Journal of Sol-Gel Science and Technology
https://doi.org/10.1007/s10971-025-06724-6

ORIGINAL PAPER
)

hect

Check for
updates

Hybrid silica aerogels from bridged silicon alkoxides: ultralow
thermal conductivity for low-temperature applications

A. M. Abebe' - M. Biesuz' - C. Vakifahmetoglu? - M. Cassetta’? - G. D. Soraru’

Received: 23 December 2024 / Accepted: 28 February 2025
© The Author(s) 2025

Abstract

Hybrid silica aerogels are promising materials for thermal insulation applications. Highly porous aerogels were synthesized
from bridged bis(triethoxysilyl)methane BTEM and triethoxysilane TREOS silicon alkoxides via the sol-gel process. The
carbon content in the hybrid aerogels decreased with increasing amounts of TREOS. Crack-free monolith aerogels were
synthesized through supercritical drying, which is crucial for thermal and optical investigations. The aerogels are
characterized by high BET surface areas ranging from 700 to 1400 m?g, pore volumes between 2.0 and 10.5 cm¥g, and a
maximum porosity of 95%. The thermal conductivity of the aerogels at room temperature was measured via a hot disk
apparatus. The materials exhibited ultralow thermal conductivity, reaching a minimum value of 15 mW/mK. This value
ranks among the lowest reported values for silica-based aerogels in the literature. Optical transmittance measurements
indicated high transparency, exceeding 80% in the visible region. Therefore, these exceptional properties of low density,
high optical transparency, and low thermal conductivity make these materials promising candidates for transparent insulation
applications.
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e Highly porous hybrid aerogels were synthesized via the sol-gel process and supercritical CO, drying.

e The bulk density, shrinkage, and pore volume of the aerogels are influenced by the amount of TREOS.

e The BT2 aerogel achieved a minimum thermal conductivity of 15 mW/mK with a bulk density of 0.17 g/cm®
e The BT2 aerogel demonstrated 80% transmittance at a wavelength of 550 nm.

1 Introduction

An aerogel is a mesoporous solid consisting of a network of
nanosized particles. It was first produced by Samuel Kistler
in 1932 by removing the liquid phase of a gel via super-
critical drying [1]. Aerogels are characterized by their high
surface area (250—1000m?g) [2], high porosity
(80-99.8%) [3-5], low density (0.03-0.50 g/cm3) and
ultralow thermal conductivity (15-50 mW/m-K) [6-10].
These outstanding properties are derived from their unique
nanostructure, which consists of a three-dimensional net-
work of nanoparticles and submicron pores. Consequently,
aerogels are promising materials for various applications,
including sorbents, catalysis carriers, energy storage, filters
and thermal insulators.

Silica aerogels, obtained via the sol-gel process from
tetraethyl orthosilicate (TEOS), are among the most stu-
died aerogel materials [11, 12]. They have gained sig-
nificant attention because of their lightweight nature, large
specific surface area and high porosity. These properties
make silica aerogels commercially valuable in various
applications, such as residential buildings [13-16], solar
power towers [17] and construction industries [5, 18],
particularly because of their low thermal conductivity and
optical transparency. Silica-based aerogels can also be
synthesized from hybrid silicon alkoxides, R;SiO.xp»,
where R represents an organic group (CHj;, CH,CHjs,
CH =CH,, C¢H;, or H). These precursors impart flex-
ibility, strength, or additional functionalities to the
resulting silica-based aerogels, thereby broadening their
potential applications in the energy, environmental, and
optoelectronic fields [19-21].

