaks and a broader
amorphous peak, based on a peak deconvolution method. The
partially retained peaks for cellulose I confirm its presence in
the cell wall. In Figure 4b, the [200] peak for the wood aerogel
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has a slight shift toward lower angles. The occurrence is not
fully known, but it could result from the increase of amorphous
cellulose, in close proximity to the crystalline cellulose. Kentaru
Abe and Hiroyuko Yamamoto postulated that the swelling
matrix of wood interacts mechanically with microfibrils of the
cell wall, giving rise to a peak shift upon drying.*’

Part of the cell wall is apparently not affected by the solvent
during the DMAc/LICl treatment. With the peak deconvolu-
tion method, the crystallinity index (CI) was calculated to be
73%, 83%, and 63% for native wood, delignified wood, and the
wood aerogel, respectively (Table 1). The decreased CI of the
wood aerogel is a consequence of dissolution and regeneration
of cellulose. The broader amorphous peak indicates the
formation of regenerated cellulose.

Table 1. Degree of Orientation and Crystallinity Index of
Native Wood, Delignified Wood, and Wood Aerogel

CI deconvolution

degree of orientation  CI peak height
9 [%]

[%]

native wood 0.893 + 0.004 81+ 12 73 +£ 09

delignified 0.862 + 0.025 85 + 04 83 + 2.0
wood

wood aerogel 0.836 + 0.006 68 + 2.0 63 + 114

Despite the chemical treatment, the aerogel still shows
preserved macroscopic wood structure. Figure 3f and i show
the main wood cell wall structure preserved, leading to
anisotropic properties of the resulting aerogel. The orientation
of crystalline cellulose I can provide further information about
the orientation of microfibrils of the cell wall. Hence,
information about the anisotropy of the material can be
obtained. The orientation was extracted through azimuthal
integration of the diffraction images obtained from 2D wide-
angle X-ray scattering (WAXS), seen in Figure 4c. The degree
of orientation and CI are summarized in Table 1. The degree
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of orientation of cellulose microfibrils in native wood,
delignified wood, and the wood aerogel was 0.89, 0.86, and
0.84, respectively. For the aerogel, the degree of orientation is
significantly higher than for CNF or CNC-based aerogels or
foams prepared by freeze-casting.'””" Moreover, according to
Kriechbaum et al.," a specific energy consumption of >3 kWh/
kg was necessary to reach a degree of orientation of 0.82. In
contrast, no mechanical shear is necessary in this work.

The mechanical properties of the native wood, delignified
wood, and wood aerogel were characterized by compressive
testing in the longitudinal direction. The mechanical behavior
is summarized in Table 2 and Figure Sa. Notably, for native

Table 2. Young’s Modulus and Yield Strength for Native
Wood, Delignified Wood, and Wood Aerogel

density Young’s modulus yield strength
[kg/m>] MPa] [MPa]
native wood 129 + 2 295 + 24 129 £ 0.9
delignified 90 + 12 82 + 32 39+ 15
wood
wood aerogel 79 £ 8 25 +£13 1.2 +03

wood, a prominent linear region is shown between 0 and 4%
strain. A clear distinction is apparent for delignified wood,

where an initial region probably represents buckling of the
edges of the specimen at low strain, followed by the linear
region at 2.5—5% strain. The wood aerogel displays a
protracted linear region encompassing 0—6% of strain before
reaching the plateau region, where the cellular structure is
collapsing, possibly by cell wall buckling or folding. The
Young’s modulus of each specimen was 295, 82, and 25 MPa
for native wood, delignified wood, and the wood aerogel,
respectively. The Young’s modulus (compression) of native
wood is similar to data reported earlier.”” The value is low
compared with data for higher density wood, since the volume
fraction of wood tissue is only 9%. The structural collapse of
native wood occurred at 12.9 MPa, in agreement with previous
observations.”* The highly oriented microfibrils and anisotropy
provided by the parallel honeycomb-like cells of native wood
and the preserved lignin cell wall adhesive result in a strength
significantly higher than for treated wood. Delignified wood
attains a yield strength of 3.9 MPa, whereas the wood aerogel
achieves a yield strength of 1.2 MPa. Compared to native
wood, the lower strength of delignified wood is due to lignin
removal. Furthermore, the delignification results in partial
delamination of the cell wall (Figure 3e). For the wood
aerogel, the DMAc/LICl treatment leads to higher cell wall
porosity and lower degree of crystallinity, so that yield strength

