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Abstract

Controlled thermal degradation of the liquid-phase polymers of molecular precursor-
derived ceramics offer them excellent engineering properties. Amorphous ceramic phase
and resistance to crystallization up to 1400 °C, high-temperature stability, and intense pho-
toluminescence are some of the remarkable functional properties of these polymer-derived
ceramics (PDCs). The ever-increasing demand of high-temperature components to increase
the performance efficiency in aerospace applications pushes the industry to look for a new
class of materials. Simultaneously, investigations of renewable energy sources lead to the
development of efficient energy storage materials. PDC route offers a promising solution to
both of these applications owing to PDC’s distinct production route and functional proper-
ties.

This dissertation focuses on two aspects. Firstly, the use of silicon-based PDCs to fab-
ricate lightweight and strong ceramic matrix composites for high-temperature applications.
The efficient infiltration of carbon fibers cloths (disks) and mini-bundles with boron-modified
polysilazane and hafnium-modified polysilazane preceramic polymer solutions were inves-
tigated using a lab-scale, cost-effective drop coating technique. After the successful in-
filtration of the fibers was confirmed, the infiltrated fibers were heat-treated at different
temperatures to complete the polymer-to-ceramic conversion of the preceramic polymer ma-
trix. The boron-modified polysilazane and hafnium-modified polysilazane coated carbon
fibers were crosslinked at 180 °C, followed by pyrolysis at 800 °C in inert environments to
achieve Si(B)CN/CF and Si(Hf)CN/CF CMC mini-composites, respectively. Crack and de-
fect free ceramic matric composites were achieved. The as-fabricated mini-composites were
then investigated by several techniques to determine the composites’ micro-structures and

properties. The effect of the boron and hafnium in the polymer-derived ceramic matrices



and micro-structural development of the final ceramic composites were characterized us-
ing scanning electron microscopy (SEM), Raman spectroscopy, Fourier-transform infrared
spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS). The Raman and FTIR
spectroscopies showed the complete conversion of the polymer to ceramic phase. The el-
emental composition and distribution of chemical bonds in the final mini-composites were
determined by XPS. The mechanical properties of the mini-composites were investigated by
tensile tests. Room-temperature tensile tests showed that the Si(Hf)CN/CF sample could
reach a tensile strength of 790 MPa and elastic modulus of 66.88 GPa among the composites.
To determine the high-temperature stability the oxidation behavior at various temperatures
were studied. The oxidation study of the mini-composites showed stability of the sam-
ples up to 1500 °C. Structural and compositional changes of the oxidized samples were also
elaborately investigated by XPS and SEM analyses to understand the phase change after
oxidation.

Secondly, the application of PDCs as free-standing, high capacity electrode materials for
energy storage systems. Various preceramic polymer solutions were investigated to fabricate
anode materials for lithium-ion batteries. Electrospinning technique was utilized to fabricate
free-standing fiber mats from three different siloxanes oligomers. To achieve electrospun
fiber mats, the short-chain siloxane oligomers were needed to be mixed with and additional
spinning agent such as polyvinylpyrrolidone (PVP). The electrospun fiber mats were then
crosslinked at 180 °C and pyrolyzed at 800 °C in Ar environment to obtain three types of
SiOC ceramic fiber mats. The electron microscopy of the PDC fiber samples showed rigid
surface structures with small diameters in the range of 0.2-3 pm. Raman, FTIR, XPS, and
NMR spectroscopies were utilized to outline the ceramization stages of the SiOC fibers. 29Si
MAS NMR spectra of the SiOC fibers revealed that mostly SiO4 bonds were formed in the
amorphous ceramic phase, which indicated the formation on free carbon phase with limited
amount of Si-C bonds after pyrolysis. The higher amount of free carbon along with the Si-
O-C mixed bonds in the amorphous SiOC samples enabled high lithium reversibility. As a
result, when utilized as LIB electrodes, the self-supporting SiOC fiber mats showed excellent

specific capacity of 866 mAh ¢!, . with a high coulombic efficiency of 72%. Even as



supercapacitor electrode, the SiOC fibers maintained 100% capacitance retention over 5000
cycles at a high current density of 3 A g~ 1.

These two approaches for the synthesis of CMC mini-composites and electrode compo-
nents using PDC materials offer promising potential for the various PDC chemistries to be

utilized for both high-temperature and energy storage applications.
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Abstract

Controlled thermal degradation of the liquid-phase polymers of molecular precursor-
derived ceramics offer them excellent engineering properties. Amorphous ceramic phase
and resistance to crystallization up to 1400 °C, high-temperature stability, and intense pho-
toluminescence are some of the remarkable functional properties of these polymer-derived
ceramics (PDCs). The ever-increasing demand of high-temperature components to increase
the performance efficiency in aerospace applications pushes the industry to look for a new
class of materials. Simultaneously, investigations of renewable energy sources lead to the
development of efficient energy storage materials. PDC route offers a promising solution to
both of these applications owing to PDC’s distinct production route and functional proper-
ties.

This dissertation focuses on two aspects. Firstly, the use of silicon-based PDCs to fab-
ricate lightweight and strong ceramic matrix composites for high-temperature applications.
The efficient infiltration of carbon fibers cloths (disks) and mini-bundles with boron-modified
polysilazane and hafnium-modified polysilazane preceramic polymer solutions were inves-
tigated using a lab-scale, cost-effective drop coating technique. After the successful in-
filtration of the fibers was confirmed, the infiltrated fibers were heat-treated at different
temperatures to complete the polymer-to-ceramic conversion of the preceramic polymer ma-
trix. The boron-modified polysilazane and hafnium-modified polysilazane coated carbon
fibers were crosslinked at 180 °C, followed by pyrolysis at 800 °C in inert environments to
achieve Si(B)CN/CF and Si(Hf)CN/CF CMC mini-composites, respectively. Crack and de-
fect free ceramic matric composites were achieved. The as-fabricated mini-composites were
then investigated by several techniques to determine the composites’ micro-structures and

properties. The effect of the boron and hafnium in the polymer-derived ceramic matrices



and micro-structural development of the final ceramic composites were characterized us-
ing scanning electron microscopy (SEM), Raman spectroscopy, Fourier-transform infrared
spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS). The Raman and FTIR
spectroscopies showed the complete conversion of the polymer to ceramic phase. The el-
emental composition and distribution of chemical bonds in the final mini-composites were
determined by XPS. The mechanical properties of the mini-composites were investigated by
tensile tests. Room-temperature tensile tests showed that the Si(Hf)CN/CF sample could
reach a tensile strength of 790 MPa and elastic modulus of 66.88 GPa among the composites.
To determine the high-temperature stability the oxidation behavior at various temperatures
were studied. The oxidation study of the mini-composites showed stability of the sam-
ples up to 1500 °C. Structural and compositional changes of the oxidized samples were also
elaborately investigated by XPS and SEM analyses to understand the phase change after
oxidation.

Secondly, the application of PDCs as free-standing, high capacity electrode materials for
energy storage systems. Various preceramic polymer solutions were investigated to fabricate
anode materials for lithium-ion batteries. Electrospinning technique was utilized to fabricate
free-standing fiber mats from three different siloxanes oligomers. To achieve electrospun
fiber mats, the short-chain siloxane oligomers were needed to be mixed with and additional
spinning agent such as polyvinylpyrrolidone (PVP). The electrospun fiber mats were then
crosslinked at 180 °C and pyrolyzed at 800 °C in Ar environment to obtain three types of
SiOC ceramic fiber mats. The electron microscopy of the PDC fiber samples showed rigid
surface structures with small diameters in the range of 0.2-3 pm. Raman, FTIR, XPS, and
NMR spectroscopies were utilized to outline the ceramization stages of the SiOC fibers. 29Si
MAS NMR spectra of the SiOC fibers revealed that mostly SiO4 bonds were formed in the
amorphous ceramic phase, which indicated the formation on free carbon phase with limited
amount of Si-C bonds after pyrolysis. The higher amount of free carbon along with the Si-
O-C mixed bonds in the amorphous SiOC samples enabled high lithium reversibility. As a
result, when utilized as LIB electrodes, the self-supporting SiOC fiber mats showed excellent

specific capacity of 866 mAh ¢!, . with a high coulombic efficiency of 72%. Even as



supercapacitor electrode, the SiOC fibers maintained 100% capacitance retention over 5000
cycles at a high current density of 3 A g~ 1.

These two approaches for the synthesis of CMC mini-composites and electrode compo-
nents using PDC materials offer promising potential for the various PDC chemistries to be

utilized for both high-temperature and energy storage applications.
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Chapter 1

Introduction and motivation

One of the major concerns of the aerospace industries now-a-days is finding new materials
that can withstand operational temperatures above 1500 °C while maintain the structural
integrity of the vehicle. Enabling higher operational temperatures will allow the engine to
have increased fuel efficiency. High heat flux in leading edges and high pressure are faced
in hypersonics®. The temperature in these edges sometimes go over 2200 °C, which are not
sustainable for the current metal alloys. As a result, scientists are pushed to review other
classes of materials that can meet the thermal and structural needs of the next generation
aerospace applications. Composites made with ceramic matrix can be used under high-
temperature and high-pressure due to the composites’ specific properties related to high-
temperature resistance, high mechanical strength, resistance to corrosion, and especially
thermal stability for a prolonged period time. These ceramic matrix composites (CMCs)
are being considered for high-temperature environments of aerospace applications such as

turbine engines, atmospheric reentry vehicles, rocket nozzles, hypersonics, etc. ™.

Having
lightweight structure while maintaining the mechanical strength make CMCs promising class
of materials for these applications.

Concurrently, energy storage technologies are critical in the sense that they are used

to power an application, such as clectronic devices, clectric vehicles, or electric grid energy

storage systems. Electrochemical energy devices utilize reversible energy storage, in which



chemical energy is converted into electrical energy and vice-versa and then repeated hun-
dreds or thousands of times. Beyond traditional lithium-ion technology, a new generation
of affordable, innovative, and lightweight battery systems will find their way into the ever-
advancing cra of cellphones, tablets, and laptops. Electric vehicles are going to replace the
fuel power with batteries and supercapacitors to achieve better distance/amount of energy,
resulting in cost-effective driving. Powerful batteries will completely revolutionize grid en-
ergy storage (e.g., customizable microgrids), and may permanently change the fundamental
operation of the energy supply system. However, these ground-breaking innovations require
high-performance, low-cost energy storage technologies. Following the replacement of fossil
fuels with wind, solar, and stored energy, traditional lithium technologies must evolve to
include electrode materials with exceptional properties as well as other charged alkali ions.
Researchers have demonstrated how ceramics that are derived from polymeric precursors
can provide the necessary boost toward the next-generation electrochemical energy storage.

In the early 1960s, an unusual polymer-to-ceramic conversion was used to develop silicon-
based ceramic from organosilicon polymers that were denoted as polymer-derived ceramics
(PDCs)®. Small-diameter silicon carbide-based ceramic fibers were produced, practical ap-
plication of this ceramic processing route via thermolysis. Notable examples of polymer-to
ceramic transformation technology include films/coatings, fibers, bulk ceramics, and non-
oxide ceramics, which are all synthesized with tailored properties. PDCs offer high ther-
modynamic/chemical stability against electrochemical corrosion, good mechanical strength,
tunable electrical conductivity and porosity and multiple sites in PDC microstructure for
reversible alkali metal-ion storage, which qualify them as exceptional electrodes for electro-
chemical storage systems. Depending on the application, PDCs can be shaped into any
desirable morphology, size, and structure, making them viable even for textile/wearable en-
ergy storage devices. On the other hand, it is nearly impossible to acquire a high-performance
electrode from just a single class of material as most have only one or a few of the desired
properties.

Polymer-derived ceramics (PDCs) are a class of high-temperature materials synthesized

by an attractive route of thermal decomposition of polymeric precursors. Properties of PDCs



superior to conventional ceramics include a relatively lower fabrication temperature, lower
degree of impurity, homogeneous disposition of the constituent elements, and relatively lower
cost of fabrication®®. Wide range of precursors and varying process conditions enable PDCs
to be synthesized with controlled compositions and molecular structures. Programming the
synthesis conditions for PDCs to engineer the functional properties of PDCs is an important
feature of these materials.

Processing techniques plays a key role in achieving high performance CMCs. Also, price
of the constituents (i.e., reinforcement and matrix) and processing time have an important
part in determining the feasibility of the CMCs for high-temperature applications. As such,
traditional ceramic processing techniques such as hot pressing, reaction sintering, powder
sintering, etc. are not suitable’. The reinforcement materials, for example fibers, get physi-
cally and chemically damaged during these fabrication techniques of CMCs. To protect the
fibers from degradation PDCs can be employed. The temperature-induced ceramization pro-
cess of PDCs enable tuning microstructures of the ceramics which are not possible with the
traditional ceramization techniques. The amorphous ceramic phase of the PDCs is thermally
stable at very high-temperatures. Besides, the fabrication process of CMCs using PDCs can
be cost-effective and use less-corrosive materials compared to tradition processes.

Previous works mainly focused on the basic knowledge of PDCs such as chemical and
physical changes during the polymer-to-ceramic transformation process, the various prop-
erties such as mechanical and thermal properties, and the structures of ultimate ceramics.
However, understanding the electrochemical energy storage properties of PDCs, especially
Si-based PDCs, and their correlation with the molecular and electronic structures has re-
ceived lesser attention. A thorough understanding of electronic behavior of PDCs will be
critical for the synthesis and application of PDCs. In this work, the structures, mechani-
cal and electrochemical behavior of polymer-derived SiCN, Si(B)CN, Si(Hf)CN, and SiOC
ceramics were studied.

In summary, this Ph.D. thesis discusses on the following aspects: Chapter 2 provides a
detailed literature review of the relevant areas of research and applications of PDCs in CMCs

and energy storage systems. Chapter 3 details fabrication process and structural evolution



of thermally stable Si-based PDCs, namely SiCN, Si(B)CN, and Si(Hf)CN, -coated carbon
fibers composites also known as ceramic matrix composites (CMCs). Chapter 4 focuses on
the mechanical and electrochemical properties of these CMCs. Chapter 5 presents fabrication
process and structural evolution of thermally stable SiOC fibers synthesized from three
different types of polymeric precursors. Chapter 6 provides a comparative discussion on
the mechanical and electrochemical properties of these SiOC fibers mentioned in Chapter 5.
Lastly, concluding remarks are listed in Chapter 7. Future directions are discussed as well

at the end of Chapter 7.



Chapter 2

Background and literature review

2.1 Polymer-derived ceramics (PDCs)

The polymer-derived ceramic (PDC) approach is an advanced ceramic manufacturing tech-
nique that designs or controls molecular structures of ceramic products at molecular or atomic
levels®. Over the last 30 years there’s been a significant increase in PDC-related research
including PDCs for high-temperature applications!?. PDCs synthesis route is unique as it
not possible to achieve amorphous phase in ceramics using conventional ceramic synthesis
techniques, such as powder sintering or chemical vapor deposition (CVD)®. The polymer
structure converts to amorphous microstructure in PDCs during pyrolysis with nanodomains
ranging from 1 to 3 nm, that corresponds to superior oxidation and creep resistance up to
1500 °C. Besides, PDCs low impurity level and homogenously distributed elements greatly
improve the oxidation and creep resistance of PDCs at elevated temperature!®. In addition,
by chemically modifying the polymeric precursors and or tailoring process conditions during
the polymer-to-ceramic conversion the properties of PDCs can be controlled over a wide

range 2.



2.1.1 Polymer precursors

Common preceramic polymers for the synthesis of Si-based PDCs include polysilane, poly-
carbosilane, polysiloxanes, polysilazane, polysilycarbodiimides, etc. Since the report by
Yajima et al. to synthesize silicon carbide (SiC) form polycarbosilanc®; significant develop-
ments in the PDC synthesis have been achieved %!%!* Therefore, complex-shaped ceramics
such as fibers, coatings or porous powders can be attained form silicon-based precursors or
preceramic polymers'®.

The type of preceramic polymers and their molecular structures greatly influence the
composition or phase distribution as well microstructure of the final ceramic product. Thus,
preceramic polymers should possess certain properties in order to achieve successful thermal
decomposition into ceramics. A relatively high molecular weight of polymers can prevent
volatilization of the low molecular components; suitable viscosity or rheological properties
maintains the solubility thus helps in achieving desired shapes; and latent reactivity such as
presence of functional groups in polymer precursors contributes to the successful cross-linking
and curing process®.

The general representation of the Si-based preceramic polymers (organosilicon polymers)

is depicted in the following formula:
Rl
Si X

2
Based on this formula, two parameters can be adjusted chemically for Si-based PDCs:

Firstly, X-group in the formula represents the group of the polymer backbone, which can be
carbon (C), oxygen (O), nitrogen (N), or boron (B). Changing the X-group results in new
classes of organosilicon polymers, for instance, X = Si correspond to poly(organosilanes),
X = O poly(organosiloxanes), and X = N results in poly(organosilazanes). Secondly, R"
represents the side groups. These organic side groups plays an important role in solubility,
chemical and thermal stability, as well as rheological, optical, and electronic properties of

the polymers 6.



A simplified formula chart for the different classes of organosilicon polymers is shown
in Figure 2.1. In this thesis, emphasis is given to silicon carbonitride (SiCN) and silicon
oxycarbide (SiOC) ceramics, which when in polymer form corresponds to polysilazanes and

polysiloxanes, respectively.
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Figure 2.1: Ezamples of common families of Si-based preceramic polymer, their fundamental
chemical units and applications. (R' or R* = H, CHs, CH=CH,, etc.). Adapted from!”.

2.1.2 Polymer-to-ceramic conversion

The polymer-to-ceramic conversion consists of two steps: (i) Cross-linking of the polymers
at low temperatures (100-400 °C) leading to infusible organic/inorganic networks and, (ii)
Ceramization via pyrolysis at temperatures >800 °C. Typically, upon pyrolysis amorphous
ceramics are obtained, however, subsequent annealing at higher temperatures can result in
(poly)crystalline materials'4. The crosslinking process prevents the loss of low molecular
weight components of the preceramic polymers and also their defragmentation during pyrol-
ysis. In addition, conversion of preceramic polymers into infusible networks prohibits their

melting during ceramization while retaining the shape of crosslinked polymers. The general



PDC synthesis processes are presented in Figure 2.2.
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Figure 2.2: Schematics of PDC processing route. The shaping of the preceramic polymer
occurs at the crosslinking stage by thermal crosslinking usually at 100-400 °C. Organic to
1morganic transition s completed at the thermal pyrolysis stage at elevated temperatures typ-
ically around 1000 °C. Reproduced with permission from*®. Copyright 2020 Springer Nature
Switzerland AG.

