
 
 

Multifunctional Lightweight Structures of Silicon 

Carbide Nanowires  

 

 

Submitted by Yu Chen to the University of Exeter 

 

As a thesis for the degree of 

Doctor of philosophy in Engineering 

In April 2022 

 

 

 

This thesis is available for Library use on the understanding that it is copyright material 

and that no quotation from the thesis may be published without proper 

acknowledgement. 

 

I certify that all material in this thesis which is not my own work has been identified and 

that no material has previously been submitted and approved for the award of a degree 

by this or any other University. 

 

 

 

Signature:  

 

 



I 
 

Abstract 

Silicon carbide (SiC) as a type of ceramic material possesses unique properties such as 

high hardness, good high temperature strength, and excellent oxidation resistance. 

However, the intrinsic shortcomings of ceramic-based materials, such as high brittleness, 

low recoverable compressibility, and low fatigue resistance, prevent their utilisations as 

structural or functional components. To overcome these issues, highly porous 

lightweight and flexible SiC ceramics constructed by nanowires are promising 

alternatives for advanced engineering applications. The aim of this thesis is therefore to 

fabricate highly porous lightweight and flexible SiC nanowire structures by three novel 

approaches: (1) in-situ chemical-blowing; (2) melamine foam-based replica template; (3) 

electrospinning and explore their properties towards different applications.  

The overview, including the aims and objectives of this thesis is outlined in Chapter 1. 

The existing knowledge about lightweight SiCNW structures including crystallography, 

synthesis approaches, physical properties (mechanical strength, thermal conductivity, 

high temperature stability), and well-developed energy and environment-related 

applications (piezoresistive sensors, catalyst support, absorbers, and filters) is 

documented in Chapter 2. The generic information of the starting materials, synthesis 

techniques, equipment, and method used for the fabrication of 3D SiCNW structures, 

characterisation of their microstructural features, and evaluation of the various aspects 

of their multifunctionalities is descripted in Chapter 3. To identify suitable techniques to 

assemble SiC nanowires (SiCNWs) into 3D architectures, Chapter 4 provides a 

selection of advanced manufacturing approaches for lightweight SiCNW structures with 

easy and precise control of the overall shape and growth of SiCNWs. Followed with the 

demonstration of the exciting properties of the as-obtained three SiCNW structures 

including mechanical properties, thermal insulation performance, thermo-oxidation 

resistance, and fire-retardance in Chapter 5. Finally, based on their own characteristics, 

the applications of the SiCNW structures such as piezoresistive sensors, catalyst support, 

and efficient absorbents for oil and organic solvents are present in Chapter 6. A 

guidance in the manufacturing of advanced ceramic nanowire structures with desired 

microstructures and properties tailored for specific applications will be eventually 

provided. 

I first demonstrated the creation of SiCNW sponges by a facile template/catalyst-free 
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sugar-blowing technique, by reacting SiO2 with sustainable kitchen sugar, using NH4Cl 

as a blowing agent. The as-grown, highly porous SiCNW sponges exhibited a core-shell 

structure, the core part with a density of 115-125 mg cm-3 was comprised of short and 

tangled SiC whiskers with SiC flakes embedded, while the shell layer with an ultralow 

density of ~25 mg cm-3 consisted of numerous smooth SiCNWs. These sponges 

exhibited a compressive modulus of ~389 kPa, recoverability under cyclic compression 

loading for 100 cycles at a strain of 20% and a thermal conductivity of 42-92 mW m-1K-

1. 

Secondly, I reported the fabrication of SiCNW scaffolds with tuneable microstructures, 

densities, and therefore properties, by regulating the solid loading content in the 

reticulated melamine foam (MF) template. The resulting samples exhibited high 

strength (modulus up to ~167.3 kPa), good recoverability (11% residual strain and 72% 

maximum stress after 100 compressive cycles at a ε = 20%), and low thermal 

conductivity of 32-54 mW m-1K-1. 

Finally, I successfully created 3D SiCNW aerogels by using a Mille crêpe stacking and 

sintering of the electrospun PAN/SiO2 fibres for the first time. The resulting aerogels 

made of interconnected SiCNWs displayed an ultralight density of 29 mg cm-3, 

excellent compressive recoverability and fatigue resistance. Meanwhile, the SiCNW 

aerogels exhibited a thermal conductivity of 24 mW m-1K-1, even lower than that of the 

air, suggesting its superinsulation capability. Benefitting from intrinsic properties of SiC, 

experimental results have shown that all the as-obtained SiCNW structures exhibited 

good thermal insulation performance, exceptional high-temperature stability, fire-

retardance, and temperature-invariant elasticity. 

