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Achieving a mesoporous structure in superinsulation materials is pivotal for guaranteeing a harmonious
relationship between low thermal conductivity, high porosity, and low density. Herein, we report silica-
based cryogel and aerogel materials by implementing freeze-drying and ambient-pressure-drying
processes respectively. The obtained freeze-dried cryogels yield thermal conductivity of 23 mW m~ K%,
with specific surface area of 369.4 m? g%, and porosity of 96.7%, whereas ambient-pressure-dried
aerogels exhibit thermal conductivity of 23.6 mW m™ K™% specific surface area of 473.8 m? g%, and
porosity of 97.4%. In addition, the fiber-reinforced nanocomposites obtained via freeze-drying feature
a low thermal conductivity (28.0 mW m~! K™% and high mechanical properties (~620 kPa maximum
compressive stress and Young's modulus of 715 kPa), coupled with advanced flame-retardant
capabilities, while the composite materials from the ambient pressure drying process have thermal
conductivity of 28.8 mW m~* K™%, ~200 kPa maximum compressive stress and Young's modulus of 612
kPa respectively. The aforementioned results highlight the capabilities of both drying processes for the
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1 Introduction

Lightweight aerogels are often referred to as super-insulation
materials due to an exceptional combination of extremely low
thermal conductivity and remarkably high porosity (typically
above 95%"?). Mesoporosity constitutes a crucial feature in
these materials to ensure a congruent relationship between
thermal conductivity, surface area, and density. A mesoporous
material can be defined as that class of nanoporous materials
with pores sizes between 2 and 50 nm,* being these below the
mean free path of air particles (at approximately 68 nm) at room
temperature and atmospheric pressure, hence -effectively
avoiding the movement of air particles through the material.
Furthermore, high values of specific surface area (>500 m* g~ *)*
constitute another significant characteristic of aerogels, which,
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development of thermal insulation materials for energy-efficient applications.

in conjunction with the previously mentioned features, position
this material as a preferred choice for applications related to
energy-saving purposes.®®

Amongst all the materials that have been successfully used
for the manufacturing of aerogels, silica has emerged as one of
the most frequently used alternatives largely due to its distinc-
tive simplicity of processing.® Sodium silicate solution (also
commonly referred to as waterglass), on the other hand, has
gained extensive popularity as a result of its low cost, as well as
its high versatility and excellent stability in different types of
solutions, hence making it the ideal option for scalable
processes.’ A critical aspect that has a determinant structural
effect on porous materials is the type of drying methodology
employed. Capillary forces occurring during the drying stage,
depending on the nature and geometry of the pore in the gel,
may reach values up to 200 MPa,* which, when occurring inside
pores of small size, could lead to severe shrinkage and culmi-
nate in the cracking or rupture of the gel network. The freeze-
drying (FD) method could potentially avoid damage to the 3D
solid network that is formed during condensation.'* The
fundamental reason for this is the absence of the phase
boundary between liquid and gas phase that typically occurs
when ambient pressure drying (APD) is used, hence resulting in
no capillary forces being present within the pores. Cryogels are
produced using the FD methodology, during which the liquid
within the pores of the wet gel is initially frozen and subse-
quently removed by sublimation under vacuum conditions. The
occurrence of this freezing-sublimation phase eradicates the
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detrimental effect that the capillary pressure exerts on the
nanopores of the gel network,” being the latter a typical
occurrence during the ambient pressure drying (APD) proce-
dure.” In order to avoid collapse of the gel when the solvent
within the pores is extracted during APD," both solvent
exchange and surface modification procedures — occurring
either simultaneously®° or non-simultaneously,
multiple treatments during synthesis* - are typically required
to minimize the incidence of the capillary pressure. Hence, it is
indispensable to achieve scalable manufacturing of insulation
materials by mitigating the surface exchange and surface
modification of the wet-gel precursor.>

Here, we report that the silica cryogels obtained from the FD
process show a thermal conductivity as low as 23 mW m ™" K,
with a specific surface area of 369.4 m*> g, and a porosity of
96.7%. Ambient-pressure-dried aerogels (referred as silica aer-
ogels), on the other hand, have a thermal conductivity of 23.6
mW m~' K™, a specific surface area of 473.8 m> g~ ', and
a porosity of 97.4% respectively. The developed fiber/silica cry-
ogel composite material from the FD process possesses an
extraordinary combination of significantly low thermal
conductivity (28.0 mW m™' K ') and improved mechanical
properties (~620 kPa maximum compressive stress and Young's
modulus of 715 kPa in compression at 40% strain), while the
fiber/silica aerogel composite materials from APD show values
of 28.8 mW m ' K%, ~200 kPa maximum compressive stress
and Young's modulus of 612 kPa in compression at 40% strain,
which, in any case, results in an advantageous thermal/
mechanical performance relationship.