Polysiloxanes are preceramic polymers which can be used for the synthesis of silicon
oxycarbide-based ceramics upon thermal decomposition in an inert gas atmosphere®. In
case of polysiloxanes, polymers that contain methyl or vinyl groups crosslinking is initiated
thermally in the presence of peroxide. The reactions happen between the silicon-hydride
(Si-H) groups and silicon-vinyl (Si-vinyl) groups. This reaction is known as hydrosilylation.
For polysiloxanes, which contain alkoxy or hydroxy groups, crosslinking can be achieved via
condensation of Si-OH units and in-situ hydrolysis of alkoxy groups that results in Si-O-Si
bonds 4.

Polysilazanes can be cross-linked either thermally or using chemical reagents, such as cat-
alysts and peroxides!3. There are four major reactions that can initiate the thermal crosslink-
ing process of polysilazanes: (i) hydrosilylation, (ii) vinyl polymerization, (iii) transamination
and (iv) dehydrocoupling (Si-H/Si-H or Si-H/N-H)'?. Hydrosilylation of polysilazanes oc-

curs in between Si—H and vinyl groups. Dehydrocoupling reactions results in the formation



of Si-N and Si—Si bonds start at higher temperatures (typically 300 °C). Transamination pro-
cesses occur at temperatures approximately from 200-400 °C and are associated with a mass
loss (such as evolution of amines, ammonia or oligomeric silazanes) and lead to a decrease
of the nitrogen content in the ceramic materials upon pyrolysis. The vinyl polymerization
(addition) process occurs at higher temperatures (>300 °C) and involves no mass loss.

The ceramization process of the cross-linked precursors consists of the thermolysis and
evolution of the organic polymers (Figure 2.2) at higher temperature of 600-1000 °C'2. Due
to the amorphous nature of the preceramic polymers as well as the subsequent amorphous
ceramics, it is difficult to determine the mechanisms involved during ceramization of the pre-
cursors. However, utilization of different in-situ spectroscopic techniques such as RAMAN,
FTIR, and solid-state NMR can shed some light into the complex reactions occurring during
pyrolysis of preceramic polymers®.

High-temperature (usually >1100 oC) environments cause the crystallization of amor-
phous SiCN with microstructures of mixed SiNy-xC,, silicon tetrahedrons'® and segregation
into thermodynamically stable crystalline microstructures (e.g., SiC, SizN,, C, or Si) at
higher temperatures?’. Incorporating other elements, such as B2023 A]124-26 Nb?27 7r28-30
Ti3t32, or Hf233335 in the Si-C-N or Si-O-C systems may greatly enhance the thermostabil-
ity of ceramic products by preventing or impeding the crystallization and phase segregation
of the ceramic phases in inert or oxidizing environments®. Initially, at the crosslinking stage,
B atoms may improve the formation of the crosslinking network and increase the yield and
structural density of Si(B)OC?*%%3. Upon polymer-to-ceramic conversion, doped elements
may form additional phases (e.g., TiOy, H fO,, ZrOs) and lead to nanocomposite-like struc-
tures of metal-oxide/amorphous ceramics®® or dissolve into and alter the amorphous phase
(e.g., Si(B)OC, Si(Al)OC) which eventually segregate into additional phases (BN, Al,O3) at
higher temperatures. At the amorphous stage, the superior stability of the B- or Al-doped
amorphous phase significantly enhances the oxidation resistance of Si(B)OC or Si(Al)OC

ceramics.



2.2 Ultrahigh-temperature ceramics (UHTCs)

Ceramics are generally non-metallic, inorganic solid materials that were first utilized more
than 25,000 years ago®”3®. Ceramics are the oldest man-made materials such as pots, vessels
or figurines made from clay or silica refractories®”. In fact, the term “Ceramic” was derived
from the Greek word “Keramos”, which means “Pottery” *%%!. This term since then has
been used for the materials that are manufactured using the traditional ceramic manufac-
turing process of shaping, drying, and firing. Although, ceramics were traditionally used as
structure materials, now-a-days ceramics are utilized in advanced applications such as space
shuttle tile, engine components, artificial bone and tooth, etc. due to their functional and

high-temperature properties*2.

Figure 2.3: A 25000 year old Palvovian figurine called the ”Venus of Vestonice”. It was
made with baked clay and discovered in 1920 in Dolni Vestonice of Czech Republic.

Advanced ceramics are engineering ceramics with excellent mechanical, electrical, optical,
magnetic properties, and oxidation or corrosion resistance. Developed in the last 100 years,
the advanced ceramics are usually comprised of group IIIA or IVA elements of the periodic

table, or transition metals (e. g., Ti, Mo, W, Zr) with light elements such as C, N, B, O,
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etc.3”. The wide variety of bonding type including covalent, metallic, ionic or mixed bonds
enable the advanced ceramics to have adjustable chemical and physical properties**4*. These
advanced ceramics are preferred in high-temperature applications due to their extreme heat
resistance, chemical inertness, and mechanical strength at high-temperatures. Ultra-high
temperature ceramics also known as UHTCs have been explored for potential utilization
in aerospace, automotive, defense, and nuclear industries where extreme heat is expected.
UHTCs are useful in a high working temperature environment of over 2000 °C, with melting
or decomposition temperature greater than 3000 °C*°.

Currently used metal alloys are not able to go above operation temperature of 1500
°C!. Monolithic ceramics are stable at high-temperature; however, they are brittle. On
the other hand, reinforcing high strength fiber with ceramic matrix interface can withstand
the mechanical load at high-temperature. These materials are known as ceramic matrix
composites (CMCs), which have exceptional properties of high heat resistance, resistance to

corrosion, and lightweight structure.

2.3 Ceramic Matrix Composites (CMCs)

CMCs consists of a ceramic continuous phase, referred to as matrix and a distributed phase
referred to as reinforcement %47, Varieties of CMC matrices and reinforcement exist. In-
troducing different reinforcements such as fibers, fabrics, platelets, whiskers, or particulates
into the ceramic matrix contributes to the toughening of CMCs., which prevents sudden
crack development and catastrophic failure. Chemical compatibility and properties of the
reinforcement and matrix have significant influence on the performance of the CMCs*8. Dif-
ferent reinforcements have different role in the composites. It is necessary to select the proper
reinforcement since catastrophic failure may happen due to lack of toughness and brittle ce-
ramic matrix. This is one of the scopes of this thesis. One of the purposes of this study is
to determine compatible reinforcement and matriz components for fabricating CMCs, which
can withstand significant mechanical loading.

There are different types of fiber architecture currently being developed or used in CMCs.
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Figure 2.4: Specific strength of several classes of materials as a function of temperature®.

Fiber reinforced ceramic matrix composites are driving the development of the CMCs for
high-temperature applications. The fiber /matrix interface plays a crucial role in the crack
deflection and composite mechanical behavior. Fiber debonding, fracture, and fiber pull-out
are significantly important in governing the toughness of the CMCs. In addition, in case of
CMCs, the reinforcement fibers should also have high-temperature stability, creep resistance
and oxidation stability.

The common reinforcement fibers for CMCs are carbon, silicon carbide (SiC), alumina
(AlO3), as well as glass fibers. Currently available commercial CMCs (fiber/matrix) are:
C/C, C/SiC, SiC/SiC, Al,O5/Al,O3. Continuous fibers are favored more than chopped
fibers and whiskers in manufacturing high-temperature CMCs %%, Disintegration of fiber

phase at higher temperature, inhomogeneous distribution of the fibers due to high aspect

12



ratio and strong fiber bonding with the matrix interface create difficulties in achieving high-
temperature applications for chopped fiber reinforcement®'. Additional coatings can be used
on the fibers to introduce weak fiber /matrix interface; however, this adds more restrictions in
manufacturing CMCs in terms of time, cost, and machinability. As a result, using continuous
fiber reinforcement remain the most promising approach in manufacturing high-temperature
CMCs.

The CMCs was first introduced in 1960s by Crivelli-Visconti and Cooper®?, when they
reinforced carbon fibers with pure silica matrix. The authors reported that the large dif-
ference in Young’s modulus in between carbon fiber and silica matrix assured that greater
part of the load will be carried by the fibers. In addition, the thermal expansion co-efficient
of the fiber and matrix were in the similar range, which allowed to manufacture the CMC
at high-temperature. In this study, it was shown that the weak interface in fiber/matrix
bonding provided higher strength and toughness than the strongly bonded fiber/matrix in-
terface. The cracks formed in the well bonded matrix propagated to fibers and weakened

the composite. The results reported by this study are presented in Figure 2.5.

Figure 2.5: First reported CMCs by Crivelli-Visconti and Cooper. It was shown that CMCs
with strong bonding in fiber/matiz interface had lower strenght and toughness than the weakly

bonded composites. Fracture surface of (a) the strong fiber/matriz interface and (b) weakly
bonded fiber/matriz interface.

13



In 1970s several researchers proposed to strengthen the properties of silicon nitride
(Si3N4) matrix by reinforcing with the SiC fibers® 5. Sambell and Briggs utilized car-
bon fiber reinforcement with alumina, magnesia, borosilicate glass, lithia alumino-silicate,

9455 According to this study, mismatch in thermal coefficients of the

and soda-lime glass
fiber and matrix resulted in localized matrix cracking, composites with randomly distributed
fibers had lower strength than the composites with continuous fibers, and the reinforced ce-
ramics had higher strength at high-temperatures than the ceramics. Later, SiC fibers in
glass and SiC matrix were investigated for high temperature applications such as jet engines
and reentry vehicles®”®, The current areas of the CMC research are focused on the spatial
and structural design of the CMCs as well as functional properties and applications such as
bearing structures, brake components, and aerothermal structural materials. Some of the

major manufacturing processes of CMCs using different infiltration techniques are discussed

in the following sections.

2.4 CMC manufacturing techniques

2.4.1 Polymer infiltration and pyrolysis (PIP)

Polymer infiltration and pyrolysis, also known as PIP, is an attractive and efficient tech-
nique to fabricate CMCs®. A low-viscosity polymer solution is infiltrated into a ceramic
reinforcement such as fibers or fabric and then heated in inert environments to covert the
polymer into a ceramic. Since liquid polymer is used and pyrolyzed to fabricate ceramic
matrix, PDCs are the matrix components in this technique. During the pyrolysis the ma-
trix can experience 20-80% volumetric shrinkage depending on the polymer amount’. As
a result, multiple infiltration-pyrolysis or PIP cycles might be needed to achieve the desired
densification of the matrix in the CMCs.

The advantages of PIP are that ceramic matrices can be formed at relatively lower tem-
peratures and matrix composition and microstructures can be controlled®. A wide range

of matrix material may be fabricated, and the low-temperature synthesis process may lower
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fiber damage. PIP is mainly used to fabricate composites with Si-based ceramic matrices
such as SiC, SizN,, SiCN, etc.%76*. However, multiple PIP cycle may increase fabrication
time and cost. The presence of porosity in the matrix also affects the mechanical strength
of the composites. This is another scope of this thesis study, where a thin coating of prece-
ramic polymer solutions is applied to the carbon fiber reinforcement to avoid long fabrication
time and cost and reduce the cracks in the ceramic matriz. The absence of large cracks in
the matriz provides sufficient strength to the composites and prevents the fibers from being
exposed to extreme heat during oxidation tests.

In 1990s, Donato et al. patented the liquid infiltration of ceramic polymeric precursors to
produce CMCs®%. They described the process of repeated infiltration large fiber cloths with
preceramic polymers to achieve high density CMC, preferably SiC/SiC. Since then a wide
range of research has been published on the PIP process to manufacture CMCs. Single-source
precursor synthesis for SiC/H fC,N;_, has been studied by Wen et al., where they have
used polycarbosilane (SMP10) with tetrakis (dimethlamido)hafnium to fabricate Hf-based
UHTCs%. In another study, Li et al. used Zr-based polymeric precursor to fabricate C/ZrC
CMCs for high-temperature applications®’. PIP process are attractive due to the possibility
of producing large-size, complex and lightweight structures that can withstand above 1000
°C. Specially, C/SiC composites produced by PIP are suitable for thermal protection systems
(TPS) and propulsion components in aerospace technologies. Figure 2.6 shows test of C/SiC
subscale nozzle extensions and combustion chambers manufactured by Astrium Company 3.
These components were fabricated for a Ariane 5 main engine Vulcain, using PIP process

and tested for high-temperature applications at different conditions.

2.4.2 Reactive melt infiltration (RMI)

In reactive metal infiltration (RMI) process, molten metals or metal alloys are used to infil-
trate porous preform reinforcement and upon reactions a ceramic phase is created %%, The
porous preforms are usually densified before using either CVD or slurry impregnation %7,

This is done to introduce skeleton for the metal infiltration. Contact angle between the
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Figure 2.6: Ezamples of PIP-derived C/SiC composite nozzle extensions and combustion
chamber. (a) Vulcain subscale (1:5) C/SiC nozzle extensions manufactured by PIP process.
(b) Vulcain subscale nozzle on test bench in Ottobrunn. (c¢) Vulcain subscale nozzle during
40 bar hot-firing test. During the hot-firing test, temperatures up to 2300K were measured
on the hot-gas side by means of thermography. (d) C/SiC combustion chamber during the
hot-firing test. Maximum wall temperatures of up to 1700 °C were determined. (e) Modified
C/SiC combustion chambers coated with different layers. (f) Modified C/SiC combustion
chamber during the hot-firing test. The test time amounted to 5700 s in a combustion-
chamber pressure of 11 bars. Adapted from?.

molten metal and preform, metal viscosity, surface tension and high capillary force are nec-
essary for successful infiltration 572,

Several RMI process has been reported to fabricate UHTCs. According to Schulte-
Fischedick et al.™, silicon melt can diffuse through the already formed SiC. Several nucleation
sites are formed when silicon melt reacts with carbon, which contributes to the formation of
fine-grained SiC structure. Upon reacting with the carbon Usually, ZrC, Zr By, Zr,Cu, Si-Hf
alloy, Si-Ti alloy based molten metals are used for the RMI®%™_ For example, Kutemeyer
et al. used Zr-based intermetallic compound with boron powder to infiltrate carbon fibers,

which were partially densified with polycarbosilane precursor’ . Kubota et al. fabricated a

Zr By /SiC/ZrC matrix using a molten silicon infiltration ™. They reported that higher ZrC
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content in the sample contributed to higher amount of ZrS5 in the final ceramic. As a result,

samples with ZrS; phase showed improved performance at a high-temperature of 1800 °C.

cesic |
friction pads

Mounting
structure

Figure 2.7: Examples of carbon fiber reinforced SiC composites manufactured by RMI tech-
nique. (a) A C/SiC Nose cap (ca. 740 x 640 © 170 mm? t ca. 6 mm; m ca. 7 kg, DLR)
for X 38 aircraft. Rear side showing in situ joint load bearing elements. (b) Facetted C/SiC
TPS structure, built up by flat panels, mounted on a rocket system. (c¢) Jet vane and sealing
ring for thrust vector control of missiles. (d) Porsche Ceramic Brake Disk (PCCB) based
on C/SiC composite. (e) Emergency brake system foe elevators made with C/C-SiC brake
pads. (f) In-situ joint telescope tube for the laser communication terminal in the satellite
TerraSAR-X manufactured by Zeiss Optroniks. Adpated from™.

The advantages of RMI are that the process is cost-effective, require short period of
time and composites may have high thermal conductivity (40 W/mK). However, there are
also some drawbacks such as high-temperature of the infiltration process may damage the
fibers, presence of residual Si in the matrix, low mechanical strength, and modulus of the

composites, etc.
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2.4.3 Chemical vapor infiltration (CVI)

A gaseous chemical precursor is infiltrate into a fiber preform in chemical vapor infiltration
(CVI) process. The fiber preform is heated usually at temperatures above 800 °C in a

furnace, where the fiber is exposed to precursor gas™.

The precursor gas vapor usually
contains a mixture of Hy and hydrocarbon such methyltrichlorosilane (CH3SiCl3) for SiC
ceramic matrix. It is necessary to ensure the penetration of gas into the inner layers of the
preform. In the CVI process, the diffusion rate is controlled by controlling the temperature
and pressure of the process™. In case of SiC, volume ratio of Hy to CH3SiCls plays a
role in the infiltration as well. In lower temperatures and pressures, a higher ratio of H, to
CH;3SiCls is required to achieve stoichiometric SiC infiltration®.

CVlI-derived SiC matrix can withstand temperatures over 2300 °C in vacuum or inert

environment 56,

Other studies have reported using carbide phases such ZrC, HfC and
TaC as the precursor gas for CVI®#2, One study report to have used radio frequency
CVI (RF-CVI) to infiltrate a partially dense carbon fiber preform with pyrolytic carbon®3.
The preform was partially densified with vacuum infiltration of ZrB,. Achieving a uniform
distribution of precursor vapor in the center and surface of the preform is essential. That’s
why, CVI process is sometimes followed by other infiltration process such as PIP or RMI.
Such an example is shown in Figure 2.10, where a porous C/C composite was first prepared

by CVI process and followed by RMI process to manufacture a C/SiC composite. This

C/SiC composite was made by NPU in China as aircraft brake material.

2.5 Additive manufacturing of PDCs

Additive manufacturing, specifically, 3D printing has been an attractive technique in recent
years to fabricate PDCs due to the technique’s ability to control the architecture of the

8586 Several 3D printing techniques have

final ceramic product by computer aided design
been successfully utilized for example stereolithography (SLA), direct ink writing (DIW) and

powder-based printing (PB) for the fabrication of PDCs. For example, Eckel et al. used SLA
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Stator

Figure 2.8: Next-generation C/SiC Brake Materials for aircraft application manufactured
using CVI and RMI techniques. Collected from®.

to fabricate SiOC ceramic from a mixture of polysiloxanes and free-radical photo initiator®".
They used SLA to 3D print different complex structures such as honeycomb, corkscrew
and then pyrolyzed them at 1000 °C in argon environment to convert into SiOC ceramics.
Among the SiOC structures honeycomb showed relatively high compressive strength of 160
MPa and thermal stability up to 1300 °C. For SLA printing, preceramic polymer decides the
final ceramic component whereas the photo initiator works as a shape modifier.

