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Abstract

Tri-functional organosilicon alkoxide, methyltrimethoxysilane (MTMS), was added to a boehmite
nanofibers aqueous dispersion, the colloidal nanofibers were coated and bonded with
polymethylsilsesquioxane (PMSQ), to produce transparent to translucent wet gel monoliths. Low
bulk density composite aerogel panels were prepared by CO. supercritical drying of the wet gel
monoliths before their mechanical properties, and thermal conductivity were investigated. As the
amount of the MTMS in the starting composition increased, the fibrillar monolith skeleton coated
with PMSQ thickened. Correspondingly, the Young's modulus of the monoliths increased, and the
thermal conductivity decreased. When the amount of MTMS added was small, it was possible to
deform the translucent panels by uniaxial compression. After 30 % uniaxial compression of the
panel, the thermal conductivity was suppressed by 19 %. The thermal conductivity response to
compressive deformation of fibrous aerogels, after fabrication, may inform future insulation

material development.
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1. Introduction

Nanomaterial researchers have developed nanofibers with various compositions that have high
mechanical properties, as one-dimensional materials, and have been applied as high-performance
separation filters and fillers for resins.!® Recently, three-dimensional microstructures with a

cotton-like morphology have been devised for used in monolithic applications such as electrode



materials for Li-ion batteries, which require a large specific surface area.” ® Although this
material’s wide dissemination is cost-prohibitive, compared to conventional fibrous materials, it
is a research material with potential. A typical example of a conventional fibrous ceramic material
is asbestos. This inexpensive and easy-to-process material had been widely used as an insulator,
insulator, and friction material because of its excellent processability (spray painting and
compression molding), heat resistance, insulation, and heat retention properties. However, due to
the health risks posed by asbestos particulate ingestion and inhalation, its use has been prohibited.
It is believed that one-dimensional ceramic materials, used under safe conditions with no shattering,
will produce excellent application materials; thus, research into alternative materials for asbestos
is still underway. If nanofiber materials can be successfully substituted, the application of these

materials will significantly expand.

The oxide and hydroxide composites of titanium and aluminum have been extensively studied
as one-dimensional nanoceramic materials.®*® Several have been prepared in the liquid phase and
assembled into monoliths that can be used as separation media and catalyst carriers.}* 1> We are
working with nanofibers of aluminum oxide hydroxide (boehmite, AIOOH), which was reported
by Nagai et al.*® These boehmite nanofibers (BNFs) are stable and dispersible in weak acidic
aqueous solutions for more than a few months, but instantly gel when the pH rises. We have
succeeded in preparing highly transparent, ultralow bulk density aerogel/cryogel structures by
supercritical drying/vacuum lyophilization of wet gels obtained by pH change.!”*® Kodaira et al.
have prepared a unique porous insulating material, that is reflective over a wide range of

wavelengths, by evaporative drying with appropriate control of the aggregation of BNFs.16: 20

While monolithic materials with various bulk properties formed from stable dispersions of

other nanofiber material compositions have not been reported, porous materials, based on BNFs,



still present many challenges and scope for development. The dried BNF materials are susceptible
to water and moisture. Also, to maintain the dispersibility of the colloid, the density of nanofibers
in the starting solution is kept low to prevent agglomeration. There is, therefore, a problem of low
skeletal density when attempting to obtain a uniform gel. Although typical ultralow bulk density
aerogels are relatively easy to obtain, the mechanical strength of such materials is low, and the low
skeletal density results in poor insulation performance due to the free movement of gas molecules

within the enlarged pores.

Our current focus is on monolithic porous materials consisting of nanofibrous composite
skeletons. It has been reported that monoliths can be prepared by physically coating colloidal
particles, dispersed in a liquid, with polymers and bonding them together during a sol-gel
process.?! 22 We also found that similar bulk materials can be prepared by using (pseudo)boehmite
nanomaterials in a colloid.?® 2* In a previous study, this method was applied to BNF-
polymethylsilsesquioxane (PMSQ, CH3SiO15) compositions and reported to fabricate monolithic
porous materials with a high Young's modulus concerning the bulk density. Also, the potential
application of vacuum insulation as a core material was demonstrated. In this study, we attempted
to produce composites with limited Young's modulus and compressible deformation by reviewing
the composition and process. Various aerogels were prepared according to the content of PMSQ

and evaluated for changes in properties.
2. Experimental
2.1. Materials

Methyltrimethoxysilane (MTMS, CHsSi(OCHa)s), a PMSQ precursor, was purchased from

Tokyo Chemical Industry Co., Ltd. (Japan). BNF acetic acid aqueous dispersion F1000 (7.2 wt %



in 2 M acetic acid aqueous solution) was kindly provided by Kawaken Fine Chemicals Co., Ltd.
(Japan). Methanol, 2-propanol, and hexamethylenetetramine were obtained from Wako Pure

Chemical Industries, Ltd. (Japan). All reagents were used as received.