21723 9n even in

2 Materials and methods

2.1 Preparation of diluted ion-exchanged sodium silicate
solution (waterglass)

Sodium silicate solution - a.k.a. waterglass (Technical Grade
40°-42° Bé | Fisher Scientific) is diluted to 10% v/v using
deionized water (DI H,O) in a beaker, which is followed by
stirring of the resulting solution for at least 15 min. Then, the
diluted ion-exchanged waterglass is passed through an ion-
exchange column that has been previously loaded with cation-
exchange resin (Amberlite® IRC120H - hydrogen form | Sigma
Aldrich). The diluted-sodium-silicate/Amberlite® IRC120H -
hydrogen form resin mix was performed to an approximate
0.75:1 volume ratio. The required cation-exchange resin is
washed 4-5 times for 10 minutes with deionized water before
use.

2.2 Synthesis of ion-exchange-sodium-silicate-based aerogel
precursor

Initially, urea [CH,N,O; 98% | Beantown Chemical (BTC)] is
mixed with deionized water [DI H,O] in a beaker to
a 6.875 mol L™ molar ratio and stirred until complete disso-
lution takes place (typically for at least 60 min). Following this,
Sodium Dodecyl Sulfate - SDS - [C1,H,5NaS0,; = 90% | Sigma
Aldrich] and Cetrimonium Bromide - CTAB - [C;oH,,BrN; High
purity | VWR], toa 1 : 2 composition ratio (0.04 and 0.08 mol L ™"
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respectively), are added to the previously obtained D-I Water/
Urea solution until a homogeneous, white-color solution is
achieved. This will be referred to as Solution A, which will be
typically stirred for at least 6 hours or overnight to ensure
a thorough dissolution of the surfactants. Further to this, the
previously obtained diluted ion-exchanged sodium silicate is
added to Solution A at a proportion of 25 wt% and stirring is
continued until completely mixed to form Solution B. Hydro-
chloric Acid [HCl(aq); 36.5-38.0% | Capitol Scientific] - to
a proportion of 25% v/v with respect to the quantity of sodium
silicate used - is mixed with deionized water [DI H,O] in
a beaker to a 50% v/v HCI/DI H,O ratio. The diluted HCI is then
added to Solution B and stirring is continued until fully blended
(approx. 1-2 min) to form the pre-aerogel precursor (target pH
of solution = 1.6-1.8). The precursor is then transferred to
a sealed plastic container and placed into a pre-heated oven to
80 °C for a period of 24 hours.

After the condensation stage has been completed, an aerogel
precursor of white color and fine texture has formed, which is
then transferred into a beaker and fully immersed in D-I water
for aging purposes. The aging precursor is placed on a hot plate
at approximately 50-55 °C, and D-I water is thoroughly replaced
4-5 times during a period of at least 24 hours as part of the
washing process. As a result, the D-I water covering the aerogel
precursor becomes almost fully transparent, suggesting that all
ammonia, and possible unreacted surfactant, have been
removed during the process. The excess of water is then
removed from the beaker, and the precursor is now ready for
post processing. For this research work, post-processing
includes (a) drying of the precursor using the ambient pres-
sure drying (APD) method in a pre-heated oven at 60 °C for
approximately 48 hours until all the remaining solvent has been
removed, to be followed by the respective sintering of the aer-
ogels to 600 °C, (b) drying of the precursor using the freeze-
drying (FD) method (as explained in the next sub-section), fol-
lowed by the respective sintering of the cryogels to 600 °C as well
as (c) the preparation of fiber/silica aerogel and fiber/silica
cryogel composite materials including several types of fiber as
detailed in the following sections. It is worth mentioning that
600 °C has been selected as the optimal sintering temperature
following results from thermal conductivity tests of aerogel
specimens (sintered to 300 °C, 400 °C, 500 °C, and 600 °C
respectively) performed in previous work.>> Moreover, BET/BJH
tests also confirm that better results are obtained for samples
that have been sintered to 600 °C, as shown in Table S1 and
Fig. S117 respectively. Temperatures above 600 °C are generally
not used, since (a) the organic template is expected to have been
extensively removed from the material at this point (as
confirmed by the weight % reduction in Fig. S3%), and (b)
degradation of the silica particles and damage to the silica
network would begin.