Transparent silica-based aerogels have gained sig-
nificant interest due to their high optical transmittance and
extremely low thermal conductivity [22, 23]. They serve
as optical filters, allowing sunlight to penetrate while
absorbing infrared radiation [24]. Ultralow thermal con-
ductivity was achieved by suppressing solid- and gas-
phase thermal transport, ensuring values lower than
ambient air [14, 25]. These remarkable properties make
the aerogels one of the promising candidates for applica-
tions requiring transparency and thermal insulation, such
as roofs, window panels and solar collector covers.
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In this work, we report the synthesis of highly porous
hybrid silica aerogels obtained via the co-hydrolysis of
bridged (bis(triethoxysilyl)methane (BTEM) and triethox-
ysilane (TREOS) in varying proportions. The hybrid aero-
gels containing the methylene bridge, exhibit a high surface
area (~1100 mz/g) and small voids (mesopores ~15 nm in
diameter) [26], which improves the mechanical strength of
the final aerogels. Furthermore, the BTEM/TREOS system
is noteworthy for its potential as a precursor for transparent
silicon oxycarbide ceramic aerogels [27]. In this context, the
TREOS precursor, which contains only Si-H bonds and no
Si-C bonds, is used to modulate the carbon content. This
ensures that, after pyrolysis, a stoichiometric silicon oxy-
carbide glass free of excess carbon (Cgee) can be obtained.
The study of this precursor’s pyrolysis and the character-
ization of the resulting SiOC glass will be reported in
another paper.

The primary objective of the present study is to char-
acterize low-carbon transparent hybrid silica aerogels and
investigate how composition variations influence their
microstructure, as well as their optical and thermal
properties.

2 Experimental techniques
2.1 Aerogel synthesis

Two types of Si-containing alkoxides were employed to
synthesize highly porous aerogels. Bis(triethoxysilyl)
methane (BTEM, CAS: 18418-72-9) was purchased from
Fluorochem Chemicals (Hadfield, UK), and triethoxysilane
(TREOS, CAS: 998-30-1) was purchased from Sigma-—
Aldrich GmbH (95%, Steinem, Germany). Isopropanol
alcohol (IPA, CAS: 67-63-0) was purchased from CAR-
LOERBA Reagents (99.8%, Italy). Hydrochloric acid (HCI)
was purchased from Sigma—Aldrich Chemicals (Steinem,
Germany). All chemicals were used as received except for
HCI, which was diluted from 12 M to 3 M.

Hybrid silica aerogels with BTEM/TREOS molar ratios
of 1/0 (pure BTEM), 2/1, 1/1, 1/2, and 0/1 (pure TREOS)
were prepared and labeled B, B2T, BT, BT2, and T,
respectively. The appropriate molar quantities of BTEM
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and TREOS were combined to achieve the desired com-
positions, and this mixture was stirred for 5 min in iso-
propanol via a magnetic stirrer. Afterward, acidic water
(3M HCI aqueous solution) was added to promote the
hydrolysis—condensation reactions. The molar ratio of the Si
alkoxides, IPA, and acidic water was (BTEM + TREOS)/
IPA/H,0 = 1/5/8. Finally, the solution was cast in cylind-
rical plastic molds, which were left closed for gelation. The
gelation time spans from a minimum of 10 min for a pure
TREOS composition up to 1h for a pure BTEM gel.

After gelation, the samples were aged for one week at
50°C in a sealed container, and the wet gel underwent
washing steps in which fresh IPA was used to remove
excess water, HCIl, and other chemical species produced
during the hydrolysis—condensation reactions. The sample
was subsequently transferred into a 50 cm® glass container
and placed inside a custom-made supercritical CO, drying
reactor, where the gels were washed with liquid CO, for
three days to remove the IPA. Ultimately, the liquid carbon
dioxide was brought above the critical temperature and
pressure (T, =31.1°C and P, =7.38 MPa) by setting the
temperature to 45°C. The pressure valve was slowly
opened to allow the gradual release of pressure until it
reached 1 bar. The water bath was subsequently switched
off, and the temperature of the aerogel slowly decreased to
room temperature, resulting in monolithic aerogel samples.
Top of Form

2.2 Characterization

The bulk density (py) of the as-prepared gels was estimated
through mass and volume relations, whereas their skeleton
density (ps) was determined via an Ultrapyc 5000 gas
pycnometer (Anton Paar GmbH, Graz, Austria). The mea-
surements were made at 20 °C with helium gas, with a
target pressure of 1.24 bar, a purging time of 30 min, and a
total of 30 runs. The porosities (¢) of the aerogel samples
were subsequently computed via the following equation:
(1 — (py/py) X 100%.

