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Transparent SiOC aerogels were synthesized from methylene-bridged and Si—H-containing preceramic
aerogels after pyrolysis in an Ar—H, atmosphere at 800 °C and 1000 °C. The presence of Si—H groups in
the starting hybrid aerogel facilitates the incorporation of carbon into the amorphous silicon oxycarbide
network, thereby reducing the tendency for free carbon formation and enabling the synthesis of
transparent silicon oxycarbide aerogels. Various characterization techniques, including FTIR, Raman
spectroscopy and SEM, are applied to analyze the structural and microstructural features of the porous
materials. Nitrogen physisorption was employed to characterize the surface area, pore volume, and pore
size distributions of the SIOC. All samples exhibit high surface areas, ranging from 915 to 1300 m? g~* at
800 °C and from 565 to 855 m? gt at 1000 °C. The thermal conductivity ranges from 15 to 60 mwW
m~1-K for samples pyrolyzed at 800 °C and from 35 to 156 mW m~!-K for those treated at 1000 °C.
Furthermore, the normalized transmittance of the SiOC aerogels is approximately 91 + 2% at 780 nm
and 95 + 1% at 900 nm, respectively, for an equivalent thickness of 1 mm. The combination of low
thermal conductivity, high transmittance in the visible-NIR range, strong infrared absorption, and
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Introduction

Polymer-derived ceramics (PDCs) are innovative materials
primarily fabricated from silicon-based preceramic polymers.
The molecular structure of these preceramic polymers signifi-
cantly influences the macroscopic chemical and physical
properties of the resulting PDCs." Among the various types of
PDCs, silicon oxycarbide (SiOC) and silicon carbonitride (SiCN)
ceramics exhibit unique properties rarely attainable in other
materials.> SiOC and SiCN ceramics contain excess free carbon,
which depends on the amount of carbon present in the initial
precursor and on the pyrolysis parameters.'™

Silicon oxycarbide (SiOC) glass, an anionic modification of
silica produced via the pyrolysis of hybrid silica gels,* demon-
strated increased viscosity and a higher glass transition
temperature than pure SiO,. Numerous studies have
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demonstrated the feasibility of processing SiOC aerogels, which
remain stable at high temperatures and offer a promising
solution to sintering issues observed in silica aerogels at
elevated temperatures.® The fabrication of SiOC aerogels typi-
cally involves the following steps: (1) synthesis of the wet gel
either via the sol-gel process® or pre-ceramic Si-containing
polymer,”® (2) supercritical CO, drying and (3) polymer-to-
ceramic transformation through pyrolysis in an inert atmo-
sphere at high temperatures (T = 800 °C).”

This study synthesized sol-gel-derived hybrid silica aerogels
from a mixture of CH,-bridged and Si-H containing silicon
alkoxides. Compared to the more common methyl-modified
silicon alkoxide, the bridged alkoxide provides a lower
amount of bonded carbon. At the same time, the Si-H precursor
facilitates the incorporation of carbon into the inorganic SiOC
network during pyrolysis.® Accordingly, both features, i.e., low
starting C and use of Si-H moieties, enable the synthesis of
SiOC materials with minimal free carbon,'™'" potentially
leading to transparent aerogel. In particular, when the number
of C-H bonds equals the number of Si-H bonds in the starting
preceramic polymer, the resulting SiOC glass should be a stoi-
chiometric silicon oxycarbide glass, free of any excess carbon
phase.”

Various forms of transparent aerogels provide excellent
thermal insulation and optical clarity, making them promising
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materials for superior thermal insulation in construction
applications.*** Recently, multiple studies have been under-
taken to employ these materials in non-concentrating solar
thermal technologies.”®™® Inserting transparent aerogels
between a glass and an absorber facilitates the transmission of
sunlight through the nanostructure, enabling direct conversion
into heat. In contrast to concentrating solar power, the receiver
in non-concentrating solar power does not require a specialized
surface or vacuum enclosure. In non-concentrated solar
systems, the radiation emitted from the receiver is absorbed
and scattered throughout the aerogel network, rather than only
at the surface, and is subsequently re-emitted back to the
receiver. Consequently, the aerogels function as volumetric
radiation shielding, which reduces radiative heat losses and
enhances the thermal insulation performance of the thermal
receiver, attaining temperatures of up to 350 °C under uncon-
centrated solar flux.

