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ABSTRACT: Preceramic polymers, for instance, are used in a variety of
chemical processing industries and applications. In this contribution, we
report on the catalytic oxidation reactions generated using preceramic
polymer catalyst supports. Also, we report the full knowledge of the use of the
remarkable catalytic oxidation, and the excellent structures of these preceramic
polymer catalyst supports are revealed. This finding, on the other hand,
focuses on the functionality and efficacy of future applications of catalytic
oxidation of preceramic polymer nanocrystals for energy and environmental
treatment. The aim is to design future implementations that can address
potential environmental impacts associated with fuel production, particularly
in downstream petroleum industry processes. As a result, these materials are
being considered as viable candidates for environmentally friendly applications
such as refined fuel production and related environmental treatment.

■ INTRODUCTION
Compared to diesel engines, heavy-duty engines that run on
natural gas or biogas emit fewer pollutants like soot and NOx
but release more hydrocarbon gases like methane and ethane.
Because of methane’s considerable greenhouse effect, it is vital
to reduce and manage methane emissions from natural gas
cars. Several catalysts (basically single atom catalysts, or SACs)
have been developed for the wide-ranging oxidation of
methane in the exhaust stream in response to a variety of
permitted methane emission criteria, which is a promising
strategy that allows for high combustion efficiency.2−4 Most
commercial catalysts, including palladium, nickel, and plati-
num, are supported by nanoscale preceramic polymers,
monolithic honeycomb, and other catalyst support materials
that meet the performance requirements of the petroleum
industries.

Silicon carbide (SiC), a preceramic polymer, has quite a long
history of increasing in importance as a catalyst support
material,5 corresponding to its progress in a variety of
optoelectronic device elements, lightweight or high strength
structures, biomedical materials, and high-temperature semi-
conductor devices. To achieve successful catalysis, a low
surface area of SiC-type was synthesized utilizing a block
copolymer as a precursor and a preceramic polymer template.
This was done to overcome the limits of commercially
available SiC.6,7

The process of increasing the rate of a reaction in the
presence of a catalyst is known as catalysis. The most common
media for catalytic processes includes gas phase, pure organic
liquid phases, and aqueous solutions. Moreover, catalysts are

often highly effective in regulating organic wastewater, solar
energy utilization, and environmental treatment applications,
particularly in catalytic reduction involving photons and
environmental treatment applications. The application of
catalysis in the petroleum industry is based on a fundamental
principle, and the catalytic reaction can be used to produce
energy or eliminate pollutants. These reactions often involve
converting synthesis gas into usable hydrocarbons, which are
used in industrial processes as an alternative fuel to crude oil. It
involves reforming coal, natural gas, or biomass using steam
and oxygen to produce a mixture of predominantly CO, CH4,
CH3OH, and H2.

2 In general, the advantages and disadvan-
tages of catalytic oxidation reactions could be considered.
Catalytic oxidation is recognized as one of the most effective
cleaning procedures due to its ability to break down tough
organic particles as well as its multiple benefits including low
energy consumption, no additional pollution, and user-
friendliness.

A catalyst can aid in increasing energy recovery. The heat
emitted by burning in automotive exhaust catalysts is dispersed
into the air, while the heat generated by oxidation can be used
in a chemical plant to reduce pollution.8 Catalytic heaters,
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which typically consist of catalysts supported by a fibrous pad,
generate heat.1,9

There are several disadvantages to using catalytic combus-
tors. Catalysts are usually expensive and have a limited lifespan.
Adsorption can poison the catalyst at low temperatures where
oxidation is not an issue. Moreover, the catalysts must function
at high temperatures, which may require the use of metal or
sintering support. In extreme situations, it may even melt,
causing molten ceramic to spill out of the reactor: in such
cases, the properties of the fuel under consideration are often
used to determine whether to shift off the fuel stream.

This paper focuses on the potential of catalytic oxidation
using preceramic polymer nanocrystals for energy and

environmental treatment, to design future implementations
to address environmental issues associated with fuel
production, particularly in downstream petroleum industry
processes.

We will examine the relationship between oxidative
processes, nanoscale synthesis of Si preceramic polymer-
based catalysts, and catalytic structures as an example. This
information is particularly useful in the creation of better
catalytic oxidation−reduction systems. The ramifications of
our increased understanding for current catalytic oxidation
reactions to generate alternative fuels to fossil fuels will be
another focus of our research. As a result, these materials are
being considered as potential options for environmentally

Figure 1. Additive manufacturing of polymer-derived ceramics. (A) UV-curable preceramic monomers are mixed with photoinitiator. (B) The resin
is exposed with UV light in an SLA 3D printer or through a patterned mask. (C) A preceramic polymer part is obtained. (D) Pyrolysis converts the
polymer into a ceramic. Examples: (E) SLA 3D printed corkscrew. (F and G) SPPW formed microlattices. (H) Honeycomb. Adapted with
permission from ref 208. Copyright from Science, 2016.

Figure 2. Structural summary for synthesis of preceramic polymers, polysiloxanes, polycarbosilanes, and polysilaxanes, to SiC, SiCxNy, and SiOxCy
vis-a-́vis pyrolysis.
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friendly applications like refined fuel manufacturing and
wastewater treatment.

■ SI-DERIVED PRECERAMIC POLYMERS
Preceramic polymers, for instance, find applications in various
chemical processing industries and applications. Clean fuel
based on oxidation is crucial in sectors such as chemical
recovery and purification. Silica, conventional alumina, silica−
alumina, and preceramic polymer-based materials such as
silicon carbide (SiC) are used as catalyst supports in chemical
and petroleum processing reactions such as hydrocracking,
direct and partial oxidation, reforming, and polymerization.

Silicon-derived polymers with nitrogen, carbon, and boron
have been postulated as precursors for nonoxide ceramics such
as SiC, SiCN, and SiBCN.186,191,192 Polysiloxanes and
polycarbosilanes are two types of preceramic polymers that
can be easily manufactured using a variety of techniques before
being cross-linked with heat or UV radiation to form an
infusible solid (see the preparation process in Figure 1).
Pyrolysis of consolidated preceramic polymers at high
temperatures produces thick ceramic phases (Figures 1 and
2). High-temperature applications for these materials include
structural composites,190 electrical devices,188 and catalytic
chemical reactions.189,190

One of the most appealing aspects of using polymeric
precursors is the simplicity of synthesis at low processing
temperatures. Because preceramic polymers with moderate
molecular weights are easily soluble in organic solvents such as
cyclohexane, THF, and xylene, they can be easily spun, dip-
coated, or spray-coated onto metal, ceramic, or graphite
surfaces to focus on improving anticorrosion, catalytic
oxidation, and antioxidation properties. After cross-linking
and heat treatment, preceramic polymers become amorphous
ceramic at extreme temperatures from 600 to 1100 °C (Figure
1) and crystalline ceramic at temperatures over 1200 °C. The
polymer precursors used have a significant impact on the
chemical composition and microstructure of the final ceramic.

Direct infiltration of low viscosity allyhydrido polycarbosi-
lane into a randomly packed silica colloidal sphere template
with a diameter of 20 to 30 nm, like the process used to
generate microporous SiC, was proven in a report on the
fabrication of mesoporous SiC utilizing a preceramic polymer.
The disordered mesoporous SiC amorphous foam-like
structure has a huge surface area and a total pore volume of
0.81 cm3 g−1.187 Preceramic mesoporous SiC exhibited no
long-range order of porosity because the silica nanospheres
could not be precipitated into a closed-packed structure due to
substantial electrostatic interactions between spheres.