Fourier transform infrared (FT-IR) spectra were recorded
with a Thermo Optics Avatar 330 instrument (Thermo
Fischer Scientific, Waltham, MA, USA) on thin, transparent
potassium bromide (KBr) pellets. The spectra were col-
lected in the 4000—400cm™’ range in transmittance,
employing peak-to-peak (the vertical intensity difference
between the lowest and highest points of the peak), with
64 scans and 4cm ! resolution. The IR data provided
insights into the chemical evolution of the aerogel materials
before and after pyrolysis at different temperatures.

The N, adsorption isotherm, BET, (Brunauer, Emmett
and Teller) surface area, and pore size distribution of the
aerogels were characterized via a Quantachrome Instrument
(Anton Paar, USA) with nitrogen as the adsorbate gas at

—196°C. Aerogel samples (20-50mg) were used for
nitrogen physisorption analysis. Before adsorption analysis,
all the samples were degassed to remove all physically
adsorbed impurities, such as adsorbed gases, water vapor,
and other volatile substances. Degassing took place at 50 °C
for 12h. The cumulative pore volume and pore diameter
were determined from the adsorption branch via density
functional theory (DFT) calculations.

The microstructures of the hybrid aerogels were analyzed
on fracture surfaces coated with a thin Pt/Pd (80:20) film via
high-resolution scanning electron microscopy (SEM-FEG
Zeiss SUPRA™ 40, Germany).

The thermal conductivity of the disk-shaped aerogels
(approximately 10 mm thick and 30 mm in diameter) was
measured via a Hot Disk apparatus (Hot Disk TPS 2500 S,
Kagaku Analys AB, Sweden). A double spiral nickel wire
sensor with a 3.189 mm sensor radius was placed between
two flat surface samples. Applying 3 mW of power for 160 s
increased the temperature of the wire and surrounding
samples. The thermal conductivity of the sample was sub-
sequently estimated on the basis of known values of the
temperature increment and initial power input.

The optical properties of a 2.5 mm thick hybrid aerogel
were analyzed via a UV-Vis—NIR spectrophotometer (Jasco
V770). The transmittance was measured in the
190-2500 nm range at 400 nm/min.

3 Results and discussion
3.1 Physical properties

Monolithic, crack-free preceramic aerogels - enough strong
to be handled without any issues - were prepared via the
sol—gel process and supercritical CO, drying. Except for the
T gel, which appears opaque due to the formation of large
macropores, as shown later, all the aerogels are transparent
to visible light, as shown in Fig. 1. The transparent samples
look bluish against a dark background owing to Rayleigh
scattering, primarily in the blue region of the visible spec-
trum [28, 29]. Furthermore, close observation of Fig. 1
reveals that the shrinkage of the aerogel samples after
supercritical drying decreases with the amount of TREOS.

Table 1 presents the bulk density (py), skeletal density
(ps), linear shrinkage and porosity (¢p) of the aerogels. The
bulk densities of the as-prepared aerogels ranged from 0.09
to 0.40 g/cm3, whereas the skeletal densities varied between
1.54 and 1.73 g/cm3. No general trend is observed in the
skeletal densities with respect to the aerogel composition,
although the highest density is achieved for the BT com-
position. Notably, the skeletal density is relatively high
overall, with a significant maximum of 1.73 g/cm3. An
increase in the TREOS concentration leads to a significant

@ Springer
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Fig. 1 Photographs depicting hybrid aerogels on white and black
backgrounds. The B, B2T, BT and BT2 aerogels appear bluish on a
dark background, whereas they appear transparent and slightly yel-
lowish on a white background. The T aerogel looks white on both the
dark and white backgrounds. The shrinkage of the hybrid aerogels
decreases with increasing amount of TREOS

