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Preceramic inorganic polymers (PCIPs) have garnered attention due to their unique properties and potential
applications in environmental contexts. They are highly resistant to heat, making them suitable for high-
temperature processes like pollution control, waste management, and water purification. Additionally,

PCIPs possess strong mechanical properties, including high strength and stiffness, which enable them to

be used in harsh conditions. Their excellent chemical resistance also makes them useful in corrosive
environments and as protective coatings for metals. This review explores different methods for
synthesizing PCIPs, including sol—gel processing, polymerization, and pyrolysis. Each method has its
benefits and challenges, depending on the desired characteristics and intended applications. PCIPs can

be utilized in various environmental solutions, including catalytic converters and air filters for pollution
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control, stabilizing hazardous waste, and treating wastewater. They also have potential applications in
coatings, composites, and sensors, demonstrating their versatility across various industries. This review

offers a comprehensive discussion of PCIPs, concentrating on their properties, production methods, and

environmental applications. It also examines future opportunities for utilizing PCIPs in sustainable
environmental solutions, emphasizing their crucial role in addressing environmental challenges.

1. Introduction

The interface between polymers and ceramics is critical in
materials science. Ceramics can be conceptualized as polymer
with extensive crosslinking, where the three-
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dimensional structure imparts strength, rigidity, and thermal
resistance.” While often overlooked, certain ceramics are
entirely organic, specifically those based on carbon.® Notable
examples include melamine-formaldehyde resins, phenol-
formaldehyde materials, and carbon fibres.*® Inorganic
ceramics, particularly those composed of elements such as
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silicon (Si), aluminium (Al), or boron (B) in conjunction with
oxygen (O), carbon (C), or nitrogen (N), are widely recognized.’
Within the realm of inorganic ceramics, two primary categories
can be identified: oxide ceramics and non-oxide materials.
Oxide ceramics often feature silicate structures characterized by
their relatively low melting points. Conversely, non-oxide
ceramics, including silicon carbide (SiC), silicon nitride
(SizN4), aluminum nitride (AIN), and boron nitride (BN),
represent some of the highest melting point materials
known.*'* Non-oxide ceramics typically possess such high
melting points that they present challenges in shaping and
fabricating through conventional melt- or powder-fusion
methods, which are often used for oxide materials. More than
thirty years ago, polymer-derived ceramics (PDCs) were devel-
oped by introducing PCIPs, which serve as precursors for
manufacturing  predominantly  silicon-based  advanced
ceramics.'” The concept of employing molecular precursors to
fabricate ceramic materials was initially proposed by Ainger and
Herbert in 1960." In the early 1970s, Verbeek introduced the
pyrolysis of organosilicon polymers to produce ceramic mate-
rials suitable for high-temperature applications.* This tech-
nique was specifically designed to produce Si;N,/SiC ceramic
fibers. The research undertaken by Yajima et al. in 1975 on
producing SiC fibres from polycarbosilane marked a pivotal
advancement in polymer pyrolysis, explicitly targeting the
generation of PDCs. Following this basic study, polycarbosilane-
derived inorganic polymers (PCIPs), particularly organosilicon
polymers, have gained recognition as a highly effective
approach for fabricating advanced ceramic materials.” It is
essential to note that organosilicon polymers are referred to by
various terms, including silicon-based polymers, silicon-based
preceramic polymers, and silicone resins.'® The trans-
formation of polymers into ceramics has facilitated remarkable
advancements in ceramic science and technology. This method
has produced ceramic fibers, coatings, and ceramics that
remain stable even at very high temperatures, up to 2000 °C.
They also resist breaking down, crystallizing, separating into
different phases, and deforming under stress."” PCIPs, partic-
ularly those formulated as organo-silicon compounds
comprising a silicon atom backbone along with C, O, N, B, and
hydrogen (H), serve as highly effective means of producing
advanced ceramics. Silicon-based polymers containing N, C,
and B are used to create different types of non-oxide ceramics,
including silicon carbide (SiC), silicon carbonitride (SiCN), and
silicon boron carbonitride (SiBCN).**** Ceramic materials have
excellent physical, chemical, thermal, mechanical, electrical,
magnetic, and optical properties. These properties stem from
their strong atomic bonds, which can be either ionic or cova-
lent.** These properties make ceramics useful in various
industries, including automotive, defense, construction,
energy, healthcare, consumer products, and sensor tech-
nology.”* Ceramic materials are grouped into two main types:
traditional ceramics and advanced (or technical) ceramics.
Traditional ceramics are crafted from natural materials, such as
clay and sand. On the other hand, advanced ceramics are
generally created through intricate manufacturing processes.
Notable examples are SiC, SizN,, BN, aluminium oxide (Al,O3),
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zirconium oxide (ZrO,), and various composites.?” Furthermore,
recent advancements in the analysis of their nanoscale struc-
ture have significantly enhanced the understanding of the
distinctive and beneficial properties of polycrystalline diamond
composites, particularly regarding their exceptionally high
creep resistance, chemical durability, and semiconducting
characteristics.”® From a processing perspective, PCIPs have
served as reactive binders in the fabrication of technical
ceramics. The design of these materials has been optimized to
enable the formation of structured pores at the mesoscale level.
Their effectiveness in bonding advanced ceramic components
has been assessed, and they can be converted into either bulk or
macroporous forms. Consequently, researchers have signifi-
cantly expanded the possible uses of PDCs."* Due to their
distinctive characteristics and applications, PCIPs hold
considerable promise for addressing environmental issues.
These organic polymers can transform ceramic materials via
regulated pyrolysis techniques, creating inorganic, ceramic-like
structures. This conversion opens avenues for utilizing pre-
ceramic polymers in various environmental applications, such
as pollution remediation, water purification, and sustainable
energy solutions.>"

In environmental remediation, preceramic polymers serve as
a foundation for creating complex ceramic materials designed
with specific characteristics that aim to capture and eliminate
pollutants from air, water, and soil. These engineered materials
can be optimized for elevated surface areas, enhanced chemical
reactivity, and superior adsorption capabilities, effectively
addressing environmental contaminants, including heavy
metals, organic pollutants, and industrial waste.>* Additionally,
preceramic polymers contribute to technologies by facilitating
the production of ceramic components that can withstand high
temperatures, which are essential for sensor applications.>*>¢

These polymers, for example, are applicable in fabricating
ceramic membranes used for gas separation and purification,
as well as solid oxide fuel cells and thermal insulation materials
designed for energy-efficient applications.””* The study of
preceramic polymers within environmental frameworks
involves examining their synthesis, processing techniques, and
the characteristics of the resulting ceramic materials relevant to
ecological applications. Researchers are focused on advancing
novel polymer chemistries and processing methodologies to
enhance the efficacy of ceramic materials in environmental
remediation and sustainable energy solutions.

In summary, preceramic polymers present significant
potential for enhancing environmental sustainability by
providing novel approaches to pollution management, water
treatment, and clean energy generation. Their distinctive
capacity to be transformed into functional ceramic materials
underscores their ability to address pressing environmental
issues and promote the development of environmentally
friendly technologies. Recent studies have focused on applying
ceramics to develop novel approaches for environmental
remediation. Ceramics play a crucial role in various environ-
mental applications, including detecting, observing, and
measuring pollutants, as well as preventing, managing, and
remedying their effects.*® Preceramic polymer materials,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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characterized by their unique properties and versatile applica-
tions, have emerged as crucial components in environmental
reform. This review has examined the studies on PDCs, their
synthesis, and their diverse ecological applications. Readers are
expected to develop a deeper understanding and appreciation of
this field, which they can subsequently apply in their research
endeavours.

2. Preceramic polymers

Preceramic polymers, including those containing Si, Al, and B,
can lead to a diverse array of compositions in PDCs. Prominent
examples of these preceramic polymers typically feature
a silicon backbone composed of C, O, N, B, and H elements.
Notable types include polysilazanes, polysiloxanes, and
polycarbosilanes.?'~**

Fig. 1a—d illustrates the prevalent silicon-based polymers.
Through pyrolysis, silicon-based preceramic polymers can be
transformed into various ceramic materials, including silicon
oxide (SiO,), SiC, silicon oxycarbide (SiOC), and SiCN. In
contrast to traditional ceramic powders, preceramic polymers
provide significantly greater flexibility in fabricating ceramic
components characterized by intricate geometric configura-
tions and forms. This technology facilitates the production of
a diverse array of high-performance non-oxide ceramics that
cannot be produced using traditional ceramic manufacturing
techniques. Modifying the chemistry of preceramic polymers,
along with the size and morphology of nanofillers, can facilitate
the application of nanocomposites (NCs) in intricate shapes
and coatings, leading to enhanced thermal and mechanical
properties. This versatility is achieved through a range of
manufacturing techniques, including casting, moulding, and
additive manufacturing (AM).>3*35
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PDC technology presents considerable benefits over tradi-
tional powder-based ceramic processing and shaping methods,
as follows: (1) it can operate entirely as a liquid-based process,
thereby circumventing the issues linked to the use of ceramic
powders, (2) it provides enhanced formability through the use
of soluble and crosslinkable precursors, (3) it facilitates the
flexible adjustment of microstructures and compositions at the
molecular scale, leading to the development of new capabilities,
and (4) the transformation from polymer to ceramic occurs at
comparatively lower temperatures (800-1200 °C) than those
required in conventional ceramic processing. These benefits
have led to PCPs being regarded as exceptionally suitable
materials for AM processes, and the integration of AM with PDC
technologies has paved the way for potential solutions to the
challenges encountered in the synthesis and production of
traditional ceramics."

Preceramic polymers exhibit a variety of configurations and
microstructures that can influence the microstructure, compo-
sition, porosity, and characteristics of the resulting ceramics.
Notable silicon-based preceramic polymers, including poly-
silazanes,  polysiloxanes, polycarbosilanes, and poly-
borosilazanes, are utilized in the production of ceramic
materials (Fig. 1a-d).>*>°

2.1 Si-based preceramic polymers

A general formula has been established for an organosilicon
polymer that serves as a precursor in ceramic synthesis. This
formula is defined by two essential parameters that affect the
alteration and formulation of the preceramic composition at
the molecular scale. The first parameter is the group (X) present
in the polymer core structure, while the second comprises the
substituents R' and R*> bonded to silicon. Changes in the (X)
group lead to the development of various categories of silicon-

polycarbosilanes

Fig. 1 Common silicon-based polymers: (a) formation of spherical silicon-based nanostructures from polysiloxane using the CVD process.
Figure (a) was adapted by permission from: Surface and Coatings Technology, 2024, 484, 130804.3¢ (b) SEM images of SiCN aerogels. Figure (b)
was adapted by permission from: Journal of Advanced Ceramics, 2021, 10, 1140-1151*” (c) SEM image of SiBCN nanofibers after pyrolysis at
1000 °C. Figure (c) was adapted by permission from: Ceramics International, 2021, 47(8), 10958-10964.%® (d) SEM images showing the structure
of B-SiC powders. Figure (d) was adapted by permission from: Ceramics International, 2021, 47(12), 17502-17509.%°
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based polymers. These materials comprise multiple types of
silicon-based polymers, characterized by the element or group
(X) present in their structure. When X is Si, they are referred to
as poly(organosilanes). If X is a methylene group (CH,), they are
known as poly(organo-carbosilanes). When X is O, they are
referred to as poly(organosiloxanes). If X is N and H, they are
called poly(organosilazanes). Finally, when X is a carbodiimide
group ([N=C=N])), they are known as
poly(organosilylcarbodiimides).**

SiC finds applications in the production of semiconductors,
the generation of nuclear energy, and various other industries.
Likewise, SiOC, a non-crystalline ceramic produced from poly-
mer precursors, presents a range of applications in both
medical and environmental fields.**** Developing composite
particles comprising SiC and SiOC represents a promising
approach to enhancing material performance. The production
of SiOC/SiC ceramics using the polymer-derived ceramics (PDC)
method depends on the heat treatment (pyrolysis) of organo-
modified polysiloxanes —[Si(R,)-O],~ or polysilanes containing
oxygen-based functional groups —[Si(OR;)],—.**** Silicon, recog-
nized as an excellent precursor for silicon carbide (SiC), is
further enhanced by the promising capabilities of polysiloxane
as a polymer precursor for silicon oxycarbide (SiOC).