2.3 Preparation of sodium-silicate-based composite samples

In regards to composite samples, different amounts of
cellulose-based fiber and glass (acid resistant borosilicate)
microfiber have been used in order to study the effect of the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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fiber/silica aerogel ratio on the physical, mechanical, and
thermal properties of the composite samples. The overall
quantity of fiber used ranges from 4 g to 12 g, which is blended
with approximately 1.25 L of DI water - to ensure full immersion
of the fiber in the liquid - for about 20 seconds using a blender.
An overhead liquid mixer is used to thoroughly mix the blended
fiber with the required volume of aerogel precursor in a larger
container, with additional D-I water gradually incorporated to
complete a volume of approximately 3 L to ensure complete
dispersion of the fiber. The volume of aerogel precursor used
ranges from 35 mL to 300 mL, which, alongside the different
amounts of fiber previously cited, provides the means to
systematically obtain composite specimens featuring an ample
spectrum of aerogel weight percentage (wt%). The obtained
fiber/aerogel precursor mixture is processed by means of
a centrifugal-pump-operated composite sample making unit to
extract the water through a filtration-like technique, and the wet
composite specimens are subsequently dried in a pre-heated
oven at 60 °C for a period of 24-48 hours. In order to increase
the water removal rate, couch sheets are used to both sides of
the wet specimens during the drying process, which also helps
preserve the integrity of the samples.

2.4 Post-processing using freeze-drying (FD) methodology

A freeze drier (Labconco FreeZone Triad 7400) is used to fabri-
cate the cryogels and the fiber-cryogel composites. The as-
prepared water-glass precursor and the fiber-precursor
mixture are pre-frozen to —240 °C in a freezer. Then, the
samples are transferred into the freeze drier chamber. The
pressure in the chamber is decreased by the vacuum pumps and
maintained at 0.014-0.018 mBar during the entire drying
process. The temperature profile during the freeze-drying
process can be found in Fig. S9.f After freeze-drying, the
samples are sintered in ambient pressure to remove organic
residues.

2.5 Physical, Structural, thermal, and mechanical properties
characterization

For calculation of the bulk or tapped density of aerogel samples,
the relationship between the mass of the sample and the
volume containing such amount of sample is used, which can
be represented by eqn (1) shown below:

=1 ()

Skeletal density (ps), on the other hand, is measured by using
a pycnometry system (Micromeritics Accu-Pyc II 1340 Gas
Pycnometer). The system determines density by means of the
gas displacement method, which employs highly pressurized
helium gas (as the measuring medium) to measure the volume
of the solid matter contained inside the measuring chamber.
Further to this, values of porosity are calculated from eqn (2):

Porosity (%) = ( - &) -100 2

S
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Through analysis of nitrogen sorption isotherms (adsorption/
desorption), obtained from a Surface Area and Porosity Analyzer
(Micromeritics TriStar II), specific surface area (SSA), pore size,
and cumulative pore volume of aerogel/cryogel specimens are
determined. Pre-treatment of previously sintered samples (to
600 °C) is performed by heating these to 250 °C during
approximately 3 hours of degassing of a flowing gas used to
remove any form of moisture, impurities, and contaminants. As
next step, the degassed samples are cooled to cryogenic
temperatures (—195 °C) under vacuum conditions, during
which data in relation to the quantity of the absorbent gas
adhering to the solid adsorbate for different values of relative
pressure (P/P,) is collected. Calculation of the specific surface
area (SSA) of the adsorbate is then performed from the data
given by the adsorption isotherm plot at relative pressure (P/P,)
from 0.003 to 0.3, which is based on the Brunauer-Emmett—
Teller (BET) theory. The Barrett, Joyner, and Halenda (BJH)
method, based on the Kelvin model of pore filling, is used for
calculation of the pore size and pore volume of the samples, by
analyzing the data from the desorption branch of the isotherm
curve. The afore-mentioned test is also employed to establish
nanoparticle size of the aerogel/cryogel samples.

An X-ray Diffraction System (XRD - Rigaku Ultima IV) is
employed to investigate the structure of the silica aerogel/
cryogel specimens. Copper is used as target material for
single-crystal diffraction, with the X-ray detector rotating at an
angle of 260 from 5° to 80°, which are typical parameters used for
powder patterns. In order to analyze the chemical bonding state
of the aerogel/cryogel specimens, Fourier-transform infrared
spectroscopy (FTIR - Agilent Cary 630 FTIR spectrometer) is
used. This method is also utilized to investigate the interfacial
bonding of aerogel-based composite samples, which could be
key to discern relevant aspects in regards to their mechanical
performance. The microstructure of aerogels, cryogels, and
composite materials deriving from these are examined by
Focused Ion Beam Scanning Electron Microscope (FIB-SEM,
Carl Zeiss AURIGA CrossBeam).