Transparent, thermally insulating aerogels have several
promising applications in solar power systems. They can serve
as thermal insulation layers in solar thermal collectors*>** and
photovoltaic/thermal (PV/T) collectors,'® where they reduce heat
loss while maintaining high light transmission. They are also
suitable for windows in building-integrated solar thermal
systems,*® where both light transmission and thermal insu-
lation are critical. Furthermore, their volumetric radiation
shielding capability enables more efficient operation of high-
temperature receivers in concentrated solar power systems,
including next-generation supercritical CO, receivers.>*

In our previous studies, transparent SiOC aerogel was ob-
tained when a fragment of the hybrid gel from bis(triethoxysilyl)
methane was pyrolyzed in H, atmosphere.®** In the present
study, we aimed to synthesize transparent monolithic SiOC
aerogels treated in an Ar-H, atmosphere at 800 °C (see Fig. 1b),
targeting ultralow thermal conductivity. The transparency and
ultralow thermal conductivities of the SiOC aerogels were ach-
ieved through meticulous adjustments to the initial composi-
tion of the starting aerogels. We characterized the structural,

Fig. 1 (a) Theoretical atomic composition of preceramic aerogels
represented in the Si—O-C ternary phase diagram. (b) Micrograph of
selected hybrid aerogels and SiOC ceramics aerogels treated at 800 °
C.
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microstructural, optical, and thermal properties of transparent
SiOC aerogels. Thermal diffusivity and conductivity are
measured as a function of temperature, up to 500 °C, while
optical transmittance is evaluated in the 190-2500 nm range.
The results reveal a favorable combination of low thermal
conductivity, high transmittance in the visible-to-near-infrared
(Vis-NIR) range, and strong absorption beyond 3 pm. These
properties, along with excellent thermal stability, make SiOC
aerogels promising candidates for solar power applications.

Experimental

SiOC aerogel synthesis

Five silica-based hybrid 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.
A detailed description of preceramic aerogel synthesis can be
found in our previous work.”> The corresponding porous
ceramics were designated as B x, B2T x, BT x, BT2 x, and T x,
respectively, where x represents the pyrolysis temperature (x =
800 or 1000 °C). Notably, the carbon content in the synthesized
aerogels decreases with increasing amounts of TREOS see
Fig. 1a. The BT2 aerogel, with a (Si-H)/(C-H) molar ratio of 1, is
expected to yield stoichiometric SiOC after pyrolysis*® i.e.
without the presence of a free carbon phase, whereas the aer-
ogel derived from pure TREOS, which lacks any Si-C bonds, is
anticipated to produce understoichiometric silica (Si/SiO,)*
(refer to Fig. 1a). Furthermore, aerogels with BTEM/TREOS = 2
and 1 (molar ratio) should lead to a SiOC glass with a small
amount of free carbon content of ~3 and 2 wt% after pyrolysis,
respectively.

Pyrolysis was conducted in an alumina Lindberg/Blue tube
furnace under an Ar-5% H, flow at 200 cm® min ', with
a heating rate of 1 °C min ", reaching 800 or 1000 °C. Following
a 1 h soaking period at maximum temperature, the samples

were cooled to room temperature at 2 °C min ™.

Characterization

The bulk density (pp) and skeleton density (ps) of the pyrolyzed
samples were determined using Archimedes’ principle with
ethanol as the buoyancy solvent, utilizing an analytical balance
(Gibertini) with a sensitivity of 0.1 mg. The porosities (¢) of
samples were computed from the density measurements using
the equation: (1 — (pp/ps)) X 100%.

Fourier transform infrared (FT-IR) spectra were obtained
using a Thermo Optics Avatar 330 instrument (Thermo Fischer
Scientific, Waltham, MA, USA) on KBr pellets. The spectra were
measured in the range of 4000-400 cm ' based on trans-
mittance, with 64 scans and a resolution of 4 cm™".

Gas adsorption-desorption isotherms for the pyrolyzed
samples were conducted using a Quantachrome Instrument
(Anton Paar, USA) with nitrogen utilized as the adsorbate gas at
77 K. About 25 mg of samples were employed for physisorption
measurements. All the samples were degassed at 350 °C for 7 h
to eliminate moisture adsorbed on the surface of the pores. The
final mass after degassing was employed for all the calculations.

This journal is © The Royal Society of Chemistry 2025
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The surface area was calculated using the micropore BET
assistant to select points within the linear range of the BET
equation. The cumulative pore volume and pore diameter range
were obtained using the density functional theory (DFT).

The weight change during the polymer-to-ceramic trans-
formation was examined through thermogravimetric analysis
(TGA) on a Netzsch STA 409 instrument (Netzsch-Geratebau
GmbH, Selb, Germany). The mass variation was recorded as
a function of temperature up to 1000 °C with a flow of Ar-5% H,
gas at 100 cm® min~", and a heating rate of 10 °C min™".

The microstructure of SiOC aerogels was characterized using
an FE-SEM Supra 40 Zeiss (Carl Zeiss, Oberkochen, Germany)
on fresh fracture surface was coated with a thin Pt/Pd (80 : 20)
film.