In another study, Li et al. introduced digital light processing (DLP) 3D printing tech-
nology to manufacture Si(B)CN ceramic structures from polyborosilazane®. The printed
structures were pyrolyzed at various temperatures and maintained the shape after pyrol-
ysis. The pyrolyzed samples showed minimal weight loss of 0.35% at 1500 °C in air. The
Si(B)CN samples also showed a maximum hardness of approx. 8 GPa in the nanoindentation
test. Zocca et al. utilized PB technology to 3D print a Kagome structure form polysilox-
anes®. First the preceramic polymer solution is dried and ball-milled to powder followed
by layer-by-layer deposition of the powder to print the structure. Later the green structure
was pyrolyzed at 1000 °C to convert it to SiOC ceramic. Pierin et al. manufacture SiOC

ceramics via DIW technique from polysiloxanes ink?. The ink was derived from polymethyl-
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silsexquioxane mixed with silicon resin solid particles to achieve the proper viscosity. After
pyrolysis the SIOC structure retained its shape and showed a compressive strength of 2.5
MPa. Franchin et al. showed that DIW could be utilized to fabricate CMC structure®
A mixture of preceramic polymer with chopped fibers were used to formulate the ink. The
rheology of the ink was controlled by the ratio of fiber to preceramic polymer. It was shown
that shear stress generated at the nozzle tip controlled the orientation of the fibers in the
printed structure. The pyrolyzed CMC structure showed a porosity of 75% with a compres-
sive strength of 4 MPa. Due to the ease of use and controllability of shapes the organosilicon
PDCs show the great potential to be used in 3D printing. Some examples of 3D printed

silicon-based ceramics are presented in Figure 2.11.
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Figure 2.9: Additive manufacturing of polymer-derived ceramics. (a) UV-curable organosil-
icon preceramic monomers are mized with photo initiator. (b) The resin is exposed with UV
light in a SLA 3D printer or through a patterned mask. (c) A preceramic polymer part is
obtained. (d) Pyrolysis converts the polymer into a ceramic. Examples: (e) SLA 3D printed
corkscrew. (f, g) self-propagating photopolymer waveguide technology (SPPW) formed mi-
crolattices. (h) Honeycomb structure. Reproduced with permission from Ref.®”, Copyright
2016 American Association for the Advancement of Science.
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2.6 Energy storage

Batteries are the most common form of energy storage devices to date. The origin of battery
can be traced back to the Parthian empire (247 B.C.-224 A.D.), when the “Baghdad Battery”
was discovered in 1936 during an archeological excavation near Baghdad 2. Alessandro Volta
initiated the modern battery history by developing “Volta Cell”, which contained alternating
copper and zinc plates separated by cardboards”®. With the invention of lead-acid battery,
the world has seen the emerge of rechargeable energy storage technologies in 1859, The next
major breakthrough in the field of battery was the introduction of Li-ion batteries (LIBs),
which was proposed by Whittingham in 1972, transformed into a successful development by
Goodenough in 1980s, and commercialized by Sony in 1990s 4.

Despite significant evolution from the Volta cell to LIBs as well as supercapacitor devices,
each of these technologies still falls behind the demands of industry. EESS technologies and
progress of material science dictates that there is a need of essential elements to overcome the
challenge of supplying a stable energy. In the last decade, continuous progress has been made
towards this goal through the development of advanced electrode active materials. Thus,
high-energy rechargeable batteries (e.g., LIBs) and high-power supercapacitors are being
researched. However, to replace commercial needs of fossil fuel for stable and continuous
energy supply, each of these stand-alone technologies has to show significant advancement
toward energy storage. As shown in Figure 2.10, the LIB industy is expected to grow over
30% per year until 2030. However, this strong demand will also increase the need of LIB raw
materials. combining the high power characteristics of supercapacitors with the high energy
content of rechargeable batteries may improve the performance of hybrid energy storage

devices towards the diagonal target.

2.6.1 Lithium-ion battery (LIB)

LIB consists of a positive electrode (cathode) and a negative electrode (anode) separated
by an electronic insulating separator (barrier), an electrolyte, as well as current collectors

and a casing as shown in Figure 2.11. The separator prevents instant self-discharge and
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Figure 2.10: Global market demand for LIB by application in GWh. Reproduced with
permission from?’. Copyright 2022 Roland Berger.

electrical short circuits between the two electrodes, while allows the Li™ ions shuttling back
and forth between the anode and cathode through a chemically stable liquid but restricts
the movements of electrons. The chemically stable liquid that works as a host of the Li™
ions is known as electrolyte, which consists of lithium salts dissolved in an organic solvent %.

When LIB shown in Figure 2.11 is charged, Li* ions are stored in the anode (graphite
+ Si0, in this case). Li™ ions will move from anode to cathode if the circuit is kept closed
without applying any external voltage, which is known as cell discharging and cell voltage will
decrease to zero gradually. At the same time, anode will lose electron, while cathode gains
electron. As a result, the oxidation number of anode will increase. Due to the high resistance
of the electrolyte and separator, these electrons are forced to flow through an external circuit;
therefore, powering the load (e.g., remote control, lamp, etc.). It is worth noting that during
the discharge process in a LIB, LiT ions move towards the cathode (lithium transition metal
oxide depicted by Figure 2.11) in order to keep the charge neutrality. During charging of
cell, Li* ions move back to the anode from cathode, which is achieve by an applied voltage.

Potential versus capacity chart of the cathode and anode materials considered for LIBs is
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Figure 2.11: (a) Components of typical energy storage cell. Reproduced with permission
from?7.  Copyright 2016 Springer Nature. (b) Schematic illustration of the state-of-the-
art lithium-ion battery chemistry with a composite of graphite and SiOx as active material
for the negative electrode (note that SiOz is not present in all commercial cells), a (layered)
lithium transition metal oxide (LiTMO2; TM = Ni, Mn, Co, and potentially other metals) as
active material for the positive electrode, and a liquid electrolyte based on organic carbonates
as solvents and LiPF6 as conducting salt; the electrolyte commonly comprises moreover a
set of additives and potentially also additional solvents and lithium salts. Reproduced with
permission from?S. Copyright 2020 Elsevier B.V.

presented in Figure 2.12.
As the discharge is a spontaneous process, the open cell voltage can be determined by

equation 2.1.
pe = pt AG,
ltage = — =— 2.1
vonage 2. F 2. F 2.1)

Where in equation 2.1, . and , are the chemical potentials of cathode and anode elec-
trodes, respectively, z is the valence of working ion (+1 for Li*), F corresponds to Faraday

constant (96,485 C mol~!), and G, is the Gibbs free energy of reaction.

2.6.2 Supercapacitor

Supercapacitor is another class of electrochemical energy storage systems (EESS). The origin
of capacitor is attributed to the invention of “Leyden Jar” in 1745'%. The first electrolyte
capacitor was patented in 1896, where a high-purity etched aluminum foil was attached with
aluminum dioxide as a dielectric. The concept of electrochemical double-layer capacitor

(EDLC) was patented by General Electric in 1957, which had porous carbon material coated
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Figure 2.12: A summary of some present and future electrode chemistry options for Li-
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material, similar to the case found for some of the positive electrode materials. Reproduced
with permission from?’. Copyright 2019 MDPI

«101

on metallic current collector‘ '’*. However, Nippon Electric Corporation (NEC) commercially

introduced EDLC in 1971. It was NEC, who introduced the term “supercapacitor” for EDLC,

102 The pseudo-

where they developed a low-power device for memory bcakup applications
capacitor concept was reported by Trasatti and Buzzanca for the first time in 1971, that
opened up a new possibility for improved capacitance in supercapacitors!'%.
Supercapacitors (also known as electrochemical capacitors or ultracapacitors) are differ-
ent from conventional capacitor. Conventional capacitors are electrostatic capacitors, which
use thin insulating dielectrics between two parallel plates as shown in 2.13(a). Superca-
pacitors consist of two electrodes separated by an ion-permeable separator (such as glass,
ceramic, plastic, cardboard or paper) and an electrolyte that ionically connects the two elec-
trodes. In a supercapacitor, the charge is stored either at the electrode/electrolyte interface
by separation of charge in a Helmholtz double layer (known as electrochemical double layer

capacitance or EDLC) or by charge-transfer via Faradaic redox reactions (known as pseudo-

capacitance) !9, Supercapacitors are considered to be high-power (W) systems, whereas the
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batteries are considered to have high-energy (Wh) systems.

The energy storage mechanism in EDLCs is based on the electrolyte ion adsorption/
desorption on the interface of the electrode active materials and electrolyte as shown in
Figure 2.13(b). Using an electronically conducting electrode material with highly accessible
surface area is essential in achieving high capacitance in EDLCs. Nanostructured carbon-
based materials have good electrical conductivity and posses high specific surface area, which
malke these materials promising choice for EDLCs'%. In EDLCs, no Fardaic reaction happens
in the electrode/electrolyte interface and no electrochemical reaction takes place in the bulk
of the materials. In case of pseudocapacitors as shown in Figure 2.13, Faradaic redox reaction
takes place at or near the surface of the electrode materials. There is another type of hybrid
energy storage systems such as lithium-ion capacitor (LIC), where both EDLC and Faradaic
reactions are used to store the charges (Figure 2.13(d)).

The non-electrode components such as the current collectors, separators and binders aid
in sufficient electronic wiring within the electrode. However, the critical discussion of this

thesis is focused on a selected set of electrode active materials (i.e. PDCs).

2.7 PDCs in energy storage!

EESS are critical for sustainable and environmentally-friendly alternative energy sources.
In the last few decades, many scientific research studies have focused on developing high
capacity rechargeable devices with long life cycles. The challenge for researchers has been
to develop small, light-weight systems that have high energy and power densities during
their long cycling time to accommodate real-life applications. In this regard, polymer-derive
ceramics (PDCs) have emerged as the electrode materials of choice for secondary batteries
to replace traditional graphite-based electrodes.

The unique polymer-to-ceramic route of PDCs has shown promise for electrochemical

energy storage applications due to their high chemical stability in corrosive environments,

!Reprinted from Mujib, S. B., and Singh, G. (2022). Polymer derived SiOC and SiCN ceramics for
electrochemical energy storage: A perspective. International Journal of Ceramic Engineering Science, 4(1),
4-9.
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Figure 2.13: Schematic diagram of (a) an electrostatic capacitor, (b) an electric double-layer
capacitor, (c¢) a pseudocapacitor, and (d) a hybrid-capacitor. Reproduced with permission
from!%°. Copyright 2015 The Royal Society of Chemistry.

thermodynamic stability in high-temperature environments, high creep resistance, and tun-
able molecular structure, meaning the final ceramic has controllable porosity and electronic
conductivity'%”. In addition, PDCs can be easily fabricated to many desirable shapes and
structures (e.g., fibers, coatings, ceramic matrix composites, MEMS etc.) as demanded by

o810 - Also, variable processing parameters, such as pyrolysis temperature

the application

and environment, provide significant property variation in the PDCs, which has made PDCs

promising electrode materials for rechargeable metal-ion batteries and supercapacitors.
The electrochemical properties of ceramics derived from a molecular precursor were first

introduced by Dahn et al. in the 1990s 2. For the following two decades, researchers have
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diligently studied PDCs’ ability to reversibly intercalate metal-ions. The mixed bond struc-
ture in the final amorphous ceramic and the conducting carbon phase, especially in silicon-
based PDCs, control the electrochemical properties of PDCs in reversible storge systems '3 1°.
PDC performance as electrodes in electrochemical energy storage devices has also been in-
vestigated systematically using various fabrication techniques. In addition to conventional
bulk powder-based film, thinner films fabricated by depositing preceramic polymer onto a
current collector, followed by pyrolysis, have shown promise to achieve high storage capacity
of PDC electrodes'®. The used of additive manufacturing technology to fabricate complex

and lightweight PDC electrodes has also been reported 1%

, and electrospinning technique has
been utilized to fabricate flexible, wearable, cloth-like PDC electrodes to achieve outstand-
ing electrochemical performance!®. All these techniques enable the hierarchical porosity and
intrinsic conductivity in the PDCs, which can successfully buffer volume changes of the elec-

trode during charge/discharge cycles. The following sections describe the electrochemical

performances of various PDCs synthesized using different techniques in metal-ion batteries.

2.8 PDCs in lithium-ion batteries

LIBs extensively utilize Si-based nanostructures due to their favorable properties towards
lithium storage, (e.g., high theoretical capacity of 4200 mAh ¢=!, which is almost ten-fold

20;21)

higher than traditional graphite electrodes and because Si has low charge/discharge

potential (0.5 V vs. Li/Li")?%. However, the formation of Li-Si alloy is less reversible in room
temperature, and Li insertion into Si results in 400% volume expansion of the Si lattice %24,
which contributes to electrode pulverization, reduced electrical contact, and severe capacity
fading. One of the ways to overcome this problem is to utilize Si-based PDCs instead of Si
in its bulk form. Current state-of-the-art applications of Si-based PDCs can store lithium
reversibly in the potential range of 0-3 V and provide a specific capacity of 900 mAh g—*
with a high coulombic efficiency of 99%. In addition, the porous microstructure of PDCs

provides high surface area, and structural stability during lithiation and delithiation. Among

several alternatives, silicon oxycarbide, derived from polysiloxanes, and silicon carbonitride,
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derived from polysilazane, are the most promising PDCs as electrode materials. The most

common synthetic process of SIOC and SiCN, and their charge-storage mechanism is shown

in Figure 2.14(a-b).
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Figure 2.14: The most common precursors used for synthesis of polymer-derived (a) SiOC
and (b) SiCN and their microstructures. Schematic representation of SiOC and SiCN as
active electrode materials in EESS. The green Li™ /Na+ ions stored reversibly in the systems,
whereas gray Li™ /Na+ ions are captured irreversibly. The phase diagram of (¢) SiOC and

(d) SiCN ternary systems. The high capacity occurs towards the green shaded area in the
center of the pyramids.
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2.8.1 SiOC system

Silicon oxycarbide (SiOC) is a ternary Si-based ceramic system, that is composed of a mixed
network of Si tetrahedrally bonded to carbon and oxygen atoms and a segregated carbon
phase (free C) to form an amorphous ceramic structure. The presence of mixed bonds and
free C in the structure prevents crystallization of the silica phase and controls oxidation
resistance?®. Maximum capacity is achieved in the amorphous ceramic phase as shown in
Figure 2.14(c), where the SiOy and SiC mixed bonds co-exist with the free C domains.
Since Wilson et al. reported bulk SiOC as potential anode material in LIBs in 1994 ',
continuous efforts have been made to apply SiOC anodes for Li* ion storage. Wilson et al.
showed that amorphous SiOC derived from two different polysiloxanes achieved a specific

capacity near 600 mAh ¢!

when the majority of capacity were below 1.0 V vs Li/Li™.
In 1997, Xing et al. studied over 60 siloxane polymers to derive various compositions of
SiOC samples at a temperature of 1000 °C'2. They showed that the presence of carbon in
amorphous SiOC is necessary to provide a path for Li* ions and electrons and to reversibly
react with lithium. Xue et al. showed that irreversible capacity, associated with the first-
cycle charge/discharge of a SiOC electrode in LIBs, increased with the increase of silicon
and oxygen contents?.

Dibandjo et al. studied the lithium insertion/extraction properties of dense and porous

SiOC ceramics?’.

Porous SiOC was achieved by etching dense SiOC using a 20 vol% hy-
drofluoric acid (HF) solution. The initial cycles were run at a current density of 18 mA g,
and then the current density was increased to 36 mA ¢g~!. Although both dense and porous
SiOC provided >600 mAh ¢g—! as first cycle capacities, the porous sample showed a stable
electrochemical response up to 30 cycles while the dense sample capacity dropped to zero
after 10 cycles. Kaspar et al. studied the influence of pyrolysis temperature ranging from
900 to 2000 °C*%. Results showed that increasing temperatures caused the free C phase
to organize toward ordered configurations, and amorphous SiOC resulted in SiC crystals. In

addition, decomposition of the SIOC network at increased temperature decreased the stabil-

ity of the free C phase. As a result, the reversible capacity dropped from 660 mAh ¢~' at
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900 °C to 80 mAh ¢! at 2000 °C.

Ahn et al. utilized the coulometric titration technique to study hysteresis in SiOC ce-
ramics®’. They measured the polarization potential of hysteresis to be 250-500 mV, which
occurred at the anode-electrolyte interface and was proportional to the cycling rate. Coating
the active SiOC with a few layers of alumina shifted the hysteresis curve by 50 mV, indi-
cating that hysteresis was due to the kinetics and thermodynamic limitations of Li* ions
diffusion in the SiOC system. Kaspar et al. showed that the presence of carbon influences
electrical conductivity and thus capacity of the SiOC electrode in LIBs3!. Materials with

1 and their initial

carbon content j20 wt.% showed electrical conductivity of 3*10-8 S m™
capacity faded rapidly with cycling. However, materials with higher C contents had up to
2.2 S m~! electrical conductivity and demonstrated stable specific capacity of 500 mAh g~!
after 60 cycles.

Sun et al. incorporated the first-principles theoretical approach to study lithium storage
in SiOC32. They suggested a two-step process: LiT ions are first absorbed in the nanovoids,
and then they get absorbed in SiOC tetrahedral units, free C phase, and defects. Fig-
ure 2.15(a) shows the supercell model of carbon-rich SiOC with boundary condition. The
unit cell containing the Si, O, and C atoms with the nanovoids are shown in Figure 2.15(b).
The formation of energy and volumetric strain of SiOC as a function of Li concentration
during two-step lithiation are shown in Figures 2.15(c) and (d). In the segregated C phase
charge transfer occurred in the defects and edge of five or seven carbon rings, whereas in
the SiOC system charge transfer occurred primarily around the oxygen and carbon atoms.
The red line indicates lithiation in nanovoids, whereas the blue line shows lithiation in SiOC

units and carbon phase.