Thermal conductivity of all specimens (aerogels, cryogels
and composite materials) is determined through instruments
using the steady-state methodology. For aerogel/cryogel
samples, an in-house setup including a PHFS-0le Heat Flux
Sensor from FluxTeq and complying with the ASTM C518
standard (related to Standard Test Methods for Steady-State
Thermal Transmission Properties by means of a heat flow
meter apparatus) is employed. After pertinent calibration of the
system using commercial aerogels as reference, thermal
conductivity of the specimens can be determined from the
readings for temperature that are obtained from top and
bottom plates, and once a steady heat flux through the sample
has been achieved. The Heat Flow Meter - 100 series (HFM-100)
Thermal Conductivity Measurement System from Thermtest is
used for composite specimens. This system, which also
complies with the ASTM C518 standard, requires rigorous
calibration that can be accomplished by means of commercial
products of the appropriate thickness and with a specified value
of thermal conductivity. During testing of the composite
materials between upper and lower plates within the testing
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chamber, the thermal conductivity of the specimen is calculated
by the system once the heat flux between the plates, and
through the sample, has converged to a constant value over
time.

Thermogravimetric analysis and differential scanning calo-
rimetry (TGA/DSC) tests are performed - using the TA Instru-
ment DSC SDT Q600 - to evaluate the thermal stability of
aerogel/cryogel specimens. Weight change (TGA) and true
differential heat flow (DSC) of the samples, which are heat-
treated in a nitrogen atmosphere (purge rate of 100
mL min~") from room temperature (RT) to 800 °C at a rate of
20 °C min ', are provided by the instrument.

Uniaxial compression tests of composite materials (both
aerogel- and cryogel-based), with bulk dimensions of 15 mm x
15 mm and thickness in the region of 4-6 mm, are performed to
characterize their mechanical properties. The equipment used
is a universal test system (Model SSTM-20KN from United
Testing Systems — Nominal capacity up to 20 kN or 4500 1bf) that
is equipped with a sensitive load cell with a maximum capacity
of 10 kef (~22 1bf), which is typically utilized for materials with
significantly low yield strength.

3 Results and discussion

The schematic drawing shown in Fig. 1 includes a flowchart of
the synthesis of both aerogel and fiber/aerogel composite
materials that are obtained by means of the ambient-pressure-
drying (referred as silica aerogel and fiber/silica aerogel
composites going forward) and freeze-drying methods (referred
as silica cryogel and fiber/silica cryogel composites going
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forward). It also highlights the difference between the surfac-
tant molecules, in particular due to the dissimilar ionic head
groups, while confirming the self-association and formation of
spherical micelles - mixed micellization - once the critical
micelle concentration (CMC) has been reached. Following the
addition of ion-exchange waterglass, part of the silica source
comes together in the inner core of the micelles due to its
hydrophobicity associated to a reasonable lack of defined
polarity, while the rest remains as suspended silica particles in
the solution. Incorporation of an acid catalyst (HCl(aq); 36.5-
38.0%) is expected to promote the rapid transformation of the
precursor components into different types of silanol groups
during hydrolysis, while eventually triggering the aggregation of
silica particles into clusters to initiate the silica network struc-
ture that occurs during the solvent condensation stage.*® Such
clustering of particles, alongside the attachment of the micelles
to the formed chains, results in the development of a reinforced
network structure. Drying of this pre-aerogel solution (also
referred as wet gel) is performed through both FD and APD
methods to obtain the highly porous specimens as shown in
Fig. 1. Composite materials involve the rigorous mix of the wet
gel with fiber to different composition ratios, with the repre-
sentative resulting specimens from both FD and APD processes
shown in Fig. 1.

Aerogels and cryogels obtained by means of an ion-
exchanged waterglass silica source would typically feature
a uniform, dense microstructure in the nanoscale range. The
extent of the resulting three-dimensional network structure that
can be observed from the scanning electron microscopy (SEM)
images included in Fig. 2a and b could vary, with the ambient-
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:.,
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—
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Fig.1 Schematic illustration of the processes used for the fabrication of both ambient-pressure-drying aerogels and freeze-drying cryogels, as

well as composite materials.
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Table 1 Properties of silica aerogel and silica cryogel specimens ob-
tained from both ambient-pressure-drying (APD) and freeze-drying
(FD) processes

Ambient pressure

Drying method Freeze-drying drying
Drying temperature —20°C 60 °C
Thermal conductivity (W m ' K™')  0.0230 0.0236
BET surface area (m*> g~ ") 369.4 473.8
Average pore width (nm) 16.3 10.1
Average particle size (nm) 16.2 12.7
Porosity (%) 96.7 97.4
Bulk density (g cm ) 0.102 0.063
Skeletal density (g cm ™) 3.092 2.468

pressure-dried material comprising a highly ordered, intricate
microstructure when compared to a layered-type configuration
that is more noticeable from the freeze-dried specimen -
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a microstructural arrangement that can be further confirmed
from Fig. Sla and bt respectively. This could be a direct
consequence of the crystallization phenomena that takes place
during the rather accelerated freezing rate of the solvent present
in the wet gel precursor that is subject to the FD methodology. It
is worth noticing that, even though the FD process effectively
avoids the capillary pressure that builds up within the pore that
is typical of the APD method, it would nevertheless tend to
damage the three-dimensional network that was formed during
condensation of the aerogel precursor. Hence, the imple-
mentation of the FD process would result in the transformation
of the network structure to a certain extent once the sublima-
tion process has completed.