X-ray diffraction (XRD) spectra were collected on powder
samples utilizing an IPD3000 diffractometer equipped with
a Cu anode source operating at 40 kv and 30 mA coupled to
a multilayer monochromator (Goebel mirror). The spectra were
acquired over the 26 = 10-80° range, with a 0.02° step size and
1200 s acquisition time, using a Dectris Mythen 1K hybrid pixel
detector.

Raman spectra were acquired employing a Thermo Scientific
DXR2 (Madison, WI, USA) equipped with a diode-pumped solid-
state (DPSS) laser (A = 532 nm). The spectra were recorded over
the 100-3500 cm ™" range with a resolution of 4 cm ™. The laser
power was set at its minimum value and increased stepwise to
avoid thermal degradation induced by the laser power. Subse-
quently, measurements were conducted at 10 mW with 30
accumulations of 20 seconds each.

The thermal diffusivity («) of SIOC samples was determined
using the Laser Flash Analysis, LFA, (LFA 467 HT HyperFlash,
Selb, Germany). An exponential pulse was applied to the front
surface, and temperature changes on the opposite surface
were recorded. Thermal diffusivity measurements were con-
ducted on a 10 x 10 x 2.0 mm® sample from 20 to 500 °C,
utilizing a pulse width of 600 ps and an applied voltage of 250
volts. The thermal diffusivity was calculated based on a linear
penetration model. The specific heat capacity (cp) of SiOC
ceramics was assessed using a differential scanning calorimeter
(DSC), measured up to 300 °C, with values above this temper-
ature obtained by extrapolation. Due to the porous micro-
structure of the SiOC aerogels, the samples adsorbed 2 to 5 wt%
moisture. Therefore, to eliminate the humidity before the C,
measurement, the samples were heated to 300 °C. Subsequent
measurements were carried out up to 300 °C. Finally, the
thermal conductivity (1) was calculated from the thermal
diffusivity and heat capacity measurements according to the
relation: A = pc,a where p is the density, ¢, the heat capacity and
« the thermal diffusivity.

The optical transmittance of SiOC ceramic was evaluated
using a UV-Vis-NIR spectrophotometer (Jasco V770) in the range
of 190 to 2500 nm at 400 nm min ‘. FTIR spectroscopy
measurements were conducted with a Jasco FT-IR 4200 spec-
trometer. Measurements were collected in transmission mode
in the 4500-400 cm ™" range, employing 64 scans per min " and

with a resolution of 2 cm ™.

This journal is © The Royal Society of Chemistry 2025
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Results and discussion
Thermogravimetric analysis

The preceramic-to-ceramic transformation was followed by
thermogravimetric measurements (Fig. 2). TGA curves show
that the transformation occurs in three distinct temperature
regimes. Weight loss observed up to 200 °C is attributed to the
release of water and ethanol from residual terminal Si-OH and
Si-OEt groups, as well as from residual solvent. The intensity of
this initial weight loss step decreases with increasing T content,
suggesting that compositions with a higher amount of T
precursor contain fewer unreacted terminal Si-OH/Si-OEt
groups. This indicates the formation of a more condensed
siloxane network. Indeed, T aerogel indicates no weight loss up
to 300 °C, supporting the hypothesis that it is fully crosslinked.

Between 400 °C and 600 °C, a significant mass loss occurs,
primarily attributed to the release of Si-containing molecules,
such as silanes, which are generated by redistribution reactions
involving Si-O, Si-C, and Si-H bonds.>?¢ A third weight loss is
observed between 700 and 900 °C, resulting from the minerali-
zation reactions that release CH, and H, (ref. 25) gases. Overall,
the mass lost across these three temperature ranges tends to
increase with the amount of BTEM present in the starting aerogel.

Microstructural characterization
Density

Table 1 shows the bulk density, skeletal density and porosity of
the SiOC aerogels pyrolyzed in Ar-H, flow at 800 and 1000 °C.
The skeletal densities of the SiOC aerogels increase with
pyrolysis temperature but remain similar regardless of the
chemical composition. Whereas, the bulk density of SiOC
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Fig.2 TGA curve of the hybrid silica aerogels in Ar—H, atmosphere up
to 1000 °C. Aerogels denoted as B, B2T, BT, BT2 and T with BTEM/
TREOS molar ratios of 1/0 (pure BTEM), 2/1, 1/1, 1/2, and 0/1 (pure
TREOS), respectively.
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Table 1 Bulk density (pp), skeletal density (ps), and porosity (¢) of SIOC
aerogels

Sample pb [g em ] £ 0.02 ps [g em ] £ 0.01 ¢ [vol%]
B 800 0.62 2.22 72.0
B 1000 0.89 2.35 62.1
B2T 800 0.40 2.10 81.0
B2T 1000 0.68 2.31 70.5
BT 800 0.38 2.10 82.9
BT 1000 0.52 2.32 75.4
BT2 800 0.25 2.12 88.2
BT2 1000 0.40 2.34 80.9
T 800 0.17 1.82 90.6
T 1000 0.23 2.30 90.0

aerogels depends on both the pyrolysis temperature and initial
composition, as shown in Fig. Sla. Increasing the pyrolysis
temperature from 800 °C to 1000 °C causes further densification
of the SiOC aerogel due to the completion of the mineralization
reactions.