2.8.2 SiCN system

The silicon carbonitride (SiCN) is another ternary Si-based ceramic system, that includes Si,
bonded to carbon and nitrogen atoms and a segregated carbon phase. Similar to SiOC, the

high capacity of the SiCN is achieved towards the center of the amorphous ceramic phase as
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Figure 2.15: Lithium storage mechanism in SiOC system. (a) Supercell atomic model of
SiOC, containing S10,Cy_,, segregated C phase, and nanovoids. (b) Unit cell of SiOC' shows
a series of Si0y, Si03C, SiO2Cy, and SiOC5 tetrahedral units. The gray atoms indicate the
segregated C phase which forms the backbone of the network. (c) Formation energy of SiOC
during lithiation in Li,Si0C, and (d) volumetric strain as a function of Li concentration
during two-step lithiation. (e) Charge-densily map in different regions of LiggSiogOsaCes.
Most of the charge transfer takes place in the O atoms and unsaturated C atoms. Reproduced
with permission from®*. Copyright 2017 American Chemical Society.

shown in Figure 2.14(d). Liebau-Kunzmann et al. were among the first to suggest the use of
SiCN as potential anode for LIBs?3. They synthesized lithium-containing SiCN via lithiation
of polysilazane. Li bonded to C and N in the SiCN system were found after pyrolysis at
1100 °C. Their results affirmed the potential use of a SICN anode in LIBs.

Su et al. investigated the electrochemical properties of SICN in LIBs, where SiCN were
obtained at various pyrolysis temperature®*. Results showed that amorphous SiCN obtained
at 1000-1300 °C had a free C phase and showed a high first cycle capacity of 608-754 mAh
g~ !. However, the SiCN derived at 600-800 °C contained organic groups, and the SiCN
derived at 1400-1500 °C contained SiC crystallites, which exhibited much lower specific ca-
pacities than the amorphous SiCN. Graczyk-Zajac et al. studied the performance of SiCN in
LIBs derived from polysilazane at five temperatures: 1100, 1300, 1500, 1700, and 2000 °C?®.
Pyrolysis of the SICN samples at different temperatures produced two types of carbon in the

structure: non-graphitic disordered carbon and turbostratic carbon. Increasing the temper-
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ature over 1500 °C contributed to the formation of the -SiC phase, which decreased capacity
at higher temperature (>1500 °C). The authors showed that carbon-rich SiCN prepared at
1300 °C exhibited the highest capacity of 300 mAh g~!. Liu et al. studied the variation of
pyrolysis environment using Ar and H, environments®¢. The H, atmosphere demonstrated
higher carbon content and reversible capacity. DVB was used with polysilazane as an ad-
ditional carbon source, the carbon content increased from 9.9 wt.% to 49.3 wt.%, resulting
in increased specific capacity from 136 mAh ¢g~! to 574 mAh ¢! for SiCN as an anode in
LIBs.

Feng et al. investigated five different polymer precursors to synthesize SICN with various
carbon contents??. They also studied the carbon contribution in SiCN materials during
lithiation/delithiation and the reason for capacity fading. Results showed that the di-n-
octyldichlorosilane synthesized poly-silyl-carbodiimide sample provided the highest carbon
content, with the highest reversible capacity of 826.7 mAh ¢! after 100 cycles with >97%
coulombic efficiency. The outstanding electrochemical performance of this SICN anode was
due to the formation of a stable solid electrolyte interface (SEI) layer on the anode surface,
which prevented electrode cracking during lithiation/delithiation. Increased carbon content

also resulted in high electrical conductivity and electrochemically reactive sites.

2.8.3 PDC/nanomaterial composites

PDC-based anodes such as SiIOC and SiCN pose several drawbacks when used on their own
as powder-based, thin film, amorphous, or crystalline electrodes in LIBs. High first-cycle
loss, voltage hysteresis, and capacity decay are the primary disadvantages of using bare
PDC materials as electrodes. Therefore, researchers have introduced nanomaterials, espe-
cially graphene or carbon nanotubes (CNTs), into PDCs to synthesize nanomaterial-based
composite electrode materials. These PDC-nanomaterials composites offer reduced ionic dif-

107 For example, Konno et al.

fusion length, high electronic mobility, and high aspect ratio
synthesized a SiOC/exfoliated graphite composite and studied the electrochemical perfor-

mance in LIBs?. As an anode, this composite material delivered a reversible capacity of 625
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mAh ¢~! with a first cycle loss of 30%. The composite samples were pyrolyzed at 1000-1300
°C and all the samples showed stable performance at a high current density of 100 mA ¢~
Wu et al. embedded SiOC nanolayers directly into graphite to synthesize a SiOC/graphite
composite clectrode. The graphite acted as a support to enhance the structural stability
and electrical conductivity of the composite and decreased the diffusion path for lithium. The
synthesis process of the composite electrode is shown in FigureFigure 2.16(a). TEM image
in FigureFigure 2.16(b) shows the SiOC nanolayers randomly distributed on the surface of
200-300 nm size graphite substrates. As a result, the composite anode showed almost 100%
capacity retention as shown in Figure 2.16(c), even after cycling at 5000 mA ¢~!, while the
electrode showed a diffusion coefficient of 2¥10-10 cm? s_; and delivered a reversible capacity

of 500 mAh g~* over 1000 cycles at a current density of 2000 mA ¢~* (Figure 2.16(d)).
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Figure 2.16: Electrochemical performance of SiOC/graphite composite anode in LIBs. (a)
Schematic shows the synthesis process of SiOC nanolayers directly-embedded in graphite. (b)
HRTEM image of SiOC/qgraphite nanocomposite showing the SiOC nanolayers on graphite
substrate. (c) Rate capability of SiOC and SiOC/graphite anodes in LIBs. (e) Cycling
stability performance of S1OC/graphite anode shows excellent cycleability of the electrode

even at a higher current density of 2 A g=*. Reproduced with permission from%. Copyright
2019 Elsevier B.V.

Feng et al. introduced CNTs into SiCN by pyrolyzing polysilylethylenediamine with
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multi-walled CNTs at 1000 °C%. The as-synthesized SiCN/CNT composite, which was
used as anode material in LIBs, delivered a high discharge capacity of 1176.6 mAh ¢~*
at a current density of 0.2 mA e¢m~2. The 3D network of CNTs provided an enhanced
electrical conductivity and a stable structure to the composite electrode. The electrochemical
performance of the SICN/CNT composite was much higher than the capacity of pure SiCN,
CNTs, and commercial graphite electrodes.

David et al. coated an aluminum-modified polysilazane on the surface of CNTs to synthe-
size a Si(Al)CN/CNTs composite electrode material . The as-prepared composite electrode
showed high rate capability and cycling stability as LIB anode, due to the enhanced electri-
cal conductivity (by 7 times compared to SiCN), when SiCN interfaced with aluminum and
CNTs. The Si(Al)CN/CNT electrode exhibited stable specific capacity of 577 mAh ¢! at
a current density of 100 mAh ¢—! and 400 mAh ¢! at an extreme current density of 10,000
mA ¢~!. Huang et al. integrated MnO nanoparticles into a SiOC matrix to investigate the
electrochemical performance of SIOC/MnO electrodes®. MnO has high theoretical capacity
(755 mAh ¢g~!), low volage hysteresis (<0.8 V), and low plateau voltage (1.032 V) in LIBs.
Introducing MnO into the SiOC ceramic resulted in stable performance with high capacity.
The SiOC/MnO composite anode in LIBs delivered a high reversible capacity of 770 mAh

1

g~ ! at a current density of 100 mA ¢!

after 200 cycles. In another study, Idrees et al.
introduced nitrogen sulfur dual-doped graphene sheets (NSGs) into the Si(B)CN!%. NSGs
were introduced into pyrolyzed Si(B)CN using the ball milling technique. When tested as
an anode in LIBs, the as-prepared Si(B)CN/NSG composite exhibited a high specific ca-
pacity of 785 mAh ¢! after 800 cycles at a current density of 450 mA ¢~'. The intrinsic
defects of NSGs provided enhanced active sites to the composite electrode and improved the
electrochemical performance.

In summary, PDCs are unique compounds with tunable compositions and variable prop-
erties. Negligible capacity fading for C-rich PDCs at higher current in LIBs, and ability to
accommodate Li™ ions in the amorphous PDC structure, are some of the major advantages
of using PDCs in EESS. However, there are some drawbacks in using PDC anodes such

as high processing temperature, high voltage hysteresis and high first-cycle capacity loss
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etc. A greater understanding and control of the phase distribution/composition during the

synthesis of PDCs will help to effectively utilize them in energy storage devices.

35



Chapter 3

Fabrication of PDC/Carbon fiber

ceramic mini-composites

3.1 Preview

In this study, the potential of polymer-derived ceramic matrix composites (CMCs) is demon-
strated by addition of thin ceramic coatings on carbon fiber (CF) bundles. Boron- and
hafnium- modified polysilazane liquid precursors were used to wet the surface of fibers to
synthesize Si(B)CN/CF and Si(Hf)CN/CF CMC mini-composites, respectively. Nearly com-

pletely dense and defect free ceramic matrix were obtained.

3.2 Introduction

Ceramic matrix composites (CMCs) are suitable candidates for aerospace and aircraft com-
ponents (hypersonics, turbine engines, atmospheric re-entry vehicles, and rocket nozzles) due

to their low density, high limit of damage tolerance and improved reliability 110~

. Hyper-
sonic flights introduce high heat fluxes, whereas turbine engine blades and rocket nozzles
require new materials to increase operational temperatures while maintaining a lightweight

structure > 7115 Temperatures in specific regions of these flights can surpass 1500 °C, which

36



cannot be sustained by current metal alloys without active cooling!. CMCs are capable of
satisfying the high-temperature requirements in a lightweight structural form for aerospace
applications 16117,

Ceramic monoliths and conventional ceramics such as SiC or Si3/N4, manufactured via
powder processing technology, have shown exceptional oxidation resistance above 1000 °C in
a low density form!'®. However, the brittle nature of these ceramics prevents machining. On
the other hand, Si-based polymeric precursors, commonly known as poly(organosilazanes),
poly(carbosilane) and poly(organosiloxane) transform into complex ceramic materials such as
SiCN, SiC, and SiOC upon controlled thermal decomposition 112! These covalently bonded
molecular precursor-derived ceramics (PDCs) differ from traditional ceramics because PDCs
have processing flexibility that allows to achieve desired shape, control of nano-structure of
the final ceramic product by tuning the precursor chemistry, low processing temperature, and
the ease of composites fabrication!??. In addition, elemental doping and the addition of fillers,
including B2, Al'24, Zr0,'?°, Ti0,'?%, and H fO,'%", is possible for PDCs. Depending
on the elemental configurations Si-based PDCs can be used in various high-temperature
applications involving coatings, sensors, reinforcement, or matrices 2.

Previous works have primarily studied liquid-precursors synthesized from multiple sources

129-132 " and reported various elaborate techniques to fabri-

to fabricate quaternary ceramics
cate ceramic composites such as PIP 35133 mechanical alloying and hot-press sintering'®?,
spark plasma sintering'®® etc. The current work aimed to study the efficacy of the infiltra-
tion process of carbon fibers (CFs) cloth or mini-bundles of CFs by single-source liquid-phase
precursors of Si(B)CN and Si(Hf)CN, and the effect on the morphology and micro-structure
of the mini-composites. Here, a polysilazane-based precursor was mixed with boron-, and
hafnium-containing precursors to synthesize Si(B)CN and Si(Hf)CN polymeric precursors,
respectively. The homogenous solutions of the precursors were then allowed to infiltrate
carbon fiber cloth via a drop-coating process mimicking a lab-scale polymer infiltration pro-
cess, and then crosslinked and pyrolyzed to achieve Si(B)CN/CF and Si(Hf)CN/CF ceramic
mini-composites. For comparison purposes, SICN/CF mini-composites were also fabricated

using the polysilazane precursor. Several characterization techniques, such as scanning elec-
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tron microscopy (SEM), Raman and Fourier-transform infrared (FTIR) spectroscopy, X-ray
photoelectron spectroscopy (XPS) were used to evaluate the polymer-to-ceramic evolution

and micro-structures in SiCN/CF, Si(B)C/CF and Si(Hf)CN/CF ceramic composites.

3.3 Experimental

3.3.1 Materials

A commercially available carbon fiber cloth was used in this study as the reinforcement
phase: 6K, 2x2 Twill Weave Carbon Fiber (Fibre Glast Developments Corporation, USA).
According to the manufacturer, the fiber has a thickness of 0.017 inches and a weight of 10.9
oz/sq yd.

The polysilazane ceramic precursor, Ceraset’™ PSZ 20 was obtained from Clariant Cor-
poration, USA. Trimethyl borate (TMB) (98 %, MW 103.91 g mol™!) and hafnium iso-
propoxide isopropanol (C12H28HfO4) (99.9 %, MW 414.84 g mol~!) were purchased from
Sigma Aldrich, USA. For the preparation of coating solutions, isopropanol (99.9 %, MW

60.096 g mol™') from Fisher Scientific, USA was also used as the solvent.

3.3.2 Preparation and optimization of preceramic polymer pre-

cursor for Si(B)CN and Si(Hf)CN ceramic

Si(B)CN-preceramic polymer: Boron-modified silazane was prepared following procedures

described in a patent by authors!*®. Boron reagent TMB was added in a drop-wise manner

to poly(ureamethylvinyl)silazane (commercial name: CerasetTM) in a large beaker at a

slow rate of 1 mL min~!

while the Poly(ureamethylvinyl)silazane was stirred at 300 rpm

overnight. The overall concentration of boron reagent to Ceraset was approximately 1:1 wt.

%. The preceramic polymer’s rheology sufficiently allowed wetting of the carbon fibers.
Si(Hf)CN-preceramic polymer: Hf-modified silazane was prepared following a similar

procedure as described in the previous section. Because the rheology, polymer-to-ceramic
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yield, and the optimum loading of Hf in polysilazane was not known, a study involving three
different mass ratios of Hf reagent to polysilazane was conducted. As shown in the results in
Figures 3.1 and 3.2, the 3:1 mass loading of Hf reagent in polysilazane lead to the pre-ceramic
polymer reaching a saturation limit. Any further additions of Hf-reagent led to precipitation

in the polysilazane (Figure 3.1(c)).

Solution

Crosslinked Preceramic  Preceramic Polymer

Polymer

Cy,H,3HfO,4: PSZ = 2:1 wt. ratio C;,H,gHfO,: PSZ = 3:1 wt. ratio C;,HgHfO,: PSZ = 4:1 wt. ratio

Figure 3.1: Digital camera images: (a-c) Solubility of Hafnium Isopropozide Isopropanol
in Polysilazane (PSZ) with different concentrations (top) and (d-f) their corresponding
crosslinked powders (bottom). Yield represents preceramic precursor solution to crosslinked

polymer conversion

3.3.3 Preparation of PDC/CF ceramic mini-composites

Circles with approximate diameters of 19 mm were cut from the CF cloth (approx. 100 mg)
with a metal punch. The pre-ceramic polymer solutions (polysilazane, B-modified silazane
for Si(B)CN ceramic , and Hf-modified silazane for Si(Hf)CN ceramic) were then injected
using pipettes (approx. 30 mg) to infiltrate the CF circular discs entirely. Consequently,
approximately 0.25 mL of preceramic polymer was used for approximately 25 mg of CFs.
Then, the samples were cross-linked in air (300°C, 8 hours in an oven) or Ar (180°C, 16 hours

in a glovebox). Next, the samples were pyrolyzed in an Ny atmosphere at 800°C for 30 min,
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ield 89%

b Yield 49%
%6;

C,,H,gHfO,: PSZ = 3:1 wt. ratio Crosslinked at ~300°C for 8 hrs in air Pyrolyzed at ~800°C for 30 min in Ar

(30 wt.% of Cy,H,gHfO, in IPA)

Figure 3.2: Digital camera image of the optimized Hf-modified polysilazane from (a) prece-
ramic polymer precursor to (c) ceramic Si(Hf)CN powder. Yield represents the polymer-to-
ceramic conversion (by mass).

resulting in PDC/CF ceramic mini-composites (cited as CMCs) as shown in Figures 3.3(a)
and (b).

The as-fabricated PDC/CF CMCs are shown in Figure 3.4. The preceramic polymer
coated fibers were crosslinked in two different environment- in air at 300 °C and in Ar
environment at 180 °C to achieve ideal ceramic coatings and yield on the carbon fibers.
Crosslinking in Ar provided the best result in terms of ceramic yield from the polymeric
precursor. As a result, further experiments were conducted only on samples fabricated in an
inert environment. Polymer-to-ceramic conversion yield (by weight) of various CMC samples

are presented in Table 3.1.

Table 3.1: Conversion yield of coated samples by weight from polymer-to-ceramic stage.

Pyrolyzed samples Wt. Yield (%)
SiCN/CF (XL in air) 88
Si(B)CN/CF (XL in air) 72
Si(Hf)CN/CF (XL in air) 41
SiCN/CF (XL in Ar) 89
Si(B)CN/CF (XL in Ar) 04
Si(Hf)CN/CF (XL in Ar) 98
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Polysilazane + Hf
(Isopropanol as so/vent)

Figure 3.3: Schematics show coating, crosslinking, and pyrolysis process of PDC/CF CMC
mini-composites. (a) Synthesis process of Si(B)CN/CF, and (b) Si(Hf)CN/CF ceramic mini-

cOMmposites.

3.3.4 Characterization techniques

This study utilized several characterization techniques to determine the morphology, com-
position, and chemical compositions of the samples at various stages of fabrication of the

CMC mini-composites. The surface morphology of the samples was studied using SEM on

a Carl Zeiss EVO MA10 system with incident voltage of 5 kV.

The surface composition was analyzed by XPS using a Thermo Scientific Al Ka+ ion

beam (beam energy = 1486.6 eV and spot size = 400 pm). An initial sputtering with Ar™

41



SiCN

Si(B)CN

Si(Hf)CN

Neat CF Cross-linked Pyrolyzed
polymer/CF PDC/CF

Figure 3.4: Digital camera images of CFs coated with (a) polysilazane, (b) boron-modified
polysilazane, and (c) hafnium-modified polysilazane before coating, after cross-linking and
after pyrolysis. Crosslinking is done at 180 °C in Ar environment and pyrolysis is done at
800 °C in Ny environment.

at 3.0 keV for 2 min was performed on the surface of the ceramic coated fibers to remove
the surface contamination.

