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Abstract: Since the 1960s, a new class of Si-based advanced ceramics called polymer-derived
ceramics (PDCs) has been widely reported because of their unique capabilities to produce various
ceramic materials (e.g., ceramic fibers, ceramic matrix composites, foams, films, and coatings) and
their versatile applications. Particularly, due to their promising structural and functional properties for
energy conversion and storage, the applications of PDCs in these fields have attracted much attention
in recent years. This review highlights the recent progress in the PDC field with the focus on energy
conversion and storage applications. Firstly, a brief introduction of the Si-based polymer-derived
ceramics in terms of synthesis, processing, and microstructure characterization is provided, followed
by a summary of PDCs used in energy conversion systems (mainly in gas turbine engines), including
fundamentals and material issues, ceramic matrix composites, ceramic fibers, thermal and
environmental barrier coatings, as well as high-temperature sensors. Subsequently, applications of
PDCs in the field of energy storage are reviewed with a strong focus on anode materials for lithium
and sodium ion batteries. The possible applications of the PDCs in Li—S batteries, supercapacitors,
and fuel cells are discussed as well. Finally, a summary of the reported applications and perspectives
for future research with PDCs are presented.

Keywords: polymer-derived ceramics (PDCs); high-temperature resistance; structural properties;
electrochemical properties; microstructure

every activity of our life from household tasks,
transportation, and entertainment, to architecture,
agriculture, and manufacturing [1]. Because of a global
development of human beings’ society, energy use and
1 Qingbo Wen and Fangmu Qu contributed equally to this work. production is predicted to increase by 60% fr.om 2010
* Corresponding authors. to 2040 [1,2]. The first law of thermodynamics states
E-mail: Z. Yu, zhaojuyu@xmu.edu.cn; that energy can be neither created nor destroyed but

M. Graczyk-Zajac, m.graczyk-zajac@enbw.com only converted from one form to another. Therefore,

1 Introduction

In the modern society, energy is necessary for almost
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strictly speaking, energy production (e.g., power generation
and solar energy harvesting) is energy conversion. The
traditional energy conversion systems (e.g., steam turbine
engines, gas/combustion turbine engines) mainly use
fossil fuels as energy sources, which however leads to
serious pollutant emissions and global warming. Thus,
in recent years, clean and sustainable energy conversion
systems have been widely developed, such as hydroelectric
power generators, wind turbine generators (wind mills),
solar cells, and fuel cells. It is well known that the
power plants using steam and/or gas turbine engines
can be operated continuously and therefore can be well
integrated into the electric grids. However, for most of
the sustainable energy conversion systems, the
intermittency feature strongly limits their integration
into the electric grids and large-scale applications. In
order to solve this problem, energy storage systems,
such as novel secondary batteries and super capacitors
with long life and high charge/discharge efficiency, are
urgently demanded.

In the last 100 years, energy conversion and storage
systems have experienced a large revolution with the
development of materials which possess dramatically
improved structural and functional properties. One
good example is the increasing application of advanced
ceramics despite that most of the time, these “hidden
champions” cannot be seen by the end users and
consumers [1]. Advanced ceramics (e.g., SiC, SizNy) is
a class of inorganic and nonmetallic polycrystalline
materials, which provide a good combination of high
strength, high hardness, outstanding oxidation resistance,
as well as excellent thermal stability and chemical
durability. Importantly, their properties and performance

can be tailored and optimized via modifying the
chemical/phase compositions and microstructure.
Therefore, advanced ceramics have been broadly used
in energy conversion and storage devices [1].

In the early 1960s, a new class of advanced
ceramics produced via pyrolysis of organosilicon
polymers has been developed, namely polymer-derived
ceramics (PDCs) [3,4]. Because of their unique
capabilities to produce ceramic fibers [5,6], films/
coatings [7—10], foams [11], nanocomposites [12—15],
ceramic matrix composites (CMCs) [16-19] and for
additive manufacturing [20,21], PDCs have been
extensively investigated for more than 50 years and
have received increasing attention in recent years
[5,22-37]. Generally, the preparation of silicon-based
PDCs requires 3 steps: (1) synthesis of Si-containing
preceramic polymers; (2) shaping and crosslinking
(100400 C); (3) polymer-to-ceramic transformation
(400-1400 °C) [35,38]. After polymer-to-ceramic
transformation, the PDCs are generally amorphous.
When annealed at higher temperatures (= 1400 C),
they will transform into (poly)crystalline ceramics. The
general temperature range for processing of PDCs is
shown in Fig. 1.

It has been widely reported that the chemical and
phase composition as well as microstructure of the
PDCs are strongly determined by the molecular structure
of the preceramic polymer [41-47]. The molecular
structure design and polymer-to-ceramic transformation
enable facile fabrication of Si-based ternary (e.g.,
SiOC [48-52], SiCN [53-57], SiHfC [12], SiTaC [58]),
quaternary (e.g., SiCNO [59-62], SiBCO [63-65],
SiAICO [66—-69], SiAICN [70-73], SiBCN [31,74-77],
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Fig. 1 General processes involved in the producing of polymer-derived ceramics. Reproduced with permission from Ref. [36],
© Elsevier Ltd. 2019; Ref. [39], © Acta Materialia Inc. 2017; Ref. [40], © Elsevier Ltd. 2016.
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SiHfTaC [78]), as well as pentanary (e.g., SIHFCNO
[79,80], SiHfBCN [81-84]) ceramics, which are
difficult to produce using other methods [35,36,85].
Owing to their tunable structures/compositions,
excellent high-temperature stabilities as well as their
capabilities for being shaped via various processing
techniques (e.g., fiber drawing [5,25,86,87], dip- or
spin-coating [9,88-91], freeze casting [50,92-94],
additive manufacturing (3D printing) [20,21,95-98],
and warm pressing [32,99-102]), PDCs can be
conveniently used in plenty of technological key fields,
such as high-temperature structural applications (e.g.,
thermal/environmental barrier coatings [9,103-105]),
ceramic matrix composites [19,82,106,107], joining/
adhesive materials [108,109], anode materials used in
lithium/sodium ion batteries [110-117], porous electrode
used for supercapacitors [118-120], electromagnetic
absorbing and shielding applications [121-125],
micro-electromechanical systems (MEMS) [126-131],
photoluminescent applications [132—135], tribological
applications (e.g., brakes for motorbikes) [136—140],
sensing materials [141-144], and biomedical components
[145-147]. Detailed information with respect to the
application of PDCs can be found in various review
articles and books [30,35,127,148-154].

As mentioned above, advanced technologies for
energy conversion and storage become increasingly
important for our daily life and for the future of human
beings. Therefore, the applications of PDCs in energy
conversion and storage have attracted much attention
in recent years as well [110-115]. However, no review
articles regarding the applications of PDCs in the areas
of energy conversion and storage have been published.
Therefore, this review will focus on recent progress of
PDCs in energy conversion and storage applications in
order to provide a comprehensive summary of the
PDCs used in this field and to facilitate their further
development. Firstly, synthesis of the preceramic
polymers, polymer-to-ceramic transformation, and
microstructure characterization of the silicon-based
PDCs will be briefly introduced. Then, applications of
PDCs in energy conversion and energy storage will be
systematically summarized. The correlation between
the microstructure and associated properties will be
comprehensively highlighted in this part as well.
Finally, the perspectives of PDCs in the field of energy
conversion and storage will be discussed. Actually, a
few Si-free PDCs have also been reported in the last

few years, such as the polymer-derived BCN

[155-157], BN [158-162], ZrO, [163], as well as
transition metal nitrides [164—166], carbides [167-172],
and borides [173—175]. In order to be more exalted, the
present review mainly focuses on Si-based PDCs.

2 Si-based polymer-derived ceramics

2.1 Synthesis of preceramic polymers

Polymer-derived ceramics mean that the ceramics are
produced from polymers, which differentiates them
from those fabricated via the traditional powder
technological route. However, not all polymers can be
used as preceramic precursors. Typically, they are
thermosetting polymers and should meet some
requirements for practical applications: (1) high
molecular weight with low volatilization during
pyrolysis; (2) no uncontrolled polymerization (e.g.,
gelation or crosslinking) for storage; (3) good
solubility or suitable rheological properties for shaping;
(4) presence of functional groups for further reaction
or modification; (5) defined molecular structure for the
synthesis of stoichiometric ceramic compositions (e.g.,
SiC, SizNy) [38,85].

In the last 50 years, numbers of Si-based preceramic
polymers with different molecular structures have been
synthesized [35]. As shown in Fig. 2, organochlorosilanes
are always used as the starting materials to synthesize
different silicon-based polymers. For instance, the
polycarbosilanes, polysiloxanes, and polysilazanes are
synthesized via reactions of organochlorosilanes with
Na/K, water, and ammonia, respectively. Poly(silylcar-
bodiimides) are synthesized via reactions between
organochlorosilanes and bis(trimethylsilyl)carbodiimide.
For the well-known SiBCN ceramics, at least two
different approaches can be used (i.e., starting from
monomers or chemical modification of polysilazanes
or poly(silylcarbodiimides)) to synthesize the
preceramic polymers (i.e., polyborosilazane or
polyborosilylcarbodiimide). The chemical modification
basically relies on hydroboration reactions between
B-H groups of the modifiers (e.g., BH;-SMe;) and
unsaturated carbon bonds of the hydrocarbon side
group (e.g., vinyl or allyl groups) as well as on
dehydrocoupling reactions between B-H and N-H
bonds on the backbone of the polymers [31,176—179].
For more detailed synthesis routes, please refer to
previously reported review articles [35,85,179—185].
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Fig. 2 Synthetic routes for typical Si-based polymers and associated ceramics from organochlorosilanes. R;—R4 represent
organic groups or hydrogen attached to silicon of the polymer backbone. Reproduced with permission from Ref. [36], © Elsevier

Ltd. 2019.

2.2 Crosslinking

Before transformation into ceramics, there is an
important step, in which the preceramic polymers are
converted into infusible organic/inorganic materials,
namely crosslinking. This is a crucial step because it
not only retains the shape of the precursors but also
increases the ceramic yield due to the formation of a
continuous network within the infusible precursors
[186,187].
polymers and requirements of the resultant ceramics,
different initiation mechanisms of the crosslinking
process can be utilized [35]. Thermal crosslinking is
usually employed (200400 C) when the chemical and
phase compositions of final ceramics must be
controlled. This is because, under this condition, no
additional elements are introduced. The thermal
crosslinking capability comes from the condensation or
addition reactions which occur between the functional
groups on the preceramic polymers (e.g., Si—-OH, Si—H,

Based on molecular structure of the

N-H, and allyl/vinyl substituents) [35,183]. As
reported, during the thermal crosslinking process, four
major reactions are generally involved, namely,
polymerization (e.g., vinyl or allyl groups),
hydrosilylation (e.g., Si—H/vinyl groups), transamination
(i.e., evolution of amines, ammonia, or oligomeric
silazanes), and dehydrocoupling (e.g., Si-H/Si—H or
Si-H/N-H groups) [12,36,81,99,183,188-190]. As a
function of temperature, the reaction activities are in
the order of hydrosilylation > dehydrocoupling >
transamination > vinyl group polymerization [188].
Furthermore, in order to reduce the crosslinking
temperature, some catalysts (e.g., dicumyl peroxide,
transition metal ions) can be used [12,131,191].
Moreover, the crosslinking activity can be also initiated
using other methods, such as oxygen [6,25,192—-196],
electron-beam [150,196-198], UV light [126,199-202],
laser beam (3D printing) [21,203-211], or other
reactive gases (e.g., NH;, NO,) [212-215], reactive
plasma (based on NHj3;, CHy4, O,, SiH,, or BH;3 gas)
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[216,217], or even via highly alkaline solutions [218].
Most of these methods are able to start the crosslinking
behavior at room temperature.

2.3 Polymer-to-ceramic transformation

After crosslinking, the next step of the synthesis of
PDCs is the polymer-to-ceramic transformation, i.e.,
The ceramization process occurs
during pyrolysis at temperatures from 400 to 1400 ‘C
(Fig. 1) [38]. As shown in Fig. 2, after ceramization,
the poly(organosiloxanes), poly(organocarbosilanes),
poly(organoborosilazane), as well as poly(organosilazanes)/
poly(organosilylcarbodiimides) are transformed into
amorphous SiOC, SiC, SiBCN, and SiCN ceramics,
respectively. During polymer-to-ceramic transformation,
different atmospheres, inert or reactive gases, are used.
Interestingly, the atmosphere strongly affects the
ceramic yield as well as the chemical/phase composition
of the resultant ceramics [35]. For example, in PDCs,
free carbon always exists in the ceramic matrix
because of the presence of hydrocarbon groups on the
polymers [36]. It is hard to avoid free carbon in PDCs
if using argon or nitrogen as protective gas, whereas
free carbon can be reduced or even completely
removed when pyrolysis is performed in H, [40,219—
221]. Moreover, in addition to the generally used
pyrolysis method [35], the ceramization process can be
achieved through rapid thermal annealing [222],
plasma spraying [223], laser pyrolysis [224-229], flash
pyrolysis [230], microwave pyrolysis [231,232], and
ion irradiation [233-237]. The ion irradiation is a
nonthermal ceramization process which occurs by
elimination of hydrogen atoms via cleavage of C—H
bonds [235,236,238-240].

ceramization.