Fourier Transform Infrared (FTIR) spectra performed on the
two materials being analyzed are shown in Fig. 2¢ (for both non-
sintered and sintered-to-600 °C specimens). The rationale
behind selecting 600 °C as the optimal temperature for sinter-
ing of both aerogels and cryogels has been thoroughly explained
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(a) and (b) SEM images showing typical microstructure of silica aerogels (from APD) and silica cryogels (from FD) following the sintering

process; (c) Fourier transform infrared (FTIR) spectroscopy for silica aerogels and silica cryogels (before and after the sintering treatment); (d)
isotherm curves from BET/BJH tests for APD and FD specimens after sintering to 600 °C; (e) pore volume plot from BET/BJH tests for APD and
FD specimens after sintering to 600 °C, and (f) thermal conductivity vs. sintering temperature for both silica aerogels and silica cryogels.
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in the Materials and Methods section. The peaks given by the
functional groups present in the materials would provide
valuable information in order to determine the structural
changes. Sharp peaks at 1066 cm™" and 793 em™" - for both
non-sintered and sintered specimens - are the result of anti-
symmetric and symmetric stretching vibrations of Si-O-Si
bonds typical of siliceous materials, hence indicating the
presence of SiO,. An adjacent peak at approximately 970 cm ™"
can be associated to rocking bending vibrations of Si-OH
groups, that usually present as an adsorption, single broad
band that is typical of unmodified waterglass-based organo-
silicon compounds,*” which is less noticeable after the sintering
heat treatment. A double-peak configuration at 3355/3220 cm ™"
and 1630/1591 cm™ " corresponds to the pronounced hydrogen
bonds between urea and water on stretching and bending
vibration of -OH functional groups respectively, which can be
attributed to the deformation vibrations of the adsorbed urea
water solution molecules. A higher percentage of transmittance
by the freeze-dried specimen in the non-sintered condition
when compared to the ambient-pressure-dried material in the
non-sintered condition suggests that a much higher proportion
of water molecules are effectively removed through the FD
methodology. Sintered samples show virtually no peaks due to
stretching and bending vibration of -OH functional groups,
which means that all absorbed water molecules have effectively
been removed following the heat treatment. Some additional
peaks can be seen in the spectra for samples before sintering,
namely 2920/2855 cm ™' that are due to the C-H stretching
vibration, 1460 cm ' that corresponds to the C-H bending
vibration, and a weak but clear peak at 2160 cm™" that could
possibly be attributed to C=N bonds (both C and N as ions
resulting from the breakdown of carbon dioxide and ammonia
that formed as by-products from the reaction of urea with water,
sodium silicate, and hydrochloric acid during hydrolysis),
although it is much weaker compared with the other stretching
modes. The above-mentioned results suggest that the organic
template can be removed by means of the sintering treatment,
whilst the mesoporous silica skeleton can be successfully
maintained to a high extent. The presence of organic residues
and the various by-products (namely salt by-products, surfac-
tant ions, carbon dioxide, and ammonia) within the pores of the
aerogel could be detrimental to its overall performance as
superinsulation material, hence timely washing of the
precursor and subsequent sintering of the aerogel become
critical steps prior to its use in any post-processing procedure.