Table 1 Bulk density py, skeletal density ps linear shrinkage (AL/Lg)
after gelation and supercritical drying, and porosities ¢ of hybrid
aerogels

Sample TREOS/BTEM p, g/em®  pg glem®  AL/Lg% ¢, Vol%
mol ratio + 0.02 + 0.01 +0.5 + 0.0

B 0 0.40 1.54 30.9 74.0

B2T 173 0.22 1.60 242 86.0

BT 12 0.20 1.73 18.4 88.0

BT2 23 0.17 1.67 15.8 90.0

T 1 0.09 1.69 8.0 95.0

decrease in the bulk density. This can be rationalized as
follows: a higher TREOS content increases the degree of
condensation (likely due to the low steric hindrance of the
Si—H groups) in the resulting siloxane gel [30]. The high
degree of crosslinking results in a robust Si-O-Si network
capable of withstand drying stresses without significant
shrinkage. This, in turn, accounts for the reduced drying
shrinkage and the lower bulk density observed in TREOS-
rich compositions. Interestingly, the bulk density and linear
shrinkage are inversely related to the amount of TREOS, as
depicted in Supplementary Fig. S1.

The FTIR analysis, which is presented and discussed
later in this paper, further supports this argument by
demonstrating a decrease in the amount of uncondensed Si-
OH groups as the TREOS content increases.

3.2 Nitrogen physisorption and FTIR analysis

The isotherms, pore volume, and pore size distribution
curves obtained for the hybrid aerogels are shown in Fig. 2.
The isotherm and pore size distribution revealed that the
aerogels possessed mesoporous characteristics with a wide
range of pore diameters. The synthesized aerogels exhibit a
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type VIa isotherm, a characteristic feature commonly
observed in mesoporous materials. All the aerogels, except
B, displayed H1 hysteresis loops at relatively high pressures,
suggesting the presence of large mesopores [31-33]. The
pore size distribution, PSD, and curves are shown in Fig. 2b.
The pore diameter of aerogel B is centered at 14 nm,
whereas the B2T, BT, and BT2 aerogels predominantly have
wider pore size distributions centered at 25nm. A small
number of macropores (D >50nm) are always present, and
the number of macropores increases with increasing TREOS
content (see Fig. 2b). Furthermore, the T aerogel shows a
bimodal pore size distribution with two peaks, one centered
at approximately 30 nm and the other at approximately
70 nm. The corresponding cumulative pore volume con-
tinues to increase, which indicates that saturation has not
been achieved, suggesting the presence of larger pores
(Fig. 2c). The total pore volume for T aerogels obtained
from N, physisorption is approximately 3.97 cm’/g (Table 2),
which is lower than the volume estimated via bulk and
skeletal density measurements (10.5 cm3/g, Table S1),
confirming the presence of larger pores that are not
detectable via physisorption analysis.

Table 2 shows the surface area and cumulative pore
volume of the preceramic aerogels under study. The specific
surface area (SSA) of aerogels ranges from approximately
700 to 1400 m%g, and the pore volume ranges from 2.00 to
10.50 cm®/g. In our previous investigations, a specific sur-
face area of ~1100 m?/g was measured for the aerogel from
pure BTEM, which is in substantial agreement with the
results presented here [26, 27]. The pore volume increases
with increasing TREOS content, which is in agreement with
the density measurements (Table 1); on the other hand, the
SSA shows a mixed trend. The SSA evolution mirrors
the simultaneous increase in pore volume and pore size as
the TREOS content increases. As a result, the highest SSA
is achieved for the BT composition and substantially
decreases when a larger amount of TREOS is added to the
system. Notably, the surface area of the synthesized aero-
gels stands out as one of the highest reported in the litera-
ture for silicon-based aerogels. These findings provide
valuable insights into the design and optimization of hybrid
gels with exceptional surface properties, offering significant
potential for diverse applications across various fields.