Preceramic polymers are a form of polymer that can be
turned into ceramic when heated to temperatures exceeding
800 °C.204 One approach for preparing preceramic polymers is
microcomponent processing employing UV/electron beam
lithography.205,206 In the photolithography process, it is a type
of lithography that uses UV light or an electron beam as an
illumination source to transfer a pattern into a substrate (see
Figure 1). However, there has been minimal research into
using photolithography to process preceramic polymers, with
most research focusing on microfluidic processing or soft
lithography and polymer-derived ceramics (PDCs).205,207

Preceramic polymers are a form of polymer that can be turned
into ceramics by heating them above 800 °C.204

■ POLYSILOXANES
These polymers have a wide range of uses, particularly in high-
tech industries. In the aerospace industry, where semi-
conductor materials are used to create silicon wafers, these
materials are extremely valuable. This polymer family has
several intriguing features, and as technology advances, the
polysiloxane industry will likely expand even more, allowing for
new applications like lithography.20,209 The synthesis, charac-
terization, and use of ceramic materials made by controlled
pyrolysis of preceramic polymers including diverse fillers have
all been proven to be crucial for crystallization behav-
ior.205,210,211 One of these processes for generation is pyrolysis.
Pyolysis is the process of crushing nanoalumina particles with
polysiloxane samples at 1500 °C in an inert argon environment
(Figure 2). As a result, mullite crystallization commences,
which can happen at temperatures as high as 1300 °C. The
dispersion of alumina nanoparticles within the polysiloxane is
more uniform thanks to the nanoalumina particles. As a result,
the finished product comprises a nanostructure composed of
mullite crystals measuring 60−160 nm and SiC crystals
measuring 1−8 nm.210

Mullite’s potential worth is bolstered by its usage as a
durable protective thermal barrier in high-demand applications
such as spaceship heat shields. Bulk nanostructured ceramics
and nanocomposites were developed, and the structural
properties of these materials piqued people’s interest. As a
result, a new preceramic polymer production process has been
discovered.212,213 The usage of polysiloxane-derived Si−OC
ceramics in the design of microelectromechanical systems is
also highlighted.

■ POLYCARBOSILANE
Several organosilicon polymers have been discovered in recent
years, and when they are thermally decomposed, they produce
ceramic materials with various proportions of silicon carbide
(SiC).214 Polycarbosilane is a polymer with an unknown
structure that is generated when sodium causes thermal
isomerization of Me2SiCl2. The material is subsequently
pyrolyzed to create Nicalon, the only commercial continuous
SiC fiber with a micron-sized diameter.215 Polycarbosilane has
been the most widely utilized polymeric precursor for SiC
ceramics since Yajima et al.’s pioneering work on SiC
fibers.218−220 Polycarbosilanes are made by heating poly-
dimethylcarbosilane under high pressure in an autoclave to
produce polyphenylcarbosilane (see Figure 3).217

Although a variety of linear polysilanes216 and polycarbosi-
lanes and toluene221 have been developed, they are not
excellent SiC precursors because they depolymerize and
provide little or no ceramic yield when heated. To boost
ceramic production, the polymer must have heat cross-linking
capabilities.

Figure 3. Preparation process of polyphenylcarbosilane using toluene
and sodium.
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For catalytic processes, Hasegawa et al. created solid acid
catalysts such as AlCl, MnCl, CrCl, VCl, TiCl, and GaCl.223

When these catalysts are used, the molecular weight of the
polycarbosilane generated is too low, resulting in poor
spinnability for PCS fiber manufacture. This could be due to
the high acidity of metal chloride catalysts. If the solid acid
catalyst is tuned to have adjustable acidity, it appears that an
efficient solid acid catalyst for the Kumada rearrangement can
be created. The vibration bands of polycarbosilane generated
by a catalytic method match the functional groups of
polycarbosilane. The band is quite strong, indicating
polycarbosilane synthesis, and it is caused by the Si−CH2−Si
group’s CH2 bending vibration.222

■ BLOCK COPOLYMER
A copolymer is a polymer that contains a variety of monomers.
Copolymerization is the process of polymerizing monomers
into copolymers. Biopolymers are copolymers formed by
copolymerizing two monomer types. Block copolymers are
polymers made up of alternating segments of diverse polymer
compositions joined by reactive ends. Block copolymers are
made up of two or more homopolymer subunits joined by
covalent connections.

When compared to traditional microstructures and bulk
materials, the ability to change ceramic structure on the
nanoscale allows us to produce innovative and/or better
characteristics and functions.224−227 Nanoscale ordered
ceramics with customized pore size, high specific surface
area, and increased durability have received a lot of attention in
the previous decade.229,230 Membrane, battery, and catalytic
applications gain from tailored pore size and high specific
surface area, whereas ceramic structural applications profit
from improved toughness.

Because of their capacity to self-assemble on the nanoscale
into well-defined and structured nanostructures, block
copolymers (BCPs) are an interesting template material.228

Unfavorable monomers, that is, monomer interactions, cause
self-assembly of the different polymer blocks, which frequently
necessitates a heat and/or solvent annealing phase. Preceramic
polymers (PCPs) are frequently employed as a ceramic
precursor in the BCP self-assembly process due to their
chemical modularity and ease of processing.231−234 By
combining PCPs with BCPs, a soft templating technique for
making nanostructured ceramics has been developed, as well as
bespoke synthesis of BCPs incorporating PCP blocks. Due to
the limited phases accessible by BCPs, only a few studies have
employed this method to construct three-dimensional and
connected nanostructures. The utilization of the self-assembly
of block copolymers to template ceramic nanostructures is
well-known, but their mechanical properties have yet to be
studied.233,234

The use of functionalized benzoyl peroxide as the polymer-
ization initiator in the manufacture of PVDF (poly(vinylidene
fluoride))-based block copolymers is a synthetic method. 1H
NMR is frequently used to confirm the effective synthesis of
chlorine-terminated P (VDF-TrFE). The single-atom-based
catalyst is additionally supported by silicon carbide or nitride
in this approach. This preceramic carbide is more stable and
aids in the prevention of coking during catalytic processes.231

■ TECHNIQUES FOR SI-BASED PRECERAMIC
POLYMER SYNTHESIS
Shape Memory Synthesis. Ledoux and co-workers

devised a new synthetic approach called shape memory
synthesis (SMS) for creating medium surface area -SiC
containing binders a few years ago to overcome the drawbacks
of commercially available SiC, which has a very low surface
area -SiC including binders.56,57 The SMS-prepared SiC was
found to be an excellent catalyst support for a variety of
reactions, including hydrodesulfurization and oxidation,57

isomerization of linear saturated hydrocarbons,52 selective
oxidation of hydrogen sulfide into elemental sulfur,58 and
three-way exhaust catalysts.59,60

For use as a catalyst support, SiC generated by SMS
possesses a variety of intriguing and practical properties: (i) a
high thermal conductivity compared to more typical supports
like alumina or silica, which can prevent metal sintering by
keeping the active site temperature under strict control, (ii)
chemical inertness allows for easy recovery of active phases like
noble metals from spent catalysts using acidic or basic washing
treatments, eliminating the need for harsh techniques like
those utilized with alumina-based spent catalysts, and (iii) SiC-
based catalysts have a high mechanical strength and thermal
stability, making them resistant to erosion and attrition.55

A few years ago, shape memory synthesis was employed to
synthesize large-specific-surface-area SiC.59,61 Owing to the
unavailability of bulk oxygen in its structure, its ability to
disperse different active phases demonstrated in other catalytic
applications,58 and its high thermal conductivity, which should
greatly contribute to the reaction’s heat management, this
material had been an outstanding candidate to support the
single atom catalyst.
Wet Polymer Spinning Approach. The wet polymer

spinning approach for carbon nanofibers (CNFs) (Table 1)
has gotten a lot of attention in recent years.68 Making carbon
nanofibers by electrospinning a carbon precursor polymer
solution and then thermally treating them was a standard
method. Polyimide,69 polyacrylonitrile (PAN),70 and phenolic
resin are being used as carbon precursor polymers.71 In a
nonsolvent coagulation bath, the polymer is disseminated in a
spinning solvent and squeezed out using a spinneret. As a
result of the coagulation bath, the polymer precipitates as
fibers. Acrylic, rayon, aramid, modacrylic, and Spandex are all
made using this approach.