N, physisorption

The microstructure of porous SiOC aerogels was studied
through N, physisorption. The adsorption-desorption
isotherms of aerogels treated at 800 °C and 1000 °C in an Ar-H,
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Fig. 3 Nitrogen adsorption—desorption isotherms of SIOC aerogels at
(a) 800 °C and (b) 1000 °C.
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atmosphere are depicted in Fig. 3. All the SiOC aerogels exhibit
type VI(a) isotherms, characterized by a hysteresis loop attrib-
uted to capillary condensation within the mesopore range. The
SiOC aerogels treated at both temperatures exhibit a notable
increase in adsorbed volume at a lower relative pressure (p/po <
0.05), indicative of microporosity (pore width <2 nm) within
their structure. In fact, the volume percentage of micropores
ranges from 5 to 17% at 800 °C and 1 to 9% at 1000 °C, as
detailed in Table 2. It is worth noticing that, apart from sample
T, all other SiOC aerogels did not display macropores (pore
width >50 nm).

The BET (Brunauer, Emmett and Teller) specific surface area
(SSA), pore width, micro-, meso- and macro-pore volumes of the
pyrolyzed aerogels are provided in Table 2 and Fig. S1(b). At
800 °C, the specific surface area (SSA) ranges from approxi-
mately 900 to 1300 m* g, while at 1000 °C it ranges between
565 and 855 m”> g~ . These exceptionally high values for samples
treated at such elevated temperatures further confirm the well-
known high-temperature stability of the silicon oxycarbide
microstructure.”” Compared to silica, silicon oxycarbides
exhibit a significantly higher viscosity - by 2 to 3 orders of
magnitude®® - which inhibits the densification of the porous
aerogel. In contrast, densification of SiO, aerogels typically
begins at temperatures =600 °C."”

Fig. 4 shows the DFT pore size distribution of SiOC aerogels
treated at pyrolysis temperatures of 800 and 1000 °C. The average
pore width of the studied samples is closely correlated to their
initial compositions and the pyrolysis temperatures. Notably,
samples with higher amounts of TREOS consistently show larger
pore diameters. In contrast, as the pyrolysis temperature
increases from 800 to 1000 °C, the most probable pore sizes tend
to shift slightly to the lower values. At 800 °C, the most probable
pore diameters are approximately 12 nm, 16 nm, 20 nm, and
25 nm for B 800, B2T 800, BT 800 and BT2 800, respectively.
Except for aerogel T, which has 68% macroporosity, all other
samples fall within the mesoporous range (2-50 nm). Similarly, at
1000 °C, the most probable pores and upper limits of pore
diameters for the ceramic aerogel shifted to lower values. As
depicted in Fig. S2, the average pore diameter exhibits a contin-
uous decline with rising pyrolysis temperatures.

Table 2 Specific surface area (SSA), micropore volume (Vicro), mesopore volume (Vineso), macropore volume (Vacro) and total pore volume

(Viotal) Of aerogels pyrolyzed at 800 and 1000 °C in Ar—Hy*

Sample SSA [m* g™ ] Viiero [cm® g77] Vineso [cm® g '] Vinaero [cm® g~ '] Viotal [em® g7]
B 800 1120 0.23 1.10 0.00 1.33
B 1000 565 0.05 0.75 0.00 0.80
B2T 800 1205 0.18 1.85 0.00 2.03
B2T 1000 635 0.03 1.06 0.00 1.09
BT 800 1180 0.18 2.03 0.01 2.22
BT 1000 810 0.13 1.38 0.00 1.51
BT2 800 1300 0.21 2.58 0.01 2.80
BT2 1000 855 0.14 1.78 0.00 1.92
T 800 915 0.16 1.69 1.15 3.00
T 1000 595 0.04 1.63 1.17 3.38

“ Please note that the total pore volume of T aerogel at 800 and 1000 °C was determined from the bulk and skeletal density measurements and found

to be 5.33 and 3.91 cm® g, respectively.
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Fig.4 DFT pore size distributions of the SiOC aerogels pyrolyzed at (a)
800 °C and (b) 1000 °C. Where V is the cumulative pore volume and D
is the pore diameter. At 800 °C, the T 800 glass exhibited 32%
mesopores and 69% macropores, while at 1000 °C, the T 1000 sample
displayed 42% mesopores and 58% macropores. In both heat treat-
ments, the T glasses demonstrated a large portion of macroporosity in
the silica matrix.