2.4 Microstructure

The microstructure of PDCs has been comprehensively
characterized by using various techniques that can
provide the average/integral information of the
microstructures  (e.g., X-ray diffraction (XRD),
small-angle X-ray scattering (SAXS), magic-angle
spinning nuclear magnetic resonance (MAS-NMR),
Fourier transform infrared spectroscopy (FT-IR),
Raman spectroscopy and small-angle neutron scattering
(SANS)) or local information at the nanometer scale
(e.g., scanning electron microscopy (SEM), transmission
electron microscopy (TEM), electron energy loss
spectroscopy (EELS), and energy-filtered transmission

electron microscopy (EF-TEM)) [35,36]. Furthermore,
theoretical simulations have also been employed to
investigate the microstructures of PDCs [241-246] and
numbers of modes have been developed to understand
the relationship between microstructure and properties
[54,241,243,247].

Silicon oxycarbide (SiOC) and silicon carbonitride
(SiCN) are two typical polymer-derived ceramics
which possess unique microstructures hard to be
observed in other ceramic materials [54]. The SiOC is
generally amorphous with Si atoms tetrahedrally
coordinated by O and C atoms [49,54,248,249]. Thus,
within the SiOC ceramics, SiCy4, SiC30, SiC,0,, and
Si04 tetrahedral units with “Si—O/—~C” mixed bonds
can be clearly detected [54,250]. A classic model (see
Model 1 in Fig. 3) for the microstructure of the SIOC
ceramics has been proposed in 2005 [251,252].
According to this model, the SiOC ceramic is
constructed by three constituents: (1) the clusters of
silica tetrahedra that form the heart of the nanodomains;
(2) the graphene cage-like network that encases the
silica nanodomains, and (3) the monolayer of SiC,O4-
mixed bonds (0 < x <X 4) that interconnect the silica
nanodomains with the graphene network. This model is
consistent with the experimentally determined data
including MAS-NMR and SAXS results as well as the
mechanical properties (e.g., unique viscoelastic behavior
and high creep resistance) of the SiOC ceramics.

In addition, another model (see Model 2 in Fig. 3)
with two continuous interpenetrating phases (i.e.,
silica-rich phase and free carbon) and a carbon-rich
Si0,C,-, interface (Fig. 3(b)) was also proposed [36].
However, according to the experimental results, Model
2 was ruled out in Saha et al.’s work because it cannot
interpret the unique creep and viscoelastic behavior of
the SiOC ceramics [251,252]. Interestingly, based on
the high-resolution ’Si NMR spin—lattice relaxation
studies, Widgeon ef al. found that the SiOC ceramics
consist of a continuous mass fractal backbone of
corner-shared SiC,0O,, tetrahedral units with “voids”
occupied by free carbon nanodomains. Obviously, this
is more consistent with Model 2 (Fig. 3(b)) [36,250].
In this model, the oxygen-rich SiC,O4-, units (i.e., x <
2) locate at the interior of the backbone with a mass
fractal dimension of ~2.5, and the carbon-rich units
(i.e., x = 2) occupy the interface between the
backbone and the free carbon nanodomains with a
slightly lower dimensionality (2.1-2.3) [250,253].
Moreover, for the carbon-rich SiOC ceramics, the

www.springer.com/journal/40145
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Fig. 3 Two proposed models illustrating the microstructure
of polymer-derived SiOC ceramics: (a) a classic model
illustrating a microstructure with clusters of silica
tetrahedra, monolayer of SiC,0O,., mixed bonds and
graphene cage-like network that encases the silica
nanodomains; (b) Model 2 with isolated carbon-rich
Si0,Cy-, interface and (c) Model 2 with interconnected
carbon-rich SiO,C,-, interface in carbon rich SiOC
ceramics. Reproduced with permission from Ref. [36], ©
Elsevier Ltd. 2019.

Carbon-rich Si0,C,

carbon-rich Si0,C,-, interface can be interpenetrated as
well, which can be illustrated by Model 2 (right)
(Fig. 3(c)) [250]. Accordingly, the microstructure of
SiOC ceramics is rather complicated. It varies and
strongly depends on the molecular structure and
composition of the preceramic polymers.

The microstructure of amorphous SiCN ceramics is
strongly determined by the molecular structures of the
preceramic polymers. The main difference between
amorphous SiCN ceramics is whether there are Si—C/N
mixed bonds (i.e., the presence of SiC,N, units) in the
ceramic matrix or not. Within the ceramic matrix of
polysilazane-derived SiCN ceramics, the tetrahedrally
coordinated Si atoms are bonded to either N or C or a

derived from polysilazanes [35].

Furthermore, one of the most intriguing characteristics
of PDCs is that, the X-ray amorphous PDCs are not
strictly amorphous because they contain short-range
structural features with the size ranging from 1 to 5 nm,
namely nanodomains. The nanodomains are firstly
discovered in the Si(B)CN ceramics and then in the
SiOC ceramics via small-angle X-ray scattering (SAXS)
analysis [247,252,257,258]. The nature of nanodomains
was proposed to be the basis for the excellent
resistance of PDCs to crystallization even at ultrahigh
temperatures [241,242,252,259]. Taking the polysilazane-
derived SiCN ceramics as an example, the characteristic
nanodomain microstructures are schematically illustrated
in Fig. 5 [260,261]. In the amorphous Si-containing
phase, the silicon atoms are tetrahedrally coordinated
by C or N atoms via sp’-hybridization, forming several
different nanodomains with SiCy4, SiNy4, or SiC,\Nj,
(0 << x <X 4) units. Within the free carbon nanodomains,
the C atoms are bonded to each other through
sp>-hybridization, forming the basic structural unit
(BSU) of free carbon [148,262,263].

When the amorphous PDCs are subjected to
elevated temperature conditions (= 1400 C), they will
undergo further phase separation and crystallization,
generally leading to the formation of ceramic
(nano)composites with multiple phases [49,264-269].
In addition, the carbothermal reactions between the
oxygen- or nitrogen-containing phases (e.g., SiO,C,,
Si3N4) and free carbon occur significantly when the
temperature exceeds 1500 ‘C, leading to a mass loss of
the ceramic materials, generation of new phases, and a
reduce of carbon, oxygen, and nitrogen content via
releasing of gaseous products (e.g., CO, SiO, or Nj)
[12,78,186,269-272].
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Fig. 4 Microstructure of amorphous SiCN ceramics derived from two different polymers: (a) polysilazanes, (b)
polysilylcarbodiimides. Reproduced with permission from Ref. [36], © Elsevier Ltd. 2019.

Fig. 5 Proposed nanodomain structural models for SiCN ceramics derived from polysilazane. The dark area is Si-containing
phase, and the stripe area is free carbon phase. The atomic structures within these nanodomains are shown schematically in the
insets. Reproduced with permission from Ref. [261], © Acta Materialia Inc. 2014.
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3 Polymer-derived ceramics for energy
conversion

3.1 Fundamentals and material issues

As mentioned in the introduction, several energy
conversion systems (e.g., gas turbine engines, steam
turbine engines, wind mills, solar cells, and fuel cells)

have been developed based on different energy sources.

According to the prediction, gas turbine engines will
still play an important role in energy conversion at
least till 2050 [1], despite that the application of
renewable energy will significantly increase in the
following decades. Particularly, gas turbine technology
is very important for future worldwide reduction of
CO,; emissions in both power generation and aviation
sectors, owing to their high efficiency and fuel
flexibility [273]. The sustainable energy conversion
systems (e.g., solar cells and fuel cells) have been
comprehensively highlighted in several review articles
and books [274-281]. Therefore, in this review, we
mainly focus on the application of polymer-derived
ceramics in gas turbine engines.

The gas turbine engine is a type of continuous and
internal combustion engine (ICE) that burns gaseous or
liquid fuel, and therefore it is also called combustion
turbine engine. The gas turbine engines are mainly
composed of upstream rotating gas compressors (low-
and high-pressure compressors), a combustor, and
downstream turbines (low- and high-pressure turbines)
on the same shaft as the upstream compressors
(Fig. 6(a)). Because the energy of gas turbines can be
split into thrust and shaft work based on the specific
purpose, they are now setting world standards in two
major industrial applications, namely jet engines for
the aero industry and the electric power generation.
Moreover, the rotating shaft can also provide
mechanical power for driving compressors/pumps and
ship/train/tank propulsion [273].

For power generation sector, the gas turbine engines
are becoming the main technology for conversion of
fossil fuels into electricity. As reported in literature, the
gas turbines were used to generate ~20% of the world’s
electricity, with the sales estimated at around US$17
billion in 2015 [283]. In the near future, the
conventional gas- and oil-fired steam power plants will
be replaced by the quite high efficient combined-cycle
power plants, in which the rotatory shaft of the gas
turbine engine works for a electricity generator, while

the exhaust heat is used in an additional steam power
plant [273]. In 2018, the combined-cycle mode has
been proven to exhibit high efficiency up to 63%
[286].

Within the aviation sector, the gas turbines play an
enormously important role in moving cargos and
people around the world in a time- and energy-efficient
way. As the mainstay of commercial and military
aircraft propulsion, the sales of gas turbines in 2015
were estimated at US$ 39 billion globally, and it was
predicted to be around US$1.07 trillion in 2028 [283].
Generally, the gas turbines used for air transport
applications can be classified into three different
configurations: (1) turbojet/turbofan (generally called
jet engines), (2) turboprop, as well as (3) turboshaft
designs [273]. Among the three configurations, jet
engines are the most popular use of gas turbines owing
to their excellent thrust/weight ratio [1].

As mentioned above, a further improvement in
technologies and materials used in the gas turbine
engines is highly demanded to improve fuel efficiency
and reduce CO, emissions, in response to the energy
crisis and climate change [284,285]. In order to find
out the essential factors that affect the fuel efficiency
of gas turbines, a simplified gas-turbine cycle (i.e., the
so-called Brayton cycle) has been proposed (Fig. 6(b)).
A thermodynamic evaluation of the Brayton cycle
proves that the efficiency # of a Brayton process
depends on the pressure ratio R = P,/P; and the ratio of
specific heats (k = C,/Cy) at constant pressure (C,) and
constant volume (Cy):

1
= M

R
Obviously, higher pressure ratio is the prerequisite of

higher efficiency of the gas turbines. The pressure ratio
(R) can be described by

L L
(D e (T )
RS e

Accordingly, the increase of fuel efficiency results in
the demand for higher operation temperatures [287].
The specific core power of a gas-turbine engine as a
function of gas-inlet temperature is shown in Fig. 6(c)
[283,284]. The increasingly improved gas-inlet
temperature translates into more severe operating
conditions.

In the last 100 years, plenty of advanced materials

Brayton = 1-
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Fig. 6 (a) Cutaway view of GP7200 aircraft engine (retrieved from https://prattwhitney.com/products-and-services/products/
commercial-engines/gp7200) and the potential applications of continuous fiber reinforced composites (PMCs: polymer matrix
composites; MMCs: metal matrix composites; CMCs: ceramic matrix composites) [282]. (b) 7-S (1) and P-V (2) diagrams of an
ideal Brayton cycle. Reproduced with permission from Ref. [1], © Elsevier Ltd. 2020. (c) Specific core power of a gas-turbine
engine as a function of gas-inlet temperature, and (d) progression and projection of temperature capabilities of Ni-based
superalloy (grey), TBCs (green, rough estimates), CMCs (blue, rough estimates), and maximum allowable gas temperatures with
cooling (red, rough estimates). Reproduced with permission from Ref. [283], © Nature Publishing Group, a division of

Macmillan Publishers Limited 2016.

have been used as high-temperature structural materials
at the heart of gas turbines, ranging from conventionally
casted or directionally solidified high-temperature
alloys to nickel-based single-crystal superalloys.
Figure 6(d) shows the development of temperature
capability of materials used at the heart of the gas
turbine engines over the last decades. It clearly shows
that high-temperature alloys and thermal barrier
coatings, in conjunction with cooling systems, have
played a crucial role in the development of gas turbine
engines. However, the increasing severity of operating
conditions with the gas-inlet temperature higher than
1800 °C in future turbine engines limits the menu of
available materials to very few high-temperature
ceramics, mainly ceramic matrix composites (CMCs)
protected by environmental barrier coatings (EBCs).
Polymer-derived ceramics are one of the best candidates
for producing these materials [35]. The following

sections will comprehensively summarize the role of
PDCs in production of ceramic matrix composites,
ceramic fibers, as well as ceramic coatings.