From the analysis of Fig. 2e, two shallow peaks can be seen in
the pore size distribution curve for the freeze-dried material (at
around 5 and 30 nm), while a much prominent peak is evident
in the pore size distribution curve for the ambient-pressure-
dried material at approximately 11 nm. Hence, the freeze-
dried specimen would have pores of different sizes within the
range of 3.5-185 nm, which is confirmed by the results shown in
Table 1 with an average pore width obtained from the BET/BJH
test of 16.3 nm, whilst the resulting average pore width for the
ambient-pressure-dried material is 10.1 nm respectively - in
good agreement with the pore size distribution curve presented
above. These results indicate that the materials are of the
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mesoporous type — which is also confirmed by the seemingly
type IV isotherms with H3 type hysteresis loop from Fig. 2d.
Additionally, the more uniformly distributed pore size across
the mesoporous range for the freeze-dried sample would yield
lower values of thermal conductivity as the sintering tempera-
ture increases and the organic matter is eventually removed due
to the effects of the heat treatment, as suggested by the rela-
tionship between thermal conductivity versus sintering
temperature for both silica aerogels and silica cryogels shown in
Fig. 2f. It can be noticed that, although the trend of a decrease of
the thermal conductivity as the sintering temperature increases
occurs for both materials, the silica cryogel yields a larger
improvement (from 32 mW m™' K ' for the non-sintered
material to 23 mW m~" K~' for the specimen that has been
sintered to 600 °C) when compared to the silica aerogel (from
25.3 mW m~ " K" for the non-sintered material to 23.6 mW m ™"
K for the specimen that has been sintered to 600 °C), which
can be attributed to the slightly different pore size distribution
for these as a consequence of the dissimilar procedure taking
place for the removal of solvent from the porous network.
Fig. S27 shows optical images of the freeze-dried material as the
sintering temperature increases, showcasing a noticeable
change in colour of the specimen as the organic matter - that
has remained after the synthesis process - is removed, with the
same phenomena occurring for the ambient-pressure-dried
material.

Thermal stability of both silica cryogels and silica aerogels
were investigated by means of TGA/DSC analysis performed
from room temperature (RT) to 800 °C. In all cases, a consistent
pattern could be observed, with weight % versus temperature
curves shown in Fig. S3f indicating that initial weight loss
occurs at around 70 °C due to removal of water molecules that
are still present in the specimens. This is followed by a sharp
weight loss that begins at around 160 °C and that continues
until approximately 550 °C for both samples, which could be
attributed to the thermal degradation of organic matter existing
in the specimens. Thermal degradation of both specimens
beyond 550 °C is almost negligible, with the resulting weight
loss totalling approximately 35% and 55% of their initial mass
(for the silica cryogel and the silica aerogel respectively) once
the temperature has reached 800 °C. This discrepancy in weight
loss could be associated to the dissimilar rate of removal of
organic matter, which is present as by-products resulting from
the reaction of the surfactants and urea with other compounds
in the precursor during hydrolysis and solvent condensation
stages, that takes place during the application of the different
drying processes. From the X-ray diffraction (XRD) spectra ob-
tained - and shown in Fig. S4,T only a rather broad peak at 26
approximately equal to 22° is observed in the materials, which is
typical of their amorphous structure and directly related to the
bonding angle of the Si-O-Si siloxane functional groups® that
form the backbone of the silica aerogels. These results
emphasize that the drying method used for the manufacturing
of the silica-based materials has no determinant effect on their
inherent structure.

Incorporating fibers with the wet-gel precursor represents
one of the promising strategies to produce composite materials

© 2022 The Author(s). Published by the Royal Society of Chemistry
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that overcome the brittleness and fragility of aerogel specimens.
This technique primarily introduces some degree of elasticity to
the resulting composites, while it also offers the possibility of
improving the thermal performance of fiber-based products as
a direct result of the aerogel precursor being used during the
production of the composite material.”® In this work, both
cellulose nanofiber and glass (acid resistant borosilicate)
microfiber (referred as ceramic-fiber for simplicity) will be used.
Through the incorporation of optimal quantities of aerogel
precursor, an advanced cross-linking scheme between fiber and
aerogel can be achieved as illustrated in the SEM images
included in Fig. 3a and b, which is evidenced by an abundant
presence of silica aerogel/cryogel fully adhered to cellulose fiber
threads for specimens from both APD and FD processes.
Fig. S12,7 on the other hand, shows SEM images of a cellulose
fiber specimen where no silica precursor has been used during
its synthesis, hence highlighting the difference between the
fiber specimen and the composite materials shown in Fig. 3a
and b.

Fig. 3c correlates the value of normalized thermal conduc-
tivity (k/k,) with the value of porosity for composite materials
(fiber/silica cryogel) from the freeze-drying process, where k
corresponds to the value of thermal conductivity of the
composite material and k, is the value of thermal conductivity
of the control sample produced using only fiber. Values of
porosity have been obtained by means of pycnometry tests, with
bulk and skeletal densities determined for each of the
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specimens that are then used in eqn (2) (as defined in the
Materials and Methods section) accordingly. Results show that
as the porosity in the composite material increases, the value of
normalized thermal conductivity decreases for both types of
specimens (ceramic-fiber- and cellulose-nanofiber-based),
being this a reasonable trend since the higher the porosity of
the material, the more significant the gas state of the thermal
conductivity would be expected to become with respect to the
solid state as the secondary main component when breaking
down the constituents defining this critical property. It should
be noted that all values of normalized thermal conductivity are
below the value of 1.0, hence showing that in all instances the
silica cryogel introduces an improvement in the thermal
performance of the material, indistinctively of the fiber used.
Additionally, Fig. S5T confirms that as the wt% of aerogel used
for the synthesis of the ceramic-fiber-based composite materials
obtained from the freeze-dried process increases, their porosity
would also increase while the value of thermal conductivity
would decrease accordingly, with the majority of the pore sizes
in the specimen seemingly being less than the mean free path of
air molecules to accomplish this trend.