Guo et al utilized organosilane slurry residue (OSR), an
organic-inorganic hybrid due to its silicon and polysiloxane
components, to synthesize SiOC/SiC. OSR is a byproduct that is
a liquid-solid mixture generated within the organosilane
manufacturing industries, often regarded as waste. Integrating
such waste materials into the synthesis of Stabler NCs presents
economic and environmental benefits. The researchers
concentrated on the pyrolysis of OSR as a method for synthe-
sizing SiC/SiOC nanocomposites. They aimed to gain an in-
depth understanding of the transformation mechanisms,
phase transitions, and structural modifications that occur
throughout the pyrolysis process.**

2.1.1 Organosilicon polymers. The key step in producing
silicon-based ceramics is the synthesis of organosilicon poly-
mers, which significantly influences the properties of these
materials. Organosilicon polymers are formed by attaching
various elements, such as Si, C, O, and N, to the silicon atoms in
their core structure. This creates multiple types of polymers,
including polysilane, polysilazane, polysiloxane, and poly-
carbosilane. The chemical groups attached to the silicon atoms,
along with the overall molecular structure, significantly impact
the properties of the final ceramic, including the ceramic yield
and the phase composition of the resulting ceramic, particu-
larly for materials such as SiC, SiOC, and SiCN, as well as the
breakdown during processing.'®* The chemical structure of the
preceramic polymer has a substantial impact on the ceramic
yield and the final ceramic structure. The presence of specific
functional groups, such as vinyl or methyl, affects both the
crosslinking behavior and the amount of carbon retained
during pyrolysis. The nature of the organic ligands attached to
the Si atoms determines the solubility, volatility, and cross-
linking behavior, and ultimately the ceramic yield and micro-
structure. The backbone structure of the polymer, including the
configuration of Si-C or Si-O bonds, along with the presence of
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side-chain groups (such as methyl or vinyl), plays a crucial role
in determining the crosslinking density and thermal stability
during pyrolysis. Increased crosslinking, promoted by func-
tional groups such as vinyl groups, improves the ceramic yield
by minimizing volatile loss during the transition from organic
to inorganic at approximately 1000 °C. For example, vinyl
groups facilitate additional crosslinking reactions, thereby
enhancing the retention of silicon and carbon in the resultant
ceramic.*** Table 1 illustrates the advantages and disadvan-
tages of the preparation methods for organosilicon polymers.

2.1.2 Polysilane. The molecular weight and the type of side
chain groups are essential factors that affect the properties of
polysilane. The most common way to make polysilanes is
through the Wurtz-type coupling of halosilanes. This method
involves reacting chlorosilanes with sodium or lithium in
a solvent that does not boil easily, like toluene, benzene, or
tetrahydrofuran, while heating the mixture. Other methods for
making polysilanes include anionic polymerization of masked
disilenes, anionic ring-opening polymerization, catalytic dehy-
drogenation of silanes, and the reduction of dichlorosilanes
using magnesium with a Lewis acid and lithium chloride.
However, these alternative methods often face problems with
instability when exposed to light or moisture, making it hard to
control the synthesis of polysilanes.**

2.1.3 Polycarbosilane. Polycarbosilanes have complex
structures because their core can have different types of carbon
chains, such as methylene, vinylidene, and phenylene.”* Some
types of polycarbosilanes have a repeating pattern of m-conju-
gated units.*® Polycarbosilane can be synthesized through
various techniques, with the Kumada rearrangement of poly-
silanes being the most prevalent method, applicable under both
high-pressure and atmospheric-pressure conditions. Other
ways to make polycarbosilanes include the dehydrocoupling
reaction with trimethyl silane, ring-opening polymerization,
hydrosilylation, and the Grignard coupling reaction, which
involves (chloromethyl)triethoxysilane and vinyl-magnesium
bromide.>**

To date, polycarbosilane has found extensive applications in
the fields of electrical and photoconductive materials, photo-
resists, and nonlinear optical substances, in addition to serving
as preceramic precursors for the production of SiC fibers,
powders, whiskers, composites, and nanomaterials. To explore
the relationships and distinctions between polycarbosilane and
polysilane in the context of SiC ceramics fabrication, Shukla
et al. conducted a comparative analysis of the thermal proper-
ties of various polysilanes and polycarbosilanes. Their research
indicated that poly-dimethyl-silane (PDMS) and poly-dimethyl-
methyl-phenyl-silane (PDMMPS) are suitable for the synthesis
of polycarbosilane through the Kumada rearrangement
process.”® Poly-dimethyl-methyl-silane (PDMMS) has the
potential to generate SiC directly, bypassing the need for poly-
carbosilane synthesis, owing to its significant crosslinking
capacity during thermal processing. In contrast, for poly-
carbosilanes, an increase in molecular weight is correlated with
a higher carbon yield, which plays a crucial role in determining
the quality of SiC ceramics.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.1.4 Polysilazane. Polysilazanes, characterized by their
core structures of alternating Si-N bonds and C-based side
groups, serve as essential precursors in the production of SiCN
ceramics.®® Preferential production of Si-N bonds during
deposition is due to the greater bonding affinity of Si-N
compared to Si-C, as demonstrated by ab initio calculations and
experimental investigations of a-SiCN films. Because Si-N
configurations are more stable (0.52-0.65 eV lower total energy)
and have shorter bond lengths, they completely inhibit the
production of Si-C bonds regardless of the carbon level. This
leads to their domination.**

Because of its exceptional thermal stability (=400 °C),
resistance to oxidation, and corrosion protection, polysilazane
is used as a heat exchanger barrier and as a coating to protect
steel surfaces from environmental deterioration and oxida-
tion.®” Polysiloxane can be synthesized via ammonolysis reac-
tions between chlorosilanes and ammonia or through
ammonolysis processes.®® Another practical approach for
synthesizing polysilazane is the ring-opening polymerization of
cyclic polysilanane.

2.1.5 Polysiloxane. Polysiloxanes, more often known as
silicones, have been around for almost a century and are
dependable materials that have many uses in fields such as
aircraft, electronics, coatings, and biomedical equipment. The
siloxane backbone's unusual flexibility (Si-O-Si) is caused by its
broad bond angle (140-180°) and low rotational energy barriers
(~2.5 kJ mol '), which in turn lead to an abnormally low glass
transition temperature (e.g., —125 °C for PDMS). Silicones have
a lot of great properties, such being very resistant to ozone and
UV radiation, having a low surface tension, and being very gas
permeable.®* Polysiloxane can be made using two primary
methods: ring-opening polymerization of cyclic silaethers or
polycondensation of linear silanes with reactive functional
groups. Dimethyl-dichlorosilane is frequently employed in the
industrial production of polysiloxanes. Typically, crosslinked
polysiloxane demonstrates an enhanced ceramic yield." The
sol-gel method utilizes hydrolysis and condensation of hybrid
silicon alkoxides to create highly crosslinked polysiloxane. This
process can be adjusted by modifying curing chain groups that
respond to heat or irradiation.®**” A metal alkoxide facilitates
composition control and incorporates additional elements into
the preceramic network. Adding active fillers to polysiloxane
can lead to silicate ceramics other than those based on SiOC.
When heated to the correct temperature, polysiloxane functions
as a silicon source, reacting with active fillers to form the
intended ceramic material.®®

2.1.6 Other organosilicon polymers. Many organosilicon
polymers have been developed that go beyond the commonly
known ones. One crucial example is polysilylcarbodiimides,
which have the formula -[R;R,Si-X],,—, where X stands for N=
C=N, and the R groups can be hydrogen, phenyl, ethyl, methyl,
and others. These compounds are used as starting materials to
produce SiCN-based ceramics.* Polysilylcarbodiimides can be
synthesized through a reaction using pyridine as a catalyst, with
chlorosilanes and bis(trimethylsilylcarbodiimide); however,
they are sensitive to moisture.” In a recent study, researchers

25520 | RSC Adv, 2025, 15, 25514-25541

View Article Online

Review

identified hyperbranched polycarbosiloxanes as distinct
ceramic precursors of SiCO, which improve ceramic yields.”
Organosilicon polymers containing boron, such as poly-
borosilane, polyborosilazane, polyborosiloxane, and their
derivatives, are frequently precursors in producing borosilicon
ceramics. In contrast to conventional organosilicon polymers,
incorporating metal elements (such as zirconium and iron) into
the main chain or side chains of preceramic polymers facilitates
the creation of cermet.””

Many studies have demonstrated progress in developing
affordable and straightforward methods for producing func-
tional organosilicon polymers with high ceramic yields. These
studies also explored how the structure of the polymers affects
the properties of the ceramics made from them. It is essential to
note that the final properties of the ceramics depend signifi-
cantly on the subsequent processes, such as shaping, cross-
linking, and sintering.

3. Properties of preceramic inorganic
polymers

Polymers of both organic and inorganic composition differ
primarily in their backbone composition; organic polymers
contain C atoms, while inorganic polymers lack carbon atoms
in their structure and incorporate Si, phosphorus, and N
instead. The structural forms of organic polymers are typically
more straightforward than those of inorganic polymers, which
tend to be more intricate and highly branched.” It is also
possible for hybrid polymers to contain both organic and
inorganic segments within the same polymer backbone. Other
characteristics of polymers made from mineral materials
include their unique properties, which are not found in organic
materials, such as flexibility at low temperatures, conductivity,
and flame resistance. Unlike silicate minerals, which are
extensively crosslinked, inorganic polymers are typically one-
dimensional. This section will elucidate several of these
characteristics.”

3.1 Thermal stability

Preceramic polymers demonstrate essential thermal stability
for high-temperature applications and ceramic conversion,
maintaining structural integrity during pyrolysis. This property
enables their use in aerospace components, thermal protection
systems, and high-temperature coatings where decomposition
resistance is critical.*® Several factors affect the thermal stability
of preceramic inorganic polymers, including:

(I) Chemical composition: the type of inorganic elements
and their bonding in the polymer play a key role. Ceramic
precursors with more robust, thermally stable bonds exhibit
better thermal stability.”