The overall pore volume of the SiOC samples is affected by
both their compositions and the pyrolysis temperatures. Typi-
cally, a higher concentration of TREOS in the starting compo-
sition results in a larger pore volume, as shown in Fig. 5.
However, as the pyrolysis temperatures rise, the pore volume
tends to decrease due to densification (refer to Table S1).

SEM

Fig. 6 presents the SEM micrographs of the aerogels pyrolyzed at
800 and 1000 °C. The SEM shows, for all compositions and
temperatures, the typical aerogel microstructure with sub-
micrometric colloidal particles. On the other hand, the
compositions rich in B exhibit a more compact microstructure,
with no macropores than those clearly visible in the T 800 and T
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Fig. 5 DFT cumulative pore volume of SiOC aerogels pyrolyzed at (a)
800 °C and (b) 1000 °C. The cumulative pore volume of the SiOC
aerogels, as a function of pore diameter, reached saturation for all
samples, except for those derived from pure TREOS (T 800 and T 1000
samples), which continued to show an increase. This observation
suggests the presence of larger macropores in these samples.
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i, BT2 100

Fig. 6 Field emission scanning electron microscope (FE-SEM) images
of the SiIOC and Si/SiO2 aerogels pyrolyzed at 800 °C and 1000 °C.

1000 samples. The TREOS modified samples, specifically BT2
and T aerogels exhibit more open networks, with T showing the
highest porosity among all at the respective pyrolysis tempera-
tures. In fact, the microstructure of the ceramic materials is
more influenced by the initial compositions than by the pyrol-
ysis temperatures. The results of the SEM observation align well
with the bulk densities and the nitrogen physisorption analysis.
In particular, the bulk density decreases while the porosity and
pore size increase with increasing T content in the samples.

Structural characterization

FT-IR. The infrared spectra of pyrolyzed SiOC aerogels are
presented in Fig. 7. At 800 °C, the most intense bands are

J. Mater. Chem. A, 2025, 13, 33947-33957 | 33951
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Fig. 7 Infrared spectra of SiOC aerogels treated at (a) 800 °C, and (b)
1000 °C in KBr pellet. The peak at ~810 cm ™t in both T 800 and T 1000
samples corresponds to the Si—O bond. The BT 1000 sample exhibits
a small peak at 970 cm™! associated with the Si—OH unit.

observed in the following ranges: 1065-1095 cm™ ' (asymmetric
stretching, v,,, of Si-O-Si), 805-812 cm ™" (stretching, v, of Si-C
and Si-0), and 455-470 cm™ " (bending, 6, of O-Si-O). Inter-
estingly, the absorption bands associated with the Si-O bond
shift from 1095 cm ™" for T-800 (no carbon in the network) to
1065 cm™ ' for B-800 (exhibiting maximum carbon content).
This shift to a lower wavenumber correlates with the insertion
of carbon into the silicon oxycarbide network, in agreement
with the existing literature.?® At 800 °C, a new peak at 1279 cm
appears in -CH,- and Si-H -containing aerogels, typically
attributed to the symmetric bending of CH; in the Si-CH; units
(see Fig. 7a). It is worth noting that Si—-CH; moieties do not exist
in the starting precursors, implying that they form in situ during
pyrolysis. Similar results have already been reported in the
literature.?

The infrared spectra of aerogels treated at 1000 °C are
depicted in Fig. 7b. Characteristic peaks ranging from 1090 to
1105 cm ™! are attributed to the asymmetric stretching vibration
of Si-O-Si bonds. Upon pyrolysis at elevated temperatures, the
peak position »,,Si-O-Si shifts to higher wavenumbers. The
change of the wavenumber position varies among aerogels,
typically ranging from 25 to 10 cm™ . It has been reported that
the shifting of the peak position to a higher wavenumber is due
to an increasing degree of cross-linking during organic-to-
inorganic transformations.*

Peaks observed at 3450 and 1635 cm ™' originate from the
O-H group and adsorbed water, respectively. The extremely
high surface area of SiOC aerogels, which ranges from 915-1300
m? g~ ' at 800 °C and 565-855 m” g~ at 1000C, favours moisture
adsorption. Additionally, bands associated with Si-CH; groups,
present at 800 °C, are no longer observed after pyrolysis at
1000 °C, indicating their removal at higher temperatures.

XRD

Fig. 8 shows the XRD spectra of some selected SiOC aerogels
treated at 800 and 1000 °C. The spectra up to 1000 °C display
a completely amorphous structure, with only a short-ranged

33952 | J Mater. Chem. A, 2025, 13, 33947-33957
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Fig. 8 XRD spectra of B, BT2 and T aerogels pyrolyzed at 800 °C and
1000 °C.

order represented by a broad peak at ca 260 = 22°, characteris-
tics of amorphous silicates. It was evident that no crystalline
phases of carbon, silica, SiC or Si formed within the applied
temperature range.