Molecular structure and chemical evolutions of the CMCs were determined via Raman
spectroscopy and FTIR. A confocal micro-Raman microscope (Horiba Jobin Yvon LabRam
ARAMIS) equipped with a HeNe laser source (632.8 nm) was used to conduct Raman anal-

ysis in the range of 800 to 2000 ¢m ™' to determine the carbon vibrational modes. The
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presence and evolution of various chemical functional groups of the silazane precursors in
the composites were investigated using a Perkin Elmer Spectrum 400 FTIR spectrometer in

the range of 500 to 2500 em L.

3.4 Experimental

SEM micrographs of the CMC mini-composites revealed the surface features and coating
thickness of the samples. SEM images of SiCN/CF, Si(B)CN/CF, and Si(Hf)CN/CF ceramic
composite samples are shown in Figure 3.5. Figure 3.5(a) compares the uncoated CFs
and individual fiber specimen before the ceramic coating; the CMC samples showed shiny,
uniform, and continuous ceramic coatings on the surfaces. As shown in Figure 3.5(b), the
SiCN coated fibers after pyrolysis were clearly discernible from the uncoated fibers before
pyrolysis and the Si(B)CN coating had a smooth, continuous surface free from defects,
as shown in Figure 3.5(c). However, for Si(Hf)CN coated fibers (Figure 3.5(d)), ceramic
coatings were observed to stick out of the fiber surface coatings after pyrolysis, which is
the result of an excessive deposit of preceramic polymers into the CF disc during coating
process. For uncoated CFs, the average fiber diameter was measured to be 6 to 7 pm. For
SiCN/CF, Si(B)CN/CF, and Si(Hf)CN/CF CMCs the average dimeter was 7-8, 9-12, and
7-8 nm, respectively.

Raman spectra of the CMC samples showed the presence of carbon domains to evaluate
corresponding microstructures in the composite materials. As shown in Figure 3.6, the D
and G vibrational bands at 1342 and 1600 cm ™!, respectively, suggested the presence of “free
carbon” structures. The D peaks indicated disordered bands that originated in structural
defects and aromatic rings, whereas G peaks were associated with in-plane stretching of

sp?-hybridized carbon atoms'?”

. However, the D and G peaks were not pronounced in the
Si(Hf)CN/CF sample. This phenomenon was attributed to the strong fluorescence back-
ground that was produced under the visible laser source (HeNe 632.8 nm). XPS analysis
was later performed to confirm the presence of carbon domains in the Si(Hf)CN/CF sample.

FTIR spectra in Figure 3.7(a-b) shows the characteristic absorption bands of the polymer-
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Figure 3.5: SEM images of CFs with individual fibers before and after ceramic coatings. (a)
Uncoated CFs, (b) continuous SiCN coating on the CFs, (c¢) comparatively thicker ceramic
coating (2-4 um) of Si(B)CN/CF, (c) protruding ceramic coatings for Si(Hf )CN/CF indicate
excess amount of preceramic polymers are infused during coating process. The scale bar is
10 pm.

to-ceramic conversions of the SICN/CF, Si(B)CN/CF, and Si(Hf)CN/CF samples. For the
crosslinked samples in Figure 3.7(a), the peaks at 1060 cm~* and 1260 cm ™! corresponded to
the stretching of Si-O-Si and Si-C'Hs, respectively, in the CMCs'3®. These peaks indicated
the presence of Si precursors in the composite samples. For Si(B)CN/CF and Si(Hf)CN/CF
samples, the decreased Si-C'Hz and SisN-H ( 1175 ecm™!) peak intensities were contributed
to the increased crosslinking of the samples at 180 °C . A broad peak of B-N functional
group formed in the Si(B)CN/CF sample, and became more intense after pyrolysis (Fig-
ure 3.7(b))'¥. A characteristic absorption band of Hf-N-C ( 945 cm™!) was found in the
crosslinked Si(Hf)CN/CF sample, which was overlapped with the Si-C Hjz peaks 10. After
pyrolysis, the CMC samples showed two main peaks of Si-O ( 1060 ¢m™') and Si-C ( 800

em™ 1) as presented in Figure 3.7(b). The presence of these two obvious peaks in all the sam-
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Figure 3.6: Comparison of Raman spectra for the CMC samples. SiCN/CF, Si(B)CN/CF,
and Si(Hf)CN/CF samples show carbon D and G bonds, suggesting the presence of ceramic
coatings.



ples confirmed the existence of ceramic coatings in the composites4%!41 All characteristic

bands of the H-containing functional groups also disappeared indicating the conversion of

polymer coatings to ceramic materials.
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Figure 3.7: FTIR spectra of ceramic composites after (a) crosslinking, and (b) pyrolysis

show the evolution of chemical bonds in the ceramic coatings from the polymer to pyrolyzed
stages.

XPS was performed to determine the elemental composition of the CMC samples and to
characterize bonding of the molecules present in the samples. As presented in Figure 3.8, XPS
survey scan showed Si2p, Cls, and O1s peaks in all the samples, thereby confirming the pres-
ence of ceramic coating on the CFs. An additional Bls peak was found for the Si(B)CN/CF
samples, but the N1s peak intensity was suppressed in the survey scan of Si(B)CN/CF. For
the Si(Hf)CN/CF sample, the Hf-peaks confirmed the presence of Si(Hf)CN coating on the
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CFs. Surface compositions of the CMC samples were determined by integrating the area

under the respective elemental peaks and presented in Table 3.2.

Table 3.2: Elemental composition (at.%) of the CMC mini-composites determined by XPS

Pyrolyzed samples Si C N O B Hf
SiCN/CF 41.33 | 9.84 | 1.32 | 47.51 | - -
Si(B)CN/CF 40.34 | 6.84 | 0.55 | 49.00 | 3.27 | -
Si(Hf)CN/CF 28.63 | 13.56 | 1.51 | 48.12 | - | 8.18

Figure 3.9 shows the bonding of various elements in the CMC samples. Fitted peaks
under the Si2p (Figures 3.9(a), (e), (j)) for all the samples primarily showed the presence
of Si-N (102.4 eV) and Si-C (100.8 eV) bonds, which confirmed the uniform distribution
of ceramic coatings on the surface of the CFs. A minimal amount of Si was bonded to
the oxygen. Low intensity of the C-Si (284.0 ¢V) bond under the Cls peak in SiCN/CF
(Figure 3.9(b)) and Si(B)CN/CF (Figure 3.9(f)) were attributed to the low carbon content
of the samples. In addition, C-C (284.9 eV) and C=0 (286.4 eV) were observed in the Cls
band!*2. The intense peaks for C-C suggested that most of the carbon phase in the ceramic
coating was “free carbon”. As shown in Figure 3.9(g), N1s peak in Si(B)CN/CF sample was
not fitted due to the low nitrogen content in the sample, as indicated by the survey XPS. In
the Ols bands (Figures 3.9(d), (h), (m)), additional peaks for BoO3 (533.8 €V) and H fO,
(530.4 eV) were observed for the Si(B)CN/CF and Si(Hf)CN/CF samples, respectively. In
the Si(B)CN/CF sample, boron (Figure 3.9(i)) was primarily bonded to nitrogen (B-N) and
oxygen (B-O)!3. Hf4f band (Figure 3.9(n)) was fitted with two intense peaks at 19.6 and
17.8 eV that corresponded to Hf-O-Si and Hf-O-C, respectively 44145,

3.5 Conclusions

This study presented a scalable method to fabricate ceramic composites from single-source
boron- and hafnium- modified polysilazane precursors. Electron microscopy of the Si(B)CN/CF

and Si(Hf)CN/CF samples confirmed the formation of ceramic matrix on the carbon fiber
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reinforcements. Raman, FTIR, and XPS characterization techniques outlined the polymer

to ceramic conversion stages.
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Figure 3.8: XPS survey spectra of CMC samples. Presence of Si, B, Hf, and N confirms

the Si(B)CN and Si(Hf)CN ceramic coating on the fibers. XPS of SiCN/CF coated fibers is
included for comparison purposes.
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Chapter 4

Properties of PDC /carbon fiber

ceramic-matrix composites

4.1 Preview

Nearly completely dense and defect free ceramic matrix were obtained in Chapter 3. the
as-fabricated samples were then subjected to several tests to investigate mechanical proper-
ties and oxidation stability. Room-temperature tensile tests showed that the Si(Hf)CN/CF
sample could reach a tensile strength of 790 MPa and elastic modulus of 66.88 GPa among
the composites. Oxidation study of the mini-composites showed stability of the samples
up to 1500 °C. Structural and compositional changes of the samples were also elaborately

investigated by XPS and SEM analyses.

4.2 Introduction

Typically, boron-containing PDCs have much higher chemical and thermo-mechanical stabil-
ity than boron-free counterparts. Although the molecular structure of Si(B)CN is not fully
understood yet, the h-BN phase may increase the free activation energy for crystallization

and Si-N reaction with C. Because PDCs can be conveniently prepared by controlled heat-
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ing and chemical modifications of liquid-phase polymers to take any desired shape, they are

122;136;146;147 T 0e et al. incorporated polymer

useful for defense and aerospace applications
infiltration and pyrolysis (PIP) to synthesize Si(B)CN CMCs that were stable up to 1500
°C in Ar atmosphere'®. Weinmann et al. used Si(B)CN ceramics from a boron-modified
polysilazane precursor to show the ceramic was stable up to 2000 °C in thermogravimet-
ric analysis (TGA) in an inert gas atmosphere'®. According to the authors, substantial
amounts of Si3/Ny can affect the high-temperature stability due to the decomposition of
Si(B)CN into N, and SiC. Kong et al. showed that Si(B)CN ceramics could retain the
amorphous structure up to 1600 °C with a boron atomic composition of 6 to 85 % in

the final ceramic structure 8.

Zhao et al. used sodium borohydride as a boron source to
achieve Si(B)CN ceramic, which showed a dense and smooth surface after annealing at 1400
°C13L, In this liquid-precursor approach, the poly(boro)silazane containing active group Si-H
was synthesized via reactions with dichloromethylvinylsilane, hexamethyldisilazane, sodium
borohydride, and dimethylchlorovinylsilane under the inert atmosphere.

Similar to Si(B)CN, ceramic composites based on Si(Hf)CN shows promising resistance
at high-oxidation temperatures. Ionescu et al. reported improved thermal stability for
SiOC/H fO, ceramic above 1000 °C compared to hafnia-free SIOC'*?. Thermal stability
of the SiOC/H fO, nanocomposites was contributed to the in-situ formation of H fSiO, at
elevated temperatures. Sun et al. also presented similar phenomenon in a SiOC/H fOo-
based ceramic composites derived from a polymethylsiloxane modified by various H fOs
polymorphs'?”. Wen et al. reported the laser ablation behavior of SiHfC-based ceramics
prepared from a single-source precursor'*®. They showed that the incorporation of Hf into
the SiC-based ceramics enables the composites to withstand ultrahigh temperature (approx.
3000 °C) in a short period of time (0.5 s) proving the excellent thermal shock resistance of
the SiHfC-based ceramics.

The current work aimed to study the effect on the mechanical property and oxidation sta-
bility of the as-fabricated mini-composites mentioned in Chapter 3. Preliminary mechanical
tests performed on the composites bundle showed that Si(Hf)CN/CF had the highest tensile

strength of 790 MPa and elastic modulus of 66.88 GPa among the ceramic mini-composites.

o2



An oxidation study in ambient air of the ceramic mini-composites showed sample stability
up to 1500 °C in air. Structural and compositional changes of the oxidized samples were

investigated via XPS and SEM analyses.

4.3 Characterization technique

To determine the mechanical properties of composites, tensile tests of the CMCs were per-
formed using a Shimadzu AGS-X Universal Testing Machine with a 5 KN load cell.

To understand the oxidation stability of the CMCs, the samples were heated to 800 °C,
1000 °C, 1200 °C, and 1500 °C in stagnant air in a SentroTechTM box furnace with a heating

rate of 5 °C min_;.

4.4 Mechanical properties

Mechanical properties of the CMC mini-composites were determined by tensile test of the
composite bundles. Rectangular composite bundle samples were prepared using CF bundles
collected from the CF cloth. Each bundle contained 6000 individual carbon fibers. The
composites were mounted onto cardboard tabs using epoxy for the tests as reported in
previous works!®%1°! Each cardboard tab had a 30 mm slot in the middle, which was the
gauge length of the tensile specimens as shown in Figure 4.1(a). The cardboard tabs were
cut on the sides after mounting the samples in the tester and prior to load application.
During tests the load was applied at a rate of 0.2 mm min~! to maintain a quasi-static
tensile condition.

The tensile behavior of the samples is shown in Figure 4.1(b) and the results are reported
in Table 4.1. The Si(Hf)CN/CF composite showed the highest average strength of 790 MPa,
followed by SiCN/CF and Si(B)CN/CF samples with average strengths of 390 and 110 MPa,
respectively. The Si(Hf)CN/CF sample also showed the highest Young’s modulus of 66.88
GPa, whereas the SiCN/CF and Si(B)CN/CF composites showed a Young’s modulus of
49.89 and 30.58 GPa, respectively. The tensile strength of the uncoated CF bundles was also
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Figure 4.1: Tensile test of the PDC/CF composites. (a) Tensile test set-up. Samples are
mounted on cardboards which are cut prior to the tests, (b) stress vs. strain plots of the CMC
samples. The tensile strength of the uncoated CF bundles was also measured for comparison
PUTPOSES.
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measured for comparison purposes and presented in Figure 4.2. The average tensile strength
of the uncoated fibers was measured to be 2.3 GPa, which was higher than the composites.
This behavior is typical in PIP-processed composites where the strength of composite is lower
than the pristine fibers 1412, This behavior is primarily due to localized stress concentration
on adjacent fibers induced from the cracks in matrix of a CMC. Crack formation in CMC
matrix typically occurs during the hydrogen evolution and transformation into the ceramic
phase. In addition, mechanical and thermal damage of the fibers during composite processing
results in low strength of the composite!®®. The average tensile strength of the heated CFs
(at 800 °C in N, environment) was 0.45 GPa (presented in Table 4.1), which was almost five
times lower than the strength of neat uncoated CFs. The strain-to-failure of the composites
(Figure 4.3) was also lower than the uncoated fibers, indicating the abrupt mechanism of

fracture of the samples.

Table 4.1: Tensile properties of the uncoated CFs and PDC/CF CMCs

Sample Strength at failure Young’s modulus | Strain to failure (%)
(GPa) (GPa)
CF1 2.31 76.41 6.32
CF2 2.46 76.22 8.47
CF3 2.37 72.58 6.06
Heated CF1 0.38 45.75 5.68
Heated CF2 0.37 31.18 4.02
Heated CF3 0.58 31.01 2.01
SiCN/CF1 0.38 24.75 2.21
SiCN/CF2 0.29 61.51 0.53
SiCN/CF3 0.39 49.89 0.92
Si(B)CN/CF1 0.11 30.58 0.34
Si(B)CN/CF2 0.092 30.26 0.36
Si(B)CON/CF3 0.1 21.97 0.58
Si(Hf)CN/CF1 0.79 66.88 1.31
Si(Hf)CN/CF2 0.73 56.91 2.04
Si(Hf)CN/CF3 1.01 59.19 1.55

The oxidation behaviors of PDC/CF mini-composites at various oxidation temperatures
are shown in Figure 4.4. The samples were oxidized at 800, 1000, 1200, and 1500 °C in stag-
nant air, which were labeled PDC/CF800, PDC/CF1000, PDC/CF1200, and PDC/CF1500,
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after heating at 800 °C in Ny environment).
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respectively. The uncoated CFs were used as a contrast sample with the ceramic composites
in an oxidation experiment. Results showed that the PDC/CF samples survived the high
oxidation environments, whereas the uncoated CFs did not. Figure 8 also shows that the
SiCN/CF samples started disintegrating above 1000 °C, whereas the Si(B)CN/CF samples
exhibited deformation in the shape. The Si(Hf)CN/CF sample turned white on the surface
indicating the formation of H fO,'*. The weight retention of the samples after oxidation is
reported in Table 4.2. The Si(B)CN/CF samples showed highest resistance to oxidation in
terms of weight retention, while the Si(Hf)CN/CF samples showed less retention with more

uniform weight changes and less significant differences at higher temperature.

Table 4.2: Weight retention (%) of PDC/CF samples after ozidation at various tempera-
tures.

Oxidized 800 °C 1000 °C 1200 °C 1500 °C
Samples

SiCN/CF 20 20 18 18
Si(B)CN/CF 35 34 33 30
Si(Hf)CN/CF 27 21 20 19

Morphology of the oxidized CMCs were also obtained as shown in Figure 4.5. The
SEM of each composite was evaluated to delineate the oxidation behavior of the CMCs
after heating. For SiCN/CF samples, the composites began disintegrating and the fibers
dispersed after heating at 1000 °C, as shown in the SEM micrographs of SiCN/CF1200 and
SiCN/CF1500 samples in Figure 4.5. These results correspond to the oxidized sample digital
images in Figure 4.4. For Si(B)CN/CF samples, the composites showed shape deformation
and shrinkage after 1200 °C. SEM image of the Si(B)CN/CF1500 sample showed that the
composite structure melted at 1500 °C and formed a thin film. However, Si(Hf)CN/CF
samples showed high oxidation resistance up to 1500 °C, and the fiber-matrix structures of
the samples showed minimal damage, even at 1500 °C.

To validate these results, the oxidation behavior of PDC/CF composites at various oxida-
tion temperatures were also evaluated by XPS. Table 4.3 presents the elemental composition

of the oxidized samples at different temperatures. The increased amount of oxygen in all
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the samples indicated the oxidation levels of the CMC samples. The most significant in-
crease occurred for the SiCN/CF samples due to the oxidation of SiC and Siz/Ny in the
composites!®, which led to formation of SiOy and eventual decreased stability. Oxidation
of the Si(B)CN/CF samples resulted in the formation of SiOy and ByO3'%%. The borosilicate
(B20s3) melted at higher temperatures ( 1000 °C), spread on the surface, and combined with
S10y, preventing further oxidation of the samples. This phenomenon correlated to the high
weight retention of Si(B)CN/CF1200 and Si(B)CN/CF1500 samples, although the sample
shapes deformed at higher temperatures. For the Si(Hf)CN/CF samples, the formation of
HfOy and Si,0,Hf, during heating contributed to the oxidation resistance of the sam-
ples. The Si,0,H f. liquid phase at higher temperatures limited the diffusion of oxygen and
the formation of H fO, acted as a grip to hold the Si,0,H f, in place preventing further

oxidation 7.