Among these polymers, phenolic resin produces carbonized
fibers with a high microporosity and a large carbon yield
without the use of activation.69 Fiberizing uncured phenolic
resins and then implementing a sequential carbonization
procedure to cure the as-spun fibers with a cross-linking
agent was the general technique for constructing phenolic-
resin-derived CNFs.

Due to preceramic polymers’ unique features, such as carbon
nanofibers, and the simplicity with which they can be electro-
spun, porous carbon nanofibers have significant characteristics
as compared to preceramic polymers made up of carbon-
containing nanofibers, such as ultrahigh specific surface area,
highly developed pore structure, and outstanding adsorption
performance.71 Porous carbon nanofibers are hence great
candidates for a wide range of applications. Until recently, the
most often used precursor for carbonizing electrospun
nanofibers was polyacrylonitrile. However, electrospun porous
carbon nanofibers have a low carbonization yield, and porous
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carbon nanofibers have a solid interior and smooth surface,
resulting in a small specific surface area and almost no pores,
limiting their application potential.

Electrospinning is a great way to make nanofibers from
polymers or composite materials because it is so simple and
versatile. Specifically, significant research has proven that
nanoporous fibers can be created by adjusting suitable
electrospinning parameters, with the underlying assumption
being based on how phase separation processes occur during
electrospinning.72,73 Internal holes can be created if there is
enough phase difference between two polymers for one of
them to scatter in the matrix of one another, and the dispersed
phase is accessible and removable. Electrospinning bicompo-
nent polymer systems, according to the theory, can produce
ultrafine bicomponent fibers with significant phase separation,
and selective removal of the dispersed phase domains can
result in intrafiber holes.74

Plasma-Assisted Oxidation Approach. Preceramic
polymers such as silicon carbide have the potential for
extraordinary performance in powered electronic devices due
to features such as a wide bandgap and a strong electric
breakdown field, making it suitable for high-power and high-
frequency metal-oxide semiconductor devices with minimal
power loss.116−119 Because of the large density of interface
traps at the PCP interface, photo-aided carbides built on 4H-
carbide exhibit extraordinarily low inversion-channel mobi-
lities.120−124

The most frequent method for producing high-quality SiO2
films is thermal oxidation. Due to the long duration and high
temperatures required to manufacture SiO2 on SiC substrates
in a furnace, the oxidation process creates a lot of thermal
stress, resulting in a thicker transition area and the creation of
defects at the SiO2/SiC interface.18,125,127,128,129 As a result,

during the thermal oxidation process, the interface between a
SiO2 gate and a SiC substrate degrades more than a SiO2 gate
manufactured on a Si substrate. Defect growth during high-
temperature oxidation creates bulk traps, which limit the
mobility of 4H-SiC-based catalysts, according to numerous
studies.126,130,131 Additionally, an abundance of C atoms near
the SiC substrate’s interface causes the formation of SiOxCy
species because of a reaction involving O2 and di-interstitial C
clusters formed by the pairing of interstitial C atoms, which is
one of the main reasons for the SiC substrate’s poor oxidation
performance.132−134

On SiC substrates, the properties of SiO2 films produced at
room temperature via direct plasma-assisted oxidation were
examined.115 The generation of SiOxCy species in the
transition zones of thermally grown (Figure 4a) and plasma-

assisted (Figure 4b) SiO2 films differs dramatically, according
to a combination of experimental data and theoretical
calculations. The plasma-assisted oxidation approach appears
to be particularly beneficial in improving the electrical
properties of SiO2/SiC systems, according to the findings of
this study, due to lower SiOxCy species concentrations and
relatively stable interface states.

The unstable Si−O−C network structure can be disrupted
by plasma-assisted oxidation, allowing degraded Si and Si−O
to mix with plasma and produce the more stable SiO2.

135 The
SiO2 layer becomes more stable as the highly active O plasma
comes into contact with fault areas in the SiO2 layer. C-based
byproducts are evaporated simultaneously during the plasma-
assisted oxidation process by reacting with decomposed C and
C−O.

Bae and Lucovsky evaluated the possibility of subcutaneous
oxidation of GaN throughout plasma-enhanced deposition of
SiO2 films using Auger electron spectroscopy data. They
discovered that SiO2 deposition has an independent effect on
GaN−GaOx interface development, resulting in much lower
defect state concentrations at the GaN−SiO2 interface.136

Plasma-enhanced deposition consumes plasma-activated O
species at a faster rate than continuous oxidation at the buried
Si−SiO2 contact in SiH4 deposition processes.137,138

■ OXIDATION MECHANISMS OF PRECERAMIC
POLYMER-BASED CATALYSTS
Catalysis and Oxidation−Reduction. A catalyst interacts

with chemical reactants to speed up the process. Catalysts
combine with reactants to generate transitory intermediate
chemical compounds, allowing the reaction to pursue a
different mechanistic path with a lower activation energy
(Ea) than a noncatalyzed process. By stabilizing the transition
state by generating an intermediate species with one of the

Table 1. Selected Properties of Shape Memory and Wet
Polymer Spinning Synthetic Schemes

Shape Memory Synthesis
Wet Polymer Spinning

Synthesis References

Surface area a. Very low surface area
α-SiC

Ultrahigh specific
surface area

56, 57, 61

b. Medium surface area
β-SiC

c. Large-specific-surface-
area SiC

Mechanical
strength and
weakness

High mechanical strength Electrospun porous
carbon nanofiber
yield is very low

68

Oxidation
performance

Its activity is very
effective when used as
catalyst support in:

a. Excellent adsorption
in the process

52, 58, 61,
72

a. Hydrodesulfurization
and oxidation

b. Oxidation of
methane

b. Isomerization of
saturated compounds

c. Oxidation of soot

c. Oxidation of hydrogen
sulfide

d. Oxidation of n-butane
Common

precursors
used

Polyimide a. Polyimide 69−71
b. Polyacrylonitrile
c. Phenolic resin

Phase
separation

There is phase separation Significant phase
separation

74

Active phases a. Ability to disperse
different active phases

Ability to disperse
phase domains

55, 58, 74

b. Easy recovery of active
phases

Figure 4. Schematic diagram of the reaction mechanisms involved in
the (a) thermal and (b) plasma-assisted oxidation processes.
Reproduced with permission from ref 115. Copyright Nature, 2016.
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reactants, catalysts allow the reaction to proceed more quickly.
As products are generated, the catalyst also replenishes
itself.203

An oxidation reaction is a chemical reaction in which
electrons are transferred between two substances. Any
chemical reaction in which the oxidation number of a
molecule, atom, or ion changes by gaining or losing an
electron is known as an oxidation−reduction reaction. The real
or formal transfer of electrons across chemical entities, with
one species experiencing oxidation and the other undergoing
reduction, is defined as an oxidation−reduction process. The
potential charge of an atom in its ionic state is represented by
oxidation numbers. The oxidation number of an atom lowers
in a process, and it is reduced. When an atom’s oxidation
number rises, it is said to be oxidized.
Oxidation of Methane via Si-Derived Preceramic