Figure 3 shows the normalized IR spectra acquired in
transmission mode for hybrid aerogels. Examination of
these spectra revealed the presence of specific chemical
bonds in the structure. The overall assignments of the peaks
for the as-prepared aerogels are summarized in Table 3.

The main spectral feature, centered at approximately
1070 cmfl, is a distinct shoulder at 1160 cmfl, which is
attributed to the asymmetric vibrations of Si-O-Si groups. A
discernible signal within the 410465 cm ™! range indicates O-
Si-O bending vibrations. The absorption bands at 680 cm ™
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Fig. 2 a Nitrogen adsorption—desorption curves of the as-prepared
aerogels and b density functional theory (DFT) density functional
theory (DFT) pore size distribution. ¢ Cumulative pore volume vs.

Table 2 The specific surface area (SSA) was calculated via the BET
method, and the cumulative pore volume (V) and average pore
diameter (D) of the as-prepared aerogels were derived from the N,
isotherm

Sample TREOS/ SSA? Pore V Pore D dpeso
BTEM ratio m?/g cm’/g nm Vol%

B 0 1120 2.00 14 100

B2T 0.33 1305 3.72 25 98

BT 0.55 1395 4.92 25 94

BT2 0.76 1320 5.10 25 90

T 1.00 715 3.97 63 67

The pore size distribution characterizes pores in mesopores and
macropores (up to 80nm). where ¢ represents the percentage of
mesoporosity. The molar ratio between TREOS and BTEM varies
from 0 to 1

Calculated via the BET method

are ascribed to Si-C stretching. Interestingly, a noticeable
increase in the intensity of this peak correlated with the
amount of BTEM, which was in line with the amount of
carbon in the hybrid aerogels.

Furthermore, bending vibrations associated with Si—-H
units were observed at 2250 and 880 cm ™ [34, 35] in the
B2T, BT and BT2 aerogels. For the T aerogel, the most
intense peak related to Si—H bending vibration was noted
at 830cm™' [34], with a shoulder at 875c¢cm~! and
2250 cm ™! (stretching). The signal that appeared from 800
to 812 cm ™! for the C-containing compositions BT2, BT,
B2T, and B is attributed to the Si—C bond of the bridged
alkoxide [36].

Most samples exhibit a prominent, broad peak at
approximately 3440 cm™!, attributed to the stretching O-H
vibration of Si-OH and H,O. Moreover, the absorption band

Pore size (nm)

Pore size (nm)

pore width of the as-prepared aerogels: B, B2T, BT, and BT2 nearly
reached saturation, whereas T continued to increase, suggesting the
presence of larger macropores
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Fig. 3 Normalized FT-IR spectra of the as-prepared aerogels produced
via the sol-gel process with various amounts of BTEM and TREOS

at approximately 1635cm™! corresponds to the bending
vibration of H,O. These features indicate the presence of Si-
OH terminal groups and adsorbed water. In contrast, aecrogel
T does not show peaks related to the uncondensed terminal
Si-OH and adsorbed H,O, indicating the complete con-
densation of silanol groups during the sol-gel process and
the absence of adsorbed water molecules. Indeed, the
intensities related to the vibration of Si-OH and H,0
decrease with increasing TREOS/BTEM molar ratio.
Finally, the small peak at 2080 cm ™" is due to the different
vibration modes of the C—H bonds in the -CHy units of the
residual unreacted alkoxy groups.

@ Springer
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3.3 Scanning electron microscopy

Figure 4 shows SEM micrographs of selected aerogels (B,
BT2, and T). Compared with the BT2 and T gels, the
BTEM aerogel has a distinct microstructure. In fact, the B
aerogel has a dense microstructure with close-packed par-
ticles, which is in agreement with the N, physisorption
study previously reported (Fig. 2 and Table 2) and its higher
bulk density among the studied aerogels (Table 1). In
contrast, the BT2 and T aerogels display highly porous
structures characterized by larger pores. The average pore
dimension of the T aerogels was estimated to be
150 £ 50 nm via ImagelJ software. Large pores (>80 nm) are
challenging to detect via Nj-physisorption methods,
underscoring the importance of SEM in the analysis of these
materials. Thus, the SEM results align well with the density,
porosity, and nitrogen adsorption data.