3.2 Ceramic matrix composites

Ceramic matrix composites (CMCs) are considered as
the most promising candidates for significant
enhancement of material capability with respect to
(ultra)high temperature applications under harsh
environmental conditions and strong mechanical load
[288]. As the replacements of Ni-based superalloys in
future gas turbine engines, CMCs are capable of
handling the highest temperature (= 1500 C) even
without thermal barrier coatings (Fig. 6(d)) [283]. This
feature is in particular of great technological
importance for the development of the next-generation
gas turbines for stationary and non-stationary energy
conversion systems. Typically, the CMCs which have
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the potential to be used for the blades of gas turbine
engines in the future consist of a SiC-based ceramic
matrix, a continuous SiC fiber reinforcement, and a
moderately weak fiber/matrix interface (e.g., BN and C)
[289,290]. Carbon fibers are also used to produce
C/SiC CMCs. However, they are more suitable for
hypersonic and rocket engine applications because of
their relatively short lifetime caused by the poor
oxidation resistance of carbon fibers [283,291]. Oxide-
based ceramic matrix exhibits excellent oxidation-
resistant, but the low strength and creep resistance
limit their applications as the core section of the
engines [283].

In addition to the excellent high-temperature strength,
CMCs are inherently lightweight, with 1/3 of the
weight of superalloys, resulting in a high specific
strength [291]. This will enable to substantially reduce
the fuel consumption and pollution associated with the
operation of combustion engines, contributing to
further development of environmentally friendly
technologies. Moreover, compared with superalloys,
the CMCs exhibit better high-temperature oxidation
and creep resistance [283,291-293]. Most importantly,
CMCs are damage-tolerant and notch-insensitive,
which is the inherent disadvantages of monolithic
ceramics [294,295]. Because of these superiorities,
significant investments have been made in CMCs by
the major engine manufacturers, and huge progress has
been made in the last decades. For instance, the
exhaust-section flaps/seals and afterburners made of
CMCs have been used in military engines for years
[283]. In the recent demonstration of jet engines, both
stationary and rotating CMC components in the hot
section have been used [283,296].

Several methods have been developed to prepare
CMCs using 2D/3D fiber preforms and ceramic
precursors, such as chemical vapor infiltration (CVI),
polymer infiltration and pyrolysis (PIP), slurry
infiltration (SI), reactive melt infiltration (RMI), or
liquid silicon infiltration (LSI), as well as the hybrid of
these methods [82,106,298,299]. Preceramic polymers
have been used for the fabrication of CMCs in two
different aspects: (1) producing ceramic fibers as
reinforcement (will be discussed later) [6,150,300—
303]; (2) producing the ceramic matrix via PIP process
[16,17,297,304]. The procedures of PIP processing to
fabricate polymer-derived CMCs are shown in Fig. 7.
For producing ceramic matrix, preceramic polymers
provide myriad advantages, including lower thermal

Synthesis or modification
of preceramic polymers

Preceramic polymer
solution

‘Woven fabric

Preparing prepregs

via impregnation

A4
Curing/crosslinking

A4
Pyrolysis (8001400 °C)

v
Densified CMCs

Repeat 6-10 cycles

Fig. 7 Flow chart of PIP processing protocol to fabricate
polymer-derived CMCs [17,83,297].

treatment temperatures (which is of significant
importance for strength retention of ceramic fibers and
mechanical properties of the CMCs), deeper infiltration
depth, shorter cycle time, better homogeneity, no
residue silicon or other metallic elements, as well as
the capability for near-net-shape fabricating large and
complex parts with simpler and cheaper equipments
[18,19,35,305]. Importantly, preceramic polymers can
be chemically modified by other elements (e.g., B, Ti,
Zr, Hf) to fabricate CMCs with preferable nanostructures
and ultra-high temperature resistant ceramics with
improved thermal protection performance (e.g.,
C¢/SiHfBCN and C¢/SiHfC) [12,83,102,306-309].

Up to now, several CMCs with different ceramic
matrix have been investigated using PIP method for the
purpose of structural application in hot section of gas
turbine engines, such as C¢SiC [106], C¢SiBCN
[107,310-312], C¢SiCN [82,298,313], C¢/SiHfBCN
[82], C¢/SiOC [314,315], C¢/SiCON [18], C¢/SiBOC
[316], SiC¢/SiCN [298,317], SiC¢SiC [318,319], and
SiC¢/SiBCN [320]. These CMCs with polymer-derived
ceramic matrix have been demonstrated to exhibit
excellent structural properties which are preferable for
application in gas turbine engines, such as excellent
thermal stability, oxidation resistance, high-temperature
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mechanical properties, as well as creep resistance
[321-323]. Jones et al. [321] reported the mechanical
properties of PIP-fabricated SiC¢/SiC CMCs containing
two different SiC fibers (namely, CG Nicalon CMC
and Hi-Nicalon CMC). As shown in Table 1, SiC¢/SiC
CMCs exhibit excellent mechanical properties with
tensile strength higher than 250 MPa at both room and
high temperatures. Compared to CG Nicalon CMC, the
Hi-Nicalon CMC shows enhanced tensile strength at
high temperatures, which is due to the improved
thermal stability of the Hi-Nicalon fibers. Moreover,
the authors found out that the Hi-Nicalon CMC
exhibits outstanding creep resistance at 1200 °C,
despite that the CG Nicalon CMC can only perform
under moderate stress in air for extended periods at
1100 'C [321]. Xu et al [315] prepared three-
dimensional carbon-fiber reinforced SiOC (3D C¢SiOC)
composites through PIP processing and investigated
their mechanical properties after annealing at
1300-1700 ‘C. The results show that the annealing
temperature played a crucial role on the mechanical
properties of the C¢/SiOC composites. The mechanical
properties of the composites vary slightly when the
annealing temperature increases from 1200 C
(flexural strength: 308+14 MPa) to 1400 ‘C (flexural
strength: 303+10 MPa). However, when the annealing
temperature exceeds 1500 “C, both the flexural strength
and modulus decrease remarkably, which is due to the
decomposition and volume shrinkage of SiOC matrixes
caused by carbothermal reductions [315]. Tian et al.
[324] prepared carbon-fiber reinforced SICN CMCs
(C¢/SiCN) via PIP processing using homemade
polysilazanes (PSN-T03) as precursors and investigated
their high-temperature mechanical properties at 1200—
1500 C. Interestingly, compared with the mechanical
properties at room temperature, the C¢/SiCN exhibits
enhanced mechanical properties at 1200-1400 ‘C. The
tensile strength of the C¢/SiCN composites at room
temperature and 1400 °‘C are 230 and 350 MPa,
respectively, and the bending strength are measured to
be 380 and 530 MPa, respectively. This behavior might
be because the testing temperatures are close to the
fabrication process temperature, and the internal heat
stress was relieved well under the testing condition.
Nevertheless, the mechanical properties of the C¢/SiCN
composites decline rapidly at 1500 C due to the
carbothermic reduction of the silicon nitride phase
[324]. Lee et al. [310] fabricated C#/SiBCN CMCs
using a liquid two-component Si—-B—C—N precursor
via PIP processing (Fig. 8(a)). The thermogravimetric

analysis (TGA) and mechanical tests show that the
C¢/SiBCN CMCs exhibit excellent high temperature
stability (Fig. 8(b)) and mechanical properties (Fig. 8(c)),
respectively. The flexural strength of the as-fabricated
C¢/SiBCN CMCs was 255 MPa, and they retained most
of their strength up to 1500 ‘C (Fig. 8(c)). Moreover,
the C¢/SiBCN exhibits excellent creep resistance. The
results show that the secondary creep occurred up to 60
h at 1400 °C with 100 MPa pressure in argon, and the
total creep strain was as low as 0.55% (Fig. 8(d)). This
value is smaller than that of CMCs obtained by
chemical vapor infiltration (CVI) (e.g., C¢/SiC 1400 C,
110 MPa, 60 h: ~0.75% [325] and Hi-Nicalon™
SiC¢/SiC 1300 C, 90 MPa, 30 h: ~0.7% [326]) which
have been reported to offer the best high-temperature
properties. Very recently, Yuan et al. [82] prepared a
carbon fiber reinforced C¢/SiHfBCN CMCs via PIP
approach using a Hf- and B-modified polysilazane as
precursor. The results prove that incorporation of Hf
and B into SiCN matrix is able to significantly enhance
the hydrothermal corrosion performance of the
as-prepared C¢/SiHfBCN CMCs.

As discussed above, taking the full advantages of
the low temperature processability of preceramic
polymers, the PIP approach offers solution to most of
the problems associated with other processing methods
(e.g., CVI, RMI) for CMCs. However, when employing
this approach, one must pay much attention to each
processing step, particularly the pyrolysis step. This is
because, during polymer-to-ceramic transformation,
the decomposition of precursor matrix inevitably leads
to shrinkage of the matrix and formation of pores,
voids, and micro-cracks. The evolution of gases during
pyrolysis may also result in delamination of the green
composite. In order to overcome this problem, the first
pyrolysis step should be carried out at a slow heating
rate. The ceramic matrix may react with the interphase
coating/fiber during the repeated PIP process, which
can deteriorate the strength of fiber reinforcement as
well. In addition, the pyrolysis temperature should be
carefully chosen to ensure that the reinforcing fibers do
not lose its strength [297,327].

3.3 Ceramic fibers

Ceramics fibers, acting as the strengthening and
toughening component, are of crucial importance for
ceramic-fiber reinforced ceramic matrix composites
(CMCs) using gas turbine engines [86]. It is clearly
shown in Table 1 that SiC¢/SiC CMCs containing
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Fig. 8 (a) SEM image of cross-section of the as-prepared C¢/SiBCN CMCs; (b) TGA curves of bulk and powdered SiBCN,
C¢/SiBCN composite, as well as the SIBCN matrix of the C¢/SiBCN composites (calculated based on a matrix content of 59.6
wt%); (c) fracture behavior of the Cy/SiBCN composite at room temperature (RT) and 1500 C; (d) creep strain curve of the
as-fabricated C¢/SiBCN composite at 1400 C in Ar atmosphere with 100 MPa axial load. Reproduced with permission from Ref.
[310], © Acta Materialia Inc. 2007.

Table 1 Mechanical properties of typical SiCy/SiC

CMCs prepared by PIP processing [19]

preceramic polymers for fabrication of CMCs is
producing ceramic fibers. Actually, the potential of

Temperature (C) CG Nicalon CMC Hi-Nicalon CMC polymer-derived ceramics (PDCs) for materials

Tensile strength (MPa) science was not recognized until people produced

20 250 360 small-diameter ceramic fibers via spinning and

1000 265 360 pyrolysis of polyorganosilicon precursors in the 1970s

1200 290 347 [5,22-27,36]. Up to now, ceramic fibers are the most

Tensile modulus (GPa) successful commercial application of PDCs. SiC fiber

20 95.2 120 reinforced CMCs have been widely used in exhaust

1000 88.4 115 flaps, seals of jet engines and have been introduced in

1200 85 100 heat-resistant parts of the new GE LEAP jet engines
Double notch shear strength (MPa) for passenger planes [36,150,196].

20 35 37 Typical manufacturing steps and important parameters

1000 26 37 for a controllable processing of ceramic fibers from

1200 — — preceramic precursors are shown in Fig. 9 [86]. The

Compression strength (MPa) viscoelasticity, melting point, and thermal stability of

20 431 _ preceramic polymers, the curing methods, ceramic

Density (g/cm’) yield, as well as thermal treatment methods are critical

20 2122 2223 factors for the successful fabrication of high-performance

different SiC fibers exhibit totally different mechanical

ceramic fibers. During the last 50 years, numbers of
ceramic fibers have been developed via PDC route,
such as SiC(O) [212], Si-Ti—C-O [328], Si-Zr—C-O

properties at both room and high temperatures. As
mentioned above, the other important application of
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Fig. 9 Manufacturing procedures for polymer-derived ceramic fibers. Reproduced with permission from Ref. [86], ©

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2014.

SiBCN [74], SiBOC [302,332] fibers. The fracture
surface of typical ceramic fibers, namely SiC fiber
(Hi-Nicalon) and SiCN fiber (derived from
polyorganosilazane named ABSE), is shown in Fig. 10.
The chemical composition, properties, commercial
availability, and price of these fibers are summarized in
Table 2. So far, only a handful of ceramic fibers for use
in CMCs have reached the market, and all of them are
SiC-based fibers. Therefore, here we briefly introduce
SiC fibers.

As reported in literature, SiC-based ceramic fibers
can be classified into three generations according to
their oxygen content and C/Si atomic ratio [150,196].
The first-generation fibers are Si—C—O (Nicalon) fibers
and Si-Ti—-C-O (Tyranno Lox M) fibers which were
fabricated in the 1980s. However, the maximum
working temperature of the first-generation fibers
cannot be higher than 1100 C because their strength
starts degrading significantly at temperatures above
1300 “C. This is due to the presence of large amount of
oxygen (> 10 wt%) and free carbon (the C/Si ratio is
around 1.3—1.4) within the ceramic fibers, which leads
to carbothermal reaction at temperatures higher than
1300 C. The first-generation fibers have a very high

(a)

oxygen content because the preceramic precursor is
crosslinked in air in the temperature range from 145 to
200 ‘C by forming Si—O-Si linkages (i.e., oxygen
curing) [150]. The typical second-generation fibers are
Hi-Nicalon SiC fibers [150]. For the second-generation
fibers, the curing process has been changed into
electron beam irradiation curing in helium atmosphere.
As a result, the oxygen content of the fibers is
significantly reduced (less than 1 wt%), leading to a
dramatically enhanced high-temperature stability and
strength. The strength retention temperature of these
fibers was improved up to 1500 “C. However, the creep
resistance of the second-generation fibers is limited to
a maximum of 1150 ‘C. This can be attributed to the
polycrystalline feature of the fibers which is caused by
the relatively high free carbon content (the C/Si ratio is
around 1.4). It should be noted that the cost of
irradiation curing process is actually too expensive for
commercial application of the ceramic fibers. Therefore,
the oxygen curing process used for the first-generation
fibers is also used for the second-generation fibers (e.g.,
Tyranno ZM fibers). The difference is that, in order to
enhance the thermal stability, the metal element grafted
to the PCS polymer was changed (i.e., the titanium

Fig. 10 Fracture surface of typical ceramic fibers derived from preceramic polymers: (a) Hi-Nicalon; (b) ABSE-derived SiCN
fiber. Reproduced with permission from Ref. [86], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2014.
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was replaced by zirconium). Hi-Nicalon Type S,
Tyranno SA, and Sylramic TM fibers are typical third-
generation SiC fibers. The chemical composition of the
third-generation SiC fibers must meet two requirements:
(1) with C/Si ratio near to 1 and (2) with rather low
oxygen content (< 1 wt%). Furthermore, they exhibit
improved thermal stability and creep resistance up to
1400 C [196].

