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Aerogels with their low density (0.004-0.500 gcm ™), large
internal surface area, and large open pores are promising
candidates for various advanced applications.!l The utiliza-
tion of inorganic aerogels, however, has been hampered by
their poor mechanical properties. A prominent example is
silica aerogel, which is prepared by an organic sol-gel
process,” and has unique features, such as ultralow density
(the lightest silica aerogel has a density that is similar to the
density of air, which is 0.00129 gcm ™), near transparency, and
low thermal conductivity. However, the extreme fragility of
this aerogel necessitates its reinforcement for practical uses.
A typical method is hybridization with organic polymers, such
as polyurea, polyurethane, poly(methyl methacrylate), poly-
acrylonitrile, and polystyrene.”!

Other candidates for the reinforcement of inorganic
aerogels are insoluble polysaccharides, which are abundantly
available and show wide varieties in structure and proper-
ties.! The useful features of these compounds are hydro-
philicity, biocompatibility, hydroxy reactivity, and reasonable
thermal and mechanical stabilities.”! For example, nano-
fibrillar bacterial cellulose and microfibrillated cellulose gel
have been proposed as templates for cobalt ferrite nano-
particles and titanium dioxide.

While in the above-mentioned work native cellulose with
cellulose I crystallinity was used, cellulose can be prepared as
a hydrogel with cellulose II crystallinity through dissolution
and coagulation. Some of the resulting aerogels have remark-
able mechanical strength and light transmittance.”! They have
high porosity with open structures and thus provide an
effective substrate for the synthesis of metallic nanoparti-
cles.’! To further utilize the regenerated cellulose gel, we
herein attempted in situ synthesis of silica in cellulose gels.
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While a similar attempt has been reported, in which the
cellulose gel was obtained from solution in N-methylmorpho-
line-N-oxide monohydrate,”” the development of the nano-
structure (nitrogen BET surface area of 220-290 m*g ') and
the level of silica loading (less than 13% w/w) were rather
limited. By using the aqueous alkali-based solvent, we
obtained the cellulose aerogel with a surface area of
356 m?g~!, and a silica loading of more than 60% w/w
resulted in surface areas that exceeded 600 m*g™".

We used the sol-gel synthesis method toward nanostruc-
tured silica, which typically starts from tetraethyl orthosilicate
(TEOS). The resulting composite gels were dried with
supercritical CO, to give cellulose-silica aerogels with low
density, moderate light transmittance, a large surface area,
high mechanical integrity, and excellent heat insulation. This
method can also lead to fabrication of silica-only aerogels
through the removal of cellulose by calcination, that is, the use
of cellulose aerogel as sacrificial template.

Figure 1 shows the preparation of the aerogel. The
cellulose hydrogel is a transparent material that has a water
content of 92% and a porosity of 95%. The sol-gel process
catalyzed by ammonia converts TEOS to SiO,, which is
deposited on the cellulose network (Figure 1b). The compo-
site is converted to an aerogel by drying with supercritical
CO, to maintain the porous structure (Figure 1c), thus
resulting in a flexible and translucent cellulose-silica aerogel.
Subsequent calcination removes the cellulose matrix to give
a silica-only aerogel (Figure 1d and g).

The cellulose aerogel is composed of regenerated cellu-
lose fibrils, which are typically less than 10 nm wide (Fig-
ure 2a). The BET surface area of 356 m?’g ! (determined by

c)

Silica film:

Figure 1. Top: Aerogel preparation. a) Nanoporous cellulose gel with
interconnected nanofibrillar network is impregnated with silica precur-
sor TEOS (in MeOH/H,0). b) Silica formation by hydrolysis and
condensation (sol-gel process with NH;-H,0), giving cellulose—silica
composite gel. Drying with supercritical CO, gives c) composite
aerogel. Calcination of cellulose leaves d) mesoporous silica aerogel.
Bottom: Macroscopic views of €) CO, f) C2, g) C2-S, and h) SO.
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nitrogen adsorption, Table 1) translates to a fibril width of
7 nm, thus agreeing well with the SEM image. The cellulose
aerogel, which is approximately 0.35 mm thick (Figure 1e),
was fairly transparent, thus demonstrating its homogeneous
nanoporosity. The composite aerogel C2 shows apparent
deposition of silica nanoparticles onto the cellulose network
(Figure 2b). The surface area of C2 is 474 m*g' and is thus
between those of samples CO and SO, as expected. Also
remarkable is the moderate transparency of the composite
aerogels (Figure 1 f), which indicates a homogeneous disper-
sion of silica in the aerogel.