Table 4.3: Comparison of elemental compositions (at.%) of oxidized samples determined by
XPS.

Oxidized Samples | Si C N O B Hf
SiCN/CF800 30.88 15.87 0.26 52.99 - -
SiCN/CF1000 26.07 9.03 0.31 64.59 - -
SiCN/CF1200 30.85 11.89 0.27 56.98 - -
SiCN/CF1500 29.58 12.93 0.27 57.21 -
Si( JCN/CF800 20.78 15.12 0.78 51.64 11.69 -
Si(B)CN/CF1000 | 21.62 14.79 0.44 50.43 12.72 -
Si(B)CN/CF1200 | 25.01 8.28 0.7 53.05 12.97 -
Si(B)CN/CF1500 | 26.73 2.06 0.16 60.4 10.65 -
Si(Hf)CN/CF800 | 22.74 19.7 1.61 51.15 - 4.8
Si(Hf)CN/CF1000 | 23.87 15.82 1.41 55.01 - 3.89
Si(Hf)CN/CF1200 | 20.22 22.43 1.72 48.22 - 7.4
Si(Hf)CN/CF1500 | 24.03 10.67 1.84 56.62 - 6.84

4.5 Conclusions

This study evaluated the as-fabricated mechanical properties and oxidtion stability of the

precursor-derived CMC mini-composites. Of the CMC mini-composites, the Si(Hf)CN/CF
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sample showed the highest mechanical strength of 790 MPa and elastic modulus of 66.88 GPa.
Efficiency of the oxidation resistance was also evident in all the SICN/CF, Si(B)CN/CF,
and Si(Hf)CN/CF CMC samples in spite of the complex architecture of the fiber and matrix
damage. However, Si(Hf)CN/CF showed oxidation resistance up to 1500 °C due to the
formation of Si,0,H f, liquid phase at higher temperatures (1000 °C) with H fO,.
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CF SiCN/CF Si(B)CN/CF Si(Hf)CN/CF

1200 °C 1000 °C

1500 °C

Figure 4.4: Post-oxidation behavior of the uncoated CF and PDC/CF samples at various
temperatures. The PDC/CF samples show high resistance to oxidation up to 1500 C. Scale
bar is 2 cm.
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Chapter 5

Fabrication of self-supporting SiOC

ceramic fibermat!

5.1 Preview

Fabrication of precursor-derived ceramic fibers as electrode for energy storage applications
remains largely unexplored. Within this work, three little known polymer-derived ceramics
(PDC)-based fibers are being studied systemically as potential high-capacity electrode ma-
terials for electrochemical energy devices. We report fabrication of precursor-derived SiOC
fibermats via one-step spinning from varying composition of siloxane oligomers followed by
stabilization and pyrolysis at 800 °C. Electron microscopy, Raman, FTIR, XPS, and NMR
spectroscopies reveal transformation from polymer to ceramic stages of the various SiOC
ceramic fibers. The ceramic samples are few microns in diameter with free carbon phase

embedded in the amorphous Si-O-C structure.

'Reprinted from Mujib, S. B., Ribot, F., Gervais, C., and Singh, G. (2021). Self-supporting carbon-
rich SiOC ceramic electrodes for lithium-ion batteries and aqueous supercapacitors. RSC advances, 11(56),
35440-35454.
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5.2 Introduction

Efforts related to development and use of nanostructured silicon-based electrodes (utilizing

the size effect to achieve fast Li-ion transport, and prevent fracture propagation in elec-

158-161 162-166

trodes), in the form of nanoparticles ,nanotubes and nanowires , and composite

1677172 are now well-documented. Nevertheless, capacity decay over

nanoparticles with carbon
a long period of charge/discharge, high first cycle loss, high cost of material synthesis, and
challenges associated with scalability limit their applications as electrodes for commercial
applications.

Since the development of electrospinning in 1930s by Formhlas!'™'7  the technique has
been explored to fabricate a variety of artificial fibers from homogenous polymer solution
using high potential electric field. Nanofibers produced by electrospinning can provide large
surface area, exceptional tolerance against mechanical deformation with improved electrical
conductivity and enhanced electrochemical performance. For example, electrospinning of
PAN nanofibers with Si nanoparticles delivered a flexible electrode after carbonization that
showed a high capacity of 1600 mAh ¢g~! in LIBs!™. Xiao et al. reported a stretchable
PVDF nanofiber membrane which was coated with Ni and Si to form a Si/Ni/PVDF core-

76 This soft silicon electrode showed 56.9% capacity retention after 1000

shell structure!
cycles with 20% stretching capability.

Herein, we report on the fabrication of freestanding, binder-free SiOC electrodes by an
electrospinning method using liquid precursor polymer, followed by thermal treatment and
pyrolysis. Three new types of SiOC precursors, that are readily available, and easy to draw

into low-cost, high-yield ceramic fibers compared to commercial ceramic fibers!7% 1™

are
utilized in this study both for LIBs and supercapacitors. To the best of our knowledge such
siloxanes have not been reported before for the fabrication of SiOC ceramic fibermats, that
are investigated in electrochemical devices. Scanning- and transmission-electron microscopy
reveals uniform, defect-free amorphous structure of the SiOC fibers. Fourier transform in-

frared spectroscopy (FTIR) and nuclear magnetic resonance (NMR) are utilized to study the

polymeric precursor to ceramic transformation of the siloxanes, whereas Raman spectroscopy
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and X-ray photoelectron spectroscopy (XPS) confirms the presence of “free carbon” content.

5.3 Experimental

5.3.1 Materialsl

Three types of commercially available oligomers precursors to silicon oxycarbide ceramic were
sourced from Gelest, Inc. (Pennsylvania, USA). These SiOC precursors: (1) 1,5-Divinyl-3,3-
Diphenyl-1,1,5,5-Tetramethyltrisiloxane (cited as DDTS), (2) 1,3-Divinyltetramethyldisiloxane
(cited as DTDS), and (3) 1,3,5-Trivinyl-1,1,3,5,5-Pentamethyltrisiloxane (cited as TPTS) as
shown in Figure 5.1 have comparable chemical structures with vinyl groups which are poten-
tial crosslinking groups. Figure 5.1 shows the compositions of the precursors where silicon

(Si) to oxygen (O) atom ratio for DDTS and TPTS is 3:2 and for DTDS is 2:1.

f 3 3 ™)
o o NI %\Si/o\Si/o\Si/\
Asi” si”” Sll\/§ VSI' Sl'\¢ /| / N
/| I
X DDTS ) DTDS TPTS

Figure 5.1: Molecular structure of three pre-ceramic silicon oligomers used in this study.

To accomplish electrospinning of the preceramic oligomers 10 wt.% of polyvinylpyrroli-
done (PVP) with Mw 1,300,000 g mol~! (Sigma Aldrich, Missouri, USA) was used as a
spinning agent. Dicumyl peroxide (Sigma Aldrich, Missouri, USA) was used as a crosslinker
for the oligomers and Iso-propanol (Fisher Scientific, Massachusetts, USA) was used as a
solvent. Ultra-high purity argon (Ar) gas was used for inert environment during pyrolysis

which was supplied by Matheson (Kansas, USA).
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5.3.2 Electrospinning and synthesis of fibermat

Various SiOC fibermat samples were fabricated via electrospinning of polymer solutions,
followed by stabilization and pyrolysis at elevated temperatures. The electrospinning setup
that was designed and built in the lab consisted of four major parts'™: (1) A syringe which
is controlled with a stepper motor works as a feeder for polymer solution; (2) A voltage
source (up to 30 kV) that controls the amount of electrical charge applied to the solution;
(3) An aluminum roller that works as a fibermat collector; and (4) A microcontroller made
of Arduino that controls the motors’ speed and the sensors. The major parts of the setup
are illustrated in Figure 5.2.

The electrospinning solution was prepared by dissolving 10 wt.% of PVP in 7500 mg
of Iso-propanol; after that preceramic oligomer was added into the solution with a weight
ratio of 3:1 to PVP. DCP as a crosslinking catalyst was already dissolved into the preceramic
oligomer, which was 1 wt.% of the siloxane oligomer. The solution was then stirred for about
2 hrs to get a homogenous mixture of PVP and preceramic oligomer. The solution was then
poured into the feeder syringe. During electrospinning, the feed rate was set at 5 mL h~!
while the voltage supply was maintained at 15 kV. The positive output was connected to the
syringe nozzle and the collector was grounded. The nozzle to collector distance was set to
25 cm. The collector was wrapped with an Al foil and a fibermat of 15x15 em? was collected
onto the foil after the electrospinning. The electrospun raw or as-spun fibermat is shown in

Figure 5.2(b).

5.3.3 Crosslinking and pyrolysis of the fibermat

The electrospun fibermats of the three siloxanes were dried at room temperature overnight
and then crosslinked at 300 °C in an oven for 8 h in the presence of air. The crosslinked
fibermats (Fig 5.2c) were then pyrolyzed in an alumina tube furnace at approx. 800 °C for

L'and Ar gas flow rate

30 min in flowing Ar gas. The heating rate was approx. 2 °C min~
was b mL min~! in the furnace. The crosslinked fibermats were cut into smaller rectangular

shape (50x25 mmsy) to fit in the aluminum ceramic boat that was used to hold the samples
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Figure 5.2: Fabrication of SiOC ceramic fibermals via electrospinning process. (a) Electro-
spinning set-up, (b) as-spun fibermat collected to from the roller, (c) fibermat after crosslink-
ing at 300°C in air, (d) fiber mat after pyrolysis at 800°C in Ar environment, and (e) a 6.35
mm dia. electrode punched out from the ceramic fibermat.
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in the furnace during pyrolysis. The fibermat polymer-to-ceramic conversion was complete
at 800 °C; a representative of SIOC ceramic fibermat is shown in Figure 5.2(d). The lateral
shrinkage during polymer-to-ceramic conversion for DDTS-derived SiOC ceramic fibermat
was 40%, whereas for DTDS- and TPTS- derived SiOC ceramic fibermats were 60% and

55% respectively.

5.3.4 Characterization techniques

Several material characterization techniques were employed to determine the morphological,
compositional, and chemical conversions at various stages of processing of the fibers- as-spun,
crosslinked, and pyrolyzed fibermats. The images of surface features, shapes, and diameters
of the fibers in the SiOC ceramic fibermats were investigated using a FEI Nova NanoSEM
450 scanning electron microscope (SEM). An FEI Tecnai Osiris 200 kV (scanning) trans-
mission electron microscope (TEM) was used to obtain morphological and crystallographic
information as well as energy dispersive X-ray (EDX) mapping analysis of the ceramic fiber-
mats.

To determine the molecular structure and chemical interactions of the ceramic fibermats
Raman spectroscopy and Fourier-transform infrared spectroscopy (FTIR) were used. Ra-

! was performed to determine mainly the carbon

man analysis in the range of 800-2000 cm™
vibrational modes using a confocal micro-Raman microscope (Horiba Jobin Yvon LabRam
ARAMIS) equipped with a HeNe laser source (632.8 nm). The presence and evolution of
various chemical functional groups of the siloxane precursors in the fibermats were inves-
tigated using a Perkin Elmer Spectrum 400 FTIR spectrometer in the range of 500-3500
em™ L

To further investigate the chemical bonds in each sample, nuclear magnetic resonance
(NMR) spectroscopy was used. A Bruker AVANCE 300 spectrometer was used to record
solid-state *C CP MAS and #Si MAS NMR spectra using following specifications (Bg =
7.0 T, vo(*H) = 300.29 MHz, 1,(**C) = 75.51 MHz, 14(**Si) = 59.66 MHz), and a 4 mm

Bruker probe and spinning frequency of 10 kHz. *C CP MAS experiments were recorded
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with ramped amplitude cross-polarization in the 'H channel to transfer magnetization from
'H to 13C (recycle delay = 3 s, CP contact time = 1 ms, optimized 'H spinal-64 decoupling).
Single-pulse 2?Si NMR MAS spectra were recorded with recycle delays of 60 s. Liquid-state
NMR spectra were recorded on a Bruker AVANCE 300 spectrometer (Bg = 7.0 T, vo(*H)
= 300.13 MHz, v,(**C) = 75.47 MHz, 14(*’Si) = 59.63 MHz). Chemical shift values were
referenced to tetramethyl silane for 1*C and 2°Si.

X-ray photoelectron spectroscopy (XPS) was carried out to analyze the surface compo-
sition using a Thermo Scientific Al K+ ion beam (beam energy = 1486.6 eV and spot size
= 400 pm) XPS. To remove the surface contamination of the ceramic fiber mats, initial

sputtering of the surface with Ar+ at 3.0 keV for 2 min was performed.

5.4 Micro-structure and morphology of fibermats

SEM and TEM images of the pyrolyzed samples revealed the surface and internal features
of the SiOC fibers. Figure 5.3 shows that SiOC fibermats fabricated from the three siloxane
oligomer samples were largely uniform in diameter along the fiber length. For DD'TS-derived
SiOC fibers (Figure 5.3(a)) the average fiber diameter was between 1-3 pm, whereas for
DTDS- and TPTS-derived SiOC fibers (Figure 5.3(b-c)) the average dimeter stayed between
0.2-1.5 pym. SiOC fibers derived from the siloxane oligomer with high molecular weight
resulted in large diameter fibers compared to low molecular weight precursors. Furthermore,
high molecular weight precursor produced thick and dense fibers as can be seen from the inset
of the high-resolution SEM images (Figure 5.4). The thinner and hollow fibers derived from
the DTDS and TPTS may have resulted from the steric hindrance, and molecular weight

7. As a result, in

difference with the PVP (spinning agent) during the spinning process’
our case of single-nozzle electrospinning, the PVP molecules moved to the inner layers and
preceramic polymer stayed in the outer layers, and the separation likely occurred during the
crosslinking and pyrolysis processes!™. The core-shell structure of the hollow TPTS-derived

SiOC fibers was also confirmed by TEM (Figure 5.5).
In addition, SEM and TEM revealed a smoother surface for DDTS- and DTDS-SiOC
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Figure 5.3: Diameter distribution measured from SEM images of the electrospun Si0OC
fibermats: (a) DDTS-derived SiOC, (b) TPTS-derived SiOC, (¢) DTDS-derived SiOC. For
DDTS-derived SiOC fibers the average fiber diameter was between 1-3 ym, whereas for DTDS-
and TPTS-derived SiOC fibers the average dimeter stayed between 0.2-1.5 pm.
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Figure 5.4: SEM and corresponding high-resolutivon SEM (bottom) images of the electro-
spun SiOC fibermats: (a) DDTS-derived SiOC, (b) TPTS-derived SiOC, (¢) DTDS-derived
S10C. The images reveal the formation of thick, smooth, and dense fibers for the SiOC
samples produced from preceramic Si oligomers with high molecular weight compared to low
molecular weights.

compared to TPTS-SiOC. The hollow fibers with bead-on-string structure of the TPTS-
SiOC was attributed to the low molecular weight as well as the concentration and viscosity
of the spinning solution!8*'¥2 High-resolution TEM images of the pyrolyzed fibermats,
illustrated in Figure 5.6, suggested the amorphous or featureless structure of the three fiber
types. The results of the EDX elemental analyses, also shown in Figure 5.6, confirmed the

homogenous distribution of the Si, O, and C elements in the ceramic fibers.
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Figure 5.5: TEM images of the electrospun SiOC' fibermats: (a) DDTS-derived SiOC, (b)
TPTS-derived S10C, (¢) DTDS-derived SiOC. The images confirm the formation of dense
fibers for the SiOC samples produced from preceramic St oligomers with high molecular weight
compared to low molecular weights.
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Figure 5.6: High-res TEM and corresponding EDX mappings of the SiOC fibermats. High-
res TEM reveals the amorphous structure of the PDC fibermats. EDX elemental analysis

show the presence and homogenous distribution of Si, C, and O in the three polymer-derived
S10C' fibermats.
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5.5 Compositional analysis

5.5.1 RAMAN spectroscopy

Raman spectra (Figure 5.7 ) show the presence of carbon domains which allows to evaluate
corresponding microstructures in the ceramic materials. The D and G vibrational bands
at 1342 and 1600 em~! for the DDTS- and DTDS-derived SiOC, suggested the presence
of “free carbon” structures i.e., carbon bonded to carbon and not any other elements in
the ceramic. The intense D bands suggested the existence of disordered aromatic rings,
whereas G bands were associated with the sp?-hybridized carbon atoms'®*. Additionally,
under the fitted curves the T (1424 em™!) and D” ( 1490 ¢m 1) bands indicated the likely
presence of disordered sp?-sp® bonds and amorphous carbons in the SiOC fibers, respectively.
However, for TPTS-derived SiOC sample, no pronounced D and G peaks were observed as
a strong fluorescence background was produced under the visible laser source (HeNe 632.8
nm). The presence of carbon domains in the TPTS-SiOC fibers were later confirmed using

XPS analysis.