As shown in Table 2, currently, other Si-based
ceramic fibers (e.g., SiCO, SiCNO, SiCN, SiBCN, and
SiBOC) are not commercially available. Further studies
are needed to realize their industrial application. More
details of manufacture and the elemental composition
of polymer-derived ceramic fibers can be found in
review articles and books [86,150,152,196, 335-338].

3.4 Thermal and environmental barrier coatings

Coating is an integral part of gas-turbine engines. It is
well known that the maximum temperature in the
hottest part of the gas-turbine engine (gas inlet) has
been dramatically boosted to unprecedented levels (>
1500 °C) due to the introduction of thermal barrier
coatings (TBCs) on the Ni-based superalloys (Fig. 6(d)).
The TBCs are thin oxide-ceramic coatings (100 um to
I mm in thickness) with low thermal conductivity,
which allow the engine to operate at temperatures
above the melting point of the superalloys [339]. The
most widely used TBCs are the atmospheric plasma-
sprayed 7YSZ (7 wt% yttria stabilized zirconia).
However, the TBC coated superalloys are approaching
their temperature-capability limit, and it is not
confident for the scientists and engineers whether they
will be able to achieve the > 1700 “C gas inlet temperature
goal or not.

Within this context, the SiC-based CMCs can
provide a “quantum jump” in temperature capability
[340], which is able to withstand high temperatures >
1500 °C in dry air even without TBCs. Unfortunately,
in the gas turbine engines, the high-velocity, high-
pressure, and high-temperature gas stream contains
~10 vol% of water vapor [339]. Under such harsh
environment conditions, the CMCs are subject to
active oxidation and recession owing to the formation
and volatilization of Si(OH),, leading to catastrophic
degradation [71,89,283,341,342]. Accordingly, the
SiC-based CMCs also need protective coatings, namely
environmental barrier coatings (EBCs). Different from
TBCs, the EBCs should be impervious (i.e., dense and
crack-free) and have a good coefficient of thermal
expansion (CTE) match with the CMCs in order to
protect the CMCs from environmental degradation via
blocking diffusion/ingression of oxygen/steam [340].
Of course, for the purpose of further enhancing the
gas-inlet temperature of turbine engines (> 1700 C),
the thermal stability and chemical durability of EBCs
must be improved as well. In addition, the EBCs must
be resistant to degradation by molten calcia—magnesia—
aluminosilicate (CMAS) deposits coming from ingested
dust, sand, or ash as well as exhibit mechanical
robustness against fracture [340]. Considering the strict
requirements, the EBCs are generally multilayered
ceramics with a bond-coat, inter-layer, and top-coat
[343]. Furthermore, in order to meet the requirements
for application at temperatures > 1700 C, a thermal
insulating TBC layer is needed on the top of EBCs,
forming a T/EBC coating system (Fig. 11(a)).

Preparing TBCs or EBCs is another important
application of polymer-derived ceramics. Taking

(b)

Composite coating

= | PHPS coating

Steel substrate

Fig. 11 (a) Typical T/EBC systems for CMCs used in gas turbine engines. Reproduced with permission from Ref. [292], ©
American Society of Civil Engineers 2013. (b) A polymer-derived EBC system consisting of a SINO bond coat and a ZrO,-filled
SiCN glass/ceramic composite coat. Reproduced with permission from Ref. [9], © Elsevier Ltd. 2011.
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advantage of preceramic polymers, it is very easy to
prepare ceramic coatings using liquid phase deposition
(e.g., dip coating, spray coating, lacquer technology,
and spin coating) and subsequent pyrolysis [344]. The
problems regarding thickness and isotropic shrinkage
of the coatings can be solved via multiple deposition
and loading active/inert fillers (Fig. 12), respectively
[9,88,345]. Compared with PVD, CVD, and thermal
spray methods, the PDC route possesses its superiorities
including more tailorable chemical/phase compositions,
lower processing temperatures (< 800 °C), lower
requirements for coating equipments and low cost
[36,88]. Particularly, the low processing temperature is
important for the metal substrates with relatively low
melting point [88].

Several studies with respect to preparing and testing
of TBCs/EBCs using PDC route have been reported in
the last years [8,9,91,103-105,344-351]. For instance,
Glinthner et al. [9] developed a well adherent, dense,
and crack-free environmental barrier coating system
composed of a perhydropolysilazane-derived SiNO
bond coat and a ZrO,-filled polysilazane-derived
glass/ceramic top coat on mild steel (Fig. 11(b)). After
cyclic oxidation tests at 700 C, the coating system was
undamaged and no oxidation occurred on the mild
steel substrates [9]. Liu et al. [347] fabricated yttrium
silicate environmental barrier coatings (EBCs) on
C/SiC composites using polysiloxanes-derived ceramic
process and tested their coefficient of thermal expansion
(CTE) and water-vapor resistance. The results demonstrate

that the EBCs prepared from 50% Y,0;3;-50%
polysiloxanes can effectively protect the C/SiC
composites at 1400 C. In addition, Liu et al. [91]
prepared a dense SIOC—BSAS EBC on C/SiC composites
using polysiloxane mixed with barium—strontium
aluminosilicate (BSAS) fillers. The results prove that
the polymer-derived SiOC-BSAS coatings are able to
protect the C/SiC composites well both in dry air and
in water vapor. After being corroded in a gas flow with
50% H,0O and 50% O, at 1250 °C, the EBC coated
C/SiC composites showed slight weight loss and high
residual flexural strength. Barroso et al. [349]
developed a 50 pum thick TBC with high pull-off
adhesion of 10 MPa, excellent thermal stability up to
1000 ‘C, and outstanding low thermal conductivity of
0.44 W/(m-K). Within this TBC system, polysilazane
(PHPS) derived Si3N4 was used as bond-coat, and
(organo)polysilazane derived SiCN mixed with passive
YSZ and active ZrSi, fillers were used as an insulating
layer. The results indicate that the combination of the
easy processability and geometry flexibility of PDC
coatings with the use of commercially available
preceramic polymers makes the developed processing
route a promising candidate for the expansion of TBC
applications. Hasemann et al. [352] prepared a SiON
TBC on Mo-Si-B alloys using perhydropolysilazane
as preceramic precursors and tested it cyclic oxidation
resistance. The results show that the SiON coating is
promising in reducing the mass loss during the initial
stage of oxidation exposure at 1100 ‘C. More details
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Fig. 12 Effects of different fillers on the polymer-derived ceramic coating systems. Reproduced with permission from Ref.

[88], © The Royal Society of Chemistry 2019.
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regarding polymer-derived TBCs and EBCs are
summarized in Table 3.

Currently, the polymer-derived TBCs and EBCs are
still at the laboratory research stage, and the testing
temperature is not high enough for the new generation
gas turbine engine applications. More fundamental
studies are needed to further improve their performance
via enhancing their thermomechanical properties (e.g.,
hardness, creep resistance), thermal stabilities (with
respect to crystallization and decomposition), and
corrosion resistance against high-temperature water
vapor as well as to tailor their thermal expansion
coefficient and thermal conductivity.

3.5 High-temperature sensors

In situ and real-time monitoring of the temperature and
dynamic pressure within the hot sections of gas turbine
engines is another good way to increase their efficiency
and reliability [354]. Nevertheless, currently no
existing technology is able to provide online, real-time
monitoring of the temperature and pressure in gas
turbine engines due to the rather harsh environment.
Optical-based technology is attractive due to its
wireless nature. However, they lack the necessary
accuracy for credible measurements and are not
applicable for measurements in many important
sections, such as the turbine blades, where line of sight
cannot achieve [355,356]. Accordingly, new sensors

with the capability of in situ and real-time monitoring
the temperature and pressure in gas turbine engines are
highly demanded. Because of the harsh environment in
gas turbine engines, the sensors should meet some
strict requirements: (1) with excellent thermal stability
and chemical durability at temperatures higher than
1000 C; (2) be wireless for accessing any section in
turbine engines; (3) be small or low profile without
disturbing the aerodynamic flow in turbine engines, as
well as (4) with high reliability [354].

PDCs are versatile materials with both interesting
structural and functional properties because of their
unique microstructures [35]. One good example is the
piezoresistivity (i.e., the variation of the electrical
resistivity caused by an applied stress) which has been
firstly reported by Zhang et al. in 2008 [357]. Within
this work, the amorphous SiCN monoliths have been
found to exhibit extremely high piezoresistive coefficients
(1000—4000) along both longitudinal and transverse
directions, which are much higher than that of any
existing ceramic materials [357]. In recent years, the
piezoresistive behavior has been found in SiCNO,
SiCO, and SiAICO ceramics as well, and the piezoresistive
coefficients (also known as gauge factors) are measured
to be 100-1700, 145, and 7000-16,000, respectively
[60,358]. Figure 13 presents the piezoresistivity
behavior of the SICN and SiOC at room temperature. It
clearly shows that the electrical resistance of the monolithic

Table 3 Summary of polymer-derived TBC or EBC systems (PT = processing temperature)

Precursor systems Coatings Substrates PT (C) Ref.
Polysilazane HfO,/SiCN-ZrO, SizNy 1000 [350]
Polyhydridomethylsiloxane TiS1,-Si0C 316 stainless 800 [8]
Perhydropolysilazane/polysilazane (Durazane 1800)  Si3N./SiCN-YSZ-ZrSi, Steel SISI441 1000 [349]
Polyhydromethylsiloxane SiOC 316 Stainless Steel (UNS S31600) 800 [105]
. . 13CrMo4-5 (AIST A182)/X5CrNil 8-
Polysilazane SiCN 10 (AISI 304) 700 [345]
Perhydropolysilazane/ ABSE polycarbosilazane Si;N4/SiCN Stainless steel (AISI 304) 1000 [346]
Perhydropolysilazane SiON Mo-Si-B alloys 800 [352]
Polymethoxymethylsiloxane/hydroxy-terminated Sioc Stainless steel (#1.4301 DIN EN 10027-2) 1000 [353]
linear dimethylpolysiloxane
Poly(hydridomethylsiloxane) SiOC-TiSi, 316 Stainless Steel 800 [8]
ABSE polysilazane SiCN Carbon fiber (Tenax HTA 5411 12k) 800 [344]
Perhydropolysilazane/KiON HTT1800 SisNy/SiCN Mild steel (13CrMod)/stainless steel 800 9]
(ATST 304)
Polysiloxanes mixed Y,05 Y,Si05/Y,Si,0, 2D C/SiC composites 1400 [347]
Polysiloxanes mixed with barium strontium SiOC_BSAS CYSIC composite 1350 [91]

aluminosilicate (BSAS)
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SiCN and SiOC varies as a function of applied stress.
The piezoresistive effect of PDCs has been proven to
be dominated by the tunneling-percolation mechanism,
which is owing to the presence of graphitic free carbon
within the ceramic matrix of PDCs, forming a
tunneling-percolation structure. Because of this unique
structure, the electrical resistivity of the ceramics is
sensitive to the distance between the free carbon
clusters [36]. The change of distance between the free
carbon clusters caused by applied stress therefore leads
to a significant variation in the resistivity, resulting in a
high piezoresistive coefficient [60,66,101,357-360].
Importantly, the piezoresistive behavior of PDCs can
be also detected at high temperatures. Terauds et al.
[60] found that the SiCNO ceramics exhibit large
piezoresistive coefficients (in the range of 600-1700)
at 700-1000 ‘C, and the values depend on both the
stress and temperature. The extrapolated values of the
gage factor at an applied stress of 1 MPa yield a value
of 322 and 287 at 1400 and 1500 °C, respectively.
Based on the excellent high-temperature stability,
chemical durability, and piezoresistivity, the PDCs are
expected to be ideal candidates for in sifu pressure
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Resistance (12)
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sensors used in gas turbine engines [60,68,358,361,
362]. For instance, Shao et al. [363] prepared a SIBCN
ceramic pressure sensor and tested its performance
using half Wheatstone bridge. The SiBCN sensor
shows a giant gauge factor of 5500, and the output
voltage of the packed SiBCN ceramic sensor changes
monotonically and smoothly versus external pressure.
The short response time, excellent repeatability,
stability, sensitivity, and accuracy ensure its potential
for pressure measurement at high temperature and
harsh environments in gas turbine engines.