Furthermore, I have explored the best-suited functional applications for each SiCNW 

structure. The SiCNW sponges and aerogels with better compressive recoverability and 

mechanical stability exhibited interesting electromechanical sensing capability. The 

sponge-based sensor exhibited a gauge factor up to 87 and stable wide-range 

compression-resistance responses. Whilst the aerogel-based strain sensor with higher 

recoverable strains presented stable sensing behaviour at different strains, frequencies, 

elevated temperatures over 200 °C and excellent repeatability over 2000 cycles.  

Owing to the cellular structure with the co-existence of SiC nanowires and struts, good 

interconnectivity, and competent mechanical strength and stability, the SiCNW 

scaffolds demonstrated the exclusive suitability as excellent support for MOF-derived 
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TiO2-C catalyst, with ~35% enhanced in-situ loading of the catalyst, enabling a superior 

photocatalytic performance and good repeatability for at least 3 cycles.  

I further examined the SiCNW structures as organic solvent/oil absorbent. They 

exhibited rapid absorption of various organic solvents and oils. Typically, the SiCNW 

aerogels possess the highest absorption capacity of 32-86 g g-1, as well as robust 

recoverability. Meanwhile, the absorbed content can be easily removed by squeezing, 

distillation, and combustion, while the SiCNW structures remain unchanged. These 

features have shown that the SiCNW structures are promising for applications for the 

potential removal of chemical spills and oil leakage, with the advantage of easy 

recycling. 

All these remarkable findings will not only provide an important opportunity to advance 

the understanding of lightweight SiCNWs structures and make original contributions to 

utilise them as multifunctional devices, but also bring us the new ways to reshape the 

manufacturing of porous ceramics for future energy and environment-related 

applications.  
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Chapter 1 Introduction 

Lightweight three-dimensional (3D) nanostructures, such as graphene monoliths [1], 

carbon nanotube aerogels [2], polymer foams [3], and metal microlattices [4], have been 

synthesised and explored for a wide range of applications such as thermal insulation, 

filtration, energy storage, and environmental protection. Although these 3D 

nanostructures exhibit large specific area, high porosity, and reliable mechanical 

properties, they are unable to serve under extreme conditions such as high-temperature, 

corrosive, or even oxygen-containing, etc. By contrast, lightweight porous ceramics 

with a unique combination of high mechanical strength, excellent mechanical and 

chemical stability, and fire-retardance are promising alternatives [5,6,7]. However, 

conventional porous ceramic nanostructures constructed by oxide ceramic particles are 

limited by the inherent brittleness, 3D ceramic nanostructures with recoverable 

compressibility are therefore highly demanded. 

To achieve increased deformation capacity, efforts have been made to fabricate 3D 

architectures constructed by 1D oxide ceramic nanowires, such as SiO2 [8], TiO2 [9], 

Al2O3 [10], and ZrO2 [11]. Owing to the large porosity, elastically interconnected 

networks, and strong yet flexible 3D building blocks, these nanowire structures are 

simultaneously highly compressible and recoverable under large compression strains. 

Inspired by these findings, 3D SiC nanowire (SiCNW) structures have recently attracted 

increasing attentions, since SiC demonstrates better high-temperature resistance than 

oxide ceramics [12]. Hence, SiC will be chosen as the objective material in this thesis. 

Up to 200 structures have been found in SiC crystals, the most common polytypes are 2 

Hexagonal (2H-SiC), 4H-SiC and 6H-SiC (α-SiC), and one cubic polytype known as 

3C-SiC (β-SiC). Among them, 3C-SiC are most studied because of its excellent 

mechanical properties and easy to prepare feature that involves relatively low 

temperatures [13]. It has been reported that lightweight, strong, and flexible 3D SiCNW 

structures that consist of 3C-SiCNWs have been well developed for fireproofing 

materials, high temperature insulators, catalyst carriers, and efficient absorbent for 

environmental protection and sewage treatment [14].  