144 Q Native wood 14+ b
—_ This study: Wood aerogel (CPD)
©
s " e ®
£ w
” 104 o 1.0
2 =
w8 £ 081
@ - 2
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Figure 5. (a) Compressive stress—strain curves of native wood, delignified wood, and wood aerogel, at 50% relative humidity and 23 °C. (b)
Yield strength against the specific surface area for documented cellulose-based aerogels and foams. (c) Yield strength versus relative density

for documented cellulose-based aerogels and foams, compared to this work.>>3¢~*>*%

#6752 Black symbols represent aerogels and foams

prepared to obtain anisotropy, whereas red symbols are aerogels and foams prepared with isotropic synthesis methods. p* represents the
density of the individual porous material (kg/m®), and p, represents the density of the solid cell wall material. Numbers in parentheses
represent the wt % of the component. Relative densities used were either retrieved from the article or calculated, where the solid density

1500 kg/ m? was assumed for cellulose.>*
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Figure 6. (a) Displaying an aerogel with reduced Ag particles. The SEM and EDX images show the fiber lumen where Ag particles are
occurring in the fibrillated networks. (b) TiO, aerogel followed by a SEM image portraying the particles deposited in the lumen as confirmed
by EDX data. The elemental composition in the EDX images is in atomic %. (c¢) PEDOT:PSS infiltrated aerogel and SEM images along the
fiber direction. (d) Carbon aerogel followed by axial direction SEM images demonstrating the maintenance of partial fibrillation of the fiber

cells.

is lowered compared with delignified wood. Mechanical
properties from compression perpendicular to the longitudinal
direction (radial direction) can be seen in Figure S4.

The wood aerogel is special in its combination of mechanical
strength and high BET surface area, compared with cellulose-
based aerogels and foams reported in the literature.”*>*>~>
Figure Sb,c show the yield strength and BET surface area for
documented cellulose-based aerogels and foams. In Figure Sc,
the yield strength increases with higher relative density. The
wood aerogel is positioned slightly higher than the anisotropic
aerogel trend would suggest; see black symbols in Figure Sc.

A substantial advantage for the wood aerogel compared with
anisotropic aerogels is the BET surface area of up to 247 m?/g,
compared with 20—30 m?/g*>*' for anisotropic nanocellulose
aerogels, Figure 5b. The penalty in reduced strength for the
wood aerogel is small. For isotropic aerogels, red symbols, a
much lower yield strength at given relative density is observed.
On the other hand, such aerogels can have BET surface areas
of up to 340 m?/g.*’ Here, the preserved wood honeycomb
structure and high microfibril orientation contribute to the
strength, so that high strength and high specific surface area are
combined.

The combination of high specific surface area and good
mechanical properties is difficult to achieve; resolving that
challenge for wood, a hierarchically structured template for
multifunctional materials can be realized. The wood aerogel
obtained in this work can be used to create nanostructured
materials for high-technology applications. To demonstrate the
possibility, four systems were used to functionalize the wood
aerogel. They include in situ synthesis of metal nanoparticles
(Ag) and metal oxide nanoparticles (TiO,) and internal
coating by conductive PEDOT:PSS polymer in the wood
aerogel structure, followed by carbonization. Reduction of Ag
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from aqueous metal salts resulted in nanoparticle formation
(Figure 6a) throughout the aerogels. The nanoparticles are
present in both the fiber cell walls and the nanofiber networks
in the lumen pore space; see SEM and energy-dispersive X-ray
spectroscopy (EDX) images in Figure 6a. The TiO, nano-
particles were also successfully precipitated inside the wood
aerogel as confirmed by EDX data; see Figure 6b.