5.5.2 FTIR spectroscopy

FTIR spectra, plotted in Figure 5.8, shows the characteristic absorption bands of the PVP
and polymer-to-ceramic conversion of preceramic Si precursors from the as-spun to pyrolyzed
stages. For the PVP, as shown in Figure 5.8(a), as-spun and crosslinked samples exhibited
the main peaks at 1660, 1427, 1291, and 570 em ™!, that were assigned to the stretching of
C-0, C-H, C-H,, and N-C=0 bonds, respectively !%*. The presence of these peaks in both as-
spun and crosslinked PVP fibers suggested no noticeable crosslinking happened during heat
treatment at 300 °C, while after pyrolysis at 800 °C these peaks disappeared. DDTS fibers
electrospun with PVP (as spinning agent) showed (Figure 5.8b) Si-C Hj ( 1260 cm™!), and
Si-O-Si ( 1060 cm™1) stretching bonds in the as-spun fibers indicating the obvious presence
of Si precursors in these samples!"85, Si-CH=CH, ( 1660 cm™!) are superimposed with

the C-O vibration. Reduction of Si-C'H3 and Si-CH=C'H, peak intensities in the crosslinked
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Figure 5.7: Comparison of Raman spectra for the SiOC samples. (a) DDTS- and (b)
DTDS-derived SiOC samples show integrated carbon D and G bonds, whereas (¢) TPTS-
derived SiOC show strong fluorescence.
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samples suggested crosslinking reactions occurred at approx. 300 °C. After pyrolysis, the

two obvious peaks at 1060 and 800 c¢m ™! confirmed the presence of Si-O and Si-C bonds,

respectively, in the pyrolyzed SiOC fibers?

. DTDS- and TPTS-derived SiOC fibers also

showed similar characteristic peaks from as-spun to pyrolyzed stages, which are presented

in Figure 5.8(c-d). However, Si-O bonds were more intense than Si-C bonds, especially in

DTDS-derived SiOC fibers (Figure 5.8¢c), indicating the presence of more Si-O bonds as

compared to Si-C bonds in the ceramic samples. Note the peaks around 3000-3100 em~! for

DDTS, which can be attributed to =C-H stretching of the aromatic phenyl group'*".
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Figure 5.8: FTIR spectra of electrospun (a) PVP, (b) DDTS-, (¢) DTDS-, and (d) TPTS-
derived samples show the evolution of chemical bonds from the as-spun to pyrolyzed stages.



5.5.3 X-ray photoelectron spectroscopy

XPS survey spectra (Figure 5.9) of the electrospun SiOC fibers showed similar Si2p, Cls, and
O1s peaks, irrespective of the source of the preceramic polymer. The surface composition
of the clements was determined by integrating the arca under the respective peaks and
presented in Table 5.1. As expected, pyrolyzed PVP fibers mostly showed the presence of
carbon (93.06 at.%) after heat treatment. DDTS- and TPTS-derived ceramic fibers shows
increased level of oxygen in the pyrolyzed samples indicating the inclusion of oxygen during
crosslinking of the fibers. All specimens showed a significant amount of carbon, mainly free
carbon, also proposed by Raman analysis. However, pyrolyzed samples presented a little
amount of nitrogen, which was suspected to have come from PVP. High-resolution XPS
spectra, plotted in Figure 5.10, shows the bonding of the pyrolyzed SiOC samples derived
from various siloxane precursors. Curve fittings were done to the Si2p, Cls, and Ols peaks.
The spectra under Si2p band indicated the presence of SiCO3z (102.1 eV) and SiO4 (103.5
eV) peaks!®®. Low intensity of SiCO5 compared to SiO, for pyrolyzed-DDTS ceramic fibers
were due to the low carbon content in the elemental composition. In addition, C-Si (284.0
eV), C-C (284.9 eV), and C=0 (287.1 eV) were observed in Cls band'7". The higher amount
of carbon in the pyrolyzed-DTDS and pyrolyzed-TPTS fibers lead to higher intensity of C-C
and C-Si peaks. The intense C-C peaks also pointed to increased possibility of free carbon
phase in the ceramic fibers. Ol1s band were fitted with 3 peaks at 532.4, 532.9, and 534.4 eV

corresponding to Si0s, O-Si, and C-O, respectively.

5.5.4 NMR spectroscopy

The initial composition of the electrospinning solution was investigated by liquid state NMR.
Si spectra (Figure 5.11a) show for all systems a signal around —3 ppm corresponding to
ViMeySi0 environments. In addition, signals are observed at -46.8 ppm and -34.0 ppm
in DDTS and TPTS based solutions that can respectively be assigned to PhySt0Oy and
ViMeSiO, groups. This assignment was confirmed by 2D experiments. For example, 'H-

2Si HMBC map of DDTS solution (Figure 5.12a) shows that the ?’Si signal at -47 ppm
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Figure 5.9: XPS spectra of the various samples pyrolyzed at 800 °C.

shows cross-peaks with 'H phenyl signals between 7.5 and 8 ppm while the 2Si signal at
-34 ppm shows cross-peaks with 'H vinyl signals between 6 and 5.5 ppm. The evolution of

the various preceramic siloxane precursor structures during heat treatment and the resulting
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Table 5.1: Elemental composition (at.%) of SiOC ceramic fibers by XPS

Pyrolyzed C O Si N
samples

Carbonized 93.06 4.84 - 2.10
PVP

DDTS-derived 32.35 37.58 29.70 0.37
SiOC

DTDS-derived 73.80 9.42 16.09 0.68
SiOC

TPTS-derived 58.00 19.28 21.74 0.98
SiOC

SiOC samples were also investigated using solid-state NMR. Spectra were recorded on bulk
powders instead of fibers to improve the signal /noise ratio.

Figure 5.11(b) shows ?*Si MAS NMR spectra for crosslinked (at 300 °C) polymers and
compares the key features of the DDTS, DTDS, and TPTS polymers. Appearance of -
CHx-Me2SiO- ( 10 ppm) in the polymers indicated effective crosslinking of the vinyl groups
occurred in presence of DCP® . On the other hand, a signal appeared at -21 ppm which
was characteristic of Me3SiO, units in polydimethylsiloxane (PDMS) chains®%191. This
would suggest that part of the Si-CH=CH, groups were replaced by Si-O-Si bonds during
heat-treatment as confirmed by the total disappearance of ViMeSiO, units at -3 ppm in
DTDS and TPTS cross-linked systems. Moreover, in the case of TPTS, ViMeSiOy units
observed at -34 ppm in the initial solution disappeared in the cross-linked system while
new signals were present around -70 ppm, a chemical shift range characteristic of MeSiO3
environments. Here again, this suggested the replacement of Si-CH=CH2 groups by Si-
O-Si bonds. In the case of DDTS, MeySi05 units were observed but ViMeSiOy were also
present in small quantity in accordance with IR experiments showing remaining vinyl groups
after crosslinking (Figure 5.8b). The signal corresponding to PhySiOs units (-48 ppm) was
still intense after crosslinking suggesting that Si-Ph bonds were preserved. The 2°Si MAS
spectra of the samples pyrolyzed at 800 °C showed SiO, bonds (-110.0 ppm) (Figure 5.10d),
while no Si-C bonds were found!2. This might be due to the fact mostly free C phase had

formed during pyrolysis, and very low Si-C bonds were present in the ceramic samples!'™.
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Figure 5.10: High-res XPS spectra of the three preceramic polymer-derived SiOC fiber sam-
ples. (a-c) DDTS-derived SiOC; (d-f) DTDS-derived SiOC; (g-i) TPTS-derived SiOC.

Nevertheless, high-res XPS of the SiOC fibers indicated the presence of Si-C and C-C bonds

in the ceramic fibers.

13C cross polarization (CP) MAS NMR spectra in Figure 5.11(c) show strong peaks of

Si-CHx indicating the crosslinking of the Si precursor polymers. In the DTDS polymer,

sp? carbons were observed around 130 ppm that corresponded mainly to the phenyl groups.

Indeed, from 'H-C HSQC map of DDTS solution (Figure 5.11b) cross-peaks with 'H phenyl

signals (between 7.5 and 8 ppm) were observed for carbon signals at 127.6 , 129.7 and 134.4

ppm, while the cross-peaks with 'H vinyl signals (between 6 and 5.5 ppm) were observed
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Figure 5.11: NMR spectra of precursors, crosslinked and pyrolyzed samples. (a) **Si liquid
state NMR of the electrospinning solution, (b) comparison of solid state ?°Si MAS NMR
spectra of crosslinked polymers of various preceramic Si precursors, (c) 3C CP MAS NMR
spectra of crosslinked (at 300 °C) polymers in comparison with PVP, (d) comparison of *Si
MAS NMR spectra of pyrolyzed (at 800 °C) ceramic powders.

with carbon signals at 132.1 and 139.0 ppm. The absence of a clear *C peak at 139 ppm
in the DTDS cross-linked sample suggested that the proportion of vinyl groups was small
compared to phenyl groups. No evidence of crosslinking behavior between PVP molecules
and siloxane was observed in all the crosslinked samples when compared with PVP polymer.
13C CP MAS NMR spectrum of the TPTS-derived SiOC confirmed the presence of typical

free carbon as shown in Figure 5.13. 3C spectra of the remaining SiOC samples were not
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acquired as it was obvious from the other characterization techniques that all the systems

were full of graphite.

13C MAS NMR-Pyrolyzed

Aromatic "free" carbon

TPTS-dereived SiOC

250 225 200 175 150 125 100 75 50 25 O 25 50
Figure 5.13: 3C CP MAS NMR spectrum of pyrolyzed (at 800 °C) TPTS-derived SiOC
ceramic powders indicates the presence of typical “free carbons”.

5.6 Conclusions

In this study, a method is presented to fabricate scalable, cost-effective, freestanding elec-
trodes from SiOC using three unique siloxane precursors. The electron microscopy of the
SiOC fibers featured rigid surface structures and small diameters (0.2-3 pm). Raman, XPS,
FTIR, and NMR characterization techniques outlined the polymer to ceramic conversion
stages. Further experiment on the properties of the as-prepared SiOC fibers can be found

in the following chapter.
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Chapter 6

Properties of self-supporting SiOC

ceramic fibermat!

6.1 Preview

The as-fabricated precursor-derived SiOC fibermats, mentioned in Chapter 5, are used as
free-standing, binder-free electrodes in LIBs. Free carbon phase improves the electronic con-
ductivity and provides major sites for Li™ ion storage, whereas Si-O-C structure contribute
to high efficiency. The self-standing electrodes in lithium-ion battery half-cells delivers a
charge capacity of 866 mAh ¢!, . with a high initial coulombic efficiency of 72%. As su-
percapacitor electrode, SiOC fibers maintain 100% capacitance over 5000 cycles at a current

density of 3 A g L.

6.2 Introduction

Despite the exponential rise in research activity on design and development of micro-/nano-

109;193-195

structured electrode materials for electrochemical energy storage devices , graphite

'Reprinted from Mujib, S. B., Ribot, F., Gervais, C., and Singh, G. (2021). Self-supporting carbon-
rich SiOC ceramic electrodes for lithium-ion batteries and aqueous supercapacitors. RSC advances, 11(56),
35440-35454.
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or carbon-coated metal foil remain the electrode of choice for most capacitors and Li-ion
battery (LIB) technologies. Materials with higher charge storage than traditional carbons
such as silicon [almost 10X lithium (Li) storage capacity ( 4.2 Ah g~!)] emerged as potential
replacement for graphite owing to silicon’s large abundance in the carth crust, low toxicity,

and well-established manufacturing technology for its large scale production 196198

. However,
drastic volume variation and pulverization during charge/discharge, excessive formation of
solid electrolyte interface (SEI), and stress-induced cracks in Si electrode has rendered bulk
silicon unusable as an electrode for LIBs!97199,

To circumvent the issues associated with silicon electrodes, silicon oxycarbide (SiOC)
derived from pyrolysis of ceramic precursor polymers has renewed attention in recent years

from electrochemical storage point of view !88:200-208

. Potential of polymer-derived ceramic
(PDC) (e. g; SiOC, SiCN) materials in energy storage, initially proposed by Dahn et al. in
1990s, largely depends on the chemical structures of the material???2!%, SiOC is an amor-
phous ceramic mainly consists of a Si-O-C glass phase with a free carbon region, where the
mixed bonds of Si with O and C enable high Li storage?'%?'2, According to Graczyk-Zajac
et al., mixed bonds in SiOC allows more disordered carbon phase for higher Li capacity
(325 mAh ¢g7') as well as reversible storage sites at the interface of the carbon phase and
amorphous network?!3. Kasper et al. showed that the electrical conductivity of SiOC sam-
ples improved (0.07 to 2.2 S m™!) with the increasing amount of free carbon phase, in

214

addition to enabling more active sites for Li The edges of the free carbon phase and

the interstitial spaces are major electrochemically active sites for Li ions, whereas micro-

201;215;216 Lee

/nano-voids and amorphous Si-O-C network contribute to minor Li storage
et al. reported that controlling the nanovoids in the Si-O-C domain derived from PSS-
Octakis(dimethylsilyloxy)silsesquioxane (POSS) provided efficient ion pathway and with-
stood structural degradation by buffering during lithiation/delithiation?*®. As a result, the
authors were able to achieve a capacity of 412 mAh ¢g~! at a high current density of 3600 mA
g~ !. Furthermore, pyrolysis parameters are always crucial in controlling the microstructure

(e. g; free/disordered carbon phase and nanovoids) and thus maintaining the electrochemical

properties of SiOC. For example, pyrolysis temperature above 900 °C results in lower capac-
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ity and unstable cycling behavior of the SiOC ceramics compared to lower temperature 205217,

With increasing temperature disordered carbon phase arranges into ordered structure and
amorphous Si-O-C phase decomposes to electrochemically inactive SiC crystals. In addition,
metal foil-based electrode, conventionally prepared using a doctor blade, carries the inactive
weight of polymeric binders, conducting agents (usually carbon black), and the foil itself,
which do not contribute towards electrode capacity .

Amorphous Si-O-C phase provides chemical stability and host sites for Li storage, and
free carbon phase contributes to conductive network as well as the high Li capacity of the
fibermat. As a result, as-prepared SiOC electrodes deliver specific capacity as high as 866
mAh gl . (considering total weight of the electrode) with high first cycle coulombic
efficiency of 72% in LIBs. Specific capacity of 800 mAh ¢~! at a current density of 50
mA ¢! is achieved with a 100% capacity retention after 50 cycles for a particular SiOC
electrode. Further, as supercapacitor electrode SiOC fibers have delivered a high gravimetric

capacitance of 55 F ¢! at 100 mV s~! and maintained 100% capacitance over 5000 cycles

at 3 A gL

6.3 Experimental

6.3.1 Electrode preparation and electrochemical measurement

Ceramic fibermats were tested electrochemically both as organic electrolyte-based lithium-
ion batteries (LIBs) and aqueous supercapacitors electrodes. FElectrospun SiOC ceramic
fibermats were used as freestanding electrodes in LIBs half-cells. A disk electrode was
punched out from the pyrolyzed fibermat with diameter of about 6.35 mm (1/4 inch), which
was used as the working electrode. A glass fiber membrane ( 19 mm, t 25 pm) (GE, USA) as
separator, pure Li metal ( 14.3 mm, t 75 pm) (Alfa Aesar, USA) as the counter electrode, and
approximately 6 drops of 1 M lithium hexafluorophosphate (LiPF6) in (1:1 v/v) dimethyl
carbonate (DMC):ethylene carbonate (EC) (Sigma Aldrich, USA) as the electrolyte were

used. The cells were assembled in LIR 2032 coin cells in a glove box, and the assembled cells
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were tested using a multichannel BT2000 Arbin test system (Texas, USA) between 10 mV
to 2.5 V vs. Li/Li". The cells were subjected to symmetric cycling at current densities of
50, 100, 200, 400, 800, 400, 200, 100, 50 mA ¢! for 5 cycles each.

For supercapacitor testing, a three-clectrode setup was used. Ceramic fibermats (as an
active material) were mixed with 10 wt.% carbon black (as a conducting agent) (Alfa Ac-
sar, Massachusetts, USA) and 5 wt.% polyvinylidene fluoride (PVDF) (as a binder) (Sigma
Aldrich, Missouri, USA) thoroughly; approximately 4-6 drops of N-methyl 2 pyrrolidone
(NMP) (Alfa Aesar, Massachusetts, USA) was also added to form a slurry of uniform con-
sistency. The slurry was then pasted on stainless steel (SS) mesh (1x1 e¢m?) using a flat
paint brush, followed by drying at 80 °C overnight in an oven. The ceramic coated SS was
then used as working electrode in the three-electrode setup, where Pt wire and Ag/AgCl
were used as the counter and reference electrode, respectively. 1M NaCl was used as an elec-
trolyte. A CHI 660 electrochemical workstation (CH Instruments, Inc., Texas, USA) was
used to perform cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) of the
electrodes. CV and GCD were performed in the potential window of 0 to 1 V at various scan
rates and current densities, respectively. Electrochemical impedance spectroscopy (EIS) was
also carried out from 0.01 Hz to 100 kHz at an amplitude of 5mV. For CV and GCD, the

specific capacitance values were calculated using equations 6.1 and 6.2, respectively 61,

1
C=—-— -
m.o(Vy = V) (6.1)
__AG,
2 F
I.At
C = ToAY (6.2)

where, C is the specific capacitance, m is the active mass of electrode, v is the scan rate, V;
and V} are the initial and final voltage, I(V) is response current density, I is charge/discharge

current, and AV is the potential window.
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6.4 Electrochemical performance

The electrochemical energy storage capability of the precursor derived SiOC fibers were
analyzed in Li half-cells. The as-prepared ceramic fibermats were used as electrodes. Fig-
ure 6.1(a-c) shows the potential vs capacity plots for various SiOC fiber electrodes. A closer
look at the charge-discharge profiles of the samples at a current density of 50 mA ¢~! showed
that first cycle had experienced irreversible capacity decay. Among the SiOC electrodes, the
DDTS-derived SiOC delivered initial discharge capacity of 1188 and charge capacities of 866
mAh ¢!, corresponding to a high coulombic efficiency of over 72%. DTDS-derived SiOC
electrode delivered 1332 and 800 mAh ¢!, respectively for discharge and charge capacities
in the first cycle with 59% efficiency. TPTS-derived SiOC provided 1150 and 636 mAh
g~ ! for discharge and charge capacities, respectively, with 52% coulombic efficiency. DDTS-
and DTDS-SiOC electrodes showed stable response with coulombic efficiency of 100% in the
second and third cycles, whereas TPTS-SiOC displayed poor reversibility with only 83%
efficiency.