2.2. Sample Preparation

To prepare the BNF-PMSQ composite monoliths, x mL of MTMS was first added to 200 mL
of 20-fold diluted BNF dispersion (0.36 wt % in acetic acid aqueous solution), and the mixture
was stirred for 10 min. After ultrasonic deaeration, the mixture was poured into, then sealed, in a
container for gelation at 40 °C, which took several hours. After 2 d of incubation at 40 °C, the wet
gel was washed with methanol, and the solvent was replaced with 2-propanol. Finally, BNF-
PMSQ aerogel samples were obtained by CO supercritical drying under 14 MPa at 80 °C. The
aerogel samples obtained are referred to, hereafter, as Ax, where x denotes the volume (mL) of
MTMS added to 200 mL of the BNF dispersion. To prepare the xerogel samples X200 (x=200),
evaporative drying was performed at room temperature (RT) over 12 h in a container designed to
gradually diffuse 2-propanol vapor. Other attempts to obtain aerogel/xerogel samples at x=50, 75,

100, and 150 were not reproducible.

The pure BNF aerogel was prepared as previously described.!” Hexamethylenetetramine (7.5
g) was added to 150 mL of diluted BNF solution and kept for 12 h at 80 °C. During this time, the
solution gelled due to an increase in pH. The wet gel was then washed with methanol and 2-

propanol and supercritically dried.
2.3. Characterization

The microstructures were examined using scanning electron microscopy (SEM; S-5200,

Hitachi High-Technologies Corp., Japan) and transmission electron microscopy (TEM; H-7650,



Hitachi High-Technologies Corp., Japan). To prepare the A10 sample for TEM observation, wet
gel was crushed and evaporatively dried. For the other samples, the monoliths were impregnated
with epoxy resin and then sectioned by a microtome. The bulk densities were calculated based on

the respective measured weights and volumes with an error-margin within approximately 5 %.

Nitrogen adsorption measurements, at 77 K, using BELSORP-mini Il (MicrotracBEL Corp.,
Japan), were performed to calculate specific surface areas by applying the BET method. Samples
were degassed under vacuum at 80 °C for 8 h before each measurement. Uniaxial compression
tests were performed using a universal/tensile tester (EZ-SX, Shimadzu Corp., Japan) and a 100
N pressure gauge. Cylindrical samples with a diameter and height of approximately 18 mm and 7
mm, respectively, were used for the compression test. The Young's modulus was calculated from

stress changes under compressive strains ranging from 2.5 % to 5.0 %.

The visible light transmittance was measured using a spectrophotometer (HSU-100H, Asahi
Spectra Co., Ltd., Japan) equipped with a halogen light source (HL-20, Asahi Spectra Co., Ltd.,
Japan) and an integrating sphere (HSU-O-DTR, Asahi Spectra Co., Ltd., Japan). The direct-
hemispherical transmittance was recorded, and the transmittance data obtained at 550 nm were
normalized to a thickness of 10 mm using the Lambert—Beer equation. The thermal conductivity
was measured at 25 °C using a heat flow meter (HFM 436 Lambda and HFM 446 Lambda Small,
Netzsch GmbH, Germany), of aerogel panels with a size of 110 mm x 105 mm x 10 mm. For A10,
samples were also prepared between two parallel PTFE plates and spacers and compressed to 7, 8,
and 9 mm thick. Thermogravimetric—differential thermal analysis (TG-DTA) was performed with
Thermo plus TG 8120 (Rigaku Corp., Japan) instrument at a heating rate of 10 °C min™! with

supplying air rate of 100 mL min™2.