(IT) Polymer structure: the configuration of atoms within the
polymer chain significantly influences its thermal properties.
Typically, polymers with well-defined and organized structures
exhibit better thermal stability than those with disordered
arrangements.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(II) Crosslinking density: increased crosslinking within the
polymer framework can improve thermal stability. Crosslinked
networks exhibit a reduced susceptibility to degradation when
subjected to high temperatures.

(Iv) Presence of volatile components: certain preceramic
polymers may possess volatile constituents that can be emitted
at elevated temperatures, thereby influencing the overall
stability of the material.

(V) Pyrolysis conditions: the thermal stability of the pre-
ceramic polymer can be influenced by the specific conditions of
pyrolysis or heat treatment, including temperature, duration,
and atmospheric environment.

Researchers and materials scientists investigate and
enhance these variables to create preceramic inorganic poly-
mers that exhibit superior thermal stability. The objective is to
formulate materials capable of withstanding the necessary
processing temperatures throughout the conversion to ceramics
while preserving the desired characteristics.””” The thermal
characteristics of PDCs play a crucial role in their utilization in
high-temperature applications, such as heat-protective coatings
and insulating materials. The main thermal factors related to
PDCs include thermal conductivity (), electrical conductivity
(0), coefficient of thermal expansion (CTE), specific heat
capacity (Cp), thermal diffusion rate («), and thermal shock
resistance (TSR). Among these, thermal conductivity is the most
critical factor, and this discussion will focus mainly on it.”®

The transition of phonons primarily governs the « of ceramic
substrates characterized by robust covalent bonds. The micro-
structural features of these materials, including impurities,
crystallinity, grain boundaries, microcracks, and micropores,
have a significant impact on phonon scattering, thereby influ-
encing the thermal properties of the materials. Subsequently,
we will discuss how the microstructure of PDCs affects their
thermal efficiency. Both crystallinity and impurities signifi-
cantly influence the thermal characteristics of a PDC. The
impurities can be categorized into two components: the first
pertains to the phase produced by PDCs within the heat treat-
ment process, primarily referring to free carbon.

In contrast, the second involves intentionally adding
dopants to modify thermal characteristics. Free carbon has
varied effects on PDCs depending on the system in which it
appears. In the case of the PDCs-SiOC composite, the presence
of free carbon markedly enhances the « of SiOC. For instance,
incorporating cost-effective, readily available carbon-based
fillers such as lamp black (LB), graphite (GR), carbon black
(CB), and activated carbon (AC) into a SiOC system was
successfully achieved through abrasion milling, then spark
plasma sintering, resulting in dense, bulk composites without
crack. The carbon-enriched SiOC systems (C-SiOC) exhibited
improved « (Fig. 2a). The SiOC performed 63% better when GR
flakes were integrated than when standard SiOCs were used.
Furthermore, CB did not exhibit a 46% increase in x due to
phonon and electron transfer efficiency, as it created a perme-
ating network of highly interconnected and tortuous carbon
domains within a graphene-like structure. The amorphous SiOC
exhibits a notably low intrinsic «, measured at ~1.2 W (m K)™*
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at ambient temperature. Consequently, free carbon signifi-
cantly enhances the k within the PDCs-SiOC system.”

Defects, including micropores, microcracks, grain bound-
aries, impurities, and variations in crystallinity, significantly
influence the thermal characteristics of polycrystalline dia-
mond composites. The effect of these defects on thermal
characteristics primarily occurs through their impact on
phonon scattering. The presence of small pores, cracks, and
grain boundaries can increase the scattering of phonons, which
reduces thermal conductivity. Pang et al. calculated the « of
heavily N-doped and B-doped cubic SiC by considering how
phonons scatter with electrons and defects. Their analysis
revealed that in the case of N-doping, both types of scattering
contribute to reducing thermal conductivity. Specifically,
phonon-electron (ph-el) scattering primarily contributes to the
decrease in k when defect concentrations are below approxi-
mately 10°° cm > at room temperature. However, phonon-
defect ph-def scattering becomes the prevailing mechanism as
the doping concentration exceeds this threshold.

In contrast, for B-doping, ph—def scattering mainly reduces «
across all the temperatures and doping levels tested (Fig. 2b).
The study also looked at how « changes with temperature for
two different defect concentrations, Cqer = 10*° and 10%° cm 3,
as shown in Fig. 2c. For N-doping at a concentration of 10"°
cm ?, the effect of ph-def scattering on reducing « is small,
especially at temperatures higher than room temperature, like
at 300 K. This pattern is true for both individual and combined
scattering effects in N- and B-doped 3C-SiC. Fig. 2d shows the
intrinsic rates of three-phonon, ph-el, and ph-def scattering at
room temperature with a concentration of Cger = 10°° cm ™.

For B-doping, the ionization energy of B defects is about
0.65 €V, which is much higher. This higher energy reduces the
ph-el scattering rates, so they can be ignored because the carrier
concentration is very low. The focus should be on ph-def scat-
tering from neutral defects, as their scattering rates are similar to
three-phonon scattering rates. On the other hand, the ionization
energy of the N-defect is much lower, around 0.07 eV. This makes
both ph-el and ph-def scattering essential to consider in the low-
frequency range, where phonons mainly affect «, the scattering
rates from neutral defects and ph-el interactions are similar to
those of three-phonon processes. Therefore, both ph-el and ph-
def scattering are expected to reduce significantly « in highly N-
doped 4H-SiC, unlike in B-doped materials.

Because ph-def scattering is not influenced by temperature
(7) and intrinsic anharmonic scattering escalates linearly with
T, the relative reduction « diminishes at elevated temperatures.
This phenomenon is particularly observable in the case of B
dopant. Specifically, ph-def scattering, particularly when B is
present, exhibits minimal temperature dependence; conse-
quently, the decline in « remains consistent even at high
temperatures.

In contrast, the increase in ph-el scattering with T is
significant in the case of N dopant (N¢), resulting in a more
rapid decrease in k compared to Bc. This results in a lower «
above 400 K for N with a concentration of 10> cm™3. These
findings underscore the importance of considering the ph-el
scattering mechanism alongside other phonon scattering
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Fig. 2 (a) k of incorporating GR, LB, CB, and AC into a SiOC matrix named SGR, SLB, SCB, and SCA. Figure (a) was adapted by permission from:
Journal of Alloys and Compounds, 2021, 889, 161698.7° (b) An analysis of the k reduction at 300 K for the extrinsic N- and B-doped case, focusing
on the contributions of ph—el and ph—def scattering mechanisms, both independently and in combination, across a range of defect concen-
trations from 10% to 102! cm™>. (c) The temperature dependence of « within the range of 200 to 700 K for both nitrogen-doped and boron-
doped cases is characterized by defect concentrations of 10'° and 10%° cm™3. This analysis encompasses ph—def and ph-el scattering
mechanisms, considered separately and in conjunction. (d) The ph—def scattering rates for neutral B%¢, neutral N°, and charged N*1 defects at
a defect concentration (Cger) of 102° cm™3, alongside the associated ph—el scattering rates at an electron concentration of 7 x 10*® cm~3.
Additionally, the three-ph scattering rates at a temperature of 300 K in 4H-SiC are included. Figures (b)-(d) were adapted by permission from:
Materials Today Physics, 2024, 41, 101346.%° Presents the k quantities at room temperature for the following materials: (e) SIOC and (f) SICN(O)
ceramic foams. The triangles denote the open cell structures, classified as P-type, while the black circles represent the ceramic foams' closed cell
configurations, identified as M-type. (For a detailed understanding of the colour references in this figure legend, readers are encouraged to
consult the online version of this article). Figures (e) and (f) were adapted by permission from: Ceramics International, 2020, 46, 5594-5601.8*
SEM images depicting mean fibre diameter, corresponding histograms, and optical images of (g) D1800_PAN_1000, (h) HTTS_PAN_1000, (i)
PAN_D1800_1000, and (j) PAN_HTTS_1000, (k) TGA curves of C-rich SICN(O) and carbon nonwovens for assessing oxidation resistance (heating

—1.

rate: 5 K min™"; atmosphere: synthetic air). Figures (g)—(k) were adapted by permission from: Journal of the European Ceramic Society, 2024,

44(9), 5308-5318.%2

processes when assessing the thermal conductivity of doped
semiconductors, such as the development of thermal insulators
and thermal shields in extreme conditions.®*

Santhosh et al created foam materials from polymers,
specifically SiCN(O) and SiOC, and tested their thermal proper-
ties. Their results showed that, within the temperature range of
30-850 °C, the linear thermal expansion coefficients for the
SiCN(0) and SiOC foams were 1.72 x 107° K" and 1.93 x 10~°
K, respectively. Additionally, both types of foams had very low
thermal conductivity at room temperature, with SICN(O) ranging
from 0.03 to 0.2 W (m K)~* and SiOC from 0.03 to 0.6 W (m K)".
These results highlight the critical role of the foam's structure on
its thermal properties.** To understand how the structure affects
thermal conductivity, especially when comparing open-cell and
closed-cell foams, the researchers presented data on the relative
density of these materials, showing apparent differences between
the two types of cells (Fig. 2e and f). The findings in Fig. 2e and f
show that P-type and open-cell polyurethane (PU) foams generally
have a lower relative density than M-type PU foams. In particular,
PU foams with semi-closed cells can accommodate more

25522 | RSC Adv, 2025, 15, 25514-25541

preceramic polymers, resulting in denser materials after under-
going thermal decomposition.

Nevertheless, despite this significant distinction between the
two foam types, the relationship between « and relative density
remains consistent, with all data points for each chemical
composition aligning along the same primary trend line.
Balestrat et al. synthesized amorphous Si-B-C powder using B-
modified polycarbosilane and modified its thermal character-
istics. Their research indicated that the porosity of the sintered
sample diminished considerably as the boron content
increased, subsequently enhancing the « of the material. Poly-
carbosilanes with 0.7% boron have demonstrated that incor-
porating boron into SiC powders enables the formation of dense
ceramics at temperatures as low as 1750 °C. These ceramics
have a Vickers hardness between 9.6 and 17.3 GPa and
a thermal conductivity ranging from 17.7 to 45.1 W (m K)'.#®

3.2 Mechanical properties

The industrial production of SiC-based ceramic fibers is ach-
ieved by transforming polycarbosilane, utilizing a method

© 2025 The Author(s). Published by the Royal Society of Chemistry
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pioneered by Yajima and colleagues in the 1970s and 1980s."
SiC-based ceramic fibers have undergone significant improve-
ments over time. The first generation had too much carbon,
high oxygen levels, and an unclear structure. The third gener-
ation, however, has a nearly balanced composition and
a crystal-like structure. Polycarbosilane is the primary compo-
nent of Nicalon fibre, which is produced using Nippon Carbon's
Yajima process. During the curing of the first generation of
Nicalon fibres, oxygen is introduced into the system at
temperatures of up to 12 wt%. Si(O)C fibres were more suitable
for describing these fibres. High-temperature stability and
creep were found to be adversely affected by the presence of
oxygen. When oxygen is present in SiOC, it decomposes above
1200 °C, resulting in weight loss, the growth of SiC crystals, and
a loss of strength. The strength and elastic modulus of these
fibres were found to reach 3 and 200 GPa at room temperature.
Curing processes utilizing ion irradiation were developed to
reduce oxygen content and enhance high-temperature
stability.**®*¢ Recent advancements in chemical composition
have enabled the development of SiC fibres with properties
similar to those of bulk SiC. These fibres are powerful at
temperatures up to 1400 °C, an elastic modulus of 400 GPa.*” In
1976, Yajima and his group attempted to enhance the thermal
stability of these fibres by incorporating filler elements such as
Al and Ti into the material system. To improve thermal stability,
titanium alkoxides were used to modify polycarbosilane,
resulting in Si-Ti-C-O fibers with high-temperature resis-
tance.®® Al-modified SiC fibres have been developed based on
a similar concept. A unique feature of the SiAlCO fibres is that
they maintain their mechanical integrity at temperatures as
high as 1900 °C and display a tensile strength of 2.5 GPa and an
elastic modulus of 300 GPa.*