In addition to the pressure sensor based on
piezoresistivity, the PDCs can also be used as in situ
heat flux sensors [364], temperature sensors [365], and
hot-wire anemometers [366] which are useful sensors
for gas turbine engines. For example, Nagaiah et al.
[364] designed a high-temperature heat flux sensor for
gas turbine engines using polymer-derived SiCN ceramics.
The sensor consists of two resistance temperature
detectors (RTDs) made of SiAICN, a resistive layer
made of insulator-lightly doped SiCN, and electrical
leads made of conductor-heavily doped SiCN (Fig. 14).
This novel sensor possesses a temperature coefficient
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Fig. 13 Experimental proof of the piezoresistive response of (a) SICN and (b) SiOC. Reproduced with permission from Ref.
[101], © The American Ceramic Society 2011; Ref. [357], © The American Ceramic Society 2008.
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of resistance of 4000 ppm/C and is found to perform
quite satisfactorily at 1400 °C for a long time as
compared to conventional heat flux sensors.

Zhao et al. [366] fabricated a temperature sensor
using polymer-derived SiAICN (Fig. 15(a)). The Pt
wires are seamlessly embedded in the SiAICN sensor
head as electrodes (Fig. 15(b)). The results demonstrate
that the resistance of the senor head decreases
monotonically with surrounding temperatures. In
actual experiments, the SiAICN sensors exhibit good
repeatability to both unidirectional and bidirectional
temperature variations, and the measured data follow
closely with the thermal couple measurements at
temperatures up to 830 C (Fig. 15(c)). In addition,
Nagaiah et al. [367] developed a novel high-temperature
MEMS hot-wire anemometer (HWA) for gas turbine
environment using three types of PDC materials,
namely SiAICN, SiCN (lightly doped), and SiCN (heavily
doped), which act as sensing elements (hot-wire),
support prongs, and connecting leads, respectively. The
results prove that PDC-based HWA can perform better
than a conventional HWA in which the hot wire is
made of tungsten or platinum—iridium.

As mentioned above, due to the harsh environment
in the gas turbine engines, passive, wireless, and robust
characteristics are highly desirable for sensors to
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survive. Therefore, Cheng et al. [368] fabricated a
wireless pressure sensor based on a microwave
evanescent-mode cavity resonator (Fig. 16(a)). The
sensor is composed of a cap with a coupling aperture
(Fig. 16(b)) and a cavity resonator loaded with a
cylindrical post (Fig. 16(d)). On the surface of the
pressure sensor cap, a patch antenna is seamlessly
integrated in order to be wirelessly interrogated by the
interrogation antenna (Fig. 16(c)). A PDC soft-lithography
technique was developed to prepare the SiAICN-based
ceramic pressure sensor (Fig. 16(e)). The results show
that the resonant frequency decreases with the
increasing applied force in a quasi-linear fashion due
to the reduced gap dimension, and the wireless passive
pressure sensor can be used up to 800 C owing to the
robust PDC material and high-Q evanescent-mode
resonator structure (Figs. 16(f) and 16(g)).

Moreover, Ren et al. [144,369] proposed a novel
wireless passive temperature sensor based on the
temperature-dependent dielectric behavior of PDCs.
The authors found that, with the increasing of
temperatures from 25 to 500 “C, the dielectric constant
and loss tangent of the SiCN sample increase from
3.707 to 3.883 and from 0.0038 to 0.0213, respectively.
For the SiBCN samples, the dielectric constant and
loss tangent increase from 4.817 to 5.132 and from
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Fig. 15 (a) Photographs of a SiAICN sensor with seamlessly embedded Pt leads (left) and a commercially available thermal
couple used as reference (right); (b) SEM image showing the interface between SiAICN and Pt leads; and (c) comparison
between the temperatures measured by SiAICN sensor and the commercial available thermal couple. Reproduced with

permission from Ref. [366], © The Authors 2014.
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Fig. 16 (a) Schematic and circuit model of the proposed wireless pressure sensor based on an evanescent-mode cavity
resonator; (b) and (c) are bottom and top views of the cap of the pressure sensor, respectively; (d) is the cut view of the patch
antenna integrated pressure sensor; (¢) are photographs of the polymer-derived ceramic cavity resonator before (right) and after
pyrolysis (left); (f) measured resonant frequency of the polymer-derived pressure sensor as a function of the applied force at high
temperatures; and (g) extracted deflection of the pressure sensor cap as a function of the applied force at high temperatures.
Reproduced with permission from Ref. [368], © Elsevier B.V. 2014.

0.0020 to 0.0186, respectively, when the temperatures
increase from 25 to 1000 °C. Importantly, the
experimental uncertainties for extracted the dielectric
constant and loss tangent values are no more than
0.0004 and 0.0001, respectively [369]. Based on this
temperature-dependent dielectric behavior, Li et al
[370] developed a passive wireless polymer-derived
SiCN sensor consisting of a cavity radio frequency
resonator and an integrated slot antenna. The authors
demonstrated that the sensor signals can be wirelessly
detected at distances up to 20 mm. Despite that the
distance is still very short, this is a good start for
wirelessly detected temperature in gas turbine engine
using polymer derived ceramic sensors.

The studies regarding sensor applications of PDCs
have been conducted for several years due to their
unique microstructure, tailorable electric properties,
excellent thermal stability, high chemical durability,
and superior oxidation resistance. However, they are
still under development and produced on a laboratory
scale. It is really challenging to produce PDC sensors

with precisely controllable electric properties which
are of crucial importance for their practical
applications. This is because the microstructure of
PDCs varies with the variation of molecular structures
and thermal treatment conditions. The shrinkage of the
precursors during polymer-to-ceramic transformation
leads to the formation of uncontrollable cracks and
pores. Moreover, the carbothermal reduction reaction
occurred in SiOC and SiCN systems at high
temperature, which makes it hard to densify these
ceramics. Therefore, more efforts should be made to
recognize and to account for the effects of molecular
structure, thermal treatment conditions, microstructure,
and chemical/phase compositions on the electric
properties of PDCs. A rigorous investigation of the
correlations between these factors and the electric
properties and performance of PDC sensors should be
conducted using advanced technologies to derive a
complete understanding of the origins of the high
sensitivity of PDC sensors and to produce applicable
PDC sensors.
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4 Polymer-derived ceramics for
electrochemical energy storage

With the advancement of science and technology,
development of electrochemical energy storage devices
does not only provide us environmentally friendly
solutions for driving our world but also greatly
facilitates our modern life [371-379]. Among all types
of electrochemical energy storage devices, lithium-ion
secondary battery becomes a star in the past 30 years.
Since a first lithium-based secondary battery had been
invented in 1972 until its commercialization in 1990
with LiCoO, as a positive electrode and carbon black
as a negative electrode by Sony Corporation, and then
until today, lithium-ion batteries have attracted a lot of
attention and are nowadays widely used to power
cellphones, laptops, electric vehicles, and other electric
devices and in parallel have revolutionized our life
[380-385]. Besides lithium-ion batteries, with the
growth of application demand and the diversification
of the application environment, other electrochemical
energy storage and generation concepts like sodium-ion
batteries [386—388], lithium sulfur batteries [389-391],
supercapacitors [392-394], as well as metal-air
batteries [395,396] and fuel cells [397,398] have
recently gained momentum for future applications due
to their respective characteristics.

All electrochemical energy storage devices are
composed of electrodes, electrolytes, and separators.
The performance of all those parts affects the
electrochemical round-trip device efficiency. To store
and release (charge/discharge) energy from a battery,
three primary mobilities are involved: -electronic
transport in the solid state, ionic transport in the liquid
and solid state, and molecular (mass) transport. The
batteries used today still employ design concepts of
Volta and LeClanché [401], which have been known
for the last 200 years, although the electrochemical
energy storage has experienced enormous transitions.
The battery chemistry powering one’s laptop has
changed from nickel-cadmium (Ni—Cd) to nickel-
metal hydride (NiMH) to lithium-ion (typically a
graphitic carbon negative electrode versus a lithiated
cobalt oxide positive electrode), becoming less
environmentally problematic and less heavy. Lithium-
ion insertion materials, proposed by Whittingham in
the mid-1970s as the active agent in the positive
electrode [402], added the first new strategy in decades
(if not centuries) to the portfolio of battery-derived

portable power [403]. No perfect combination has been
achieved in commercialized or about to be
commercialized systems yet due to shortcomings such
as electrode decomposition, formation/stability of
solid-state electrolyte interface, side reactions, etc.,
resulting in capacity fading, instability, or safety issues.
Thus, developing new multifunctional materials for
electrodes, electrolytes, and electrochemical energy
storages is imperative to overcome the mentioned
issues [404—410]. A comparison of specific energy and
specific power of different electrochemical energy
storage systems is shown in Fig. 17.

In the past two decades, polymer-derived ceramics
(PDCs) have been proved to be advantageous for
electrochemical energy storage due to their unique
chemical and thermodynamic stability, porosity
structure, and decent electronic conductivity and robust,
stress accommodating mechanical properties [35,411].
All physical and chemical properties of PDCs are
tunable by controlling processing route and parameters
or making chemical modification of precursor as
demanded by the specific applications [148,412,413].

PDCs have been shown to exhibit an interesting
potential for energy storage devices due to their remarkable
electrochemical performance. Herein, the development
and application of PDCs used for electrochemical energy
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Fig. 17 Specific power versus specific energy of different
electrochemical energy storage systems (note: Ni—-Cd =
nickel-cadmium; Ni-MH = nickel-metal-hydride;
Na/NiCl2 = sodium/nickel chloride; LiM—polymer =
lithium-metal-polymer; Li-ion = lithium ion; W/kg = watt
per kilogram; Wh/kg = watt-hour per kilogram) (source:
International Energy Agency, Technology Roadmaps:
Electric and Plug-in Hybrid Electric Vehicles, 2009, p. 12.
(original source: Johnson Control — SAFT 2005 and
2007)). Reproduced with permission from Ref. [399], ©
ICE Publishing 2012; Ref. [400].
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storage including lithium-ion batteries, sodium-ion
batteries, lithium sulfur batteries, metal-air batteries,
and supercapacitors are highlighted and discussed.

4.1 Electrode materials in battery systems
4.1.1 Anode materials in lithium-ion batteries

Lithium-ion batteries (LIBs) are widely used in all
aspects of our modern life from portable electronic
devices to electric vehicles and even to military and
space applications due to its high energy density, high
voltage, low self-discharge, and no memory effect
[414]. Currently graphite with a theoretical capacity of
372 mAh/g is used as anode in the majority of
commercial lithium-ion batteries. The capacity of
graphite is far from meeting the demand for high
performance lithium-ion batteries [415,416]. Lithium
dendrites formed during the battery charge are
considered as one of the reasons of a decay of battery
electrochemical performance [417-421]. The formation
of solid electrolyte interphase is another aspect that
might cause the capacity fading of graphite anode. It
will irreversibly consume lithium ions and increase the
internal impedance of electrode. Introducing stabilizers
and robust electrolytes as well as temperature
treatment are the effective methods to improve to a
certain extent the stability of the solid electrolyte
interface (SEI) and to avoid the exfoliation of graphite
layer [422—428]. Silicon is a promising candidate to
replace graphite due to its extraordinary high theoretical
capacity of approximate 3600 mAh/g which is almost
10 times higher as compared with a graphite anode, its
low discharge potential (0.5 V versus Li/Li’) and
abundance. Nevertheless, ~300% volume expansion of
silicon during lithiation and an accompanying phase
transformation causes pulverization of the material and
detachment of the electrode, thus leading to a fast
fading of capacity and low coulombic efficiency.
Although many solutions for enhancing the
electrochemical performance of Si-based anode such
as nanosizing of Si and Si-conductive coating
composites have been addressed, from a commercial
and practical point of view, only anodes with a little
fraction of elemental silicon (up to 10 wt%) present a
stable electrochemical behavior [429-433].

Si-based PDCs materials namely SiOC and SiCN
gained extensive attention as anode materials in LIBs
since their unique temperature-dependent amorphous
microstructure at relatively low pyrolysis temperatures

(up to 1100 C for SiOC and up to 1300 C for SiCN)
under an inert or reactive atmosphere. Crystallization
up to around 1300-1500 °C can be resisted due to the
graphene-like sp” bonded carbon network atoms
located at the boundary of tetrahedral nanodomains of
silicon. This character results in an excellent chemical
and thermodynamic stability, elevated electrical
conductivity (6x107 S/cm), as well as robust
mechanical properties. Moreover, remarkable studies
have demonstrated that PDCs can reversibly
accommodate Li in a potential range of 0-3 V with
high electrochemical capacities up to 900 mAh/g and
coulombic efficiencies over 99% [411]. All these
benefits make PDCs promising candidates for anodes
in LIBs. Besides, all above properties including
porosity can be easily adjusted by chemical
modification of the preceramic polymer and by tunable
parameters during the polymer-to-ceramic transformation
[179,434-436].