Polymer Catalysts. Conversion of CH4 into hydrocarbons
and other useful products is tricky due to the need for an
energy-demanding endothermic reaction process. The existing
industrial strategy is to use a catalyst to convert CH4 into a
mixture of H2 and CO.38,39 There has been an increase in the
investigation into oxidation of methane catalysis, and there has
been surprisingly little work on the oxidation of methane
exploiting preceramic polymer catalyst as a support material.
Integrating Si-derived preceramic polymer support materials
with the ability to exhibit tunable morphology or structure,
which then have excellent stability and thermal conductivity
and chemically resistant surfaces to coke build-up, is one
unique way to minimize coke formation during the oxidation
of methane.251 The active phase, catalyst loading, precursor
and support, calcination temperature, catalyst pretreatment,
and reaction conditions all influence catalyst behavior.39

Catalyst supports such as preceramic polymers, silica, and
alumina have two functions: they help with effective dispersion
of an expensive active phase, and they give mechanical
strength. However, by changing or reacting with other catalytic
components, the support can help catalytic activity to some
extent. Phase change, surface and volume diffusion, sintering,
and contact with the active phase are all ways for the support
to deactivate the catalyst. Preceramic polymers are used in a
variety of chemical processing industries and applications.
Clean fuel based on oxidation is crucial in sectors such as
chemical recovery and purification. Nonoxide ceramics such as
SiC and SiCN have been proposed as precursors for silicon-
derived polymers with nitrogen, carbon, and boron.250 Steam
reforming is commonly used to convert methane.1,40−42 The
reaction is strongly endothermic, as shown in eq 1, and
normally occurs at higher temperatures.

+ + = +HCH H O CO 3H , 206.2 kJ mol4 2 2
1

(1)

The conversion of CH4 into syngas is primarily accomplished
via the steam reforming of methane (SRM) reaction (eq 1)
where the CH4 reacts with steam at high temperature (800−
900 °C) in the presence of a catalyst.251 An alternative to SRM
is the dry reforming of methane (DRM) reaction (eq 2) where
the H2O is replaced by CO2. The DRM has the advantage of
being an effective carbon capture and utilization (CCU)
strategy, although it suffers from a high level of carbon
formation, ultimately leading to catalyst deactivation. In any
case, both reactions are endothermic in nature, requiring a high
and continual energy input for them to proceed.

Based on catalytic partial oxidation data, there has been a
discovery that ionic platinum is more effective for the
activation of methane.40 The entire study looked at bulk
materials, which have disadvantages in terms of cost, heat
transmission, and catalyst stability at high temperatures. As
supports for high-temperature catalytic processes, Frind and
colleagues developed large-surface-area silicon carbide materi-
als37 (see Figure 5). Silicon carbide is remarkably stable in
decreasing circumstances, and its strong heat conductivity
inhibits the formation of hot spots.42,43

Several methods for manufacturing highly porous SiC
materials, as well as Ce/Pt catalysts supported on SiC for
methane oxidation and diesel soot oxidation, have been
developed in refs 46 and 47. Using the previously described
preceramic polymer SiC production, the partial oxidation
activity of methane was investigated by refs 45 and 47. During
the synthesis process, the catalyst particles are generated in the
water phase, and the polymeric polycarbosilane precursor is
transported to the oil phase. Carbon residues were removed by
oxidative treatment after pyrolysis at various temperatures to
create ceramic silicon carbide, resulting in porous silicon
oxycarbide composites. These composites have a large specific
surface area and good partial oxidation and dry reforming
capabilities for methane.

A third element, such as oxygen, nitrogen, boron, titanium,
aluminum, or zirconium, can be added to the SiC network to
create a variety of SiC-based materials with improved
properties.44 The complex-covalent chemical connections
produced in silicon oxycarbide (SiOC) and carbonitride
(SiCN) ceramics, for example, improve oxidation.

Garca-Vargas and colleagues48 investigated how the order of
Ni and Mg impregnation affects the catalytic activity and
stability of β-SiC-aided methane trireformation catalysts. The
initial Ni impregnation catalyst showed the lowest catalytic
performance, which was most likely due to a weak interaction
between Ni and Mg, possible Ni particle obstruction by Mg
particles, and the subsequent production of Ni2Si. Smaller Ni
particle sizes reduced coke rate generation, and enhanced
basicity and Ni−Mg interaction were identified in catalysts
with the highest Mg/Ni molar ratio. Because of its high
catalytic activity, stability, and minimal coke generation, Ni−
Mg/SiC was chosen as the best catalyst.

Silicon carbide-based catalysts have been found to exhibit
high thermal conductivity, oxidation resistance, mechanical
strength, chemical inertness, and average surface area.51

Figure 5. H2/CO ratio for the dry reforming of methane with
composition C at different pyrolysis conditions. Reproduced with
permission from ref 37. Copyright 2012, Royal Society of Chemistry.
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Although SiC-based catalysts have demonstrated good
methane trireforming performance,48−50 their catalytic stabil-
ity, particularly their resistance to coke deactivation, should be
explored before they are considered as promising catalysts for
this process. The optimum promoter for Ni/SiC catalysts
employed in the methane trireformation process was
discovered to be Mg.48 Mg increased the activity and stability
of the catalyst, resulting in smaller Ni metal particles and
higher basicity.

Methivier and co-workers recently revealed that β-SiC can
be used as a substrate for palladium particles in the complete
oxidation of methane, with β-SiC being the most thermo-
conducting solid on which palladium can be placed as small
particles using chemical procedures.52−54 Light-off temper-
atures ranged from 330 to 470 °C when low hourly space
velocities were used, demonstrating that the preparation
procedure changed the catalytic activity and thermal stability.
Oxidation of Methane to Formaldehyde on Precer-

amic Polymer-Based Catalysts. Oxidation of methane to
formaldehyde is one of the most successful cleaning
procedures due to its capacity to effectively break down
tough organic particles as well as its multiple benefits such as
low energy consumption, no additional pollution, and user
friendliness.

There has been a revitalization in the oxidation of methane
to formaldehyde reaction, fueled by advances in catalyst
materials, catalyst makeup, and synthesis strategies; enhanced
analytical and modeling capabilities; and the potential to
harness “other” material properties using nonthermal energy
inputs. Advances in material development have seen the
introduction of nonconventional catalyst supports like
preceramic polymers. Preceramic polymers have the capability
to offer greater resistance to coke formation. Crucial to the
feasibility of these materials is the availability of innovative
synthesis strategies where past hurdles such as intrinsically low
surface areas have been addressed. In relation to the active
preceramic polymer-based catalyst, high dispersion across the
support may also be a path to better performance.

At ambient pressure, several studies on the selective
oxidation of methane to formaldehyde over heterogeneous
catalysts have been published.63−65 Methanol is rarely found
among the reaction products under these conditions unless the
input gas is given a large amount of steam.66 A few mechanistic
investigations have also been published. Even though the two
main catalyst systems in this challenge, molybdenum oxide on
silica and vanadium oxide on silica, use different approaches,
they have a lot in common.

According to the observations, when a mixture of CH4 and
18O2 interacts with MoO3/SiO2, the resulting HCHO
comprises almost entirely 16O, which is eliminated from the
lattice.66 The species that causes the first activation of methane
to form the methyl radical, adsorbed oxygen, or lattice oxygen,
as well as the phase in the mechanism where oxygen is
introduced into the hydrocarbon, have both been a source of
debate.