3. Results and Discussion

3.1. Preparation of BNF-PMSQ composite aerogels and their structural and mechanical

properties

As previously reported, the dilute BNF-dispersed acetic acid aqueous solutions were gelled
by the addition of MTMS, which formed a PMSQ layer on the nanofiber surface. Subsequent
supercritical drying produced BNF-PMSQ aerogels with low bulk density (Figure 1). The aerogel
samples prepared in this study and their respective properties are shown in Table 1. The dried
aerogels prepared with low amounts of MTMS were transparent/translucent (Figure 2) but became
progressively whiter/opaquer as the amounts of MTMS increased due to Mie scattering as the local
scale due to the skeletal and pore structure became closer to the wavelength of visible light.?® The
increase in bulk density combined with the SEM images of each sample (Figures 3a—e and 4a,b)
suggest that the PMSQ coating progressively thickened. Although transparent wet gels were
obtained when the MTMS amount was low (e.g., x=5), they shrunk significantly after supercritical
drying. The skeleton was unable to bear its weight due to the weak adhesion, between the
nanofibers, achieved by the MTMS-derived PMSQ. For x=10 and above, aerogels were obtained
with good yield. However, large A20 samples were vulnerable to cracking, and although crack-
free A20 samples with an area of approximately 100 cm? and less were produced, a clean sample
that could be used for thermal conductivity measurements (described later), was not obtained.
Below x=50, the aerogel skeleton structure is fibrillar, while for x>50, droplet-like formations are
observed between the fibrils (Figures 3f and 4c). The formation is due to the macroscopic phase
separation (formation of sea—island structure) of some of the PMSQ without coating the nanofibers
when the MTMS addition exceeds a certain amount. Evaporative drying of the wet gel with x=50

resulted in significant shrinkage of the sample, but for x=200, the xerogel sample (evaporatively



dried at ambient temperature) was comparable to the aerogel sample (supercritically dried). In the
intermediate region, 50<x<200, the formation of droplet-like structures and the shrinkage of the
xerogel samples was poorly reproducible. An increase in hydrophobic PMSQ content during the
sol—gel reaction, in an aqueous system, improves the smoothness of the skeletal surface, resulting

in the observed lower BET specific surface area for X200.

Table 1. Properties of the BNF and BNF-PMSQ aerogel/xerogel samples.

Sample Bulk density [mg | Young’s Thermal BET surface area
cm ] modulus [kPa] | conductivity [m?2gY]
[mW m™? K™

BNF aerogel 4.5 20.8 39.6 382

Al10 12.4 12.2 36.8 460

A20 30.5 22.5 A 315

A30 57.6 142 33.5 263

A40 86.8 373 28.7 216

A50 124 858 26.6 214

X200 301 350 42.2 6

a Panels of the requisite size for thermal conductivity measurements could not be obtained.
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Figure 1 Schematic of the preparation of BNF-PMSQ composite monoliths and a photo of the 7

mm thick samples, the appearance of which changes from translucent to opaque depending on the

amount of MTMS added.
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Figure 2 Visible light transmittance of BNF aerogel and A10 BNF-PMSQ aerogel (converted to
10 mm thickness using the Lambert-Beer equation); the PMSQ coating thickens the skeleton,

resulting in stronger scattering of visible light.
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Figure 3 SEM images of BNF-PMSQ composite monoliths (a) A10, (b) A20, (c) A30, (d) A40,
(e) A50, and (f) X200. The skeleton thickens with the increasing amount of MTMS added. Droplet-

like formations are observed in X200 (red arrow).
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Figure 4 TEM images of the skeleton of the macroporous BNF-PMSQ composites (a) A10, (b)
A50, and (c) X200. As described in the experimental section, the A10 sample was prepared by
crushing the wet gel, which is different from the actual aerogel structure. However, the skeletal
diameter can be compared with A50. X200 is a cross-sectional view of the droplet-like structure

(see also Figure 3f), and the presence of BNF was found within.

The mechanical properties were affected by the change in the skeletal structure, depending
on the amount of MTMS added. The structure of the pure BNF aerogel demonstrates low bulk
density and high transmittance, but is almost irreversibly deformed by an applied external force.
The structure of BNF-PMSQ uses PMSQ, generated by hydrolysis and polycondensation of
MTMS, for adhesion, which increases Young's modulus and improves elasticity (Figure 5).

Aerogel A10 is highly permeable and shows minimal strain recovery after uniaxial compression,
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A50 shows a significant recovery, and X200 almost regains its original shape after a few dozen
minutes of heating (stress relaxation). The difference in the shape of the stress—strain curves
illustrate the difference in morphology. The pure BNF aerogel and A10 samples did not crack
when compressed by 80 %, while the A50 sample disintegrated. As with the reports on cellulose
and chitosan?®-2° it has been shown that deformation processing is possible without macroscopic

separation of fibers of a material whose skeleton retains the characteristics of nanofibers.
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Figure 5 Stress—strain curves of BNF-PMSQ composite monoliths.