Polymer-derived SiOC LIB anode was firstly
reported by Wilson et al. in 1994 [438]. This work
reveals that a polymer-derived SiOC pyrolyzed from
siloxane polymers can reversibly intercalate lithium
ions at potentials lower than 1 V with a specific
capacity of 600 mAh/g. The study of the effect of
processing temperature on the cycle stability of SiOC
anode demonstrates the lowest first cycle loss and

Nanodomain
regime

S sio,
Fig. 18 SiOC compositional triangle. The numbers
indicate the reversible capacity of the SiOC anode
material depending on the composition. The highest
capacity values are found for compositions containing
mixed Si bonds (grey area) where silicon is tetrahedrally
bonded to oxygen and carbon. Reproduced with
permission from Ref. [399], © ICE Publishing 2012; Ref.
[437].

www.springer.com/journal/40145



J Adv Ceram 2022, 11(2): 197-246

219

(a) xin Li 8i00,C, 00
0 1 2 3 4

Qe

— 1% cycle
———- 2™ cycle

N

Voltage, IVI s, LiLi*

°

Li-intercalation

(Current flow direction)
Li Extraction

5 Lilnsertion

0 200 400 600 800 1000 1200

Specific capacity (mAh/g)

1400

Graphite
(electron conductor)

Fig. 19 (a) Insertion and extraction of lithium into polymer-derived SiOC and (b) a scheme of the microstructure of the SiOC
electrode during cycling. Reproduced with permission from Ref. [444], © Elsevier B.V. 2010.

highest reversible capacity for samples pyrolyzed at
1000 °C. The further works of Dahn’s group focused
on the effect of the chemical composition on the
electrochemical performance of more than 60 different
SiOC materials, with the composition of 14% Si and
80% C revealing the best electrochemical performance
[437]. While those works focused on the impact of the
elemental composition on the electrochemical behavior,
the mechanism of lithium storage and lithium transport
have not been addressed in detail [439—443].

Refs. [445—-447] claim that the major lithiation site
is the mixed bond configuration (tetrahedrally
coordinated silicon from SiC4 via SiC3;0, SiC,0,, and
SiCO; to SiO4). The reversible capacity of the
specimen with mixed bonds of C, SiO,, and SiC in
SiOC compositional triangle is presented in Fig. 18. At
the same time, the study of Ahn and Raj [444] describes
the lithiation and delithiation process in SiOC as
shown in Fig. 19. A hysteresis at a polarization
potential between 250 and 500 mV is demonstrated by
a coulometric titration technique [444]. It is a result of
kinetics and thermodynamic limitations of the diffusion
of Li ions at the surface of electrode and electrolyte. In
contrary to these findings, Fukui et al. [448,449],
Graczyk-Zajac et al. [450,451], Dibandjo et al. [52],
Knozowski et al. [436,452], Kaspar et al. [453,454],
Wilamowska et al. [455], and Pradeep et al. [456,457]
demonstrated that the carbon phase is the major Li-ion
storage host site. It has been shown that lithium is
accommodated in interstitial and defect sites, edges of
graphene sheets, and adsorbed on the interface of
graphite nano-crystallites. 'Li MAS NMR (nuclear
magnetic resonance) measurements were applied to
confirm that the carbon phase is the host site for

lithium storage by Fukui et al. [449] and Haaks et al.
[458]. Sun and Zhao [459] investigated the atomistic
origin of the performance of carbon-rich SiOC by
first-principles theoretical approach, which demonstrates
a two-step process of lithium insertion: (1) Li ions
diffuse into nano-voids followed by (2) accommodation
of the Li ions in the SIOC matrix and in the segregated
carbon network. The atomistic model of SiOC and the
overview of the supercell are presented in Fig. 20.

Kaspar et al. [460] investigated a polyorganosiloxane-
derived SiOC anode pyrolyzed at temperatures from
900 to 2000 ‘C and demonstrated that the reversible
capacity decreases with the rise of pyrolysis temperature
and formation of crystalline SiC at temperatures
exceeding 1200 C (660 mAh/g for 900 ‘C to 80 mAh/g
for 2000 C). The effect of the electrical conductivity
on the capacity of SiOC was also investigated by
Kaspar et al. [453], revealing that (1) a low carbon
content exhibits high initially capacities but fading
rapidly during cycling and (2) a carbon content beyond
20 wt% is beneficial for the conductivity and cycling
stability.

Porous SiOC materials have also been investigated
as materials for Li-ion batterie by various researchers.
Dibandjo ef al. [52] made a comparison between dense
and porous SiOC anodes and found that the porous
sample exhibits enhanced stable electrochemical
performance. Pradeep et al. [457] synthesized a linear
polysiloxane cross-linked with divinylbenzene (DVB)
by hydrosilylation reaction catalyzed by Pt. After
pyrolysis at 1000 C under argon, the obtained porous
SiOC with 180 m?/g of specific surface area exhibits a
high specific capacity over 600 mAh/g due to the
porous structure providing enough fast ionic transport
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(b)

Fig. 20 Atomic model of SiOC. (a) Overview of the supercell; (b) unit cell shows a series of vertex-sharing tetrahedra (blue
atoms: silicon atoms; red atoms: oxygen atoms; gray atoms: segregated carbon phase which forms the backbone of the network;
blue dotted circles represent the nanovoids percolated in the lattice which contribute to the low density of the SIOC molecule).
Reproduced with permission from Ref. [459], © American Chemical Society 2017.

paths and accommodating the structural changes
during lithiation/delithiation. Fukui et al. [461] also
developed a microporous SiOC composite material by
pyrolyzing a blend of polysilane, (Ph,Si)e.s5(PhSi)o.15
(1) and polystyrene (1:1 in weight) at 1000 ‘C, which
shows a remarkable capacity of 600 mAh/g and a good
cycle stability. Xia et al. [462] studied the impact of
etching SiOC by KOH and found improved specific
surface area of the material and enhanced electrochemical
performance of the anode. Sang et al [451,463]
reported SiOC nanolayers wrapped 3D interconnected
graphene sponge with deliberate porous mutli-layered
sandwich-like structure, which shows a high initial
discharge capacity (1280 mAh/g at 0.1 A/g) and high
stability (701 mAh/g) after 100 cycles due to its
improved electrical conductivity, accelerated ion
insertion and endowed full utilization of active sites of
lithium storage.

By introducing hydrogen during pyrolysis of
polysiloxane precursors, the impact of pyrolysis
atmosphere on SiOC was studied by Pradeep et al
[464]. It was found that 5% of H, admixture to the
argon lead to a decreasing of the carbon content from
55.15 to 46.37 wt% and to an enhanced initial capacity
from 568 to 704 mAh/g and coulombic efficiency from
63% to 67%. Shen and Raj [465] deposited thin films
anodes of SiOC on copper with around 0.5-5 pm
thickness which shows a capacity of 1100 mAh/g and a
high efficiency of approximately 99%. The highlight of
this material is a facile preparation method and lower
cost due to lack of binder and conductive additive.
Dong et al. [466] synthesized hard SiOC microbeads

by emulsifying cross-link and subsequent pyrolysis for
anode and investigated its electrochemical performance.
This processing approach enhanced the structural
stability of the material leading to a discharge specific
capacity of 805 mAh/g achieved after 300 cycles.
Nitrogen-doped carbon fibers were also studied with
SiOC as the matrix by Ma et al. [467]. The unique 3D
conductive network and the existence of nitrogen result
in improved electronic conductivity and electrochemical
active sites of SiOC. Lim et al. [468] developed a
novel silicone oil-derived SiOC anode by controlling
free-carbon domain, which exhibits remarkable
electrochemical performance including reversible
capacity (550 mAh/g at 200 mA/g), cycle stability
(95% capacity retention after 200 cycles at 200 mA/g).
A polymer derived SiOC integrated with graphene
aerogel was prepared by Shao et al. [469] via solvent
assisted infiltration. The sample comprised of 19.8
wt% graphene in the SiOC matrix achieved the highest
level of performance that the capacity retention was
around 95% after 1000 cycles at a high current density
of 1480 mA/g and over 99% of efficiency.

Blending SiOC with high-capacity elements like
silicon or tin leads to a significant improvement of the
electrochemical performance of the composite electrode.
Silicon oxycarbide/tin nanocomposites (SiOC/Sn) were
prepared via chemical modification of polysiloxane
with tin(IT)acetate and subsequent pyrolysis at 1000 C
by Kaspar et al. [112]. The obtained material demonstrates
high initial capacity and excellent cycle stability.
Kaspar et al. [470] also studied silicon oxycarbide/
nano-silicon composites and addressed the effect of the
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silicon crystallinity on the performance of the anode.
These results show that composites of SiOC and
crystalline Si exhibit higher, but faster decay capacity
(905 mAh/g of reversible capacity) while the composite
of SiOC and amorphous Si exhibits a lower reversible
capacity of 704 mAh/g but a stable cycling property up
to 100 cycles, which can be explained by the
microstructural integrity of the composite comprised of
SiOC and amorphous Si. Highly porous silicon
embedded into a ceramic matrix has been designed and
synthesized by Vrankovic et al. [110]. As shown in
Fig. 21, the prepared material achieved a capacity of
2000-3000 mAh/g normalized to the amount of Si and
above 99.5% coulombic efficiencies as well as almost
100% capacity retention after 100 cycles. The
remarkable cycle stability is attributed to the porous
structure of Si and the uniform ceramic networks
which can effectively suppress the volume expansion
of silicon and provide sufficient conductive paths. Xia
et al. [471] studied the effect of SnCl, addition on the
structure on the performance of SiOC anode by the
synthesis of Sn/SiOC composites with varying Sn
content via a sol-gel process. With the rise of the Sn
content, the rate capability of Sn/SiOC composites
increases first to a certain value but then decreases. A
SiOC—-Sb nanocomposite was fabricated by Dubey ef al.
[472]. The obtained material shows charge storage
capacities within a range of 549-703 mAh/g under a
current density of 74.4-2232 mA/g. ’Si and "Li NMR
measurements demonstrate that the introduction of Sb
in Si0OC matrix decreases the amount of free C in the
SiOC matrix, resulting in different lithium-ion storage
sites.

For polymer-derived SiCN anode, polysilazane-
derived SiCN ceramics used as anode were described
by Zank et al. [473] firstly in a patent in 1997 which
shows that SiCN ceramics have reversible discharge
capacities up to 560 mAh/g. SiCN materials were
further suggested to be applied as a solid electrolyte by
Liebau-Kunzmann et al. [474]. This work demonstrates
the preferential formation of Li—N bonds in lithiation
process which exhibits potential of SICN for anode in
LIB. Su et al. [475] investigated pure polymer-derived
SiCN materials by pyrolyzing polysilylethylendiamine
at 1000-1300 °C. The obtained SiCN shows a
discharge capacity of 754.9 mAh/g and an initial
coulombic efficiency of 60.4%. However, fast capacity
fading occurred in the subsequent cycles. To solve the
issue, Feng [476] applied an additional heat treatment
to the SiCN material, resulting in an enhanced
discharge capacity and cycle stability. Carbon-rich
SiCN materials have been extensively studied by
Kaspar et al. [477], Graczyk-Zajac et al. [478], and
Reinold et al. [479]. Their studies reveal that the
presence of a free carbon phase improved the
electrochemical performance significantly, and the
molecular structure of the pre-ceramic polymer affects
the electrochemical performance of the final material.
Liu et al. [480] found that the chemical modification
with divinylbenzene (DVB) can effectively increase
the carbon content which is beneficial for a higher
capacity of polyorganosilazane-derived SiCN from 136
to 574 mAh/g. Solid state NMR investigation realized
by Baek et al. [481] shows that free carbon phase is a
main storage site of lithium in the SiCN ceramics.
Hard-carbon containing SiCN composites exhibiting
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an excellent performance under high current density
were investigated by Wilamowska et al. [482].
Graczyk-Zajac et al. [483,484] further investigated the
lithium storage mechanism of the disordered hard-
carbon SiCN by Raman spectroscopy and 'Li MAS
NMR. This study reveals that the adsorption-like
process in disordered carbon is to a significant extent
responsible for lithium storage in composites and more
than 33% of lithium in the hard-carbon SiCN is
adsorbed in ionic form at the surface and in pores of
the composite. Feng et al. further studied the capacity
fading mechanism of SiCN by using different
poly-silyl-carbodiimides as precursor. They demonstrated
that stable SEI layers and abundant free carbon result
in excellent electrochemical performance. The composites
of SiCN/graphite and SiCN/silicon also demonstrated
improved electrochemical performance if compared
with pure graphite and silicon, respectively [111,479—
483,485]. Storch et al. [486] investigated the effect of
the pyrolysis temperature on the electrochemical
behavior of porous carbon-rich SiCN composite. This
work shows that the sample pyrolyzed at 900 C
delivers a high initial charge capacity of 447 mAh/g
and a capacity retention of 534 mAh/g after 100 cycle
at a current of 72 mA/g.
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Rohrer et al. [487] addressed various approaches
regarding the stabilization of silicon and tin containing
anodes embedded in a SIOCN matrix. In a review of
Graczyk-Zajac et al. [435], irreversible and reversible
lithium storage within SiOC and SiCN ceramics were
discussed. Their results are as follows: (1) The first
cycle discharge/charge capacities of SiOC materials
nearly do not depend on the amount of free carbon. On
the contrary, the capacity of SiCN increases with the
amount of carbon and reaches a threshold value at
around 50%. (2) Replacing O with N decreases the
lithium storage capacity. Due to the more ionic
character of Si—O bonds, lithium is more captured by
O, which leads to a very high initial lithiation capacity
even at low C content. (3) The more covalent character
of Si—N bonds and lower electron density on the
nitrogen atom result in less capture of Li in the ceramic
matrix if O is replaced by N, thus leading to lower
electrochemical performance of the anode of the LIB.
Figures 22 and 23 show the dependence of the
lithiation/delithiation capacity of SiOC- and SiCN-anode
materials on the amount of free carbon and SiOC
matrix or SiCN matrix, respectively. The results of this
work also provide a reference for designing the
optimal composition of PDC-based anode material.
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Fig. 22 Dependence of the lithiation/delithiation capacity of SiOC-derived materials on the amount of free carbon (a) and on
the amount of SiOC matrix (b). Reproduced with permission from Ref. [435], © the authors 2015.
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Despite many advantages, PDC anodes reveal one
important drawback, namely a low coulombic efficiency
which leads to lower economic benefits compared with
commercial graphite anode. Thus, PDC anode is not
the mainstream research direction up to now.