Differential capacity plots, presented in Figure 6.2, showed two distinct regions for the
SiOC electrodes: a sharp peak around 0.1 V, which corresponded to the Li insertion into
the carbons; and a broad region in between 0.2 to 0.6 V, that was related to Li and Si-
O-C phase®?. Figure 6.2(a-c) shows the differential capacity curves of the SiOC electrodes
for the initial 3 cycles. The sharp cathodic peak at 0.005 V and the broad anodic peak
can be attributed to the lithiation and delithiation of L:* ions in the amorphous SiOC
structure 99294 The cathodic peaks in the range of 0.05 to 0.16 V can be attributed to the

30;204 " However, cathodic

irreversible reaction in hard carbon present in the SiOC structure
peaks due to formation of SEI (typically at 0.5V) are less pronounced in the dQ/dV plots.
To show the consistent performance of the cells, three Li half-cells of each type were
assembled and tested and the performance of all the cells are presented in Figure 6.3. When
tested for cycling stability TPTS-SiOC electrode showed poor performance and the charge
capacity dropped sharply to 100 mAh g~! after 50 cycles at 50 mA ¢~!. For DDTS- and

DTDS-SiOC electrodes, the capacities after 50 cycles were 580 and 800 mAh ¢!, showing
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Figure 6.1: Charge-storage performances of the various precursor-derived SiOC freestanding
fibermats in the Li half-cells. (a-c) Voltage profile of the SiOC electrodes show the charge-
discharge profiles for the first three cycles.
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100% capacity retention for the DTDS-derived SiOC fiber electrode. The distinct fiber
morphology and the “free C” content in the DTDS-SiOC particles provided additional Li-
ion storing sights and improved the electrochemical properties of SiOC fibers?"2. The rate
capability performance comparison of the various SiOC electrodes is presented in Figure 6.4.
DTDS-SiOC delivered a high capacity of 450 mAh g~! at a high current density of 800 mA
g~!. However, thin diameter and hollow structure of the TPTS-SiOC fibers might have been
destroyed during Li-ion insertion/extraction process, which resulted in poor cycleability and
rate capability 2.

The SEM and TEM images of the SiOC electrodes after cycling in LIBs are shown in
Figure 6.5, where the broken fibers of the TPTS-SiOC can be seen post-cycling. Whereas
poor rate capability performance of the DDTS-SiOC can be attributed to the low C content
as well as dense structure of the fibers which limits the ion diffusion.

The electrochemical storage capabilities of SiIOC fibers in supercapacitors were also in-
vestigated using three electrode system and 1M HsSO, as electrolyte. CV plots obtained
for TPTS-derived SiOC electrode at various scan rates of 2 to 500 mV s~! from 0 to 1 V
are shown in Figure 6.6(a). The almost rectangular shape of the voltammogram profiles
indicated mostly the electrochemical double layer capacitive behavior (Type A) of the SiOC

electrode during charge storage?’. However, at a low scan rate of 2 mV s~}

, a broad re-
dox peak was observed for TPTS-SiOC electrode in between 0.2 and 0.4V (Figure 6.6(b)).
The charge storage mechanism at lower scan rate can be contributed to the combination of
double-layer capacitance of C in SiOC and pseudocapacitance from Si-O and Si-Si compo-
nents. The quasi-rectangular shape of the CV plot retained even at higher scan rate of 500
mV s~!, indicating higher ionic diffusivity and charge transfer of the TPTS-SiOC electrode.
As a result, the electrode delivered high specific capacitances of 78, 69, 55, 47, and 38 F ¢!
at the scan rates of 2, 10, 100, 200, and 500 mV s~!'. The areal capacitance of the TPTS-

2

Si0OC electrode was also calculated and a high capacitance of 474 mF ¢m ™= was achieved at

2mV st
The cyclic voltammograms of DTDS- and DDTS-derived SiOC supercapacitor electrodes
are presented in Figure 6.7. DTDS-SiOC delivered 107 F g~! at a scan rate of 2 mV s~! and
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Figure 6.4: Comparison of cycling stability of the samples for 100 cycles. DTDS-SiOC
shows stable performance delivering 680 mAh g=' at 100 mA g=*, whereas DDTS-SiOC and
TPTS-SiOC deliver 240 and 110 mAh g, respectively after 100 cycles.

decreased to 31 F ¢g=1 at 100 mV s !, where DDTS-SiOC delivered 25 and 3 F ¢! at 2 and
100 mV s71, respectively. The highest performance of TPTS-SiOC among the three SiOC
electrodes was correlated to the lowest diameter and hollow core of the fibers, contributing
to a higher electrochemically active area for double-layer capacitor. The BET analysis and
avg. pore diameter of the SiOC samples are presented in Table 6.1 and Figure 6.11. As-
anticipated the TPTS-SiOC had a high specific surface arca of 235 m? g~!. In addition,
the presence of “free C” contributed to the enhanced electronic conductivity. Figure 6.8
demonstrates the charge/discharge profiles of the best performing TPTS-SiOC electrodes
at various current densities from 0 to 1 V. The quasi-triangular shape of the GCD curves
without any obvious plateau suggested the dominating double-layer capacitive behavior of
the electrode, which was in accord with earlier results?°°. The triangular shape of the GCD
is a typical behavior of highly reversible supercapacitor with constant charge/discharge 18
As a result, TPTS-SiOC delivered 30 F ¢! even at a high current density of 10 A ¢!
When tested for cycling stability, the TPTS-SiOC electrode demonstrated 100% capacitance
retention over 5000 cycles at 3 A g~'. DDTS- and DTDS-derived SiOC electrodes also
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Figure 6.5: Microscopy analysis of various SiOC electrodes after 400 cycles in LIBs. (a-c)
SEM images and (d-f) TEM images. TEM image of TPTS-SiOC shows the broken fiber
structure presumably due to the lithiation/delithiation.

showed stable cycling ability over 5000 cycles as shown in Figure 6.9.
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Figure 6.6: FElectrochemical performance of TPTS-derived SiOC' supercapacitor electrode
in 1M HySOy4 aqueous electrolyte. (a) CV profile of the electrode at various scan rate; (b)
TPTS-derived SiOC supercapacitor electrodes at a scan rate of 2 mV s~1.

EIS was done for the various SiOC electrodes to further understand the reaction kinet-

ics of the supercapacitor samples. In Figure 6.10(a), the ohmic resistance, Ry between the
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aqueous electrolyte and the electrode was measured in the high frequency region where the
curves intercept the 7 axis. The semicircle in medium frequency region was attributed to the
charge transfer resistance (Ror) of the electrolyte-electrode interface, and the inclined lines
in the low frequency region corresponded to the ion diffusion into the SiOC electrode mate-
rials 19207 An equivalent circuit was obtained for the electrodes, as shown in Figure 6.10(c),
from which the calculated RCT for TPTS-SiOC electrode (6 ) was much lower than the
DDTS-SiOC (15 ) and DTDS-SiOC (50 ) electrodes. In the low frequency region, the near
vertical line to the real axis of the TPTS-SiOC electrode corresponded to the ideal capaci-
tive behavior?®®. Furthermore, the Bode plot (Figure 6.10(b)) showed that TPTS-SiOC had
the nearest phase angle (80.5°) to 90°, indicating the best capacitive behavior among the
SiOC electrodes®. At phase angle of 45°, the relaxation time constant, 7, (7, = 1/f,) were
measured to be 2.61, 6.81, and 56.18 ms for the TPTS-SiOC, DDTS-SiOC, and DTDS-SiOC
electrodes, respectively. The significantly lower time constant of the TPTS-SiOC electrode

confirmed the fast ion diffusion and transport characteristic as a supercapacitor electrode.

Table 6.1: BET analysis results

Pyrolyzed samples | BET surface area (m? g—!) | Adsorption avg. pore diameter (A)
DDTS-derived SiOC 26 39.33
DTDS-derived SiOC 29 42.46
TPTS-derived SiOC 235 18.78

6.5 Conclusions

The amorphous SiOC structures, comprised of free carbon phase and Si-O-C mixed bonds
contributed to high reversibility of Li storage. The free carbon phase served as electron
conductor as well as the major electrochemically active sites for Li ions, while amorphous
Si-O-C network contributed to minor Li storage. In terms of electrochemical properties,
the SiOC electrodes displayed excellent capacity with a high coulombic efficiency in LIBs.
As supercapacitor electrodes, superior cycleability of 100% capacitance retention over 5000

cycles was achieved. The as-prepared SiOC fiber mats can provide highly efficient, high-
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energy, and high-power electrodes and reduce the total weight of the electrochemical energy

storage devices.

96



—— 500 mV/s
—— 200 mV/s
294+ ——100 mV/s
e — 10 mV/s
< ——2mV/s
2 147}
(2]
c
[
=}
S 0.00 | -
=
O
-1.47
DDTS-SiOC
-2.94 1 1 1 1 1 Il
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Potential (V vs. Ag/AgCl)

o

9.01 - —— 500 mV/s
7.21 —— 200 mV/s
o — 100 mV/s
o S4lr——10mVis
s 3.60 — 2 mV/s
&
T 1.80
C
8 0.0}
)
c -1.80 |
o
5 -3.60 |
(@]
A DTDS-SIOC
-7.21 |
_901 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
Potential (V vs. Ag/AgCl)
C s .
—— DDTS-SiOC
—— DTDS-SiOC
~ 4+ ——TPTS-SIiOC
‘o
< 5l
iy
@
§ of
[a}
-~
c
g 2|
3
O
4 100 mV s~
_6 1 1 1 1 1 1

0.0 0.2 0.4 0.6 0.8 1.0
Potential (V vs. Ag/AgCl)
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Chapter 7

Conclusions and Future Directions

The main objective of this dissertation was to understand and characterize the microstruc-
ture and properties of the Si-based PDCs. Simple and cost-effective fabrication techniques
were used to synthesize PDC fibers and composites from preceramic polymer solutions.
This dissertation presented the development of lab-scale fabrication techniques in combina-
tion with several microstructure characterization tools for high-temperature PDC materials.
Compared to the commercial manufacturing techniques such as melt spinning or wet spin-
ning for fibers, and spark plasma sintering or mechanical alloying and hot-press sintering for
CMCs, the reported techniques in this dissertation prposed a simplified synthesis route for
PDC fibers and composites in the lab. The role of variability in micrsostructure in affecting
the electrochemical properties of the PDC fibers was evaluated through testing as electrodes
in LIBs and supercapacitors. The evolution of damage for the PDC mini-composites was

evaluated through mechanical loading and oxidation stability experiments.

7.1 Summary

Chapter 1 of this dissertation provided a brief discussion on the material choices for electro-
chemical energy storage and for high-temperature applications, while motivating the need for

further development in PDCs. In this introductory chapter the advantages and challenges
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of PDCs as well as CMCs were described and linked to the objectives of this thesis. Replac-
ing traditional electrode materials with PDC fibers in LIBs may improve the capacity and
stability of battery. The high-temperature stability of the precursor-derived CMCs provide
significant advantage in acrospace applications and allows designing lightweight structural
components without compromising the integrity of the structure. The contribution of the
thesis can be classified into two objectives: The first objective was focused on the fabrication
of PDC fibers and composites and study their microstructures. The second objective was to
investigate the properties of the fibers and composites including electrochemical, mechanical,
and thermal properties.

Chapter 2 summarizes the previous and current research related to the PDCs and CMCs
which are relevant to this dissertation. Materials synthesis and processing, experimental
methods, and relation of microstructure to the properties of the PDCs and CMCs were
discussed in this chapter. The chapter also highlighted the work of this dissertation within
the broader literature of PDCs.

In Chapter 3, a lab-scale drop-coating process was used to fabricate ceramic composites
from single-source boron- and hafnium- modified polysilazane precursors. The single-source
Si(B)CN and Si(Hf)CN precursors were synthesized by mixing a polysilazane-based precur-
sor with boron- and hafnium-containing precursors, respectively. This chapter studied the
efficacy of the infiltration process of carbon fibers cloth and mini-bundles by the preceramic
precursor solutions. The infiltrated carbon fibers were then crosslinked and pyrolyzed to
achieve Si(B)CN/CF and Si(Hf)CN/CF CMC mini-composites. Morphological and comp-
soitional analysis of the composites confirmed the presence of ceramics in the samples. The
amount of ceramic in the samples were controlled during the infiltration process. Polymer-to-
ceramic conversion and microstructures of the samples confirmed the successful fabrication
of the ceramic composites by the proposed technique.

To validate the mechanical and thermal stability of the CMC mini-comoposites, tensile
and oxidation tests were performed in Chapter 4. Preliminary mechanical tests performed
on the composites bundle showed that Si(Hf)CN/CF had the highest tensile strength of 790

MPa and elastic modulus of 66.88 GPa among the ceramic mini-composites. An oxidation
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study in ambient air of the Si(Hf)CN/CF ceramic mini-composites showed sample stability
up to 1500 °C in air. Si(B)CN/CF samples survived at 1500 °C in air, however, the sample
showed shape deformation at temperatures above 1000 °C. Structural and compositional
changes of the oxidized samples were investigated via XPS and SEM analyses.

Chapter 5 demonstrated the fabrication process of PDC fibers via clectrospinning tech-
nique. Three different types of polymeric siloxane precursors were evaluated to fabricate
free-standing SiOC fiber mats. The diameter of the fibers were controlled by electrospinning
parameters and the produced SiOC fibers had diameters ranging from several microns to
hundreds of nanometers. The conditions of the electrospining solutions and process were
controlled to achieve high silicon content in the fabricated SiOC fibers. Final compositional
analysis confirmed amorphopus SiOC ceramic phase with excessive carbon.

Chapter 6 applied the free-standing SiOC fiber mats as electrodes in LIBs and super-
capacitors. These binder-free electrodes were lightweight and improved the electrons and
ions transfer within the electrodes materials. Free carbon phase presents in the SiOC struc-
ture improved the electronic conductivity and provided active sites for Li* ion storage,
whereas Si-O-C structure contributed to high efficiency. The self-standing SiOC electrodes
in lithium-ion battery half-cells delivered a charge capacity of 866 mAh g,', . with a high
initial coulombic efficiency of 72%. As supercapacitor electrode, SiOC fibers maintained
100% capacitance over 5000 cycles at a current density of 3 A g~1.

Overall, this dissertation reported scalable and cost-effective methods to fabricate PDC
fibers and composites for electrochemical and high-temperature applications. The microstu-
rures of the fabricated samples were correlated with the properties reported in the disserta-
tion. Future studies will need to focus on large sample size and investigate the mechanical

properties of the sample at elevated working temperatures.

7.2 Suggested future work

Although the developed techniques and discussed properties of the PDC fibers and compos-

ites fill some of the research gaps, new possible areas unfold. Some of the areas that can be
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explored in PDCs and CMCs are listed below:

1. To determine the connection in the fiber-matrix interface as well as porosity in the
CMCs micro-CT experiments can be conducted. 3D micro-CT segmented images will help
to visualize the distribution and orientation of fibers CMCs. micro-CT can also provide
information on thickness, porosity, and crack formation in the matrix. The results can be
evaluated to improve the density and uniformity of the ceramic coatings. An initial study
on the fabricated CMC samples was conducted using an micro-CT. The results are reported
in Appendix A.

2. To determine the full potential of CMC mini-composites in aerospace applications,
the mechanical testing of the samples should be conducted at high-temperature ( 1000 °C).
High-temperature mechanical testing of a CMC will help to investigate material’s change in
microstructure and thermal characteristic under tensile load. This test can also provide a
comparison between strength and ductility of the CMCs.

3. The fisibility of as-fabricated SiOC ceramic fibers to fabricate CMCs for high-temperature
application should be evaluated. A lab-scale polymer infiltration process can be employed to
introduce preceramic precursors to the SiOC fibers and accordingly pyrolyzed to fabricate
CMCs.

4. Although self-standing carbon-rich SiOC fibers provide excellent capacity performance
and stability as an electrode in LIBs, one significant disadvantage of the material is its rela-
tively low first cycle coulombic efficiency (72 %). This is a major hindrance for commercial
application of these materials. Future work should focus on improving the first cycle ef-
ficiency for PDC materials. One possible solution could be pre-lithiation of the materials

during ceramization process.
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Appendix A

micro-CT of the CMCs

X-ray micro-computed tomography (micro-CT or p-CT) imaging has become a standard
tool to generate quantitative 3D images of an object. micro-CT is a non-destructive imaging
technique that uses tomographic reconstruction from projection images to create a 3D image

218 X-rays emitted from an X-ray source pass through a sample and are

of the the sample
recorded by a detector on the opposite side of the source to produce projection images as
shown in Figure A.1. The sample is then rotated by a fraction of degree until the samples has
rotated 180°or 360°and projection images are taken at every angle. The recorded projection
images are then processed using a reconstruction algorithm to show the geometry and internal
structure of the sample (Figure A.2). The versatility of micro-CT can be used to analyze
the structure of the fabricated CMCs. Visualizing the complex 3D microstructure as well as
the internal defects and damage of the CMCs provides insight for quality control and failure
analysis?!.

An initial study on the fabricated CMC samples was conducted using an micro-CT.
Figure A.3 shows the reconstructed 3D image of the Si(B)CN/CF CMC mini-composite. In
the reconstructed cross-sections, the microstructure and internal porosity of the Si(B)CN/CF
sample could be determined. The micro-CT images provided a visible distinction between

the fibers and the matrix. Single fibers and pore sizes were also distinguishable in the image.

The sectional view shows the distribution of fiber bundles in the XY-plane. Presence of
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Figure A.1: Schematic for synchrotron X-ray micro-tomography of an object. Reproduced
with permission from**’. Copyright 2019 eLife

various sizes of porosity indicated the imhomogeneous distribution of matrix phase in the
composite. Many cracks were also observed in the Si(B)CN matrix. These cracks were few
micrometer in sizes and presumably formed due to the shrinkage of matrix and gas diffusion
during pyrolysis process.

This initial study demonstrates that micro-CT can facilitate characterization of fiber
morphology, density of matrix phases and defects in CMC composites. The relation of
multiple polymer infiltration of composites with the matrix density and porosity can be
determined using micro-CT. This knowledge can be used to correlate the effect of porsosity
on the thermal and mechanical properties of CMCs. In addition, in-situ tensile testing setups
with micro-CT have been reported in literature. This setup will allow for real time X-ray
imaging of the samples under mechanical load in different environments such as temperatures

greater than 1000 °C.
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Figure A.3: micro-CT scanning of the Si(B)CN/CF CMC mini-composite. (a) Stereogram,
(b) cross-section, (c) longitudinal section and (d) oblique section.
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