The preparation of SiCNWs basically relies on the carbothermal reaction between C and 

Si at high temperatures (1000-1800 °C). To alleviate the difficulties of heterogeneous 

reactions between solid particles, fine powders or liquid can be alternatively used as 
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starting materials. The removal of unreacted SiO2 and C as an important step of post-

processing treatment is necessary for this process. The precursors, sintering 

temperatures, and post-treatment can be tuned to reduce the production cost and 

promote the homogeneity of the SiCNW formation [15]. As carbothermal reaction is a 

gaseous process that is slow, chemical vapor deposition (CVD) is hence emerged to be 

one of the most common approaches for the fabrication of 3D SiCNW structures. Su et 

al prepared ultralight and recoverable SiCNW aerogel by a facile CVD method on a 

graphite substrate [16], and the paper like SiCNW aerogel was then detached and 

stacked together layer by layer to form a free-standing 3D SiCNW aerogel. The as-

obtained material exhibits ultralow density (~5 mg cm-3), excellent recoverability (ε > 

70%), and fatigue resistance. However, as the adhesion between layers is simply 

maintained by the weak Van der Waals forces and electrostatic attraction at the contact 

point, the bonding between each layer can be problematic. Moreover, growing SiCNWs 

on a two-dimensional (2D) substrate by CVD method is not suitable for large 

production of 3D SiCNW structures, since assembling the 2D membrane layer-by-layer 

is extremely inefficient.  

To overcome this drawback, 3D template has been attempted. Li et al. fabricated a 

melamine foam-templated SiCNW aerogel using polymer pyrolysis chemical vapor 

deposition (PPCVD) process [12]. In their work, they first carbonised the melamine 

foam, then soaked it into a catalyst solution, followed with the sintering process. The 

off-gas from the pyrolysis of polycarbonsilane (PCS) was used as the SiCNW precursor. 

The biggest shortcoming of this approach is that the gaseous precursors of SiCNWs 

were introduced from outside of the template, easily causing uncontrolled growth and 

inhomogeneous distribution of SiCNWs. This may lead to the poor structural integrity 

and mechanical stability of the final products. In addition, template-based CVD method 

requires both template preparation and removal after deposition process, which 

considerably restricts the efficiency.  

Apart from CVD method, spinning technique as the simplest method for preparation of 

1D nanowires has recently been extensively studied, continuous and highly aligned 

SiCNWs are produced by thermal treatment of as-spun PCS [17,18,19] or polymer-

silica mixture nanofibers [20]. However, due to the nature of spinning technique, the 

fibres are generally created in the form of thin film networks of nanofibers, which are 

obviously unsuitable to be assembled as large-scale 3D networks with regular shapes 
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[21]. Blowing spinning technique that facilitated by airflow was introduced to tackle 

this problem, however, fibres are normally accumulated naturally on a collector, leading 

to a randomly stacked architecture with poor bonding between adjacent nanowires, and 

consequently giving rise to poor structural integrity [9]. Additional freeze-casting 

technique was introduced to assemble the randomly piled SiCNWs into 3D aerogels 

[22]. Unfortunately, freeze-casting as a time- and energy-consuming process causes 

high production cost and severely limits the possibility for large-scale production and 

application [23]. Moreover, anisotropic thermal and mechanical properties of freeze-

cast materials are yet another problem [24].  

To address the above-mentioned challenges such as poor control of the overall shape 

and microstructure of SiCNWs structures, limitations of large-scale production, and 

complexity, discovering novel alternative manufacturing approaches therefore becomes 

the major focus of this thesis. Having achieved satisfactory synthesis, I will further 

explore a variety of intriguing properties of the resulting 3D structures, which also 

forms the backbone of this thesis. The main methodology, technical details and tool set 

used in this work are presented as follows: 

The fabrication of lightweight, strong, and recoverable SiCNW sponges from in-situ 

template-free sintering of compacted sugar/SiO2/NH4Cl powder was firstly attempted, 

where the sugar, SiO2, NH4Cl serve as C source, Si source, and porogen, respectively. 

Subsequently, the development of SiCNW scaffolds by using cellular melamine foam as 

a template and by infiltrating it with sugar-SiO2 slurries for homogeneous growth of 

SiCNWs was introduced. Thirdly, the fabrication of ultralight 3D SiCNW aerogels by 

one-step sintering of electrospun PAN/SiO2 sponges was demonstrated. The structural 

and morphological characteristics of the resultant materials will be investigated by using 

XRD, SEM, TEM, and TGA. Meanwhile, their mechanical response, ultralow thermal 

conductivity, and fire-resistance will be examined.  