Fig. 3d, on the other hand, correlates the value of normalized
thermal conductivity (k/k,) with the value of wt% of aerogel used
for composite materials (fiber/silica cryogel and fiber/silica
aerogel) from FD and APD processes, which includes the use
of ceramic-fiber in order to assess its effect on the thermal
performance of the specimens. Results show that as the wt% of
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(a) and (b) SEM images showing typical microstructure of cellulose-fiber/silica aerogel and cellulose-fiber/silica cryogel specimens from

APD and FD processes respectively; (c) normalized thermal conductivity vs. porosity for fiber/silica cryogel materials using both ceramic-fiber
and cellulose nanofiber; and (d) normalized thermal conductivity vs. wt% or aerogel for both fiber/silica aerogel and fiber/silica cryogel speci-

mens using ceramic-fiber.
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the aerogel in the composite material increases, the value of
normalized thermal conductivity decreases for both types of
specimens (freeze-dried and ambient-pressure-dried) up to
a minimum value to then increase slightly as the wt% of aerogel
reaches 55% approximately. The lowest value of normalized
thermal conductivity is in the order of 0.80 for the APD material,
whilst the FD material shows a minimum value close to 0.85,
results that are further confirmed by the plot shown in Fig. S61
with values of thermal conductivity for the specimens obtained
from the APD process being regularly lower (lowest value of
thermal conductivity of 31.8 mW m™ "' K ' at approximately
39 wt% of aerogel) than those for the materials obtained from
the FD method (36 mW m™ ' K™ ' at approximately 30 wt% of
aerogel). This trend is in full agreement with the average pore
width reported in Table 1 for silica aerogel/cryogel specimens
from both drying processes (10.1 nm for the APD material versus
16.3 nm for the FD material), hence confirming the crucial
effect of the silica aerogel/cryogel on the thermal performance
of the resulting composite materials. Moreover, Fig. S10f
highlights the flame-retardant capabilities of the ceramic-fiber/
silica cryogel composite materials.

Fig. 4a and b include SEM images of the typical micro-
structure of composite (ceramic-fiber/silica aerogel) specimens
from the ambient-pressure-drying (APD) process, while Fig. 4d
and e show the microstructure representative of composite
(ceramic-fiber/silica cryogel) specimens from the freeze-drying
(FD) methodology. In all cases, the main image refers to the
top surface of the sample, with inserts showcasing the cross-
section area of the materials. Although specimens shown in
Fig. 4a and b feature a different weight% of aerogel

Fig. 4
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(approximately 14% and 55% respectively), there exists
perceptible similarities between the microstructure from their
surface, which reveal a moderate extent of fiber-aerogel inter-
action during cross-linking of the components throughout the
drying stage. The microstructure that can be seen from the
cross-section images, nevertheless, clearly demonstrates that
there is a difference in the contents of aerogel precursor during
production of the materials, leading to an evident optical
difference in the density observed for each of them. In regards
to the materials produced from the FD process, a more
consistent pattern can be seen from the main and insert images
in Fig. 4d and e (including SEM images from specimens with
approximately 10 and 50 wt% of cryogel respectively), with the
microstructures accurately representing the difference in the
composition ratio of the samples. For the material with the
highest contents of cryogel, on the other hand, a noticeable
extent of fiber—silica cryogel interaction can be observed from
the SEM image of the specimen surface, whilst its cross-section
shows occasional voids and air pockets. This trend, that was
also present in the materials produced from APD, could be
attributed to a layer-upon-layer fiber/aerogel arrangement that
is typically achieved during the production of the specimens
and that develops throughout the drying stage.

Uniaxial compression tests were performed to characterize
mechanical performance, with stress-strain curves for
composite samples (ceramic-fiber/silica aerogel and ceramic-
fiber/silica cryogel) obtained from both APD and FD processes
shown in Fig. S7 and S87 respectively. In order to more effec-
tively acquire meaningful results from the data obtained after
the tests, any readings related to both slack and alignment/
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(a) and (b) SEM images showing typical microstructure of composite ceramic-fiber/silica aerogel specimens from the ambient-pressure-