3.2.1 Bulk and dense PDCs. The study of PDCs' mechanical
properties faces challenges in producing bulk test specimens.
Two methodologies are employed: the powder route, which
directly pyrolyzes green compacts, and the liquid route, which
utilizes sol-gel solutions or polymers for casting, resulting in
dense, crack-free monolithic PDCs.*” Continuous SiOC ceramic
fibres were produced using an innovative sol-gel technique
incorporating polyethene oxide (PEO). Modifying the viscosity
and composition of the solution in which precursor fibres were
synthesized was possible. An optimal spinning solution was
achieved by carefully combining tetraethylorthosilicate, meth-
yltrimethoxysilane, sucrose, and PEO. Several factors, including
pyrolysis temperature and C/Si ratio, were examined in the
study to determine how these parameters affected the micro-
structure and mechanical properties of the ceramic fibres
produced from SiOC.*® Making fully dense SiOC materials from
polymer or sol-gel hybrid ceramics is difficult. During pyrolysis,
the release of gases causes shrinkage and mass loss, resulting in
residual pores and internal stresses within the material. These
issues can create defects and cracks in the final product. To
achieve dense SiOC materials, several methods have been
employed, including the use of fillers, thermal oxidation, hot
pressing, pyrolysis, cross-linking, liquid casting with pyrolysis,
photo-crosslinking, and traditional techniques. Ceramic
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processing techniques, including standard firing methods such
as uniaxial or isostatic pressing and hot pressing.”*

Consequently, traditional methods make it challenging to
achieve dense PDCs. PDCs cannot be further used due to these
issues, which limit their integrity and mechanical strength.
Liquid polymer precursor compositions can be adjusted to
achieve ceramics with an integrated functional structure, in
contrast to traditional ceramic preparation methods. Thus,
PDCs must be strengthened mechanically. Research has
explored methods to increase PDC density, including opti-
mizing processes, incorporating passive or active fillers,
applying pressure, or repeating the impregnation-pyrolysis
process. For instance, Hanniet et al. used direct photolithog-
raphy of photocurable B-containing polyceramic polymers with
molecular design to create dense, crack-free SiBCN micropar-
ticles (20-200 um) with a Young's modulus of 60 GPa.*

3.2.2 Hardness and fracture toughness. The Vickers hard-
ness of silicon carbon oxides (SiOCs) increases with elevated
pyrolysis temperatures and carbon incorporation into the
amorphous silica matrix. This trend is also observed in mate-
rials within the Si-C-N and Si(O)C systems. SiCN and Si(O)C
materials have notably higher hardness than SiOCs, with values
ranging from 8 to 15 GPa." Volume densification has a signifi-
cant impact on the deformation process beneath the indenter,
resulting in circumferential Hertzian cone fractures. The SiCN
system exhibits less pronounced behaviour due to its more
interconnected covalent network. In both SiOC and SiCN
systems, increasing the pyrolysis temperature promotes dehy-
drogenation, resulting in a more connected network, which
reduces the effect of volume densification and enhances the
effects of shear deformation. This alteration in the deformation
mechanism leads to a transition from an “anomalous” fracture
pattern to a more “normal” one. A substantial increase in the
hardness of SiCN materials with rising indentation loads is
observed.****

Additionally, using the pyrolysis approach of polymer
crosslinked polysiloxane, Soraru et al. created SiOC glasses in
thin, dense, and crack-free samples last year. In this study, the
amount of free carbon in the final SiOC materials ranged from
18% to 60%. The nanoindentation technique was used to
measure the mechanical properties of SiOC glasses, and both
Young's modulus and hardness decreased with increasing free
carbon content, following a simple law of the mixture model.**
For fracture toughness (Kic), SiCN and SiOC PDCs produced
through liquid and powder processing methods are evaluated.
Kic values range from 0.56 to 3 MPa m“/?, with higher values
observed in powder-fabricated PDCs due to R-curve behaviour
influenced by the specific processing technique.’**” Kj¢ values
for liquid-produced PDCs are typically lower, with a particular
measurement of 0.70 MPa m*? for a SiOC synthesized from
a sol-gel precursor. Full-density SiCN derived from liquid
precursors has K¢ values ranging from 0.56 to 1.3 MPa m*/2.9%°7
Through the integration of multi-phase design, doping, fiber
reinforcement, and process control, dense SiC-based PDCs can
be engineered to attain elevated levels of fracture toughness,
mechanical strength, and thermal resilience, essential attri-
butes for rigorous applications in the aerospace, nuclear, and
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energy industries.®® The incorporation of fillers represents
a well-recognized method for enhancing the characteristics of
PDCs. For example, Yamamura et al. successfully synthesized
Ti-doped Si-O-C, achieving thermal stability beyond 1200 °C. In
a similar vein, Al was investigated as a filler material, with the
resulting Si-Al-C-O fibers demonstrating exceptional thermo-
mechanical stability at temperatures exceeding 1900 °C in an
inert environment and 1000 °C in air.*” This indicates that the
inclusion of Ti and Al dopants contributes to improvements in
both mechanical properties and high-temperature resistance.
To further enhance the K;c of PDCs, an attempt was made to
incorporate nanofillers into the material. For example, the
introduction of 2 mass% CNT resulted in a 60% increase in Kjc.
This improvement was linked to the toughening mechanisms of
fibre bridging and fibre pullout (CNTs function as crack
deflectors and toughening agents, thereby significantly
improving Kic).>®

The processing parameters, including thermolysis tempera-
ture, significantly influence the outcomes. The Vickers hard-
ness exhibited an increase from 7.9 to 12.8 GPa as the
thermolysis temperature rose to 1400 °C; however, it subse-
quently declined at 1550 °C due to the effects of crystallisation
and porosity. Thus, optimizing the pyrolysis temperature is
essential for enhancing densification while reducing micro-
structural defects. The integration of chemical modifications
(such as dopants including Ti, Al, and B), physical reinforce-
ments (like CNTs and fibers), and optimization of processing
techniques (for instance, SPS, thermolysis control, and additive
manufacturing) provides a thorough approach to improving
fracture toughness and mechanical strength in SiC-based PDCs
while maintaining high-temperature stability.?”

3.3 Chemical resistance

3.3.1 Oxidation resistance. PDCs were initially designed for
applications involving high temperatures, which has led to
extensive research on their oxidation resistance. A recent review
has summarized findings in this area. PDCs from the Si-C, Si-
C-0, Si-C-N, and Si-B-C-N systems have all had their oxidation
behaviour carefully studied. Typically, parabolic oxidation rates
are noted for PDCs that have been pyrolyzed at sufficiently high
temperatures to eliminate all hydrogen from the material.******

Kovalcikova et al. studied how SiC ceramics react to oxida-
tion at temperatures between 1350 and 1450 °C for up to 204
hours. They examined how various processing methods
impacted this reaction. The SiC ceramics were produced using
a fast-hot-pressing method with granular SiC powder, without
the addition of any oxide sintering aids. Compared to tradi-
tional techniques, this novel technology enables a reduction in
sintering temperature of approximately 200 °C. The SiC
produced without additives exhibited superior oxidation resis-
tance compared to SiC that underwent hot pressing with liquid-
phase sintering, demonstrating a roughly three orders of
magnitude lower parabolic oxidation rate. The newly developed
SiC ceramics have impressive properties, including a Vickers
hardness greater than 27.4 GPa, a fracture toughness of
3.42 MPa m"?, and excellent oxidation resistance, measured at
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4.91 x 107> mg® (cm* h)™" at 1450 °C.'** Recent research has
yielded new findings regarding the thermodynamic stability of
SiC(O) and SCN(O) ceramics, which are produced by heating
various polymer precursors (polycarbosilane, polysilazane) at
1200 °C. While the polysilazanes have similar structures, they
differ in their crosslinking temperatures. High-resolution X-ray
photoelectron spectroscopy reveals significant differences in
the microstructure of each material. The enthalpies of forma-
tion (AHj o) for SiC(O) (from polycarbosilane), SCN(O) (from
polysilazane), and SCN(O) (from polysilazane) are measured at
—20 + 4.63, —78.55 & 2.32, and —85.09 £ 2.18 kJ (mol)™*,
respectively. Among these, the PDC derived from polysilazane
exhibits the highest level of thermodynamic stability. The
findings indicate that incorporating N into the microstructure
of PDCs enhances thermodynamic stabilization. The thermo-
dynamic analysis reveals a greater thermodynamic impetus for
forming SiCN(O) microstructures as the proportion of SiN,C,_,
mixed bonds increases while the presence of silica diminishes.
Overall, the enthalpies of formation demonstrate that SiN,C,_,
mixed bonds exert a more pronounced stabilizing influence
than SiO,C,_, mixed bonds. The findings imply that a decrease
in silicon and oxygen concentration is correlated with
a systematic stabilizing of SiCN(O) complexes. Furthermore, the
destabilization of PDCs associated with elevated silicon levels
may plateau at higher concentrations.

Compared to their crystalline forms, like SizN,, SiC, and
graphite, carbon-rich SiCN ceramics made from poly-
silylcarbodiimides (which do not have mixed bonds) show
slightly positive or nearly zero heat changes when tested for
oxidative dissolution in a molten oxide solvent.'”® The findings
indicate that the enthalpy of formation for PDCs is significantly
influenced by the existence of mixed bonding within their
atomic framework. Additionally, research has explored the
effects of incorporating supplementary elements into SiCN
PDCs on their oxidation characteristics.

In the study by Ramlow et al., polyacrylonitrile (PAN) solu-
tions were mixed with different amounts of oligosilazane
(Durazane 1800) or polysilazane (HTTS made from Durazane
1800) and electrospun to create C-rich SiCN(O) nonwovens. By
adjusting the viscosity of the solutions, they created fine fibers
with diameters ranging from 0.32 pm to 0.62 pum. The fibers
were then heated to 1000 °C in a N, environment, transforming
them into amorphous C-rich ceramic nonwovens with various
Si-C-N-O phases dispersed throughout the fibers. The diam-
eter of the fibres following pyrolysis at 1000 °C was unexpectedly
found to range from 0.26 to 0.63 inches, likely attributable to
the fusion of fibres during the process (Fig. 2a-d). Using oli-
gosilazane with PAN resulted in increased oxygen contamina-
tion, which enhanced ceramic yields through supplementary
crosslinking reactions.