Ag aerogels have been investigated as functional materials
for solar steam generation”’ and antibacterial applications,”*
and TiO, aerogels have been studied as photocatalytic
templates.”” In addition to nanoparticle functionalization, the
wood aerogel could also be functionalized by layers of
conductive polymer coatings inside the structure. The
electrically highly conductive polymer PEDOT:PSS is
infiltrated into the cellulosic matrix and forms a layer on the
fiber cell walls (Figure 6¢). A cross-section along the fiber
direction after PEDOT:PSS infiltration is presented in Figure
S5. The image confirms that the polymer is distributed
throughout the fibers of the aerogel.

As a final demonstration, the unmodified, highly porous
anisotropic aerogel was carbonized to form porous carbon
aerogels; see Figure 6d. The carbonized wood aerogel shows a
BET surface area of 555 + 3 m?/ g, more than double that of
carbonized native wood (235 + 4 m?®/g). BET surface area
isotherms are presented in Figure S6. The carbonized aerogel
retains the anisotropic morphology of the wood aerogel, but
the fiber lumen pore channels show a significantly smaller
diameter. The overall shrinkage of the carbon aerogel is
illustrated in Figure S1d. Native balsa wood has a fiber lumen
diameter of approximately 18 um,** but after carbonization the
lumen diameter is decreased and the nanofibril structures in
the cell lumen are still present. The carbon aerogel shows
promise as a self-supporting, nonadditive, binder-free electrode
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with potential in supercapacitor applications. Capacitance
measurements from cyclic voltammetry can be seen in Figure
S8, where the carbon aerogel exhibited 66 F/g compared to 5
F/g for native carbonized wood at a scan rate of 10 mV/s.
Supporting SEM images of the carbon aerogel can be seen in
Figure S7. Both the PEDOT:PSS-infiltrated wood aerogel and
the carbon aerogel show good electrical conductivity with
values of 213.7 and 371 + 5 S/m, respectively. In all cases, the
partial nanofibrillation of the cell wall is maintained.

CONCLUSIONS

A highly porous, anisotropic aerogel of exceptionally high
specific surface area combined with good mechanical proper-
ties is reported. It has a distinctive nanostructure, where a
cellulose nanofibril network occupies the porous lumen space
of wood cells. It is prepared from native wood using a top-
down synthesis approach. Lignin is removed from the native
wood cell wall to form a porous cellulose template for facile
permeation of a cellulose solvent. The cosolvent partially
dissolves the cell walls, with cellulose precipitation in the form
of nanofibril networks inside the lumen. The aerogel exhibits a
crystallinity index of 63%, and the degree of crystalline
cellulose I orientation is 0.84.

The increased porosity and partial cell wall fibrillation results
in specific surface areas as high as 247 m?/g for critical point
drying and 159 m?/g for freeze-drying. The oriented
honeycomb structure and high fibril orientation result in a
yield strength of 1.2 MPa, at a porosity of 95%. This is higher
than for comparable isotropically structured nanocellulose
aerogels.

The multifunctionality of the wood aerogel is demonstrated
by three concepts: (a) through reduction of Ag and TiO, for
nanoparticle formation in the wood cell wall, (b) infiltration of
the PEDOT:PSS conducting polymer, and (c) wood aerogel
carbonization. Reduced nanoparticles form inside the oriented
nanofibril cell wall as well as in the fibril networks inside the 20
um lumen pore space of the aerogel. The electrically
conductive PEDOT:PSS was readily impregnating the aerogel,
and the carbonized aerogel also showed anisotropic character;
both materials showed enhanced electrical conductivity. The
present synthesis approach is a facile method to prepare
anisotropic aerogels from wood of potential for multifunctional
materials for applications such as sensors, chemical reactors,
and electrical devices.