drying (APD) process with different aerogel contents (14 and 55 wt% respectively); (c) stress—strain curve from uniaxial compression tests on
specimens from ambient-pressure-drying (APD) and freeze-dried (FD) processes including an approximate 20 wt% aerogel/cryogel; (d) and (e)
SEM images showing typical microstructure of composite ceramic-fiber/silica cryogel specimens from the freeze-drying (FD) process with
different cryogel contents (10 and 50 wt% respectively); and (f) plot relating wt% aerogel with Young's modulus for both APD and FD composite

materials featuring different aerogel contents.
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seating of the sample (which is not a true response of the
sample, but an artifact of its geometry) has been disregarded by
including a “toe compensation” portion of the curve that would
help us obtain more accurate values of strain. The calculation of
the elastic or Young's modulus has been performed as the slope
of the best linear fit over the region of the stress-strain curve up
to 10% strain, hence ensuring that the sample is still in the
elastic regime. Fig. 4c presents stress-strain curves from
uniaxial compression tests for composite materials (ceramic-
fiber-based) obtained from both APD and FD processes — both
including approximately 20 wt% aerogel, which, irrespective of
a rather different performance at low strain, clearly highlight
marked similarities in the overall mechanical properties under
compression loads (analogous elastic modulus - 353.3 and
367.9 kPa respectively, and maximum compressive stress at
40% strain that are in close agreement at around 175 kPa).

Furthermore, Fig. 4f provides the relationship between wt%
of aerogel and Young's modulus for both APD and FD
composite materials featuring different aerogel/cryogel
contents. The plot shows a clear and well-defined diverse
trend between the materials being analyzed, with the Young's
modulus for the APD specimens increasing as the wt% of aer-
ogel increases, while the tendency for the Young's modulus of
the FD specimen would tend to decrease as the wt% of cryogel
increases. This phenomenon can be attributed to a different
architecture of the fiber-silica aerogel/fiber-silica cryogel
network that results from the implementation of either APD or
FD processes during the drying stage of the composite speci-
mens. As the weight% of aerogel in the composite material
obtained from the FD procedure increases, and given that the
flake-shape particles that arise from the freeze-drying of the wet
gel precursor (as evidenced by Fig. S1bt) would actually have
weak bonding (possibly comparable to random loose packing
for non-spherical grains) to both other particles and the fiber,
the increase in the compression load would translate into
a considerable collapse of both the silica and silica-fiber
network structure due to a high incidence of particle detach-
ment taking place, hence resulting in lower values of elastic
modulus. Since a more typical spherical-shape particles are
present in ambient-pressure-dried materials, as the wt% of
aerogel increases — and the compression load imposed on the
APD composite material also increases, the elastic modulus and
the overall mechanical strength will improve as the silica
network gets compressed and the packing of particles develop
into a random-close-type arrangement. Notwithstanding, each
process has its own advantages and critical features, which
unquestionably open up a vast range of thermal insulation
applications during the production of silica-aerogel-based
products.

4 Conclusions

Freeze-drying is an effective manufacturing approach during
the production of aerogels and composite materials that derive
from these. Through the FD method, the detrimental effect that
the capillary pressure exerts on the nanopores of the gel
network is avoided, fundamentally because of the absence of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the phase boundary between the liquid and the gas phase that
typically occurs during the APD method. The resulting silica
cryogels (waterglass-based) obtained from the FD approach
typically feature a higher density (0.102 g cm as bulk density
and 3.092 g cm ? as skeletal density), a lower specific surface
area (369.4 m> g~ '), but a much lower shrinkage rate than the
silica aerogels produced by means of the ambient-pressure-
drying method. These materials produced via the FD process,
in addition, present a more uniform 3D solid network structure
due to freezing of the existing solvent within the pores and
subsequent removal by sublimation that takes place. Composite
materials obtained by means of this drying method, on the
other hand, show a valuable combination of considerably low
thermal conductivity and improved mechanical properties (28.0
mW m~' K™', ~620 kPa maximum compressive stress and
Young's modulus of 715 kPa in compression at 40% strain
respectively) that results in an advantageous thermal/
mechanical performance relationship, as well as favourable
flame-retardant capabilities.

Utilization of the APD method, nonetheless, can produce
composite materials with rather similar properties (28.8 mwW
m ' K', ~200 kPa maximum compressive stress and Young's
modulus of 612 kPa in compression at 40% strain), and aerogels
with even slightly better thermal performance and physico-
chemical properties (0.063 g cm™® as bulk density and
2.468 g cm* as skeletal density, as well as specific surface area
of 473.8 m? ¢~ ') than those obtained from the FD process, with
the additional advantage of being significantly cost-effective.
Given all these benefits, both the FD and the APD methods
can thus be considered as plausible, genuine drying alternatives
in the development of thermal-performance-enhanced prod-
ucts, providing a promising pathway towards energy-efficiency
technologies for applications in thermal management.
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