The cellulose-templated silica has a fibrillar morphology,
while the pure silica aerogel seems to form an isotropic
network (Figure 2c and d, respectively). These features are
more clearly shown in TEM images of ultrathin sections
(Figure 3). The composite (Figure 3b) seems to be a super-
position of a pure cellulose network (Figure 3a) and pure
silica gel (Figure 3d), but the cellulose-templated silica
obtained by calcination of the composite (Figure 3c¢) has

Figure 2. Scanning electron microscopy (SEM) images of a) C0, b) C2,
c) C2-S, and d) SO.

Table 1: Cellulose-silica composite aerogels with different precursor concentrations.
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Figure 3. Transmission electron microscopy (TEM) images of a) CO,

b) C2, ¢) C2-S, and d) SO. Wide-angle X-ray diffraction (WAXD) pat-
terns of different aerogels.

a fabrillar morphology that is inherited from the cellulose
network.

These observations indicate that the formation of the
silica structure in the cellulose gel differs from that in
a cellulose-free solution (regular sol-gel method). Gelation
of silica in the sol-gel process is known to proceed by
formation of primary silica nanoparticles, followed by their
random coagulation to form an isotropic three-dimensional
network.['™ In contrast, the formation of silica nanoparticles
in the cellulose gel seems to cause their deposition onto the
cellulose fibrils. As a result,
removal of cellulose by calcination
results in the nanofibrillar silica

network (Figures 2¢ and 3c¢). The

Sample aq. MeOH TEOS in P Porosity Pore BET SiO, in  Pore -
[% v/v] agq. MeOH [gecm™®] [%] volume  surface area aerogel diameter fll?rlls apl_’eaf t(? be around 10 l?m
[% v/v] [cm’g ] [mg] [% w/w] [nm] wide, which is in agreement with
0 %0 30 019 9 . 767 100 20 the nitrogen adsorption data
0 100 0 014 92 1.27 356 0 19 (Figure 4 and Table 1). The BET
a 80 10 035 8 143 400 24 16 surface area of C2-S is 664 m’g ",
c2 80 30 0.34 83 224 474 39 15 and thus close to that of the pure
C2-S 80 30 0.32 88 2.71 664 100 16 silica aerogel, which is 767 m*g™"
C3 80 50 0.38 82 1.47 538 52 13 (Table 1).
c4 80 70 041 81 0.62 555 56 4 The X-ray diffraction patterns
SBomooREmoom e E o composte el (e 20
c7 30 30 058 7 243 446 36 19 are a near-systematic superposition
c8 50 30 0.50 75 1.93 460 39 17 of those of pure cellulose and pure
9 70 30 0.45 78 2.44 514 41 20 silica, thus indicating no interfer-
c10 90 30 0.37 82 1.84 557 45 16 ence in structure formation

CO=cellulose-only aerogel, C1-C10=cellulose-silica composite aerogels, C2-S = cellulose-templated
silica aerogel (after calcination), SO=silica-only aerogel (prepared from solution without cellulose by

regular sol-gel method).
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between the components. The crys-
tallite sizes estimated by the Scher-
rer equation were 4.5 nm for cellu-
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Figure 4. Nitrogen adsorption and desorption isotherms (a,b) and
Barrett—Joyner—Halenda (BJH) pore-size distribution (c,d) of aerogels
calculated from the desorption branch of the isotherm. Relative
pressure = P/P,,.

lose and 0.9 nm for silica. These results, together with the
observations made by electron microscopy, give a consistent
picture, that is, the cellulose-silica composite gel/aerogel is
macroscopically homogeneous, but microscopically the com-
posites are separated to give a superposition of properties of
the two components.

The nitrogen adsorption of composite aerogels changes
gradually with increasing levels of silica (Figure 4a, C0-C5),
however, at higher levels of silica (C4 and CS5) a significant
change in pore structure occurred and the isotherm leveled
off at P/P,>0.6, which translates to the loss of mesopores
(Figure 4c and Table 1). This transition is understood as
a result of filling the mesopore of the cellulose gel with
microporous silica gel. On the other hand, the increasing
amount of MeOH in MeOH/TEOS (C6-C10, Figure 4b) did
not have a remarkable influence on the gel structure (Fig-
ure 4d). Still, the moderate increase in surface area by the
increased MeOH concentration may be useful for controlling
the properties of the composite aerogel.

The analyses presented so far of the microscopic mor-
phology and porous structure show largely systematic changes
that depend on the silica content. In terms of the macroscopic
mechanical behavior, however, the composite aerogels inher-
ited the physical integrity and flexibility of cellulose aerogel.
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Composite C2 was very strong and flexible (Figure 5a), with
no dropping-off of silica particles on deformation. Figure 5b
shows the stress—strain curves of pure cellulose and composite
aerogels in tensile (in-plane) and compression (vertical-to-
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Figure 5. a) Demonstration of the flexibility of cellulose-silica compo-
site aerogel C2. b) Stress—strain curves of CO (curve 1: tension,

curve 3: compression) and C2 (curve 2: tension, curve 4: compres-
sion). c) Optical properties of CO (curve 5) and C2 (curve 6), both
0.35 mm thick. d) Thermal conductivity of cellulose—silica composite
aerogels.

plane) modes. The difference is small, thus showing that the
mechanical stability is provided by the cellulose network; in
other words, the fragile silica component has negligible
contribution to the mechanical strengths.