Kartheuser and Hodnett62 used the preliminary approach of
temporal analysis of products to report the results of research
of methane oxidation to formaldehyde over a vanadium oxide
catalyst supported on a remarkable preceramic polymer, silica.
Since methane has a poor interface with the catalyst surface,
but oxygen has a strong affinity, it is hypothesized that an
adsorbed oxygen species is involved in the first activation of
methane. To make formaldehyde, lattice oxygen is removed

after the creation of methyl radicals in the first stage.
Kartheuser and Hodnett62 also discovered that methanol was
never present during oxidation reactions and that form-
aldehyde was completely converted into HCH16O when the
oxidant 18O2 was applied. The catalyst and 18O2 exchanged
very little information, which is compatible with the reaction
network below:

CH HCHO CO CO4 2 (2)

Results from the laboratory of ref 67 show that molybdenum
supported on silica is an excellent catalyst for the partial
oxidation of methane to methanol and formaldehyde when
nitrous oxide is present as the oxidant. The researchers’
combination of selectivity and activity has never been
duplicated in a current investigation.67 Liu and colleagues
used kinetic data to determine how the selective oxidation
pathway fits into the bigger picture.66,67 This selective
mechanism is supported by spectroscopic evidence of the
production of methyl radicals and methoxide ions on the
surface.

It has been formerly described that transparent, free-
standing films can be obtained when tetraethoxysilane is
polymerized in situ in a poly(methyl methacrylate) (PMMA)
binder under certain conditions.253 These molecular compo-
sites exhibit excellent mechanical properties at temperatures
extending far above the glass transition temperature of PMMA,
consistent with a reinforcing, interacting inorganic network
that has not phase separated from the organic polymer. Sol−
gel methodology was employed to synthesize V/SiO2 catalysts
by using tetraethoxysilane, poly(methyl methacrylate), and
vanadium acetylacetonate, and this catalyst preparation
methodology was chosen because of its simplicity. Preceramic
polymer (poly(methyl methacrylate)) helps to limit the
formation of coke during the oxidation reaction and to achieve
a better control of the particle size and morphology of the
active phase.252 A high space velocity results in a lower CH4
conversion and promotes HCHO formation. In summary, the
high yield of formaldehyde was attributed to the preceramic
polymer due to its chemical stability and ability to prevent the
formation of coke.
Soot Oxidation over Preceramic Polymer-Based

Catalysts. Diesel engines emit soot, which is hazardous to
the environment. Soot is a respiratory threat because it often
contains adsorbed polycyclic aromatic hydrocarbons (PAHs).
When carbonaceous fuels are burned under local reducing
circumstances, soot can develop. Its oxidation is required to
minimize pollution in industrial fires and automobile engines.
Because the primary products, reaction order, and activation
energy all change in the catalyzed soot reaction, the process is
different. Decreased ignition temperatures result from lower
activation energy and improved reactivity.

The final examination of typical diesel soot was done when
the soot had been degassed for 5 h at 150 °C and 13 mPa.22−24

Sulfur was visible on the surface as adsorbed compounds
(sulfates), while oxygen was tightly bound. The presence of
C�O, C−O−C, and C−OH bonds, as well as certain
aromatic compounds, was discovered using FTIR.21

O (g) 2O2 (3)

+O C CO (or CO)2 (4)

+2NO(g) O (g) 2NO (g)2 2 (5)
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+NO (g) NO NO O2 2 (6)

In a fluidized bed reactor, soot oxidation over noble metal
supported on preceramic polymer-based catalysts was exam-
ined, with RuOx/SiO2 displaying the maximum activity. In a
fluidized bed reactor, NOx was degraded or transformed to N2
and N2O, with NO2 oxidizing much of the soot. The
dissociation of adsorbed NO on the Ru oxide surface, which
was hindered in the presence of soot because soot oxidation
devoured adsorbed NO and NO2, was linked to the
decomposition or transition of NOx to N2 or N2O. Soot
oxidation was facilitated by the formation of adsorbed NO and
NO2, which have a higher oxidizing activity. RuOx/SiO2
performed better in a fluidized bed reactor than soot oxidation
in a fixed bed reactor. The active species’ high mass transfer
during fluidization is responsible for the high activity in a
fluidized bed reactor.

While passing through a preceramic polymer-based catalyst,
the concentration of NO2 generated is always lowered, which is
not the case in a fixed bed reactor (Figures 6b and 6c). The
significant mass transfer can be explained by the consumption
of NO2 in the soot oxidation reaction (eqs 2−5). NO will be
oxidized to NO2 (eq 6) because of the decrease in NO2 during
soot oxidation (eq 5). Catalytic oxidation can speed up the
combustion of soot. This is performed by coating the filter
surface with a catalyst, most commonly preceramic-based
catalysts, which reduces the danger of operation and energy
consumption.25,28

Carbon dioxide prevented soot production primarily by
chemical involvement in flames, according to refs 26−32.
According to Liu and colleagues’ numerical simulations of
coflow diffusion flames,33−36 the hydroxyl radicals formed by
hydrogen atoms reacting with carbon dioxide increased the
oxidation of soot precursors.

Preceramic polymer combustion is a difficult process to
understand. Polymers inside liquid droplet bulk are likely to
experience cross-linking, scissoring, and thermal degradation
when exposed to the intense heat and radiation of
combustion.254,255 Thermal breakdown of a polymer chain
causes primary valence bonds to rupture, resulting in a
decreased overall molecular weight and smaller compo-
nents.256 These smaller components, which are mainly
methane and C2−4 hydrocarbons,257−259 burn more quickly
than their parent components. As a result of variables such as
greater thermal degradation and heat conductivity, preceramic
polymers have higher overall combustion rates in blends with
either crude oil or natural gas. PCP may suffer from less
thermal degradation due to its chain length, but it is effective at
reducing diffusion of lighter crude ends through the liquid bulk
and lowering surface evaporation rates from the droplet
surface, resulting in a lower overall combustion rate in blends
with either crude.

Singh and his colleagues investigated the impact of
preceramic polymer on combustion characteristics and soot
deposits (Singh et al., 2021). The results demonstrated that
several combustion parameters such as combustion rate,
ignition delay, total combustion time, and flame stand-off
ratio are affected by both polymer chain length and crude oil
origin. In addition, when compared to the base fuel,
preceramic polymeric additives affected the soot deposit
structure and particle size.260

Carbon Black Oxidation. Carbon black is mostly oxidized
by a simple and clean air calcination method to introduce

oxygen functional groups to its surface, activating the
electrocatalytic and catalytic ability of a conduction band
toward the 2e− oxygen reduction rate. Most catalysts
supported on alumina, silica, or silicon carbide (synthesized
from preceramic polymer-based precursor) have been
investigated for the carbon black oxidation capability by
introduction of oxygen functional groups.10−12 A Ru-based
catalyst supported on a PCP based substrate has a high carbon
black oxidation activity because active oxygen species can
develop on its surface. When active oxygen species are applied
to the carbon surface, carbon oxidation occurs.13

Preceramic polymers exhibit remarkable microstructural
stability that changes according to pyrolysis temperature
investigated. Introduction of carbonaceous phases to precer-
amic polymers is an effective approach to produce C-rich
ceramic composites using a pyrolysis route with a wide range
of interests, once the dispersion of the dispersed phase makes it
relatively easy to produce precursors in the liquid state before

Figure 6. TPR results over RuOx/SiO2 in fixed bed reactor under
different reactant conditions: (a) C + 4.4 vol % O2 + Ar; (b) 420 ppm
of NO + 4.4 vol % O2 + Ar; and (c) C + 420 ppm of NO + 4.4 vol %
O2 + Ar. Catalyst weight = 0.2 g, soot weight = 0.02 g, flow rate = 150
mL/min. Reproduced with permission from ref 25. Copyright
Elsevier, 2013.
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the heating step.261 Carbon black incorporated into Si-
containing polymeric precursors enhances the electrical
conductivity and electrochemical performance of mechanical,
thermal, and oxidation properties of preceramic polymer-based
catalysts.261