4.1.2 Cathode materials in lithium-based batteries

Li-S batteries are promising candidates for electrode
materials for electrochemical energy storage devices
due to their superior theoretical capacity of 1675 mAh/g
and abundant resources as well as low cost. Nevertheless,
“shuttle effect” and low conductivity of 5x107* S/m
and volume expansion of 80%, result in fast capacity
fading and low coulombic efficiency and seriously
hinder their technical application [391,488]. Anode
materials with sulfur dispersed in an electrically
conducting microporous SiOC and porous carbon-rich
SiCN ceramic matrix exhibit decreased “shuttle effect”
and enhanced electrochemical performance. Weinberger
et al. [489] synthesized highly microporous submicro-
metric carbon spheres by etching of a sol-gel derived
SiOC, which has 0.63 cm’/g of total pore volume that
can accommodate sulfur for cathode. This composite

Mesoporous

Pyrolysis
—

Microporous

Precursor
(PHPS+DVB)

Porous C-rich
SiCN ceramic

owns good cycle stability at a high current density of
500 mA/g, and the capacity retention is as high as
241 mAh/g up to 100 cycles and coulombic efficiency is
close to 100% just after several cycles. The impact of
the morphology of C-rich silicon carbonitride ceramic on
the electrochemical performance was investigated by
Qu et al. [490] via tunable pyrolysis temperature from
1000 to 1600 ‘C. A schematic diagram of carbon-rich
SiCN/S composite anode preparation is presented in
Fig. 24. Their work demonstrates that C-rich SiCN
ceramic matrix exhibits improved conductivity and
stable cycling property because of the abundant free
carbon phase. Best electrochemical performance has
been identified for the sample pyrolyzed at 1000 C
with 66 wt% of sulfur loading in the composite.

Li-Se batteries are another promising candidates of
high-capacity batteries due to the superior theoretical
volumetric capacity of Se with 3253 mAh/cm® (based
on density of 4.82 g/cm’), and their substantial
electrical conductivity (20 times that of sulfur) [491].
However, inferior cycle stability and low coulombic
efficiency caused by poor structural stability and
sluggish lithiation reaction kinetics of a Se cathode

SiCN ceramic matrix
surrounded with free Pore space filled
carbon with sulfur

Infiltrating sulfur
_
Melting-diffusion

SiCN-S
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Fig. 24 Schematic diagram of carbon-rich SiCN/S cathode preparation. Reproduced with permission from Ref. [490], ©

Elsevier Ltd. 2021.
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Fig. 25 Schematic of the synthesis of 3D porous SiOC/Se composite (ARC-SiOC = active rice husk carbon-SiOC matrix).
Reproduced with permission from Ref. [491], © The Royal Society of Chemistry 2018.
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hamper the practical application of Se cathodes
[492,493]. Fang et al. [491] developed a SiOC/Se
cathode derived from rice husks by a bio-templating
method with the assistance of a supercritical CO,
technique. A schematic of the synthesis of 3D porous
SiOC/Se composite is presented in Fig. 25. The
obtained 3D porous SiOC/Se cathode shows extremely
high first areal capacity (8.1 mAh/cm® at 0.1 C) with a
high Se loading (8 mg/cm?) and remarkable capacity
retention. The excellent properties are attributed to the
unique 3D porous conductive network and SiOC units
set in the porous carbon matrix, resulting in continuous
electron/ion transport pathways as well as enhanced
structural stability. Besides, trapping Se and Li,Se by
strong chemical adsorption and uniform distribution of
infiltrated Se were also confirmed.

4.1.3 Anode materials in sodium-ion batteries

Due to the high abundance and low cost of sodium,
combined with its low redox potential of —2.71 V
(Na'/Na) versus the standard hydrogen electrode, which
is only 0.3 V above the one of Li'/Li, sodium-ion
batteries (NIBs) hold much promise for large-scale
energy storage application. However, NIBs are less
explored than Li-ion batteries and research for
promising electrode materials is still a fundamental
concern [494,495].

For Li-ion batteries, graphite is the most prominent
anode material, because storing Li-ions by the
reversible intercalation between their basal-planes and
without structural degradation is possible. For Na-ions
the overall thermodynamic balance is unfavorable and
sodium forms graphite intercalation compounds to
only a very limited extent [496]. Alternatively,
non-graphitic disordered carbons have been intensively
explored as potential anodes for reversible sodium
storage. Stevens and Dahn [497] studied glucose-derived
hard-carbon as NIB anode, providing a high reversible
storage capacity of 300 mAh/g, but at relatively slow
cycling current of C/80 with reference to NaCg
stoichiometry. Significant improvement was achieved
by Wenzel et al. [498], who investigated template
prepared porous carbons, providing enhanced reversible
capacity of 100—130 mAh/g at higher current rates of
C/5-5C. However, the major drawback related to most
disordered carbons is their weak cycling stability,
serious capacity fading upon prolonged cycling, and a
low-potential sodium insertion leading to a risk of the
formation of dendritic plating. So far it is assumed that

storage of Na-ions within disordered carbon occurs
similar to that of lithium, namely major storing sites
are the edges of carbon and graphene layers, defect
sites and micropores. However, this hypothesis has not
been proven yet. Moreover, the experimental data
[495,499,500] show that no direct analogy can be
drawn between the storage performances of disordered
carbons with respect to these two cations. In other
words, the carbonaceous materials which fail in
lithium storage can appear to be stable and reversible
sodium hosts, while the materials which perform very
well with respect to lithium ions might not be suitable
to host sodium. Until now, this problem has not been
analyzed in detail yet.

In recent years, PDC materials have been widely
studied for application in LIBs due to their remarkable
electrochemical properties and chemical and mechanical
stability. However, until now only few studies pay
attention to the utilization of PDCs in NIBs. Kaspar
et al. [501] studied for the first time a SiOC(N)/hard
carbon composite as anode material for NIBs with a
focus on the influence of morphology of ceramic
matrices on the electrochemical performance. They
found a strong correlation of the electrochemical
performance, porosity, and elemental composition of
the SiOC(N) anode. For hard carbon of microporous
nature, the addition of SiOC effectively enhanced the
capacity from 44 to 201 mAh/g. A Sb-embedded SiOC
anode was prepared by Lee et al. [502] by a “one pot
pyrolysis” process at 900 C. Owing to the existence of
free carbon, the composite shows a first desodiation
capacity of about 510 mAh/g and a distinguished
capacity retention over 97% even after 250 cycles.
Kim et al. [503] also developed a free-carbon
containing Sb/SiOC composite where the Sb nanoparticles
are uniformly embedded in the ceramic matrix. This
material yields 344.5 mAh/g of capacity retention after
150 cycles at 0.2 C and outstanding rate properties
(197.5 mAh/g at 5 C) due to the presence of free
carbon domains. Chandra and Kim [504] produced a
SiCN material from silicone oil as anode for NIBs. The
obtained sample calcined at 900 C exhibits a
remarkable reversible capacity of 160 mAh/g at 25
mA/g after 200 cycles and a high-rate performance. It
is worth mentioning that the capacity decay of each
cycle amounts only 0.09 mAh/g during 650 cycles.
Chandra et al. [505] also investigated the mechanism
related to Na ion storage in SiOCs by ex situ
measurements and density functional theory simulations.
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Their work reveals that the storage of Na ions mainly
occurs in micropores, defects, and C-rich and O-rich
ceramic phases. A functionalization of SiOC with
MoS; is reported by Soares and Singh [117]. The
MoS,—SiOC composite anode exhibits an effectively
improved cycle stability over 100 cycles. Another
nitrogen-doped MoS,/SiOC composite with hierarchical
structure is prepared by Lim et al. [506]. Due to the
enlargement of interspace and improved electronic
conductivity as well as mechanical property, the
hierarchical nitrogen-doped MoS,/SiOC composite
achieved a facile reversible cycle of Na ions during the
operation of the battery, namely 540.7 mAh/g of
reversible capacity and almost 100% of capacity
retention, also including excellent rate capability at
10 A/g. Putra et al. [507] studied SiOC-graphene
composites pyrolyzed from silicone oil and
demonstrated their excellent performance. They also
studied the effect of fluorinated ethylene carbonate in
the electrolyte on the electrochemical performance.
Chandra et al. [508] proposed a new strategy that
synthesizes C- and O-rich SiOC composites by
pyrolyzing C-rich precursor under Hy/Ar. The obtained
SiOC delivered a high reversible capacity (234 mAh/g
at 25 mA/g) and 160 mAh/g of reversible capacity
after 140 cycles.

4.1.4 Anode materials in potassium-ion batteries

Practical application of potassium-ion batteries is
significantly limited due to the large ionic radius of K,
which causes a low ion diffusion rate and a huge
volume expansion during insertion reaction. Nevertheless,
potassium-ion batteries show a high energy density in
line of material abundance as well as low cost [509].
Sang et al. [510] designed and prepared bi-continuous
and nano-porous carbon spheres with continuous
nanocarbon matrices and interconnected nanopores by
etching carbon-rich SiOC ceramics. The achieved
sample shows a high first reversible capacity
(336 mAh/g at 0.1 A/g) as well as long cycle life and
high-rate properties (191 mAh/g after 2000 cycles at
0.5 A/g) rationalized by the interconnected nanostructure,
defective nature of carbon framework, and various
oxygen-containing functional groups introduced after
etching.

4.2 Electrode materials in supercapacitors

Supercapacitors are electrochemical energy storage
devices, necessary where the power requirement

predominates the energy requirement. They are usually
not constrained by ionic diffusion kinetics experienced
in batteries and can run for a large number of cycles
(~10%) at high charge and discharge currents.
Nevertheless, the energy density of supercapacitors is
usually limited by a specific surface aera of the
electrode materials in practical applications, whereas
the rate capability is affected by the insufficient
electronic conductivity of the porous electrode [511-
513]. Therefore, the choice of appropriate electrode
materials is of importance to provide a sufficient
device performance. Figure 26 shows a schematic of a
supercapacitor containing porous electrode materials.
Supercapacitor electrodes require high specific surface
area and high electric conductivity in line with a good
corrosion resistance, high temperature stability,
controlled pore structure, processability and compatibility
in composite materials, and a relatively low cost. All
those properties can be easily obtained via effective
tuning of polymer precursor of PDCs, what makes
these ceramics a potential candidate for use in
supercapacitors. Table 4 summarizes the electrochemical
performance of various PDCs studied as electrodes in
supercapacitors.