Raman spectroscopy

Fig. 9 presents the Raman spectra of B 800, BT 800 and BT2 800
SiOC aerogels that were treated at 800 °C, while the other

Raman Intensity (a.u)

T T T T T
1000 1500 2000 2500 3000
Wavenumber (cm-)

3500

Fig. 9 Raman spectra of B-, BT-, and BT2-800 samples. The D1 and
D2 bands correspond to 4-, and 3-membered silicate rings, respec-
tively, while the R band represents a well-resolved Raman band. S—v
denotes symmetric stretching vibration, and s—4 indicates symmetric
rocking modes.
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samples, which were influenced by a strong fluorescent back-
ground were not analyzed. Specifically, the following key details
were revealed from the measurements:

(1) Aerogels pyrolyzed at 800 °C retained some organic
groups within the structure. The Raman peaks at 1300 and
1440 cm™ ! are associated with symmetric rocking of methyl
groups, while bands at 2860 and 2900 cm ™' are owing to the
symmetric stretching of -CH; units. The B 800 aerogel shows
a higher relative intensity of methyl units compared to the BT
800 and BT2 800 samples.

(2) The SiOC networks exhibit two prominent defect bands,
D1 and D2. The D2 band that appeared at 607 cm ™ is associ-
ated with an (OSi);-ring breathing mode, while the D1 peak at
490 cm™" belongs to the four-member silicate rings.*>* In
addition, the SiOC networks display a well-resolved R band,
which shows the presence of higher-membered rings of SiO,
tetrahedral (5 and 5+ membered rings) in the silicon oxycarbide
structure. The relative ratio between R and D, (higher in B 800)
suggests a higher number of 5+ membered rings in the B 800
sample than in BT2 800. In general, the D2 band is extremely
sharp and intense compared to the conventional melt-quench-
derived silica. Therefore, the SiOC network at 800 °C displays
a higher concentration of small-membered rings than silica
glass.

(3) The sharp band at about 970 cm™* can be attributed to
depolymerized tetrahedral stretching due to the effect of
structural water* creating Q® units in which silicon is bonded to
an OH and 3 bridging oxygens.

Thermal and optical properties

Thermal conductivity. The thermal diffusivity of the SiOC
aerogels is shown in Fig. 10 as a function of measured
temperatures. The thermal diffusivity of the SiOC materials
pyrolyzed at 800 °C ranges from 1.0 x 10> cm” s~ to 2.3 x
10° ecm® s! measured at 50 °C. The B 800 sample, featuring
a higher bulk density, exhibited relatively higher thermal
diffusivity values than the others. The thermal diffusivity of
SiOC aerogels increased with the pyrolysis temperatures. Both
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Fig. 10 Thermal diffusivity of the SIOC aerogels pyrolyzed in Ar—H,
atmosphere at (a) 800 °C and (b) 1000 °C. Note that thermal diffusivity
could not be measured for the T 800 and T 1000 samples.
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pyrolysis temperatures resulted in a modest increase in thermal
diffusivity up to 150 °C, likely due to the evolution of moisture
from the porous structure. Beyond 150 °C, as the temperature
rises, increased phonon vibration leads to phonon-phonon
scattering, which reduces the mean free path and subsequently
decreases the thermal diffusivity.**?¢

The thermal conductivity of porous SiOC aerogels at various
temperatures was calculated from the thermal diffusivity, the
bulk density and the heat capacity measurements according to
the relation.

AT) = p(D)Co(T)(T)

where A(T) - thermal conductivity, p(T) - bulk density, Cp(T) -
heat capacity and «(7) - thermal diffusivity of porous SiOC
samples as a function of temperature.

The density variation as a function of temperature can be
ignored due to the low thermal expansion coefficient of silicon
oxycarbide (approximately 3.2 x 10~° °C™").?” Therefore, the
density at room temperature was utilized in the thermal
conductivity calculations. Whereas, the specific heat capacity
and diffusivity values were obtained from the DSC and LFA
measurements, respectively.

The evolution of specific heat capacity for SiOC aerogels as
a function of temperature is shown in Fig. 11. The values were
measured up to 300 °C and extrapolated from 350 to 500 °C. The
measured heat capacity resembles that of the C, of dense SiOC
ceramics® (refer to Fig. S3). The extrapolation values for aerogel
pyrolyzed at 800 °C are slightly overestimated compared to
literature values. The C;, values of SiOC aerogels at 1000 °C are
closely associated with the bulk density of the samples. The
thermal conductivity of porous SiOC aerogels at 50 °C varies
between 15 to 60 mW m ™ '-K for aerogels pyrolyzed at 800 °C
and 35 to 156 mW m™ K for those pyrolyzed at 1000 °C. In both
pyrolysis conditions, the thermal conductivity follows the trend
of B > B2T > BT > BT2 across all measured temperatures. The
thermal conductivity of aerogels pyrolyzed at 800 °C, appears to
be temperature-independent, with approximate values of 80, 30,
25, and 15 mW m~ K for B 800, B2T 800, BT 800, and BT2 800,
respectively (refer to Fig. 12a). The thermal conductivity profiles
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Fig. 11 Specific heat capacity of the SiOC aerogels pyrolyzed at (a)
800 and (b) 1000 °C.
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Fig. 12 Thermal conductivity of SIOC aerogels pyrolyzed in Ar—H,
atmosphere at (a) 800 °C and (b) 1000 °C. The SiOC aerogels (B2T-,
BT-, and BT2-800) treated at 800 °C are transparent and their cor-
responding thermal conductivity remains constant across the
temperatures.