Additionally, all samples exhibited a higher initial oxidation
temperature than pure carbon, approximately 500 °C. Materials
with a higher content of PAN demonstrated minimal impact on
the protective capabilities of the matrix. This is attributed to the
limited formation of ceramic phases, which were insufficient to
establish a dense passive layer necessary for safeguarding the
substantial quantity of free carbon present. Consequently, the
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HTTS_PAN_1000 sample, characterized by a high polysilazane
content, exhibited the most effective oxidation resistance at
temperatures of up to 600 °C (Fig. 2k). The polysilazane helps
create a strong protective layer that shields the free carbon
areas. As a result, the improved resistance to oxidation of the
nonwoven HTTS_PAN_1000 is primarily due to the specific
chemical composition and molecular structure of the polymers,
which facilitate a uniform distribution of free carbon within the
fiber matrix. The study demonstrates that carbon-rich SiCN(O)
nonwovens possess significant potential for use as catalyst
supports in high-temperature, harsh environments, as well as
for lightweight materials due to their low density. It also high-
lights the advantages of PDC technology, showing that the
properties of the resulting ceramics can be easily adjusted by
modifying the composition or chemical structure of the
polymers.*

The role of boron seems to be complex. The initially observed
low oxidation rates for Si-B-C-N ceramics may have been
underestimated for several reasons, including the small ratio of
oxide to ceramic volume, the thick flow of borosilicate, and the
evaporation of B,03."*'” Studies have shown Kp (or aKp)
values similar to those of SiC and Si;N, at a temperature of
1500 °C. When aluminum is added to Si-C-N—(0O), it causes the
oxidation behavior to change, especially at temperatures above
1000 °C. This results in a quicker decrease in oxidation rates,
eventually reaching a low point. At 1400 °C, the oxidation rate
becomes stable. It follows a parabolic pattern for over 20 hours,
with rate constants approximately ten times lower than those
found in Si-C-N samples without aluminum. Aluminum
influences the structural evolution of SiAICN ceramics by
stabilizing the SiCNj; structure at high temperatures and thus
delays the crystallization of SiAICN ceramics. Aluminum also
enhances the phase transformation of a-SizN, to $-SizN, during
the crystallization of polymer-derived SiAICN ceramics. Also, the
oxidation rate of SiAICNs is more than one order of magnitude
lower than that of SiCN without aluminum and CVD-derived SiC
and SizN,. The reduced oxidation kinetics of SiAICNs is due to
the unique structures of the oxide precipitates formed by
SiAICNs, in which the aluminum atoms are located in 6-
membered Si-O rings, preventing the penetration of oxygen.
These aluminum-doped ceramics exhibit remarkable resistance
to water vapor-related corrosion at high temperatures.
Compared to other silicon-based non-oxide ceramics, SiAICNs
have the lowest corrosion rate. Additionally, SiAICNs have
smooth surfaces and retain high strength after heat treatment.
This unique property is attributed to the formation of a protec-
tive Si-Al-O layer, in which a small amount of aluminum
significantly reduces the activity of silica.'*®

3.3.2 Chemical durability. The research by Soraru et al
investigated the chemical durability of SiOC glasses with
varying levels of “free” carbon in basic or acidic environments.
The results show that the SiOC network is more durable than
pure silica glass (SiO,) in both basic and acidic conditions. This
improved durability is due to the nature of the bonding, as Si-C
bonds are less susceptible to nucleophilic attack. Also, the
added disorder and crosslinked carbon in the network—
whether attached to silicon atoms or existing as “free” carbon—
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help block the movement of reactants. When SiOC is heated to
high temperatures (7' = 1200 °C), it separates into regions rich
in SiO,, SiC, and carbon. This process lowers the chemical
durability because the SiO, parts become easier to remove. If
SiOC glass is treated with a strong hydrofluoric acid (HF) solu-
tion, the SiO, phase can be removed entirely.'*

4. Synthesis of preceramic inorganic
polymers

PDCs are ceramics made from polymeric materials, unlike
those produced through conventional powder processing
methods. Thermosetting polymers are preferred as precursors
due to their high molecular weight, ability to prevent uncon-
trolled polymerization, adequate solubility, functional groups
for subsequent reactions, and precise molecular architecture
for synthesising stoichiometric ceramic materials like SiC or
SizN,. Over the past five decades, various Si-based preceramic
polymers with diverse molecular architectures have been
developed, with organochlorosilanes being the primary
precursors. Examples include polycarbosilanes, polysiloxanes,
and polysilazanes, which are produced through reactions with
sodium or potassium, water, and ammonia."** Making ceramic
materials from organosilicon polymer precursors usually
involves three main steps: (1) choosing or making an organo-
silicon polymer with the right composition, structure, and
controlled molecular weight, (2) shaping the polymer precursor
and then crosslinking it, either through heat or a catalyst, at
temperatures between 100 and 300 °C to form an organic/
inorganic composite, and (3) heating the crosslinked
composite in a controlled atmosphere at temperatures between
500 and 1500 °C to turn it into the final ceramic, which can be
either amorphous or crystalline."**

Synthesizing preceramic polymers entails the polymeriza-
tion of monomers that can subsequently be transformed into
ceramic materials via thermal treatment. A prevalent approach
for synthesizing preceramic polymers involves the use of poly-
siloxanes. This synthesis typically consists of the reaction of
silane monomers in conjunction with a catalyst or initiator,
resulting in either linear or cross-linked polymers. Additionally,
sol-gel techniques may be employed to create preceramic
polymers with tailored compositions and structures. The pre-
ceramic polymers produced can then undergo thermal treat-
ment, resulting in ceramic materials characterized by high-
temperature stability and other advantageous properties. We
will now elucidate several of these methods.'*?

4.1 Sol-gel process

The sol-gel method, which involves the hydrolysis and
condensation of hybrid silicon alkoxides, can be used to
produce crosslinked polysiloxanes, also known as silicon resins,
as illustrated in Fig. 3a. This method was first used by early
researchers who founded the field of SiOC glasses. The
precursors used in this process are organically modified silicon
alkoxides, which have the general formula R,Si(OR’),_,. After
the gelation phase, these precursors form silicon resins,
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R,SiO(4_y). R’ typically represents a CH; or C,H; group, while R
stands for an alkyl, allyl, or aryl group. By co-hydrolyzing
different hybrid silicon alkoxides, the sol-gel method enables
precise control over the composition of the original silicon
resin.'"> As a result, precursors for silicon-containing organic
compounds (SiOCs) that are stoichiometric, excess-C, or excess-
Si have been created.

This approach also allows for the uniform incorporation of
supplementary elements, such as Al, Ti, or B, into the pre-
ceramic network using their respective metal alkoxides.'*
However, the sol-gel process has some limitations, such as poor
control over viscosity, which limits the use of shaping methods
like extrusion and injection molding. Additionally, the consid-
erable shrinkage during the drying process makes it more
challenging to produce samples without cracks. Many
researchers are studying the relationship between processing,
microstructure, and properties of macroporous SiC mate-
rials.”*"” The main challenges that limit the widespread use of
polymer-derived porous SiC materials are the high cost of pre-
ceramic polymers, the use of hazardous materials, and the
lengthy time required for the synthesis process."'®'*® Sol-gel
methods that use affordable carbon-based monomers and
silicon alkoxides, followed by pyrolysis, have been widely
studied as alternative approaches. However, shrinkage and
cracking during the sol-gel process make it difficult to produce
bulk SiC materials. To prevent the collapse of bulk gels,
expensive drying methods such as supercritical fluid drying and
freeze drying, along with long solvent exchange processes, are
Oftel’l used.113,120,121

Li et al. created organic-inorganic gels that can be turned
into SiC hierarchical porous materials by heating them. They
employed a simple and cost-effective method involving sodium
dodecyl sulfate (SDS) to facilitate sol-gel drying at room
temperature (Fig. 3a). The presence of SDS facilitates the
coarsening of colloidal particles within the hybrid cell, enabling
the formation of three-dimensional solid networks character-
ized by larger pore sizes. This structural enhancement is
advantageous as it mitigates the capillary pressure that typically
leads to cracking. The hybrid gels transformed B-SiC upon
heating to 1400 °C. The porosity and size of the pores in the
macroporous SiC monoliths can be adjusted by changing the
amount of SDS used in the hybrid cells. The specific surface area
of the SiC monoliths can reach up to 171.5 m* (g)~'. The
compressive strength and Young's modulus of the SiC
composites were found to be 7.0 + 0.8 MPa and 407 MPa,
respectively.'*

4.2 Polymerization methods

Over the past century, methods for producing polymeric orga-
nosilicon have undergone significant improvements and
expansion. Since silica is found naturally, the monomers for
polymeric organosilicon are created through synthetic
processes. Silanes have the general formula R, ,SiX,,, where X
represents reactive groups like Cl, -OR, -OOCR, and -NR,.
These groups are essential for starting the polymerization of
organosilicon compounds. There are a few ways to make these
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silanes: (i) by reacting an organic compound directly with
silicon at high temperatures; (ii) by chlorinating silicon and
then using organic groups and organometallic reagents, such as
organolithium compounds, Grignard reagents, and organic
zinc compounds; or (iii) by turning silicon into silyl hydrides,
which then react with multiple bonds in a hydrosilylation
reaction.”” It's essential to note that hydrosilylation is a key
reaction in organosilicon chemistry and has become a primary
method for combining organic groups with silicon structures.**
Polymerization is necessary for the synthesis of preceramic
inorganic polymers. Following pyrolysis, these polymers can
produce inorganic ceramics, including SiC, SizN,, and SiOC. For
example, polycarbosilanes are distinctive precursors for syn-
thesising SiC ceramics and fibres. Traditional manufacturing
processes often involve severe reaction conditions and utilize
low-molecular-weight compounds, whereas catalytic hydro-
silylation polymerization generally relies on noble metal cata-
lysts. Chen et al have documented a cobalt-catalyzed
hydrosilylation polymerization process involving dienes and
bis-silanes. This approach presents a viable alternative for
producing linear polycarbosilanes (Fig. 3b).*”

4.3 Pyrolysis techniques

Pyrolysis is a thermal degradation process that occurs in the
absence of oxygen or an inert environment. This method has
been widely employed in various organosilicon polymers,
including silicones, polysilanes, and polysiloxanes.****** The
resulting materials are utilized in multiple applications,
including electronics, coatings, and sealants, owing to their
exceptional thermal stability, flexibility, and durability against
environmental factors. The PDCs transform a ceramic material
via a range of thermal techniques. These techniques encompass
spark plasma sintering,"** chemical vapour deposition,**” rapid
thermal annealing,"® laser pyrolysis,"”® microwave heating,'*’
and the predominant method employed, pyrolysis*** conducted
in an Ar or N, atmosphere. PDCs represent a highly adaptable
category of materials produced through the pyrolysis of silicon-
containing polymers. For example, SiOC materials, in partic-
ular, are noteworthy due to their distinctive capability to achieve
near-net shapes at lower temperatures compared to conven-
tional ceramics. These SiOC systems find diverse applications,
including coatings, microwave-absorbing devices, and compo-
nents designed for high-temperature environments.*** Among
these applications, SiOC-based systems have been the focus of
extensive research. The precursor materials typically comprise
a Si-O backbone with side groups such as -H, -CH3, -C,H3, and
-Ce¢Hs. At the same time, the pyrolyzed material forms an
amorphous SiOC structure with different carbon areas. The
transition from polymer to ceramic is a crucial process in which
Si-H and Si-C bonds are broken, hydrogen is removed from
phenyl rings and —-CH; groups, and new radical species and
phases are formed. The various stages that emerge within the
system are primarily influenced by the pyrolysis temperature
and the choice of precursor(s).