EXPERIMENTAL SECTION

Materials and Chemicals. Balsa wood (Ochroma pyramidale)
with a density of 129 + 2 kg/m® was bought from Material AB,
Sweden, and subsequently cut to the dimensions of 15 X 15 X 10
mm® (tangential X radial X axial). The delignification chemical,
sodium chlorite (NaClO,), was purchased from Sigma-Aldrich, and
the delignification buffer was prepared from sodium acetate and acetic
acid, bought from Sigma-Aldrich, Sweden. The solvent exchange
chemicals ethanol and acetone were purchased from VWR, Sweden.
Lithium chloride (LiCl) and dimethylacetamid (DMAc) for wood
treatment was bought from Sigma-Aldrich, Sweden. Titanium(IV)
butoxide (97%), AgNO; (>99%), polyvinylpyrrolidone (molecular
weight 10k), benzyl alcohol, and PEDOT:PSS (1.3 wt %, conductive
grade) were also purchased from Sigma-Aldrich, Sweden.

Delignification of Balsa Wood. This was performed by
immersing the native wood into a solution containing 1 wt % sodium
chlorite in an acetate buffer of pH 4.6. The delignification occurred
for a duration of 18 h, in which the buffer solution was renewed every
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6 h. After delignification, the balsa templates were thoroughly rinsed
with Milli-Q water.

Preparation of DMACc/LiCl-Treated Aerogels. Washed and
delignified templates were introduced to an ethanol solvent exchange,
followed by a DMAc solvent exchange. Solvent exchange was repeated
four times, respectively. When the templates were completely
infiltrated with DMAc, the samples were submerged in the DMAc/
LiCl solvent containing 8 wt % LiCl. The templates were treated for
24 h and subsequently introduced to a regeneration bath of acetone.
The resultant templates were rinsed in Milli-Q water and rapidly
frozen in liquid nitrogen (—196 °C), followed by freeze-drying (—83
°C) for at least 48 h to yield aerogels. Aerogels were also obtained
from critical point drying, in which the templates were first solvent
exchanged to ethanol followed by CPD in an Autosamdri-815.

In Situ Synthesis of Nanoparticles (NPs) in the Aerogel. This
was performed with a temperature-controlled microwave oven
(Biotage Initiator). Time and temperature was adjusted according
to the specimen and was subsequently cooled with compressed air to
50 °C after completion. Silver NPs were synthesized by mixing a
solution of 2 mL of 25 mM 10k polyvinylpyrrolidone and 2 mL of 25
mM AgNO;. The aerogels were immersed into the mixture under
vacuum for at least 4 h. The Ag reduction was executed at a
temperature of 120 °C for 10 min in the microwave. For the titania
synthesis, the aerogel was solvent exchanged from water to benzyl
alcohol for 12 h, to ensure complete infiltration. A 14 L (0.04 mmol)
amount of titanium butoxide was mixed into 4 mL of benzyl alcohol,
and the aerogel was then submerged into the mixture. The heating
was then performed in two consecutive steps. First, the mixture was
heated to 50 °C for S min followed by 120 °C for 10 min. The
samples were thereafter cleaned in acetone for 20 min under vacuum;
this was repeated four times. Lastly, the samples were solvent
exchanged for water and freeze-dried for 24 h. Ag and TiO, was
reduced on the cellulose template following a similar approach
detailed by Roig et al.>® The proposed reaction mechanism can be
seen elsewhere.”®™®

Wood Carbonization. Native wood and freeze-dried DMAc/
LiCl-treated delignified wood was pyrolyzed in a tubular furnace
(model: Nabertherm, tube furnace R 50/250/13). The pyrolysis
transpired in a N, atmosphere (100 mL/min flow) with a heating rate
of S °C/min from RT to 1000 °C, in which an isothermal treatment
occurred for 3 h in a nitrogen atmosphere. Thereafter, the samples
were cooled at a rate of 10 °C/min.

PEDOT:PSS Aerogel Preparation. Aerogels were infiltrated with
the conductive polymer PEDOT:PSS by filtrating a 1.3 wt %
PEDOT:PSS solution dropwise onto the aerogel, using a Biichner
funnel. The PEDOT:PSS retentate during filtration was reintroduced
to the aerogel three consecutive times to ensure complete infiltration
of the polymer. The infiltrated aerogels were thereafter washed in
water and subsequently freeze-dried to obtain the conductive aerogels.