Equations (3) and (4) describe the relationship
between the energy, power, and capacitance of a
supercapacitor:

1

Energy: W, = 5 x Ctotal X Ul%)aded (3)

Electrolyte

Separator

Current collectol Current collector

Active porous
electrode material

— =

Fig. 26 Schematic of porous electrode materials used in
a supercapacitor. Reproduced with permission from Ref.
[392], © The Royal Society of Chemistry 2009.
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Table 4 Electrochemical performance of PDC electrodes used in supercapacitors
Specimen Capacitance =~ Power density Specific surface area Capacity retention Reference
SiOC — 156 kW/kg 32 mYg 90% (75,000 cycles) Halim et al. [118]
SiOC 78.93 F/g — — 86% (185 cycles) Abass et al. [514]
SiOC 16.71 F/g 15 kW/kg — 92.8% (5000 cycles) Pazhamalai et al. [515]
SiOoC 50 F/g — — 100% (2000 cycles) Mujib et al. [516]
SiOC 2433 F/g — 1376 mz/g 87.3% (5 mV of scan rate) Kim et al. [517]
SioC 272 mF/em®> 9.3 kW/em® — 90% (1000 cycles) Oroanyanwu et al. [518]
. 124.60 F/g (1000 seconds test .
S(B)iCN 269.52 F/g — — at 5 Alg) David et al. [119]
. 52.23 mF/em? (1000 cycles
SiCN 188 mF/cm — — at 5 mA/cm?) Reddy et al. [120]
SiCN 39 F/g — — Almost 100% (7000 cycles) Moyano et al. [519]
2 electrochemical performance. Kim et al. [517]
. _ 1 Uloaded 4 . . .
Power: Frax = 2 X R “4) investigated the effect of surface oxygen functional

1

where Ci, is the total capacitance, Uggeq 1S the
voltage applied, and R; is the internal DC resistance

4.2.1 SiOC electrodes in supercapacitors

Halim et al. [118] prepared a low-carbon SiOC
composite by pyrolyzing silicone oil under argon in a
temperature range from 700 to 1000 ‘C. A
pseudocapacitive behavior of the composite was
confirmed by subsequent characterizations and the
material demonstrated a power density of 156 kW/kg
and maintained over 90% of energy density retention
after 75,000 cycles. A SiOC composite with embedded
boron nitride nanotubes and reduced graphene oxide
was described by Abass et al. [514]. Their material
exhibits high specific capacitance of 78.93 F/gat 1 A/g
and a great cycling retention corresponding to 86%
after 185 cycles, revealing that the presence of boron
nitride nanotubes in the ceramic matrix affects the free
carbon phase. Pazhamalai et al. [515] studied the
carbothermal preparation of SiOC lamellae by using
two-dimensional siloxene sheets and alginic acid as
precursors for supercapacitors. The obtained sample
shows a remarkable capacitance of about 16.71 F/g and
an energy density of 20.89 Wh/kg as well as a power
density of 15 kW/kg by a voltage window of 3.0 V due
to its lamella-like SiOC nanostructure. Mujib et al.
[516] investigated the electrochemical performance of

SiOC ceramic fiber mats as electrodes for supercapacitors.

The materials were fabricated by electrospinning
which show a high splendid capacitance of 50 F/g with
capacity retention around 100% after 2000 cycles. The
obtained result demonstrated that higher pyrolysis
temperature and longer pyrolysis time facilitate enhanced

group on the performance of porous SiC used as
supercapacitor electrode. The porous SiC flakes with a
high surface area of 1376 m’/g were obtained by
one-step carbonization of Si flakes and exhibit a high
specific capacitance of 243.3 F/g at a scan rate of
5mV/s and 85.6% of rate performance from 5 to
500 mV/s. Oroanyanwu et al. [518] studied SiC/SiOC/C
nanocomposites fabricated via flash photothermal
pyrolysis of cross-linked blend of polycarbosilanes and
polysiloxanes. The prepared nanocomposites are
thermally and oxidatively stable and show a capacitance
as high as 27.2 mF/cm” at a scan rate of 10 mV/s at
room temperature as well as excellent stability up to
1000 cycles.

4.2.2 SiCN electrodes in supercapacitors

David et al. [119] synthesized a boron-doped
SiCN/carbon nanotube/graphene composite paper by
vacuum filtration and thermal reduction for using as
supercapacitor electrode. The composite paper delivers
a high specific capacitance of up to 269.52 F/g at 5 A/g
and a low ohmic resistance due to the unique
self-supporting structure. Reddy et al. [120] reported
high-performance hierarchical SiCN nanowires (diameter:
23-37 nm) used for supercapacitors. These nanowires
show a capacitance of 188 mF/cm at a current density
of 5 mA/cm. Another composite with SICN matrix and
embedded reduced graphene oxide was studied by
Moyano et al. [519]. Their work showed that the
obtained composite reaches a capacitance of 39 F/g
and remains stable after 7000 cycles due to the
characteristic hybrid cellular structure. Table 4 shows
the electrochemical performance of electrodes prepared
from PDCs used in supercapacitors.
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4.2.3 SiOC as precursors for porous carbon as
electrodes in supercapacitors

SiOC-derived carbons from a polyphenylsilsequioxane
precursor prepared by Meier ef al. [520] via pyrolysis
and chlorination at different temperatures have large
surface areas exceeding 2000 m”/g and pore volume
reaching to 1.4 cm’/g, thus resulting in a considerable
capacitance of 110 F/g and stable cyclability. Duan
et al. [521] reported on micro/mesoporous SiOC
derived carbons fabricated by chlorination and ammonia
treatment of polymethyl(phenyl)siloxane. The obtained
material shows a high specific capacitance up to 148.7
F/g as well as good capacitance retention around
94.3% after 2000 cycles at 1 A/g. Electrospinning and
electrospraying were applied by Tolosa et al. [522] to
form a SiOC-derived porous nano carbon as electrode
for supercapacitors. Extremely high specific surface
area up to 2394 m’/g was achieved, leading to a high
specific capacitance of 135 F/g at 10 mV/s and 63% of
the capacitance retention at 100 A/g. Yang et al. [523]
developed an ultra-high-surface-area meso-/microporous
carbon by a new in-situ template method realizing an
ultra-high specific surface area of 3122 m%/g and large
pore volume of 2.47 cm3/g. Figure 27 shows the
synthesis of polysiloxane-derived highly mesoporous
carbon via NaOH etching and activation. The
fabricated material exhibits a high energy density of
42 Wh/kg at a power density of 374 W/kg as well as an
energy density retention of 21 Wh/kg at a power
density of 30 kW/kg. Swain et al. [524] studied the
performance of a SiOC derived nano-porous carbon
hybrid with specific surface area of 1798 m?/ g and the
prepared material exhibits a high specific capacitance
of 333 F/g. Sun ef al. [525] developed a composite
with MnO; nanoneedles embedded in SiOC-derived
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hierarchically porous carbon by a facile hydrothermal
technology for electrode material for supercapacitors.
With a large specific surface area of 1749.3 m*/g and
uniform distribution of MnO, nanoneedles, the
hierarchically porous carbon used as electrode delivers
a high capacitance of 255.8 F/g at 1 A/g in a
three-electrode system. When fabricating a symmetrical
coin cell supercapacitor, the material exhibits a
distinguished energy density (12.6 Wh/kg at a power
density of 3997.7 W/kg) and a remarkable capacitance
retention of 92.2% after 2000 cycles [525].

4.3 Solid electrolyte/separator materials in
lithium-ion batteries

Smith et al. [526] first synthesized a polyacrylonitrile
(PAN)/polymer-derived ceramic hybrid nanofiber by
combining PAN and ambient temperature-curable
organopolysilazane via a single-step electrospinning
process. The obtained membrane used as separator for
LIBs shows excellent ionic conductivity. The composite
separator with 30 wt% PDC has an increased ionic
conductivity of 1.05 mS/cm compared to 0.29 mS/cm
of pristine PAN separator and shows a stable cycling
performance due to the presence of the ceramic phase
on the surface of the membrane. The subsequent work
of Smith et al. [527] further investigated the impact of
the polymer structure and ceramic morphology on the
performance of the PAN/polymer-derived ceramic
hybrid nanofiber separator in LIBs. They found that
the presence of tetraethyl orthosilicate (TEOS) pendant
chain attached to the polysilazane (PSZ) backbone
improved the interconnected amorphous networks,
thus increasing electrolyte uptake and resulting in
excellent cycling performance and superior ionic
conductivity.
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Fig. 27 Synthesis of polysiloxane-derived highly mesoporous carbon via NaOH etching and activation. Reproduced with

permission from Ref. [523], © Elsevier Ltd. 2017.
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4.4 Gas diffusion layer and catalyst component in
zinc—air batteries

Cycle life of rechargeable zinc—air batteries is affected
by the oxygen diffusion rate. Thus, ideal architecture
of gas diffusion layer determines its electrochemical
performance. However, complex manufacturing process
and low oxygen gas permeability of traditional commercial
gas diffusion layer hamper the performance of zinc—air
batteries. Property-tailorable PDC materials offer new
solutions for enhanced architecture of gas diffusion
layer for zinc—air batteries. Moni et al. [528] developed
a porous conductive ceramic membrane derived from
poly(methyl silsesquioxane) with a bilayered structure
of 390 um as well as an open porosity of 55% by a
freeze tape casting technique. The obtained material
was used as gas diffusion layer for zinc—air batteries.
After introducing graphite and MWCNT as filler
materials, a remarkable electrical conductivity of
5.59x10~ S/em was achieved. After coating with a
commercial Pt—Ru/C catalyst, the as-prepared material
exhibits excellent electrochemical performance due to
the symmetric sponge-like structure facilitating the
oxygen exchange rate and provides a short path for the
kinetics.

5 Conclusions and perspectives

PDCs as a class of advanced ceramics with promising
structural properties for energy
conversion and storage have received increasing
attention in recent years. With respect to energy

and functional

conversion systems, polymer-derived ceramic fibers
are already on the market for a couple of decades.
Taking advantage of the preceramic polymers, PDC
approach offers solution to most of the problems
associated with other processing methods for the
fabrication of CMCs and T/EBCs. Moreover, several
polymer-derived sensors (e.g., piezoresistive pressure
sensors, temperature sensors, heat flux sensors, and
hot-wire anemometers) used for in situ and real-time
monitoring of the temperature/heat flux and dynamic
pressure within the hot sections of gas turbine engines
have been proposed and assessed. The short response
time, detection, excellent repeatability,
stability, sensitivity, and accuracy ensure their future
application in gas turbine engines. Regarding energy
storage, several different PDC systems, such as SiCN,

wireless

SiCO, and SiCNO, as well as the composite materials
consisting of a polymer-derived ceramic blended with
carbon/silicon/tin have been thoroughly investigated.
The PDC-based anode materials are proven to possess
many desirable properties superior to or unobtainable
with other materials. For instance, in addition to the
tunable chemical and physical properties, the PDC-based
anodes are chemically inert with respect to other
battery components, able to minimize the agglomeration
of lithium/sodium ions, lightweight but exhibiting
excellent mechanical properties, possessing in situ
formed free carbon network for electron conduction
and lithium/sodium ion storage as well as showing
superior exfoliation resistance. These remarkable
features open a variety of new avenues regarding
fundamental and applied research in the exciting fields
of both PDCs and energy conversion and storage.

In the future, however, further studies in this field
are still needed in order to facilitate these materials
flowing out of the laboratory and into the markets.
When employing the PDC approach to prepare CMCs
and T/EBCs, the decomposition of preceramic polymers
inevitably leads to shrinkage of the ceramic matrix and
coatings during polymer-to-ceramic transformation,
leading to formation of pores, voids, and micro-cracks.
These defects are strongly detrimental to the
thermomechanical properties and oxidation/corrosion
resistance of CMCs and T/EBCs. In order to overcome
this problem, further research has to be conducted from
the following aspects: increasing the ceramic yield via
molecular design or pyrolysis process optimization,
taking multiple PIP process, introducing inert or active
fillers to compensate the shrinkage as well as in
conjunction with other fabricating methods, such as
chemical vapor infiltration (CVI) and reactive melt
infiltration (RMI). For the ceramic fibers, only a
handful of ceramic fibers for use in CMCs have
reached the market so far, and all of them are SiC-based
fibers. Unfortunately, due to phase separation, grain
growth, and carbothermal reactions, SiC-based ceramic
fibers will lose their mechanical strength at high
temperatures. Therefore, novel ceramic fibers with
rather low oxygen content or with resistance to
crystallization (e.g., SIBCN and novel SiHfBCN fibers)
are highly demanded. In addition, for application in
gas turbine engines, hydrothermal corrosion resistance
of the Si-based fibers, CMCs, and T/EBCs at high
temperatures is challenging. Thus, novel preceramic
precursors should be synthesized in a bottom—up way
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or via chemical modification of commercially
available precursors in order to develop new Si-based
PDCs with strongly enhanced hydrothermal corrosion
resistance. Furthermore, the price and technological
challenge to produce polymer-derived ceramic fibers
should be remarkably reduced via further innovation in
order to be affordable to more commercial customers.

It is wise to produce high-temperature sensors for
gas turbine engines using PDCs because of their
unique microstructures, tailorable electric properties,
excellent thermal stability, high chemical durability,
and superior oxidation resistance. However, they are
still under development and produced on a laboratory
scale. Within this context, precisely controlling the
electric properties and shape of proposed PDC sensors,
designing and fabricating wireless sensor technology,
as well as testing and calibrating methods necessitate
future fundamental and applied research.

For energy storage applications, despite that superior
electrochemical performance such as energy density
and cycling stability can be achieved by PDC-based
electrodes, some challenging issues should be solved
for large-scale commercial application. For instance,
compared with commercial graphite anode, the coulombic
efficiency of PDC anodes used for lithium/sodium
batteries is lower, which leads to lower economic
benefits. In order to solve this problem, the relationship
between the capacity and the free carbon content
should be further clarified, with a focus on diminishing
first cycle irreversible capacity. In addition, the
relatively high energy-cost of material processing and
voltage hysteresis also hamper the widespread use of
PDCs. Controlling particle size of PDC materials and
introducing free carbon and nano-porous architecture
could enhance structure stability and electrochemical
performance. Research of in-depth structure—property—
processing of PDCs for Li and Na storage, in-situ
microscopy and spectroscopy characterization of the
electrode/electrolyte interface of PDC electrodes
should be the main research direction in the future
[403]. Furthermore, the application of the PDCs as a
stabilizing matrix for the anodes based on the
volume-expanding elements like silicon or tin can be
further developed as well.
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