Additionally, during the decomposition of the polymer,
several cyclic species can form, including cyclic SiO species,

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02047f

Open Access Article. Published on 18 July 2025. Downloaded on 4/3/2026 11:49:42 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Review RSC Advances
C-poor Reactive C-rich
C additive additive additive
oC;Hg
Ve si~o c si~o
"' city cay / SI\ 2 90 o o \ CTHS c’q, Cih o/ \
After §—ONEAONL 0 B soONGONL0 Moo | soONGoONES Cl;'
cross-linking | L | CH,
ciy cH, chy oy Oy o MOO-Siooml cu o ciy 3
Cell. 'CHy 1; C.‘H, O\iz )Ii OC3Hg Cells CHy Calis
I Si A \ | 1 / si
i § i :
0/?4\0/51\\0/“\0/ o/T\c/s;'\o/\‘\o/s' o/f'\e/f'\o/?'\o/
FA +TEOS + Pr ol
surfactant
Pyrolysis Ar ArtH20
Monolithic  Beaker
it Hybrid Gel  (Mold)
1 Si
i CHy
Al | OH cn; ]
y Cells cH, Wy, / W | iV 1.0~
(b) Porous Si(0)C Monolithic In slx/u\s‘a,/o\;}/o { ) f’/D\Si/O\sl'/ /%
Ceramic: Hybrid Gel °C-700° I i ci,
e s 1ybrid Gel 500°C-700°C 1 cHe Cets cu, én, /s. ' “ Call,‘:’“ o\ Celg /o
C 1 i
Earth Metal 1 calg r C,‘,’ f“’ oMl o/(s':ﬁ\o/z.\o/j.ﬂ\o
Earth abundant " o/ TN N0 TN ’
Jl . o metal catalysis o Me
R H ———
Fe, Co, Ni efc
Well developed
anti-Markovnikov  Markovnikov C-poor Reactive C-poor Reactive C-rich
Chen et al. work: Cobalt Catalyzed Hydrosilylation Polymerization ditve acditve Jaditve addlive aadine
/—d
4
+ _@_,{/\/0\/\9/ \Q'k 1400°C
H e _@_H Linear polycarbosilanes
>99:1 regio-selectivity
* Surrogate of Pt catalysis * Broad scope
* High molecular weight * Mild conditions
* Post-functionalization * Chirality introduction SiO, trbostratic C SiOXC(‘_,, hydrolyzed sio2
Fig. 3 (a) Schematic representation for synthesising porous SiC-based materials utilizing the sol-gel method. Figure (a) was adapted by

permission from: Materials, 2022, 16(1), 220.*** (b) Earth-abundant metal-catalyzed hydrosilylation. Figure (b) was adapted by permission from:
Macromolecules, 2024, 57(16), 8146-8153.57 (c) Depiction demonstrating the influence of additives and the pyrolysis environment on the
microstructure of SiOC. Figure (c) was adapted by permission from: Journal of the European Ceramic Society, 2017, 37(15), 4547-4557 114

while some side groups may remain unaffected. Si-Si bond
formation may also occur within these cyclic intermediates**® at
approximately 1000 °C; SiOC (or SiO4_,Cy, where 0 =< x < 4)
demonstrates an amorphous ceramic network architecture
characterized by silicon atoms that are tetra-coordinated in
conjunction with carbon and oxygen atoms.* Erb et al
prepared bulk SiOC materials from a polysiloxane-based system
by adding various organic substances and utilizing different
pyrolysis atmospheres. They also treated the materials with HF
etching (Fig. 3c). The additives changed the material's structure
by affecting the formation of SiO, nanodomains. SiOC ceramics
made in an Ar + H,O pyrolysis atmosphere had less SiC and
more SiO, compared to those made in an Ar atmosphere.
Adding water vapor during pyrolysis significantly increased the
specific surface area. When 10% tetraethyl orthosilicate (TEOS)
was added during pyrolysis in an Ar + H,O atmosphere, the
surface area reached 1953.94 m” g~', compared to 880.09 m>
g~ for the polysiloxane base treated in Ar. This study examines
the principles behind phase composition and development,
providing a novel approach to creating materials with excep-
tionally high surface areas. Using specific pyrolysis atmo-
spheres and organic additives to enhance surface area is
a promising method for producing highly porous SiOC

ceramics."**

5. Potential uses of preceramic
inorganic polymers

Different materials can be used for cleaning up the environ-
ment, offering various methods to achieve this goal. Given the

© 2025 The Author(s). Published by the Royal Society of Chemistry

intricate nature of these materials, their propensity for rapid
evaporation, and their restricted reactivity, it is essential to
address the containment and breakdown of environmental
contaminants. Consequently, contemporary studies have
focused on utilizing ceramics to develop innovative strategies
for ecological restoration. Inorganic preceramics play a crucial
role in various environmental applications, including the
detection, monitoring, and quantification of pollutants, as well
as their involvement in the prevention, management, and
remediation of these contaminants. Numerous ceramic mate-
rials are currently under examination for their potential as
catalysts in pollution prevention, control, and remediation
efforts. Inorganic preceramic materials have emerged as
essential components in environmental remediation, attributed
to their unique characteristics and versatile applications. This
review section examines the body of research concerning
ceramics and their diverse ecological applications. Readers are
expected to develop a deeper understanding and appreciation of
this field through this exploration, which may inform their
research endeavours.

5.1 Coatings and composites

It has been reported that preceramic polymers can produce low-
dimensional products, particularly coatings.**® These polymers
can be applied to various substrates through various deposition
methods, which may utilize liquid or vapour phases. Preceramic
polymers can be enhanced by incorporating various fillers to
modify specific properties and facilitate the formation of
thicker layers without cracking. When fillers are incorporated
into a several technological challenges

matrix, arise,
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particularly when achieving the desired particle fragmentation
and uniformity levels. As a result, there are constraints on
achieving the requisite layer thickness. This can lead to
uncontrolled cracks and pores, which diminish the adhesion
between the layer and the underlying surface.'* It is recom-
mended to make ceramic thin films using unfilled polymer
precursors. For instance, the meticulous preparation of the
polysiloxane network enables SiOC materials to demonstrate
advantageous characteristics, including excellent thermal
stability, abrasion resistance, and reduced surface energy.

Furthermore, this process can yield dense layers that protect
coatings in challenging environments, such as those exposed to
corrosive gases with moisture at elevated temperatures or
radiation.”>"® Research on synthesising polysiloxane films
devoid of additive incorporation has encountered difficulties
related to the alteration of precursors and the structural
stability of the resultant materials. This problem is attributed to
the use of unmodified polysiloxanes or small alkoxysilanes with
only one Si atom during the sol-gel polymerization
process.**”*** While achieving a well-defined precursor structure
is possible, this necessitates the use of monomers that possess
multiple Si atoms and substantial quantities of solvent to
address the diminished solubility in water.**®

Malinowska et al. created SiOC layers on stainless steel
surfaces using polysiloxane networks without the addition of
fillers (Fig. 4a-e). This approach minimizes shrinkage during
the pyrolysis process. It improves the adhesion of the SiOC layer
to the substrate—the design of the precursor aimed to reduce
weight loss during annealing, thereby achieving material
shrinkage. The cross-linking of polymers to create precursor
coatings was accomplished through a hydrosilylation reaction.
Given that this reaction necessitates the presence of asymmetric
groups, two distinct SiOC coatings were developed on stainless
steel, resulting from the thermal decomposition of the polymer
precursors polymethylvinylsiloxane/2,4,6,8-
tetramethylcyclotetrasiloxane (V5/D4") and
polymethylhydrosiloxane/1,3,5,7-tetravinyl-1,3,5,7-
tetramethylcyclotetrasiloxane (PMHS/D,""). Applying SiOC
layers on the chosen steel substrate significantly improved its
harsh temperature corrosion resistance, with the one coated
with pyrovy/D," exhibiting superior oxidation resistance
compared to the one coated with PMHS/D,". Without
a protective coating, a clear difference in corrosion resistance is
observed between layers made from precursors with vinyl
groups in the polymer chain (pyrovs/D4") and those linked to
the cross-linking agent (PMHS/D,"Y). This difference is
primarily due to the latter having more microcracks. These
microcracks happen because the Si-H bonds in PMHS are
blocked, which slows down the material buildup during the
spin coating process. Additionally, lower bonding density
makes the material more likely to form microcracks.™*

Fig. 4f and g illustrates notable variations in layer
morphology contingent upon the precursor utilized. In contrast
to the PMHS/D,"" layer, the V;/D," layer exhibits sporadic
cracking, characterized by a uniform coating with minimal
defects. The occurrence of cracks in the thicker layer (~1.7 pm)
of V3/D, (Fig. 4h) can be attributed to the coating's thickness,
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which also influences the thermal evolution of the layer. During
the pyrolysis process, the polymer precursor undergoes a mass
transformation and experiences an increase in density. This
transformation leads to in-layer shrinkage, which subsequently
results in the formation of cracks. Bulky layers are particularly
susceptible to this phenomenon, thereby imposing a limitation
on the achievable layer thickness.

Conversely, the layer formed from the PMHS polymer is
significantly thinner, with a maximum thickness of approxi-
mately ~450 nm (as shown in Fig. 4i), indicating a reduced
impact of shrinkage on thinner layers. It is essential to highlight
that, despite the presence of cracks, the layer maintains
a uniform structure and exhibits strong adhesion to the metal
substrate.”* Furthermore, the process temperature can be kept
at relatively low levels (below 800 °C) to minimize the risk of
harm to the underlying substrate. Finding low-temperature and
financially feasible methods to shield metal surfaces from
oxidation, wear, and corrosion is a top priority. Although the
interactions at the interface during processing might enhance
adherence to the metal, it is crucial to prevent the formation of
brittle phases—coatings created by incorporating silicon or
carbon clusters, which may be suitable for optoelectronic
applications. Carbon fibres and carbon/carbon composites are
coated with oxidation protective layers.™® By incorporating
fillers, layers with controlled porosity can be fabricated, making
them suitable for use as catalyst supports or in biomedical
systems. The application of preceramic layers processed at low
temperatures is particularly noteworthy for their ability to coat
extensive surfaces, such as train carriages. These layers form
transparent, strong coatings that stop inks, permanent
markers, spray paints, stickers, dirt, and other contaminants
from sticking.

They also help protect against weathering, corrosion, and
oxidation. In addition, preceramic polymer films have been
successfully used as a bonding agent for ceramic matrix
composites and solid ceramic materials."** In this context, the
incorporation of fillers plays a crucial role in reaching desirable
characteristics and an appropriate microstructure within the
ceramic interlayer. Barroso et al. created a dual-layered thermal
barrier coating (TBC) system utilizing polysilazane, comprising
both a bond coat and a top coat. The upper layer combines
passive fillers like YSZ and active ones like ZrSi, within an
(organic)silazane matrix. The top coat application onto steel
substrates was achieved through tape casting, a method noted
for its excellent reproducibility and minimal use of suspension.
Following the removal of solvents at 110 °C, the coatings and
their constituents underwent pyrolysis for one hour at temper-
atures of 500 °C and 1000 °C, respectively, for the top coats.
After this, they were subjected to further investigation. The
findings indicated that when subjected to temperatures
exceeding 500 °C, ZrSi, undergoes a controlled oxidation
process, resulting in the formation of thermally stable ZrO, and
SiO, phases. These phases serve as protective barriers, pre-
venting further degradation in oxidative environments up to
1000 °C. Moreover, the volumetric expansion resulting from the
oxidation of ZrSi, effectively offsets the natural shrinkage of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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polymers during pyrolysis, leading to the development of dense
and crack-free coatings.