In the absence of a catalyst, the global mechanism of the C−
NO2−O2 reaction14,15 consists of two basic reactions: a direct
reaction between carbon and NO2 (eqs 7c and 7d) and a
cooperative reaction between O2 and NO2 (eqs 6a and 6b).
The following is an example of a global mechanism:

+ +C 2NO CO 2NO2 2 (7a)

+ +C NO CO NO2 (7b)

+ + +C NO 0.5O CO NO2 2 2 (7c)

+ + +C NO 0.5O CO NO2 2 2 (7d)

The oxidation rate of a preceramic polymer-based catalyst is
boosted in the presence of water vapor.13 Small amounts of
nitric and nitrous acid are created throughout the operation,
resulting in an increase in nitro-oxygenated species on the
carbon surface.15 The ability to create preceramic polymers for
carbon black oxidation utilizing plastic-forming processes is
one of the primary advantages of their production. Preceramic
polymers are best suited for the fabrication of small-
dimensioned objects, such as fibers, films, microscopic
parts,16 and thin-walled foams because the polymer−carbon
black conversion occurs with a large shrinkage, weight loss, and
associated gas release, which often lead to the formation of
cracks and porosity.17,18 The recommended approach has a
few advantages over preceramic microtubes in the case of black
carbon oxidation, including its inherent low cost, flexibility,
capacity to create complex forms, and wide variety of sizes.19,20

Catalytic Production of Hydrogen. Hydrogen is well-
known for a few uses, such as hydrogen-powered forklift trucks,
and it is used in fuel cells to create electricity and power cars
and provide heat and hot water to people.82 Steam reforming
of methane and the use of feedstocks such as naphtha, heavy
oil, and coal to produce hydrogen have been recognized as one
of the essential technologies in sustainability. This is due to
increased hydrogen demand in petroleum refining processes
such as hydrotreating and hydrocracking75,76 as well as
petrochemical applications such as methanol production,77

methanol-to-gasoline conversion,78 ammonia production,79

and Fischer−Tropsch hydrocarbon synthesis.80

To produce hydrogen from water, a mixture of hydrogen-
forming active metal and catalytic supports such as preceramic
polymer-based silica catalysts is used.82 Only the reductive
half-reaction of water splitting (that is, the conversion of
protons to hydrogen) can be used to produce hydrogen in the
presence of a sacrificial reductant (process termed photo-
catalytic hydrogen evolution reaction). Even though hydrogen
is created as a byproduct of naphtha reforming, it is insufficient
to meet refinery requirements. The coming environmental
movement, combined with hydrogen-deficient crude oils and
the decreasing demand for heavy fuel oil, will propel hydrogen
use well into the twenty-first century.

Almost all methane transformation methods start with
turning it to synthesis gas. The Fischer−Tropsch process (eq
8) can convert synthesis gas to liquid hydrocarbons over
transition metals, or it can be converted to methanol and then
to gasoline via the methanol-to-gasoline reaction (eq 9):

+ +CO H Hydrocarbons H O2 2 (8)

+CO 2H CH OH gasoline2 3 (9)

Self-assembled hydrogen evolution rate systems have a low
catalyst turnover number, low quantum yield, and poor
stability. Except for the core seed, which was simply made
up of a block copolymer integrating a catalyst, the self-
assembled nanofibers contained photosensitizers and catalyst
moieties in proximity within the shell. Manners and
colleagues81,95 irradiated nanofibers in methanol with 5%
water and triethanolamine as a sacrificial reductant using
visible light. To investigate the effect of the photosensitizer/
catalyst ratio,81 compared nanofibers built of photosensitizer−
block−copolymer to catalyst−block−copolymer while main-
taining nanofiber length and catalyst concentration constant.
When the proportion of photosensitizer was increased, the
turnover rate increased. This equates to a hydrogen production
rate of 0.327 mol h−1, which is higher than previous polymer-
based system standards, and a quantum yield of 4.0% for
hydrogen generation using 1.34 g of catalytic polymer. Block
copolymers with a crystallizable core-forming block and a shell-
forming block containing either a cobalt catalyst or a
photosensitizer are used to make nanofibers.

Block copolymers were employed to produce tailored
nanofiber architectures that work as an integrated, precious
metal-free photocatalytic system for hydrogeochemical reac-
tions.84−88 At room temperature, the visible-light-driven
artificial assembly was shown to be durable, highly efficient,
and recyclable.

Polymer dots are very minute and spread evenly in water.
This photocatalyst has a larger reaction surface than traditional
photocatalysts, enabling for more light to be stored as
hydrogen gas. The research group of Haining Tian83,89,94

developed a three-component polymer dot. In tests, the
particle displayed excellent catalytic efficiency and stability.
This study was effective in optimizing a system of triple-
component polymer dots to catalyze the conversion of solar
energy into hydrogen at a 7% efficiency rate.

Porous conjugated polymers have made great progress as
photocatalysts in recent years, with the polymer’s structure
proving to be one of the most important factors in achieving
high performance.90−93,96 The required distance for exciton
diffusion is minimized by making the linear conjugated
polymer particles as small as possible, reducing unwanted
exciton annihilation while also increasing the catalytic surface
area and improving photocatalytic efficiency. Polymers have
been successfully transformed into nanoparticles with sizes
smaller than 100 nm using the nanoprecipitation techni-
que.99−101 Amphiphilic polymers or surfactants are commonly
used to stabilize polymer nanoparticles in water.102−105

Polymer dots are a sort of proton-channeled synthetic polymer
nanoparticle that is particularly useful for proton reduc-
tion.106,107 As a result, polymer dots have been employed as
photocatalysts with great success, displaying exceptional
photocatalytic hydrogen evolution capabilities.108−111

In the field of energy conversion, donor−acceptor
copolymerization is a valuable process for fine-tuning the
optical and electrical properties of polymers that are still in the
early stages of development.91,92 In these copolymer systems,
the electron density provided by the electron-donating side
chains may influence the electronic capabilities of the donor or
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acceptor moieties, as well as the copolymers’ physiochemical
properties.112

Antonietti and colleagues developed the most fundamental
standard for a graphitic carbon nitride as an organic catalyst for
H2 creation under visible-light-driven conditions.113 Other
organic semiconducting polymers, such as polyazomethine,
have been investigated as possible H2 photocatalysts.
Wang’s114 group established the importance of microporous
organic polymers for photocatalytic performance.
Methanol Synthesis through Oxidation. Methanol is a

common industrial chemical used as a starting material to
produce other chemicals, most notably formaldehyde, and as a
freezing point suppressor for fuel lines. Methanol is made by
catalytically hydrogenating carbon monoxide. Catalysts have
progressed through several stages of development. Zinc
chromium oxide was one of the earliest materials used.140,141

Chromium oxide- and aluminum oxide-based catalysts have
been introduced.139

+CO 2H CH OH2 3 (10)

Even though the reaction appears to be quite simple and of
commercial importance, scientists have not completely
examined the mechanistic components involved.141 At
atmospheric pressure, the reaction’s ΔG° becomes negative
only at temperatures below 140 °C.145 The critical activity of
today’s catalysts, however, requires temperatures higher than
this. Thermodynamics, kinetics, and mass transfer of the liquid
phase methanol synthesis process were previously studied by
Lee and colleagues.142−144 Based on the actual results obtained
for the liquid-phase methanol synthesis process in a
mechanically agitated slurry reactor, a computer model
program was constructed. It is capable of simulating the
rates of all chemical species involved in the process.
CO2 Photoreduction. The basic principle of CO2

photoreduction catalysis occurs when the energy of the
photons is enough to promote the electrons in the valence
band to jump to the conduction band. This occurs in three
steps, which include:

(a) Photon absorption and electron−hole pair generation.
(b) Charge separation and migration to surface reaction sites

or to recombination sites.