for aerogels pyrolyzed at 1000 °C are presented in Fig. 12b.
Interestingly, the BT 1000 and BT2 1000 samples exhibit
a constant thermal conductivity of approximately 35 mW m ™ "-K
and 50 mW m~ K, respectively. In contrast, the B 1000 and B2T
1000 aerogels demonstrate: (i) thermal conductivity increases
with temperature and (ii) a higher thermal conductivity, which
can be attributed to the significant densification and high
thermal diffusivity values.

Fig. 13 presents the average thermal conductivity of SiOC
aerogels as a function of bulk density. For the sample treated at
800 °C (Fig. 13a), thermal conductivity above 0.35 g cm™®
exhibits a strong dependence on the bulk density. Below this
threshold, the thermal conductivity was less sensitive to
changes in bulk density, as the gas phase dominates heat
transfer. This behavior is attributed to the high porosity and
limited solid connectivity of the BT2 800 aerogel, as seen in the
SEM images in Fig. 6. With increasing pyrolysis temperature to
1000 °C (Fig. 13b), the SiOC aerogels undergo significant
structural densification and phase evolution, leading to the
formation of a more continuous solid network. Consequently,
solid-phase conduction becomes the dominant heat transfer
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Fig. 13 Average thermal conductivity (50-500 °C) of SiOC aerogels
pyrolyzed at (a) 800 °C and (b) 1000 °C as a function of bulk density.
The dashed lines are guides for the eye.
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mechanism, resulting in a direct proportionality between
thermal conductivity and bulk density.

It is important to highlight that BT2 800 exhibits an excep-
tionally low thermal conductivity of 15 mW m™ 'K at 500 °C,
which is the lowest value ever reported for ceramic aerogel
materials. This value is significantly lower than those of similar
systems, such as SiOC foam-aerogel composite (50 mW m ™ '-k at
500 °C),*” SiOC aerogel (44 mW m™ -k at 500 °C),*® and alumina-
doped silica aerogel (50 mW m™'-k at room temperature).*

The ultralow thermal conductivity in SiOC aerogels is
primarily due to their nanostructured, highly porous framework
that restricts heat flow through solid, gaseous, and radiative
paths. Mesoporosity, low density, and a tortuous network of
SiOC particles combine to suppress all modes of thermal
transport. This remarkable characteristic is coupled with
outstanding thermal stability up to 1000 °C. Such impressive
thermal properties are industrial
applications.

The thermal stability of transparent SiOC aerogels treated at
800 °C was evaluated using thermal gravimetric analysis in air,
as shown in Fig. 14. The TGA results show a slight weight gain of
1.9 % wt, 1.1 % wt, and 0.9 % wt for the B2T 800, BT 800 and BT2
800 samples, respectively. This weight gain is attributed to the
oxidation of Si-C to Si-O bonds, probably involving Si-CH,
bonds following the reaction.*

crucial in various

Si — CH, + O, — Si — O + xH,0/CO

The DTA curve shows a single exothermic peak at 520 °C and
530 °C for the BT800 and BT2800 samples, respectively. In
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Fig. 14 DTA-TGA curves of SiOC glasses (B2T 800, BT 800 and BT2
800) treated in pure air. The black dotted line indicates zero weight
loss. The gradual decline of the TGA curve above 600 °C is probably
due to the buoyancy effect of the instrument. The SiOC glasses were
thermally stable in an oxidative atmosphere up to 500 °C and a small
weight increase (1-2 wt%) was observed from 400 to 500 °C.
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contrast, the B2T800 sample exhibits two exothermic peaks: one
at 420 °C and another at 510 °C. The 510 °C peak may be
associated with the oxidation of Si-CH,, units, similar to those
present in the BT800 and BT2800 samples. The additional peak
at 420 °C observed in the B2T800 sample—which has a higher
carbon content than the other two—could be attributed to Si-
CH, units that are richer in hydrogen.