In contrast, coatings that consist solely of passive fillers,
such as YSZ, demonstrate significant cracking and compro-
mised structural integrity due to the absence of reactive
compensation mechanisms. The synergistic integration of both
active and passive fillers enhances thermal expansion compat-
ibility with metal substrates and mitigates thermal mismatch
stresses. These results underscore the essential function of
active fillers such as ZrSi, in optimizing the thermo-structural
performance of PDC-based TBC systems for prolonged high-
temperature applications.'*

Niu et al. created a MoSi,-SiOC-Si3N, (MSS) coating on SiC-
coated C/C composites using a slurry method. The slurry was
made by mixing MoSi, and Si;N, powders in high hydrogen
silicone oil (H-PSO), with tetramethyl tetravinylcyclotetrasilox-
ane (Vi-D,) as the cross-linking agent and platinum chloride as
the catalyst. The coating was heat-treated at 1000 °C for 2 hours
in nitrogen gas to form MSS, with an average thickness of 140
pum. They also made a MoSi,-SiOC outer coating using the same
slurry method for comparison. The oxidation behavior of the C/
C composites with different outer coatings was tested at 1500 °C
in air. The results showed that the MSS coating provided better
protection against oxidation than the MoSi,-SiOC coating.
Additionally, the antioxidant properties of the MSS coatings are
strongly influenced by the amount of Si;N,.'*?

5.2 Removal of environmental pollutants

A lot of research is currently focused on creating new adsor-
bents and improving their ability to adsorb. Preceramic poly-
mers offer numerous benefits because their molecular structure
can be easily modified, and they can be shaped into various
forms using plastic-forming methods.*** Materials made from
preceramic polymers can be modified to function as effective
adsorbents for removing heavy metals such as lead (Pb),
mercury (Hg), and arsenic (As) from industrial wastewater.'*
These materials' high surface area and chemical versatility
make them suitable for capturing toxic ions. Polysiloxanes are
recognized as the most cost-effective among all polymeric
precursors. Their availability is high and can be processed
under normal atmospheric conditions. Amorphous SiOC can be
made by heating it to temperatures between 800 and 1400 °C. It
remains an undeniable fact that there is a notable lack of
scientific literature on the specific applications of porous and
high-surface-area PDCs. Recently, materials derived from
complex processing methods, including PDCs aerogels**® and
composites created from polysiloxane and wood,**” have been
evaluated for their efficacy as dye adsorbents.**® Zeydanli et al.
produced a SiOC with exceptional permeability and a large
surface area achieved through a preceramic polymer blend
combined with a catalyst. Following the annealing and thermal
decomposition processes, specific samples underwent etching
with HF to yield carbon-rich SiOC (C-rich SiOC), which was
explicitly identified as sample W-HF.

W and W-HF were first tested to assess their ability to remove
heavy metals, particularly Cr(m), Pb(u), and Cd(u), as well as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Schematic illustration of the hydrosilylation process, along
with the structural representations of the compounds utilized in the
research, (b) Vs polymer, (c) PMHS polymer, (d) D4", (e) D4 SEM
images depicting the surface morphology of steel coated with SiOC
layers: (f) pyroVs/D4™, (g) pyroPMHS/D,V'. Also, cross-section SEM
images of steel coated with SIOC layers: (h) pyroVs/D,", (i) pyroPMHS/
D4V, Figures (a)-(i) were adapted by permission from: Surface and
Coatings Technology, 2021, 407, 126760.1%4

cationic dyes such as methylene blue (MB), rhodamine B (RhB),
and crystal violet (CV). The tests were done separately and in
combinations. HF-treated SiOC samples with high surface area
showed a strong ability to adsorb cationic dyes. The higher
adsorption of dyes, compared to metal ions, is due to the Si-OH
bonds, which are more common in HF-treated SiOC and free
carbon. These bonds interact with organic dyes through (a) van
der Waals forces between the dyes and the sp> hybridized carbon,
and (b) electrostatic interactions involving Si-OH groups and
carbon-oxygen complexes.”*® Research conducted over the last
thirty years identified SizN, as one of the most durable and
resilient ceramic materials for structural applications. However,
recent investigations have revealed its extraordinary surface
biochemistry in the present century. This paper provides
a comprehensive overview of the potential applications of Si;N, in
various fields, including disease diagnosis and treatment,
personalized healthcare, agricultural practices, food and water
safety, and environmental conservation.”*® SizN, exhibits
a notable ability to support metal oxides, thereby preventing
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Fig. 5 Schematic diagrams summarizing synthesis methods and advanced applications.

agglomeration of these oxides. SizN, exhibits many remarkable
characteristics, including exceptional oxidation resistance,
significant mechanical strength, impressive thermal stability,
and low density. In the realm of photocatalytic activities, it serves
a vital role as a support material that facilitates the reduction of
charge recombination and enhances the efficient transport of
charge carriers. Based on this, Sharma et al. have developed
a Fe;0,/Zn0/SizN, nanocomposite, which may serve as an effec-
tive photocatalyst. The photocatalytic performance of the mate-
rial has been investigated for the degradation of yellow sunset
and methyl orange (MO) in aqueous solutions. The findings
indicated that the degradation efficiencies exceeded 90% for
sunset yellow and 96% for MO. Inhibition experiments revealed
that hydroxyl radicals ("OH) play a crucial role in the degradation
mechanism. Furthermore, a reusability assessment conducted
over six consecutive cycles demonstrated sustained photocatalytic
activity, highlighting its effectiveness even after multiple uses.
Additionally, antimicrobial tests performed on E. coli and Pseu-
domonas strains exhibited a notable inhibition zone.™*
Polysilsesquioxane (PSQ) represents a class of organic-inor-
ganic hybrid materials characterized by a backbone of Si-O
inorganic bonds complemented by organic groups in the side
chains. This unique composition and structural arrangement
endow PSQ with remarkable properties. Notably, the organic
groups attached to silicon can participate in various chemical
reactions, enabling further functionalization. Moreover, PSQ
exhibits exceptional resistance to corrosion, impressive thermal
stability, and notable chemical reactivity, making it suitable for

applications in semiconductor technology, catalysis,

25530 | RSC Adv, 2025, 15, 25514-25541

adsorption, and other domains. As an adsorbent, PSQ typically
demonstrates a high capacity and rapid rate of adsorption.'*®
Research conducted by Niu et al. involved the synthesis of
a thiol-functionalized PSQ designed explicitly for the adsorption
of Hg(u) and Mn(u) ions from solutions.’** Additionally, Wang
et al. synthesized two unique varieties of fibrous adsorbents
through the application of thiol- and amino-functionalized PSQ
onto poly(p-phenyleneterephthalamide) fibres and subse-
quently evaluated their effectiveness in the adsorption of
Hg(m)."**

Xu et al. created magnetic composites of PSQ/CNTs using the
sol-gel method, which involved carboxylic carbon nanotubes
(CNTs-COOH), 3-aminopropyl-trimethoxysilane (APTMS), and
3-mercaptopropyl-trimethoxysilane (MPTMS). At the same time,
they added magnetite to the composites to improve their ability
to separate from water. These composites were used to recover
Au(m) from wastewater, and the results showed that the PSQ/
CNTs magnetic composites were very effective at adsorbing
Au(m)."*

5.3 Microwave absorption

The rapid growth of electronic devices and information tech-
nology has led to extensive research on materials that can
mitigate the harmful effects of interference and radiation
caused by electromagnetic waves (EMW)." In particular,
ceramics produced through the PDC method have garnered
significant attention in recent research due to their improved
capabilities in microwave absorption and electromagnetic field
(EMF) shielding. Recent years have witnessed rapid progress in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the development of microwave absorption materials, which
significantly diminish the strength of incoming electromag-
netic waves. This plays a crucial role in implementing stealth
technology within the defense and security sectors. Among
these, ceramic materials, characterized primarily by their
dielectric loss, exhibit distinctive physicochemical properties.
The distinctive oxidation resistance and remarkable stability at
elevated temperatures of ceramics make them more advanta-
geous than alternative materials for application as microwave
absorption substances, especially in modern high-temperature
and demanding conditions. PDCs represent a method for
producing microwave-absorbing ceramics via a conversion
process that transforms polymers into ceramics. The unique
characteristics of polymers and ceramic materials enable the
use of PDCs in fabricating a wide range of microwave-absorbing
ceramics. This is achieved through various processing tech-
niques, including fibres, composites, powders, and specialized
structures created through 3D printing. SiCN ceramics have
attracted considerable attention in Si-based PDCs in recent
decades, mainly owing to their enhanced thermal and oxidation
resistance relative to SiOC and SiC ceramics.

Recent developments in the utilization of ceramics derived
from polysilazane for electromagnetic interference (EMI)
absorption have led to the creation of various composites,
including SiCN,"™ SiCN/Fe,”® and SiCN/Ni.**” The electro-
spinning technique, combined with subsequent thermal pro-
cessing, has been utilized for the template-free production of
PDC fibers exhibiting EMF absorption characteristics.**® Incor-
porating ferric and nickel compounds into SiCN fibers typically
induces magnetic loss,***'** which may lead to increased weight
density, susceptibility to corrosion, processing challenges, and
elevated costs. Incorporating carbon into SiCN ceramics can
enhance dielectric characteristics, facilitate the production of
lighter materials, and bolster resistance in harsher environ-
ments. The effectiveness of EMF shielding provided by PDC
fibres integrated with carbon has been demonstrated in various
studies, including those SiC/SizN, fibres that incorporate in situ
embedded graphite,’®* C/SiC fibres,'** graphite-SiC wires.'**
Ramlow et al. investigated the microwave absorption and EMF
shielding characteristics of electrospun SiCN/C fibres. A hybrid
approach utilizing electrospinning alongside the PDC method
was implemented to produce SiCN fibres, which integrated
carbon structures formed in situ. This fabrication technique was
specifically designed for applications related to microwave
absorption and EMF shielding within the Ku band (12.4-18
GHz). For comparative purposes, additional SiCN fibres were
synthesized. In this process, polysilazane was used to provide
SiCN. At the same time, PAN was added to the solution to
improve the electrospinning of the ceramic-filled polymer and
serve as a carbon source. The analysis of the samples revealed
varying trends in EMF shielding effectiveness, specifically
regarding their reflection, transmission, and absorption char-
acteristics. Notably, incorporating carbon into the SiCN matrix
resulted in a doubling of EMF absorption compared to SiCN
fibres alone. The SiCN/C fibres exhibited a minimum reflection
coefficient (S;4) of —12 dB, indicating a high shielding efficiency
that effectively blocked over 90% of EMF energy.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In contrast, SiCN fibres exhibited an S;; value of —7 dB,
translating to roughly 80% attenuation of EMF energy.
Computational simulations further elucidated the superior
electromagnetic shielding properties of SiCN/C relative to SiCN,
attributing this enhancement to increased conduction losses
from the presence of free conductive carbon and diminished
dipole and surface polarization effects due to defects. The fibres
demonstrated resilience against acidic and alkaline conditions,
as well as oxidation, at temperatures of up to 600 °C. Addi-
tionally, incorporating a carbon source resulted in a 17%
reduction in weight for SiCN/C fibres compared to SiCN fibres.
This study presents a viable method for producing SiCN/C fibres
with EMF absorption characteristics, suitable for application as
lightweight materials in challenging environments.***