(c) Surface chemical reaction at active sites containing
donor oxidation at the valence band hole and acceptor
reduction at the electron center.

In total, charge from an excited molecule can be injected
into the conduction band of a preceramic polymer-based
catalyst during catalysis to produce a cation radical.157 The
properties of porous materials like preceramic polymers are
influenced by their relative density and morphology or the size
and distribution of pores. Depending on the fabrication
method, the porosity quality and CO2 reduction can be
altered.168 Porous ceramics are predicted to be made in a
variety of ways, allowing for efficient CO2 reduction using
preceramic polymer-based catalysts.169

Most catalysts create CO as their primary product, and their
activity is identical with catalyst supports like PCP, silica, and
alumina. Despite several attempts to understand reaction
pathways and interpret activity and selectivity trends, the
mechanism of the reaction as well as the source of the
exceptional catalytic performance remain a mystery. On the
catalyst sites, the steps described below (eqs 10a−10e and
Figure 7) are typically included in projected CO2 to CO
reactions:

+ + + *CO H e COOH2 (10a)

+ + *CO e CO2 2 (10b)

* + *+CO H COOH2 (10c)

* + + * ++COOH H e CO H O2 (10d)

* +CO CO (10e)

where ∗ denotes the active site on the catalyst surface.
Also, a proton-decoupled electron transfer process can be

described; thus, *COOH is produced in two steps:
(1) CO2 adsorption by one-electron transfer to generate an

adsorbed CO2 intermediate (eq 10b) and (2) protonation of
the adsorbed CO2 intermediate to produce *COOH (eq
10c).114,243−245 Whether a *CO2 intermediate is created
directly through a connected proton−electron transfer or
indirectly through an electron transfer is the difference
between these two processes.

Figure 7. (a) Energy profiles for electroreduction of CO2 to CO. Solid line indicates the free energy after constant potential corrections, and dashed
line indicates the original calculated free energy. (b) Reaction cycles for electroreduction of CO2 to CO with the calculated electron transfer in
every elementary step proposed by the CHE model (dashed arrows) with the electron transfer. Adapted with permission from ref 244. Copyright
Elsevier, 2017.
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On the path of CO2 photoreduction, irradiation is a typical
start-up route for CO2 conversion leveraging preceramic
polymer-based catalysis, which needs the excitation of
electrons by photons at the ground state. In most materials
deposited on the PCP surface, such as dye-sensitized solar
cells, the excitation step, i.e., light stimulation of electrons at
the ground state, proceeds on a periodic basis.158−162 Several
of the specialized preceramic polymer-based catalysts are
primarily used in suspension and electrode systems for water
splitting and oxidation/reduction.163,164,202 Due to the fact that
the final supply of electrons and protons for CO2 reduction
must be H2O because the burning of a hydrogenated carbon
product creates water, using preceramic polymer-based
catalysts to convert CO2 into fuels like methanol and formic
acid could help cut CO2 emissions while also meeting rising
energy demands.165,166

Furthermore, controlling the form and size of nano-
structured catalysts can improve their activity, selectivity, and
stability. The size of catalysts has a direct effect on catalytic
activity and selectivity in catalytic processes like CO2 reduction
because the number of low coordinated sites on small catalysts
increases with decreasing catalyst size.246,247 PCP-based
catalysts would have crucial catalytic properties that distinguish
them from bulk atoms due to their discrete electronic
structure, low coordination surrounding, and finite size
effects.248 Catalysts have outperformed their bulk counterparts
due to their greater surface areas, offering more active sites for
CO2 adsorption and beginning redox reactions.97−99,249

Electrochemical and Catalytic Reduction of CO2.
Chemical hydrogenation, cyclic carbonate/carbamate syn-
thesis, and olefin carboxylation, as well as amine methylation
and amide generation, have all been attempted recently.146,147

CO2 can also be electrochemically reduced to release formic
acid and carbon monoxide as reduction products.148 One
concern is that reversing the CO2-producing combustion
processes involves the use of noncombustion energy sources.
Electrochemical energy is one such input that drives the hunt
for CO2 reduction strategies based on electrochemistry.
Photoelectrochemical cells powered by the sun, transition
metal catalysts, and semiconducting layered double hydroxide
catalysts are some of the technologies being researched.149 In
terms of both capture and reduction, organic electrochemical
catalysts have not been researched as completely as their
transition metal supported on preceramic polymer counter-
parts.150 High-energy radical anion aromatics, tetraalkylammo-
nium, and the pyridinium ion are among the targets.150

Since these intended formamide products are flexible
molecules and crucial building components, the formylation
of amines with CO2 (see Figure 8) is an important reaction.

Formic acid, formaldehyde, methanol, and methane can all be
made by reducing CO2 with hydrogen in a series of steps.
Despite the favorable thermodynamics of CO2/H2 methanol
synthesis, the first reduction of CO2 to formic acid is a difficult
operation.146,147

From an electrochemical standpoint, the significant negative
voltage required to commence CO2 reduction is crucial.153

The one-electron reduction of CO2 to CO2
•− has a formal

potential of −1.90 V.148,152 Even though the theoretical
reduction potentials for multiple electron CO2 reductions are
far less negative, every electron transfer from the outer sphere
must first go through this severe reduction. This emphasizes
the need of developing electrocatalysts that can reduce
multiple electrons via inner-sphere pathways.153

For pyridine-based polymers, irreversible electrochemically
induced carboxylation is favored; however, creating a weak
adduct with bipyridine polymer increases CO2 reduction
electrocatalytically, according to Smith and Pickup.152 When it
comes to CO2 reduction, pyridine-based polymers frequently
react irreversibly with dissolved CO2 to produce an apparently
stable product with stable electrochemical activity. Carbox-
ylation produced by electrochemistry is well understood. In
acetonitrile containing 1% H2O, a bipyridine-based polymer
functions similarly, with strong catalytic currents for CO2
reduction.152

The amino functional group has been found to be useful in
the electrochemical embellishment of electrodes for CO2
reduction.154−156 Essential functions for grafting catalysts
have been developed: electrochemical oxidation for the
construction of a C−N bond directly with the amino group
(Figure 9) and electrochemical reduction for the generation of
a C−C bond with the matching diazonium ions formed from
the amino group.

The development of highly active, long-lasting catalysts for
the electrochemical reduction of CO2 to CH4 in aqueous
media is a cost-effective and environmentally friendly solution
to the world’s energy and sustainability problems. In aqueous
solutions, CO2 conversion to chemical feedstocks and
fuels236,237,242 is a useful technique for utilizing CO2 and
lowering greenhouse gas emissions.236 Because of its
compatibility with current infrastructure and potential as a
fossil fuel substitute, methane, one of the most major catalytic
reductions of CO2 products, has attracted a lot of attention.237

Candidate materials for catalyzing CO2 reduction to CH4
based on single inorganic atoms, including Au, Co, carbon,
Cu, and Cu-based compounds, and catalyst-based supports
such as silica, PCP, and alumina have been carefully
explored.238−242 Han and colleagues235 designed a single-
atom-based catalyst with Zn atoms supported on microporous
N-doped carbon to enable multielectron transfer in the CO2 to
CH4 electrochemical reaction. This catalyst has a high Faradaic
efficiency of 85%, indicating far superior performance to
dominant Cu-based catalysts for ERC to CH4. According to
theoretical calculations, single Zn atoms primarily impede CO
synthesis while assisting CH4 production.

Figure 8. Formylation of amines with CO2 during CO2 reduction.