Based on their microstructure and properties, the best suited application of each SiCNW 

structure will be explored. I will illustrate that the SiCNW structures exhibit a pressure-

dependant electrical response for the first time, which makes an original contribution to 

utilising them as a pressure sensor. I further show that the melamine foam-templated 

SiCNW scaffolds as excellent supports for the MOF-derived TiO2-C catalyst to achieve 

an enhanced photocatalytic performance. Lastly, the resulting SiCNW structures will be 

utilised as absorbents for various organic solvents and oils. An in-depth understanding 
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of the synthesis-microstructure-properties relationship of the SiCNW structures will be 

presented, to uncover the principles for the fabrication of SiCNW structures and 

conclusively summarise the criteria of material selection for specific applications.  

 

Aims and objectives  

The aim of this thesis is to fabricate the 3D SiCNW structures by (1) in-situ chemical-

blowing method, (2) melamine foam-based replica template method, and (3) 

electrospinning method, and then explore their diverse properties towards different 

applications. The objectives of study are: 

1. Fabricate SiCNW structures using advanced approaches and to identify the features 

of each approach by analysing the microstructure and properties of the resulting 

materials. 

2. Investigate the mechanical properties, especially the compressive recoverability and 

fatigue resistance of the SiCNW structures. Apart from the density which strongly 

dictates the mechanical strength of the materials, I intend to understand how the 

microstructure, typically the level of interconnection between nanowires affects the 

mechanical properties of SiCNW structures.  

3. Study the thermal conductivity of the SiCNW structures, meanwhile find out the 

influence of the density and microstructure on their thermal performance. 

4. Explore the high temperature stability (up to 800 °C) and fire-retardance (butane 

flame, ~1300 °C) performance of the SiCNW structures. 

5. Utilise the SiCNW structures with good structural stability as piezoresistive sensors 

and identify the advantage of ceramic-based sensor as compared with the mainstream 

polymer or carbon materials-based composites sensors. 

6. Discover the potential of in-situ loading photocatalyst nanoparticles on the cellular 

SiCNW structure for enhanced water cleaning applications.  

7. Examine the capability of SiCNW structures for rapid absorption of various organic 

solvents and oils, as well as their recyclability through squeezing, distillation, and 

combustion treatments.  
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Chapter 2 Literature review 

2.1 Crystallography of SiCNWs  

SiC is a covalently bonded IV-IV compound. In SiC, each C (or Si) atom is surrounded 

by four Si (or C) atoms in strong tetrahedral sp3-hybridised bonds, which gives rise to 

exceptional chemical and thermal stability [25]. Different stacking arrangements of Si 

and C atoms could lead up to hundreds of different polytypes, which strongly influence 

their physical properties [26]. Among them, SiCNWs in the form of the three most 

notable polytypes, hexagonal (2H, 4H, 6H), rhombohedral (15R), and cubic (3C), are 

comprehensively studied [27]. Some of the crystallography data from ICSD database 

including the unit cell parameters, crystal system, and stacking sequence are 

summarised in Table 2.1.  

Table 2.1 Crystallography data for most common polytypes of SiC from ICSD database 

[27]. 

  Unit cell parameters    

Polytypes  a b c Z Crystal system 

ICSD 

No. 

Stacking 

sequence 

α-SiC 2H 3.076 3.076 5.048 2 Hexagonal 41487 AB 

 4H 3.073 3.073 10.053 4  24170 ABCB 

 6H 3.073 3.073 15.079 6  24169 ABCACB 

 15R 3.073 3.073 37.7 15 Rhombohedral 24168 ABCBACA- 

BACBCACB 

β-SiC 3C 4.358 4.358 4.358 4 Cubic 28895 ABC 

 

Fig. 2.1 shows the crystal structure of cubic 3C, hexagonal 4H and 6H, and 

rhombohedral 15R. SiC has only one cubic type (3C) and its stacking sequence is 

ABC…, this arrangement is also known as β-SiC. All the non-cubic forms are 

commonly ambiguously referred to as α-SiC, with stacking sequence of ABCB… for 

4H, ABCACB… for 6H, and ABCACBCABACABCB… for 15R [25]. 
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Fig. 2.1 Stacking sequence of double-layers of 3C-, 4H-, 6H-, and 15R-SiC. Big red 

balls represent Si atom, while small yellow balls represent C atoms [25]. 