3.4 Thermal conductivity

Figure 5 shows the thermal conductivity of the hybrid
aerogels as a function of bulk density. As the bulk density

Table 3 Bands found in the FTIR spectra of sol-gel derived aerogels

Band (cm’l) Vibration Units Reference
3440 vO-H =Si-OH & H,0 [35, 45, 46]
2980 v,C-H -CH, [47]

2250 vSi-H Si-H [35, 46, 48, 49]
1640 dH-O-H H,0 [45, 46]

1365 3-CH,- =Si-CH,-Si= [35]

1160 Vs 31-O-Si =Si-0-Si= [34, 47]

1075 Vps91-O-Si =Si-0-Si= [34, 47]

900 3Si-OH Si-OH [50]

880 8Si-H Si-H [45, 46]

830 8Si-H Si-H [48, 51]

810 vSi-C Si-C [36]

680 vSi-C Si-C [46]

450 80-Si-O 0-Si-0 [34, 36, 46, 47]

v stretching vibration, v, symmetric stretching vibration, v, antisym-
metric stretching vibration, 6 deformation vibration

Fig. 4 Field emission scanning
electron microscopy (FE-SEM)
images of hybrid aerogels at room
temperature (B, BT2, and T). The
pore size increased with increasing
amount of TREOS
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of the aerogels decreases, the overall thermal conductivity
decreases due to the reduction in the solid fraction. How-
ever, when the density falls below 0.15 g/cm?, the thermal
conductivity slightly increases, which can be attributed to
the higher gas thermal conduction due to macropores [9,
25, 37] within the structure. Generally, the thermal con-
ductivity of porous materials at room temperature is influ-
enced by both the gas and solid phases. However, when the
pores fall within the mesoporous range, the contribution of
the gas phase conductivity becomes negligible [8, 25, 37].

The thermal conductivity of B, B2T, and BT aerogels
decreases linearly from 34.5 to 15.5 mW/mK as the bulk
density decreases from 0.40 g/cm?® to 0.20 g/cm3. With
respect to the N, sorption data, in these samples, almost all
the pores are smaller than the mean free path of air at RT
(~70 nm), significantly suppressing the gas phase thermal
conductivity. In contrast, the presence of larger pores dis-
rupts the linear trend in the BT2 and T samples, where
approximately 7% and 65% of the pores, respectively,
exceed 70 nm. Consequently, the gas-phase conductivity
becomes more significant in these aerogels.

The minimum thermal conductivity of the prepared
aerogels was 15 mW/mK, which is among the lowest
reported values for other aerogels [28, 36, 38]. This
exceptionally low thermal conductivity results from mini-
mal heat transfer through the gas and solid phases in
nanostructured materials. Specifically, pores smaller than
the mean free path of gas molecules effectively reduce the
gas phase thermal conductivity, whereas a low solid fraction
(~10%) limits the solid phase conductivity.

The B aerogel exhibited a notable increase in thermal
conductivity, reaching approximately 35 mW/mK. This
sharp increase suggests that increasing the aerogel density
facilitates more efficient heat conduction through the solid
matrix.

Figure 5b shows the correlation between the thermal
conductivity and porosity of the hybrid aerogels. It is evi-
dent that as the porosity increases, the thermal conductivity
consistently decreases to 90% porosity. However, when the
porosity reaches 95%, there is a slight increase, which is
attributed to the occurrence of large pores.
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Fig. 5 Thermal conductivity of
preceramic aerogels as a
function of a bulk density and

b porosity
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Fig. 6 Transmission spectra of the B2T, BT and BT2 aerogels
(~2.50 mm thickness) at UV-Vis-NIR (350-2500 nm) wavelengths

Table 4 Comparison of the thermal and optical properties of different
aerogel materials