Characterization. Morphology of native wood, delignified wood,
and the wood aerogel was analyzed using a field emission scanning
electron microscope (Hitachi S-4800, Japan). The samples were
sputtered with a platinum/palladium conductive layer using a
Cressington 208HR, UK, for 20 s, resulting in a layer thickness of
approximately 3 nm. Positioned on the FE-SEM an EDX instrument
(Oxford Instruments, X-MAX N 80, UK) was equipped. EDX was
used to evaluate the presence of elements and was carried out with an
accelerating voltage of 15 kV during TiO, sample examination and 30
kV for the Ag specimen. The working distance was 15 mm, and the
composition was gathered with a point ID analysis, taken from six
different regions of the EDX images. The density of the specimens
was obtained by drying the samples in a 105 °C oven overnight,
followed 30 min under vacuum before weighing. Thereafter, the
porosity was calculated by utilizing eq 1, where the solid density of
balsa wood was assigned as 1500 kg/ m? and solid density of cellulose
as 1500 kg/m3.34
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Density of specimen [kg]

m3

f= 1= . . kg
Solid wood density [E] (1)
The mechanical strength was evaluated through longitudinal
compression in a Instron 5966, utilizing a 10 kN load cell at a strain
rate of 10%/min, 23 °C, and a 50% relative humidity. All specimens
had dimensions of 15 X 15 X 10 mm?® (tangential X radial X axial).
The Young’s modulus is evaluated by observing the slope of the initial
linear region of the stress to strain curves. The yield point (GP)
represents the stress at which a structural collapse transpires. At the
yield point, a plastic deformation initiates and the material can no
longer be recovered elastically. The yield strength is evaluated as the
stress at the intersection between the tangent line of the elastic region
and the tangent line of the plateau region. XRD was performed using
a Thermo Fisher Scientific ARL X'TRA powder diffractometer
through Cu Ko radiation at 40 mA and 45 kV. The scans were
performed over 26 of 5—50° with a step size of 0.04°. The crystallinity
index was obtained from two methods, peak height and peak
deconvolution.” In the former (peak height method), the CI was
obtained from the intensity ratio of the [200] crystalline peak (1,5, —
I,.,) and the total peak intensity (I,o,), according to eq 2. In the latter
(peak deconvolution), the crystalline peaks were individually fitted
using a Gaussian function. The amorphous contribution was assigned
to ~21.5°, and iterations were performed until reaching an R* value of
0.99.
Cl = 1200 - IA.morphous
@)

Two-dimensional WAXS was performed with a single-crystal X-ray
diffractometer (Bruker D8 Venture, USA). The diffraction patterns
were recorded by mounting thin slices of the samples, cut along the
transversal direction. The samples were positioned perpendicularly to
the incident beam to obtain two-dimensional diffraction patterns. The
orientation of fibrils was achieved by azimuthal integration along the
Debye—Scherrer ring of crystalline cellulose (200). Gaussian fit was
performed on the obtained intensity profiles to obtain the full width at
half-maximum (fwhm). The degree of orientation was calculated from
the obtained fwhm according to eq 3, where f = 1 refers to a perfect
orientation and f = 0 represents an entirely random orientation.

I 200

180 — fwhm

f= 180

(3)
Carbohydrate analysis was performed by grinding the specimen in a
Wiley mill, followed by complete hydrolysis of the ground material.
The carbohydrate analysis was subsequently performed by introduc-
ing the hydrolyzed substance to a Dionex ICS-3000 ion chromatog-
raphy system (Thermo Fisher Scientific Inc, USA). The lignin
content was evaluated with the TAPPI T 222 om-2 method (Klason
lignin). The BET specific surface area was evaluated by nitrogen
physisorption.®® Prior to the nitrogen adsorption, 0.1 g of material was
degassed at 90 °C for 2 days, followed by the subsequent BET
analysis. The analysis was carried out at —196 °C under a relative
vapor pressure of 0.05—0.25 with a Micromeritics ASAP 2020. The
BET specific surface area was calculated from the attained isotherms.
Finally, electrical conductivity was measured using an Ossila four-
point probe system.
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