Another Si-based PDC, quaternary PDC SiBCN, noted for its
exceptional high-temperature stability and resistance to oxida-
tion, stands out as the primary material in the realm of high-
temperature microwave absorption ceramics documented in
the literature. Currently, to address the issue of low dielectric
loss associated with PDC-SiBCN, many researchers are
enhancing EMW attenuation through the incorporation of high
dielectric-loss materials such as carbon-based materials or by
employing transition metals like iron and hafnium to catalyze
in situ crystallization processes.'®>'*® For composite materials,
filler distribution has consistently been a challenge. Even
though transition metals help transform amorphous SiBCN
ceramics into crystals, oxidation resulting from phase separa-
tion weakens the ceramic's resistance to oxidation. Creating
amorphous SiBCN ceramics with microwave-absorbing prop-
erties via a single-source precursor exemplifies a novel strategy
to overcome the constraints associated with the techniques
above. Luo et al. conducted a study in which they developed
amorphous SiBCN ceramics for microwave absorption applica-
tions. This was achieved using a single-source hyperbranched
polyborosilazane containing benzene rings, utilizing a one-pot
synthesis approach. Dichlorodiphenylsilane increased carbon
incorporation in the pyrolyzed SiBCN ceramics and improved
the ordered carbon ratio. Changing the monomer ratio and
heating temperature of the ceramic material produced PDCs
with strong microwave absorption properties while maintaining
their structure. This process resulted in a lowest reflection
coefficient (RCp,;) of —30.79 dB and a good absorption band-
width (EAB,,) of 4.07 GHz.

Furthermore, the PDC-derived SiBCN ceramics exhibited
remarkable thermal stability, showing negligible mass loss in Ar
and air atmospheres up to 1400 °C. This innovative and efficient
method for preparing PDC-SiBCN materials holds promise for
large-scale production. It offers new perspectives for developing
microwave absorption materials suitable for extreme conditions."®”

5.4 Sensors for environmental monitoring

Sensors play a crucial role in advanced systems that necessitate
detection and regulation. The research conducted by Nagaiah
et al. investigates the applicability of high-temperature heat flux
(HTHF) sensors within gas turbine systems. They have effec-
tively engineered and fabricated these sensors by leveraging
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recent innovations in a novel ceramic material sourced from
PDCs. The PDC-HTHF sensor was developed using SiCN, which
was synthesized from an innovative polymer via lithography.
This method was proposed as a viable microfabrication tech-
nique for sensor production, with conductivity regulated
through the careful selection of composition and treatment
parameters. SiCN sensors preserve their structural and func-
tional integrity in extremely high-temperature conditions due to
a combination of inherent material stability, electrical
tunability, and versatile fabrication methods. The amorphous
SiCN matrix demonstrates remarkable thermal and oxidation
resistance, maintaining stability at temperatures surpassing
1400-1500 °C, even in reactive environments such as combus-
tion gases or turbine flows.

Additionally, these ceramics provide adjustable electrical
conductivity and a high temperature coefficient of resistance
(TCR), with values reaching up to 4000 ppm per °C, facilitating
dependable thermal sensing throughout extensive thermal
cycling. Structurally, the monolithic, crack-free design achieved
via direct pyrolysis of preceramic polymers eliminates interfa-
cial failures that are typical in multilayered or bonded systems.
Moreover, compatibility with lithographic and micro-
lithographic fabrication techniques enables the precise inte-
gration of SiCN sensors onto complex microscale surfaces.

In contrast, traditional heat flux sensors that utilize metal
films or wires are constrained by lower thermal thresholds
(approximately 1100 °C), susceptibility to oxidation, and
mechanical fragility. Consequently, SiCN-based PDC sensors
offer a robust and scalable alternative for high-temperature
sensing applications in aerospace, energy, and thermal protec-
tion systems.'*® Additionally, PDC sensors are produced due to
their semiconducting properties, particularly their temperature-
dependent conductivity. SiC sensors have found extensive
application in environments with temperatures not exceeding
500 °C. PDC sensors can function as reliable high-temperature
microsensors, utilizing the PDCs' piezoresistive principle or
doping, which requires sensing materials to withstand harsh
environments at high temperatures without compromising
their functionality and structure.'® Developing strain sensors
that exhibit high responsiveness across a broad spectrum of
temperatures and strains remains a significant challenge,
particularly in high-temperature conditions. Yang et al. have
introduced a dual-functional sensor featuring a beam concealer
structure constructed from polymer-derived SiCN ceramics
capable of monitoring temperature and strain. The perfor-
mance of this integrated sensor was evaluated across a temper-
ature range extending from ambient conditions to 1000 °C, with
a comprehensive investigation of the fundamental sensing
mechanism. The resulting strain sensor demonstrated an
impressive response time of 60 ms within a strain range of 0-
3500 pe, with a maximum strain rate reaching 46 200 pe S

Furthermore, this sensor exhibited remarkable stability and
exceptional sensitivity in high-temperature environments.
Notably, temperatures can be detected independently up to
1000 °C without interference. With its competitive sensitivity,
outstanding stability, rapid response time, and extensive oper-
ational range, this innovative integrated sensor is promising for
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detecting temperature and strain signals in practical applications
within extremely high-temperature settings."”® Fig. 5 illustrates
the schematic diagrams summarizing synthesis methods and
advanced applications. Table 2 represents the potential uses of
preceramic  inorganic  polymers (preparation method,
morphology, application, and advantages).

6. Conclusion and future prospects

PDCs constitute a fascinating category of advanced materials,
characterized by their distinctive blend of structural integrity,
adjustable functionality, and high-temperature resilience. In
the last fifty years, these materials have garnered increasing
interest due to their potential applications in extreme environ-
mental and industrial settings. This review has explored the
current status and emerging capabilities of PDCs in environ-
mental contexts, focusing on their microstructural properties,
the processes of ceramic transformation, and the interactions
between dopants and fillers. There has been an increasing focus
on combining PDCs with innovative methods, including 3D
printing, utilizing ceramics derived from biomass, and inves-
tigating the biocompatibility of functionalized PDCs.

Despite notable advancements, various limitations continue
to obstruct the comprehensive implementation of PDCs.
Specifically, a significant portion of existing research remains
limited to controlled laboratory environments, lacking
adequate long-term performance data in complex, real-world
conditions. Obstacles remain in attaining enduring mechan-
ical durability, resistance to oxidation, and functional reliability
under cyclic thermal stresses and chemically hostile atmo-
spheres. Likewise, although PDCs have demonstrated potential
in MEMS and high-temperature sensor applications, additional
miniaturization and system integration are still restricted by
present fabrication capabilities and cost-related issues.

To address these challenges, forthcoming studies should
adopt a multi-disciplinary strategy. The creation of doped or
multi-phase PDC systems featuring delayed crystallization and
improved oxidation resistance will be crucial for enhancing
durability. Additionally, the progress in scalable, cost-effective
preceramic polymer synthesis and solvent-free processing
techniques is essential for facilitating high-volume production.
Methods such as additive manufacturing, micro-
stereolithography, and ink-based printing provide promising
avenues for producing intricate sensor designs with reduced
waste and enhanced performance. Simultaneously, the inte-
gration of PDCs with innovative technologies—including the
utilization of bio-derived precursors and the investigation of
biocompatibility in functionalized PDCs—offers exciting new
possibilities for expanding their range of applications.

As research on PDC progresses, global initiatives are
increasingly directed towards customizing these materials for
multifunctional applications in extreme conditions. The inte-
gration of material innovation, precise fabrication, and func-
tional synergy is set to pave the way for the next generation of
high-performance PDCs, solidifying their role as essential
facilitators of future technologies in aerospace, energy, elec-
tronics, and environmental monitoring.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Abbreviations

PCIPs
PDCs
SiC
Si;N,
BN
Al,O4
ZrO,
AIN
SiO,
SioC
SiCN
AM

Mg
PDMS
PDMMPS
PDMMS
K

CTE

Preceramic inorganic polymers
Polymer-derived ceramics
Silicon carbide

Silicon nitride

Boron nitride

Aluminum oxide

Zirconium oxide

Aluminum nitride

Silicon oxide

Silicon oxycarbide

Silicon carbonitride

Additive manufacturing
Magnesium
Polydimethylsilane
Polydimethyl-methylphenylsilane
Polydimethyl-methylsilane
Thermal conductivity
Coefficient of thermal expansion
Specific heat capacity
Thermal diffusion rate
Thermal shock resistance
Boron nitride nanotubes
Poly(ureamethylvinyl)-silazane
Thermal barrier coating
Perhydropolysilazane
Dicumyl peroxide
Poly-borodiphenylsiloxane
Diphenyldichlorosilane
Polyaluminocarbosilane
Polysilsesquioxane
Organosilane slurry residue
Polyethylene oxide

Fracture toughness
Polyacrylonitrile

Sodium dodecyl sulfate
polymethylvinylsiloxane
2,4,6,8-Tetramethylcyclotetrasiloxane
Polymethylhydrosiloxane
1,3,5,7-Tetravinyl-1,3,5,7-
tetramethylcyclotetrasiloxane
Electromagnetic wave
Electromagnetic field
Carbon

Oxygen

Nitrogen

Boron

Hydrogen

Aluminium

Methylene group
Carbodiimide group
Nanocomposite

Nitrogen dopant

Lamp black

Graphite

Carbon black

Activated carbon

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

Cdef Defect concentration
PU Polyurethane

PEO Polyethene oxide
SiOCs Silicon carbon oxides
HF Hydrofluoric acid

SiOCs Silicon-containing organic compounds

SDS Sodium dodecyl sulfate

TEOS Tetraethyl orthosilicate

PMHS/D,""  Polymethylhydrosiloxane/1,3,5,7-tetravinyl-
1,3,5,7-tetramethylcyclotetrasiloxane

TBC Thermal barrier coating

MSS MoSi,-SiOC-SizN,

H-PSO Hydrogen silicone oil

Pb Lead

Hg Mercury

AS Arsenic

C-rich SiOC C-rich SiOC

MB Methylene blue

RhB Rhodamine B

CV Crystal violet

MO Methyl orange

'OH Hydroxyl radicals

CNTs— Carboxylic carbon nanotubes

COOH

APTMS 3-Aminopropyl-trimethoxysilane

MPTMS 3-Mercaptopropyl-trimethoxysilane

EMI Electromagnetic interference

RChin Reflection coefficient

CNTs Carbon nanotubes

Gar Grain aspect ratio

Gavg Average grain size

Ry, Reflection loss
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