Sample Pb g/cm3 Ar mW/mK  Tsso®  Toge®  Reference
Hybrid 0.17 15 80 96 This Study
Silica 0.17 20 98 99 [52]
Polymer 0.14 - 76 [42]
Cellulose  0.07 24 75 92 [53]
Chitosan  0.13 - - 83 [54]

Ar: Total thermal conductivity of porous aerogels

The transmittance of different aerogels was normalized to a thickness
of 1 mm

3.5 Optical properties

Figure 6 shows the transmittance of the B2T, BT, and BT2
aerogels across the visible and near-infrared (Vis-NIR)
spectra. In the visible range, the hybrid aerogels exhibit
reduced transmittance, which gradually increases with

increasing wavelength. This lower transmittance at shorter
wavelengths is attributed to scattering. Rayleigh scattering,
the primary source affecting transmittance in porous mate-
rials, occurs when colloidal particles or voids (<50 nm)
interact with light of comparable dimensions—approxi-
mately one-tenth of the light wavelength [39]. As a result,
the aerogels appear blue against a dark background (refer to
Fig. 1).

The optical transmittances of the B2T, BT and BT2
samples (2.5 mm thick) at 780 nm are 70%, 81% and 85%,
respectively. At a higher wavelength (1500 nm), the trans-
mission increases to 80%, 89% and 95% due to reduced
Rayleigh scattering, which is inversely proportional to A*.
The BT2 sample demonstrates superior transmittance over
the measured spectrum, highlighting its enhanced optical
transparency. This exceptional performance is attributed to
its low density, which results from minimal shrinkage
during supercritical drying. Optimizing the microstructure
(e.g., reducing particle and pore sizes) during the sol-gel
process can further enhance the optical properties of hybrid
aerogels by mitigating scattering [40].

Mesoporous aerogels are characterized by Rayleigh
scattering at visible wavelengths [41, 42], and absorption
becomes significant beyond a wavelength of 1000 nm
[43, 44]. The transmittance measurements revealed that
uncondensed Si-OH groups and water were the main
absorptive species influencing the solar transmission of the
studied aerogels. Notable absorption peaks were observed at
approximately 1400 nm, 1700 nm, 1900 nm, and 2300 nm,
which are typically associated with Si-OH and H,O in
hybrid aerogels.

Table 4 compares the optical transmittance of organic,
cellulose, chitosan, hybrid and silica aerogels at 550 (visi-
ble) and 900 (IR) nm. The transmittance of these materials
is normalized to an equivalent thickness of 1 mm, which is
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calculated via the following relation [39, 42]:
L
T=T¢

where Ty is the measured transmittance at thickness L and
T is the normalized transmittance at the equivalent thickness
of 1 mm. The normalized transmittance values for the B2T,
BT, and BT2 aerogels are presented in Table S2, with
measurements recorded at 550 nm and 900 nm
wavelengths.

This thorough analysis demonstrated that the synthesized
hybrid aerogels possessed the lowest thermal conductivity
and exceptionally high optical transmittance compared with
those of the polymer, cellulose, and chitosan aerogels.
Consequently, these aerogels have emerged as some of the
most promising candidates for transparent insulation
applications, including windows and Cerenkov radiators.

4 Conclusions

Hybrid silica aerogels were successfully synthesized from
silicon alkoxide precursors. The amount of TREOS in the
initial precursor significantly influenced the bulk density,
shrinkage, and final microstructure of the aerogels. The
resulting aerogels exhibited high porosities of up to 95 vol.%,
BET surface area of 1400 m?/g and a pore volume of
10.5 cm?/g. Furthermore, the aerogels demonstrated excellent
thermal insulating properties. In particular, the BT2 aerogel,
with a 1:2 molar ratio between BTEM and TREOS, displayed
a low thermal conductivity of 15 mW/m-K and exceeded
80% transmittance for a 1 mm thick aerogel at >550 nm.
Thus, a combination of ultralow thermal conductivity and
high transparency highlights the potential use of these hybrid
silica aerogels for transparent thermal insulation applications,
such as windows and solar thermal collectors.
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