Figure 9. Formylation of N−H bonds with CO2. Reproduced with
permission from ref 147. Copyright Royal Society of Chemistry, 2015.
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Antioxidation Ability of Si-Derived Preceramic Poly-
mers. In industries like aerospace engineering, PCP’s low
oxidation resistance under high-temperature oxidizing con-
ditions has been shown in several studies to have a significant
impact on the material’s service life, making it an urgent
obstacle to deploying PCP products in the above harsh
settings. As a result, some studies are concentrating their
efforts on producing PCP that is resistant to oxidation at high
temperatures.177−179 Several investigations have shown that an
oxidation-resistant coating with high reflectivity and low
conductivity insulation is a suitable solution for safeguarding
a substrate at high temperatures.104,151,172,173,180,181

Ren et al.171 discovered that Si2 has excellent high-
temperature permanence and oxidation resistance as well as
the ability to sustain performance after exposure to air. As a
result, Si2 is widely regarded as the best antioxidation coating
material. However, due to its high coefficient of thermal
expansion and quick oxidation, its applications as an
antioxidation coating material are limited.173,174 According to
preliminary studies,175 adding Si3N4 to Si2 could boost its
antioxidation effectiveness at low temperatures. Furthermore,
Si3N4 may reduce the coefficient of the thermal expansion gap
between the substrate and the coating, reducing the risk of
thermal cycling-induced coating cracking.

Selective Si oxidation characterizes the oxidation of MoSi2.
With enough SiO2, a dense film of SiO2 can be formed,
effectively acting as a barrier against oxygen attacks on the
matrix. The smooth materials between the particles also aid in
keeping the coating compact and preventing oxidation of the
matrix.170 Deep Si infiltration into the C/C substrate and the
interaction between Si and C generate the SiC transition layer,
which improves the coating’s thermal shock resistance and the
interface connection strength between the coating and
substrate.176

Due to its remarkable chemical and thermal stability, low
oxygen permeability rate, and good wear resistance, zirconium
silicate (ZrSiO4) has become one of the most important
ingredients for creating ceramic glaze layers.182,183 Further-
more, because SiC and ZrSiO4 have similar thermal expansion
coefficients, both materials have excellent thermal expansion
matching, which prevents stress cracking and improves
oxidation resistance. As a result, a catalyst based on preceramic
polymers, such as ZrSiO4, could be a good candidate for
generating an antioxidant coating for SiC to improve its
oxidation resistance at high temperatures.184,185

Applications and Challenges. Increased fossil fuel usage,
on the other hand, is expected to be a major source of concern
around the world. In recent years, the global energy mix’s
average carbon intensity has risen. Oil and gas produce more
water, hydrogen, and less CO2 per unit of heat generated when
oxidized and burned using a catalyst and a catalyst with
substrates such as PCP, silica, and alumina and then coal. Due
to expected breakthroughs in fuel consumption, the global
carbon emission rate would increase if the carbon intensity
remained at its current level of nearly equal parts coal, oil, and
natural gas.

By practically any reasonable calculation, stabilizing
atmospheric CO2 levels at 550 ppm or lower by 2050 will
require as much carbon-neutral power as is currently produced
from all energy sources combined.193 Furthermore, because
CO2 emissions build up over a century, even more carbon-
neutral power will be needed by 2050 if it is not implemented
now with a gradual ramp up.262

Water splitting, methane oxidation, and methanol synthesis
are all part of a wider conversion to fuel cycle that involves the
evolution of oxygen, carbon monoxide, and hydrogen as one
component as well as the formation of a reduced fuel as a final
product.263,264 Complete conversion is a multielectron process
that benefits from catalysts like preceramic polymer-based
catalysts.197

Capture, conversion, and storage are all required for
alternative fuel production via oxidative processes. Catalysts
can help with the oxidation process. The goal is to minimize
the cost per watt of provided electricity by a significant
amount.194−196 Methanol, hydrogen, and formaldehyde are
liquid fuels that can be stored, handled, and generated from oil,
natural gas, coal, or biomass, meaning that they should be
widely available and economical to help reduce the use of
electricity and fuel. For a long time, most catalysts have relied
on materials such as preceramic polymers, silica, alumina and
the likes as a crucial precursor or substrate, dating back to the
early days of methanol and methane oxidation research.265

Many areas of material and chemical science, such as solar
cell supercapacitors and fuel cells, have also focused on
catalysts with preceramic polymers as support.266−268 Catalysts
have emerged as one of the most appropriate carrier materials
and electron collectors for increasing the separation and
transfer of photoinduced charge carriers due to their large
specific surface area, chemical stability, and high charge carrier
mobility. The use of single atom metals in stimulating the
dissociative adsorption of methanol and methane has been
established in a recent study, with an emphasis on preceramic
polymer and the likes as support.167,198−201 Due to their large
absorption range in the visible light section and long carrier
diffusion length, single-atom catalysts using preceramic
polymers as support have also been brought to attention for
their optoelectronic applications.269

One of the main challenges that faces the field of oxidative
catalysis is selectivity and product yield with respect to
designing a good catalyst, and currently these issues can
impede their function in the petroleum industry and
related.270,271 Immobilization of metal on a substrate such as
PCPs makes it so that the material can be easily removed and
recycled. Many immobilization substrates are possible,
although achieving the same removal rates and efficiency as
suspended metal is the overall goal.

■ CONCLUSIONS AND PROSPECTS
This article gives the understanding of the use of catalysts
made of preceramic polymers to catalyze oxidation reactions
including methane, soot, and carbon black oxidation in
transforming the petroleum industry. The underlying re-
striction associated with preceramic polymer-based catalysts’
low surface area limits the superior catalytic oxidation
capabilities. Newer approaches, such as block copolymer
templating and supramolecular moiety insertion, show promise
in terms of producing an effective catalyst with greater surface
values than usual. Furthermore, approaches in catalyst
engineering through preceramic polymer precursor construc-
tion and oxidation surface possibilities for mesoporous
property upgrades such as longer absorption, efficient
thermodynamics, reduced recombination, and rapid charge
transfer kinetics are possible.

However, as seen below, translating to an engineering-scale
application may necessitate extra research:
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a. Redox systems, which combine water oxidation and
reduction, are a typical example of waste to worth
production since they can produce hydrogen, methanol,
and formaldehyde at a minimal cost. In this area, further
trials are expected to be done.

b. For high-volume applications, the ability to prepare
these catalysts in a practical and cost-effective manner is
crucial. Complementary reactor designs are necessary to
make engineering solutions easier.

c. A basic feature of industrial pertinency is the restoration
of catalytic oxidation activity and catalyst resurgence in
continuous process cycles. As a result, techniques such
as catalytic coatings and magnetically separable powders
can be improved, as well as process improvements to aid
coactive adsorption and catalytic action.

d. The low surface area of preceramic polymer-based
catalysts is a fundamental limiting factor for oxidative
kinetics. Approaches to leveling permeability established
during the synthesis of preceramic polymer-based
catalysts, such as block copolymer templating, nano-
composites with porous organic frameworks, and
coupling of multiple metals or metal oxides, all require
further investigation.

e. Furthermore, building preceramic polymer-based par-
ticles that are receptive to morphology observation,
evaluating the oxidative catalysis rationality and efficacy
of conventional preceramic synthesis and preparative
approaches, and then realizing the functions of different
preceramic polymer-based particles in specific instances
of viable fuel production, energy utilization, and
efficacious adsorption should be considered.

As a result, this study contributes to better knowledge of the
various approaches for catalytic oxidative reactions of
preceramic polymer-based nanocrystals in the petroleum
industry.
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(32) Karatas, A. E.; Gülder, Ö.L. Effects of carbon dioxide and

nitrogen addition on soot processes in laminar diffusion flames of
ethylene-air at high pressures. Fuel 2017, 200, 76−80.
(33) Liu, F.; Guo, H.; Smallwood, G. J.; Gülder, Ö.L. the chemical
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