Studies have demonstrated that SiOC materials show excel-
lent oxidation resistance; however, their thermal stability in air
is influenced by several parameters, such as composition
(specifically free carbon content), porosity and pyrolysis
temperature. Free carbon within the SiOC structure results in
oxidative degradation, leading to weight loss at 300 °C, while
the oxidation of the Si-C bonds results in a weight gain above
1000 °©C.***' Non-porous SiOC materials exhibit superior
oxidation resistance by forming a thin oxide layer that acts as
a oxygen barrier diffusion.*** Furthermore, a higher pyrolysis
temperature in PDCs leads to an increased formation of free
carbon for precursors with a high carbon content, which
accelerates oxidation at elevated temperatures. In this study,
despite the high porosity of the SiOC samples, the stoichio-
metric and low-carbon composition of the hybrid aerogels
enables the SiOC materials to exhibit excellent thermal stability
in an oxidative atmosphere up to 1000 °C.**

Optical properties. Fig. 15 illustrates the optical trans-
mittance of B2T 800, BT 800 and BT2 800 samples. All SiOC
samples exhibit low optical transmittance at short wavelengths
due to structural inhomogeneities. The microstructure is
composed of 80 to 90% air-filled pores, ranging from 15 to
25 nm in size. The presence of these nanosized pores reduces
optical transmittance in the UV-vis wavelength range due to
Rayleigh scattering.**® The scattering intensity is proportional
to A~ indicating that structural inhomogeneity tends to scatter
short wavelengths compared to longer wavelengths.

The optical transparency of SiOC aerogels is influenced by
bulk density, particle size and pore size. Notably, the trans-
mittance of the SiOC aerogels slightly increased as the bulk
density rose from 0.25 g cm ® in the BT2 800 sample to
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Fig. 15 Transmission spectra of 2 mm-thick SiOC aerogels in the UV—-
vis wavelength.
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Fig. 16 Transmission spectra of 2 mm thick SiOC aerogels in the UV—-
Vis—IR ranges. Transmittance of transparent SiOC aerogels compared
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~0.40 g cm? in the BT 800 and B2T 800 samples. The SiOC
aerogels, particularly BT2 800, demonstrated a combination of
high transparency (>80% at A = 800 nm), lowest thermal
conductivity (~15 mW m™"-k) and excellent stability in pure air.

Fig. 16 presents the transmission spectra of the SiOC aero-
gels up to 20 000 nm. The SiOC aerogels combine high optical
transparency in the visible-NIR region with strong IR absorption
(2> 3 um), a particularly advantageous feature for solar thermal
applications. The high NIR transmittance allows most of the
solar spectrum to pass through the aerogel and reach the
absorber, while the strong long-wavelength absorption
suppresses radiative heat losses by trapping thermal radiation
within the material. This dual functionality optimizes solar
energy input and minimizes radiative losses, thereby improving
the overall efficiency of the solar thermal systems.

Conclusions

This study synthesizes transparent SiOC aerogels utilizing low-
carbon-containing silicon alkoxide precursors. The materials
demonstrated high thermal stability, achieving a surface area of
855 m” g~ ', a porosity of 90%, and a pore volume of 3,9 cm® g*
for gels annealed at 1000 °C. The SiOC ceramics, derived from
either pure bridged CH, precursor or a combination of CH, and
Si-H precursors, displayed mesoporous characteristics. The
structure and microstructural properties of the SiOC ceramics
were primarily influenced by the amount of TREOS in the initial
precursors and the pyrolysis temperature. The increased pore
volume, porosity, and pore size can be attributed to TREOS;
however, the relationship with surface area is more complex, as
it is related to both smaller pore size and higher pore volume.
Notably, as the pyrolysis temperature rose, many properties
including surface area, porosity, and pore volume showed
a slight decrease.

The thermal conductivity of porous SiOC ceramics ranges
from 15 to 60 mW m ™K for hybrid aerogels pyrolyzed at 800 °C
and from 35 to 156 mW m™ '-K for those treated at 1000 °C. The
stoichiometric SiOC aerogel treated at 800 ©°C exhibits
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exceptionally low thermal conductivities, reaching as low as 15
mW m™"-K. This value is comparable to preceramic aerogels, yet
this material retains high thermal stability up to 1000 °C. This
ultralow thermal conductivity for ceramic aerogel is attributed
to its low bulk density, high porosity, and mesopores. Addi-
tionally, this material also shows a unique combination of high
solar transmittance and infrared absorption, further enhancing
the overall performance of the insulating properties of the
transparent materials. These characteristics make the synthe-
sized SiOC ceramic aerogels well-suited for use in thermal
collectors operating at high temperatures. In terms of scalability
of the SiOC aerogel fabrication process, we do not anticipate
major challenges beyond those already resolved in the
production of large monolithic transparent silica aerogels,
which are already commercially available. The key requirements
are access to a large supercritical dryer and a high-capacity
furnace for pyrolysis.
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