 

Among these common polytypes, the cubic phase with essentially zero formation 

energy is dominant in SiCNWs [28], which is therefore widely reported. As shown in 

the typical XRD pattern of 3C-SiC (JCPDS 29-1129, Fig. 2.2), the sharp diffraction 

peaks can be assigned to the (111), (200), (220), (311), and (222) lattice planes. The 

strong intensity indicates good crystallinity, typically, the strongest diffraction peak of 

(111) suggest the dominance of SiC phase along the [111] direction, which can be 

translated as that the 3C-SiCNWs oriented along the [111] direction are the most 

energetically favourable ones [29]. The low intensity peak at around 33.5° represents 

the formation of stacking fault (S.F.) [30]. During the precipitation and growth of 

SiCNWs nucleus, a certain amount of surface energy and thermal stress are generated 

due to non-ideal bonding. With the continuous growth of the nanowire, stacking faults 

as the disruption of growth mechanism could be formed, to release this stored surface 

energy and thermal stress [30,31,32]. As the stacking faults require less energy than 

ordered β-SiC, the formation of stacking faults is therefore helpful in maintaining lower 

growth energy of nanowires [33].  
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Fig. 2.2 XRD pattern of 3C-SiC nanowires [30]. 

 

Instead of SiCNWs with uniform diameter, bamboo-like nanowires with stem-

fluctuating morphology containing high-density stacking faults are frequently observed 

[28]. Transmission electron microscopy (TEM) has been widely used to study the 

nanostructure of 3C-SiC nanowires which can provide much finer details at high-

resolution [30]. The enlarged image of an individual SiCNW has revealed that the 

“stem-node” structure is generated, where normal sized stem and the protruding nodes 

alternate along the growth direction of the nanowire (Fig. 2.3 a and b). The former is 

perfectly crystallised with the uniform diameter of 120 nm, whilst the latter containing a 

few sequential S.F. has a slightly larger diameter of 150 nm. As illustrated in Fig. 2.3 c 

and d, the selected area electron diffraction (SAED) images of two areas also confirmed 

the existence of defects in the node area, since obvious streaks are identified. 
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Fig. 2.3 (a) TEM image of bamboo-like SiCNWs. (b) Magnified TEM image of a single 

SiCNW. (c and d) Selected area electron diffraction (SAED) patterns from the 

corresponding areas marked in (b) [30]. 

 

Additionally, a representative high-resolution Transmission electron microscopy 

(HRTEM) image of the boundary of the defect-containing area is displayed in Fig 2.4a. 

An amorphous SiO2 layer with a thickness of ~ 1.5 nm is formed at the surface of the 

SiCNW, which can be ascribed to the inevitable oxidation of SiC during synthesis 

procedures. In stem segment, the lattice spacing between two adjacent lattice fringes is 

0.25 nm, this implies that the 3C-SiC nanowire predominantly grows along the [111] 

crystal orientation due to the lowest surface energy on the (111) plane (Fig. 2.4b). The 

node segment displays the same inter-planar spacing, whereas the interplanar angle is 

70.5° (Fig. 2.4d). This atomic information agrees with the strongest peak in the XRD 

patterns. To investigate the generation of defects, the atomic stacking sequence of the 

stem segment and node segment have been investigated, respectively. The stem segment 

is perfectly crystallised, and its stacking sequence is ABCABCABCABC, as illustrated 

in Fig. 2.4c. Interestingly, in the node segment, the disordered atomic stacking sequence 

becomes ABCAACBABBAC (Fig. 2.4e), since when the stacking faults are formed, an 

atomic layer is extracted out or inserted in the sequence [31]. It is worth noting that 

compared to SiCNWs with uniform diameter, SiCNWs with coarse surfaces due to the 

formation of the stacking faults lead to better photoluminescence [34], microwave 
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absorption [6], and field emission [35,36]. 

 

Fig. 2.4 (a) HRTEM image of a SiCNW. (b) Partially enlarged image and (c) atomic 

stacking sequence of the stem area. (d) Partially enlarged image and (e) atomic stacking 

sequence of the node area with high-density stacking faults [30]. 