3.2. Thermal conductivity of BNF-PMSQ aerogel and its compression processed samples

The application of low-density aerogel, such as silica, as an insulation material has been
extensively studied.®3 In this paper, the thermal conductivity of BNF-PMSQ aerogels was also
measured, and the thermal insulation performance was evaluated. The thermal conductivity of a
porous material is determined by three elements: solid phase, gas phase, and radiation. In the case
of aerogel, in which the thermal conductivity of the gas phase is particularly important, reducing
pore size, reduces the thermal momentum exchange between gas molecules within the structure.®*
37 The pure BNF aerogel has extremely low bulk density and can be regarded as having large pores

since the skeletal phase occupies very little space. Accordingly, the thermal conductivity of the

12



BNF aerogel, attributed to the high thermal conductivity of the gas phase and the solid-phase heat
transfer of the larger boehmite (compared to silica), is higher than that of previously reported silica
aerogels (Figure 6a). The thermal conductivity decreased as the amount of MTMS, added to the
starting composition, increased. This result is due to the low thermal conductivity of PMSQ, which
physically coats the boehmite, decreasing porosity and increasing the diameter (thickening) of the
skeleton which, in turn, impedes the collision of gas molecules (thermal momentum exchange).
However, itis difficult to determine the average pore size change of these structures by the nitrogen
adsorption measurement or mercury injection method due to the characteristics of the
measurement method. Among the samples reproducibly obtained in this paper, the A50 sample
demonstrated the lowest thermal conductivity at 26.6 mW m™* K. It was considered that a
minimum value of thermal conductivity could be obtained by increasing the MTMS addition X,
but this could not be confirmed because of the phase separation as mentioned above, which could

not be reproduced.

Plappert et al. reported that thermal conductivity can be controlled, to some extent, by
compressively deforming and densifying nanofiber aerogels consisting of 2,3-dicarboxyl
cellulose.?® BNF-PMSQ aerogels with low PMSQ content were tested because they could be
compressively deformed without cracking (Figure 6b). When the A10 sample was uniaxially
compressed by 30 %, the thermal conductivity decreased by approximately 19 %. Although no
further compression could be measured, due to the size of the A10 sample (which can be made
into a panel), and the measurement conditions, the results suggest that aerogel materials with a
fiber-like structure can be compressed (densified) to reduce thermal conductivity. We are

developing a gel specialized for such applications.
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Figure 6 (a) Thermal conductivity of the BNF-PMSQ aerogels as a function of the amount of
MTMS added to the starting composition. Sample A20, x=20, was prone to cracking and did not
yield the panels needed for measurement. (b) Change in thermal conductivity of the A10 panel,

x=10, under uniaxial compression.

The heat resistance of the A10 and A50 BNF-PMSQ aerogel samples were investigated
by TG-DTA under airflow. As shown in Figure 7, the aerogel nanofibers gradually lose water
vapor upon heating, and the oxidation of the methyl group of PMSQ starts at approximately 400 °C.
When those samples were heated in an electric furnace, their shape were maintained in the
temperature range of 350-400 °C. However, above that temperature, they started shrinking or
cracking and eventually collapsed. BNF-PMSQ aerogels, which have higher heat resistance than
organic and biofiber materials, have the potential to be applied as a flexible insulation material

with further research and development.
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Figure 7 TG-DTA results for sample (a) A10 and (b) A50. Although dehydration occurs gradually
as the temperature rises, the panels are heat resistant until the oxidation of the methyl groups occurs

at approximately 350-400 °C.

4. Conclusions

Transparent to translucent wet gels were obtained by adding organosilicon alkoxide, MTMS,
to dilute BNF-dispersed acetic acid aqueous solution to coat and adhere the colloidal nanofibers.
These wet gels were supercritically dried to produce panel-shaped aerogel samples. A decrease in
visible light transmittance and an increase in Young's modulus under uniaxial compression were
observed for samples with higher PMSQ content and concomitant larger skeletal diameter. As the
Young's modulus increased, the permanent compressive strain decreased. When the PMSQ
composition was greatly increased, the xerogel obtained by evaporative drying showed the same
physical properties as the aerogel obtained by supercritical drying, but the microstructure became
inhomogeneous. As the amount of PMSQ increased, the thermal conductivity decreased because
the pore size reduced due to the thickening of the skeleton structure within the monolith. Among

the samples reproducibly obtained in this paper, the A50 sample demonstrated the lowest thermal
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conductivity at 26.6 mW m* K1, We also succeeded in reducing the thermal conductivity of the
A10 sample by 19 % by uniaxially compressing the A10 panel by 30 %. This change suggests that
the thermal conductivity of the flexible nanofibril monolith can be controlled by reducing the pore
size with the mechanical deformation of the sample after fabrication. We have reported to fabricate
BNF aerogel-like cryogels that contain no localized aggregation structures.'®° Although there are
still issues to resolve, we believe that in the future, it will be possible to produce an high-
performance insulation material just by compression molding of the flexible monoliths fabricated

by a simpler process than conventional aerogels.
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