The tensile modulus and strength were determined as
72.0 MPa and 12.4 MPa for cellulose aerogel, and 48.2 MPa
and 10.8 MPa for composite aerogel C2 (silica 39%; Fig-
ure 5b, curves 1 and 2). Thus the addition of silica has a slight
softening effect. Under compression deformation, the mod-
ulus and collapse stress were 12.0 MPa and 0.7 MPa for
cellulose, and 7.9 MPa and 1.8 MPa for the composite (Fig-
ure 5b, curves3 and 4, respectively). The compression
modulus of the composite (7.9 MPa) is more than two
orders of magnitude higher than that of silica aerogel,'
and about 50 times higher than that of the aerogel prepared
from bacterial cellulose.”” Notable is the large difference
between tensile and compressive moduli of cellulose aerogel,
that is, 72 MPa versus 12 MPa (Figure 5b). Possible causes for
this behavior are 1) a difference in the mode of deformation
of the three-dimensional network for stretching and com-
pression, and 2) a possible anisotropy in the cellulose gel
structure, with the cellulose fibrils aligning along the surface
of the film. While such behavior has been observed for
bacterial cellulose,'” elucidation of this feature awaits further
studies.

The fairly uniform nanoporosity of cellulose aerogels is
manifested by their moderate light transmittance (Figure 1).
Thus, the influence of the addition of silica on the optical
properties of aerogels attracts attention. Figure 5c¢ shows UV-
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visible light-transmittance spectra of aerogel films. Interest-
ingly, the transmittance of the composite with 39 % silica was
slightly higher than that of pure cellulose (84 % vs. 79% at
800 nm), even though the density was increased from
0.14 gecm™ to 0.34 gcm™® (Table 1). A possible reason for
this behavior is that filling of the void of the cellulose aerogel
with silica is effective in reducing light scattering by decreas-
ing inhomogeneity in mass distribution.

In view of the importance of thermal stability in practical
applications, we examined the thermal decomposition of
cellulose-silica aerogels by thermogravimetric analysis
(TGA) in air and nitrogen (see Figure S1 in the Supporting
Information). TGA curves of cellulose-silica aerogels showed
characteristic differences in the influences of inorganic
components. Thermal decomposition of cellulose is known
to be promoted by the presence of metal nanoparticles (gold,
platinum, and TiO,), probably because of the catalytic effects
of the metals.®'! In contrast, TGA of the cellulose-silica
composites resulted in the decomposition of the cellulose at
300-350°C, irrespective of the silica content, both in air and
nitrogen. This observation shows that silica has a stabilizing
effects on cellulose, because the DTA peak in nitrogen shifted
from 318°C to about 346°C. The residual solid of TGA in
nitrogen was black because it contained char from cellulose,
while the residual solid of TGA in air was colorless white.
Since the latter material was considered to be pure silica, its
weight was used for calculating silica content in Table 1.

Silica aerogel is known as an excellent heat insulator.!'?!
Though the presence of cellulose limits the durable temper-
ature to below 300°C, the composite aerogel attracts atten-
tion as heat insulator. The thermal conductivity of the
composites was determined by the steady-heat-flow method
with 1 mm thick polystyrene foam as standard (the thermal
conductivity of this standard is 0.030 Wm™'K™'; Figure 5d).
In spite of the increased density of the composite from
0.14 gcm ™ to about 0.6 gcm ™ (Table 1), the thermal con-
ductivity increased only moderately, from approximately
0.025 Wm K™ to 0.045 Wm K. Since the cellulose and
the composite aerogels do not soften or decompose at
temperatures up to 300°C, they can be used at much higher
temperatures than common synthetic polymers. Thus the
cellulose-silica composite is potentially useful as heat insu-
lating material with high mechanical stability, together with
processability to form sheets, fibers, or beads.

In summary, the regenerated cellulose gel prepared from
the aqueous alkali-urea solution could serve as scaffold/
template to prepare cellulose-silica composite aerogels by an
in situ sol-gel process from organic silicate, and drying with
supercritical CO,. The resulting aerogels retained the
mechanical strength and flexibility, large surface area, semi-
transparency, and low thermal conductivity of the cellulose
aerogels. The ease of preparation and wide tuneability of
composition/properties with this method are expected to form
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the basis for the development of various advanced nano-
porous materials.
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