 

2.2 Synthesis of porous SiCNW structures 

2.2.1 Growth mechanism of SiCNWs 

The basic strategy of creating SiCNWs is by carbothermal reduction of Si at elevated 

temperatures (1000-1800 °C). The synthesis approaches can be classified as: (1) Direct 

carbothermal reduction of Si or Si containing compounds. The Si- and C- precursors 

can be either pre-mixed or placed separately, the latter would be assisted by chemical 

vapor deposition (CVD). (2) Decomposition of organic silicon compounds/polymers 

(e.g. Polycarbosilane (PCS)). Upon thermal pyrolysis of the PCS, off-gas that is rich in 

Si and C elements is released and transported by the flowing inert gases [29]. (3) 

Hydrogen reduction of Ch3SiCl3 (MTS). In this case, MTS with atomic ratio of C: Si = 

1:1 was selected as the precursor, H2 and Ar gas are used as reducing agent and carrier 

gas, C and Si atoms are decomposed from the MTS at relatively low temperatures 

(~1000 °C) [37]. In the latter two approaches, gaseous carbothermal reduction occurs 
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after the release of Si- and C-containing chemicals [28]. As the simplest and the most 

cost-effective approach, direct carbothermal reduction of Si is the most used technique 

for the fabrication of SiCNWs with diameters in the range of 30-400 nm, and length up 

to several hundreds of micrometres. Meanwhile, as the crystallisation and growth of 

SiCNWs are governed by gaseous reactions, chemical vapor deposition (CVD) is 

therefore commonly used to realise these reactions. The critical factors that control the 

growth of SiCNWs such as precursor, catalyst, sintering temperature, as well as the 

resulting crystal structure and diameter are summarised in Table 2.2.  

The growth mechanism of SiCNW is categorised as vapor-liquid-solid (V-L-S) [58], 

vapor-solid (V-S) [59], and solid-liquid-solid (S-L-S) [60], depending on the phase 

change of the reactants during the carbothermal reduction [12]. The most-widely 

reported V-L-S mechanism is essentially facilitated by a metal catalyst, and the type and 

content of the catalyst dictate both the growth and final morphology of the resulting 

SiCNWs [28,61]. With the rise of temperature, Si and C containing vapours are 

absorbed and dissolved by the metal catalyst nanodroplets, forming metal-Si-C alloy 

droplets. When the content of SiC in the droplets increases and surpasses its solubility, 

the SiC crystals would be diffused and precipitate to form SiC nuclei. The SiC then 

unidirectionally grow at the nucleation point, to minimise the total energy. With the 

continuous diffusion of Si and C containing chemicals and the precipitation of SiC, the 

SiCNWs grow longer. Generally, cap-like droplets are found at the tips of the as-

obtained SiCNWs (Fig. 2.5) [12,15]. The catalyst here acts as the nucleation site [42]. 

The overall reaction contains several steps (Reaction 2.1-2.3), as follows: 

                                  SiO2 (s) + 3C (s) → SiC (s) + 2CO (g)                               2.1 

                                           SiO2 (s, l) + C (s) → SiO (g) + CO (g)                                2.2 

                                            SiO (g) + 2C (s) → SiC (s) + CO (g)                                 2.3 
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Table 2.2 A summary of the SiCNW preparation conditions such as precursors, 

catalysts, and sintering temperatures, as well as the resulting crystal structure and 

diameters. 

Starting material 

(Carbon source/ 

silicon source) 

Catalyst Sintering 

temperature 

(°C) 

Crystal phase Diameter 

(nm) 

Refs 

Bamboo leaves/TEOS - 1300-1400 6H-SiC/3C-SiC 60-160  [38] 

Bamboo/MTMOS - 1700 3C-SiC ~100 [39] 

Carbon black/SiO2 Fe 1400 3C-SiC 100  [40] 

Carbon black/SiO2 - 1600 3C-SiC 100-200  [41] 

Carbon black/SiO2 - 1600 3C-SiC/6H-SiC 40-500 [31] 

Carbon black/SiO2 Fe 1300-1600 3C-SiC ~100 [15] 

Carbon black/SiO2 Fe 1300-1600 3C-SiC 30-400 [42] 

Carbon black/TEOS - 1550 3C-SiC ~100 [43] 

Carbon 

fibre/Graphite/TEOS 

- 1550 3C-SiC 30-50 [44] 

Carbon fibre/SiO2+Si - 1450-1550 3C-SiC 100-400 [5] 

Carbon particles/TEOS Ni 1400 3C-SiC 50-400 [45] 

CH4/SiO2+Si - 1250 3C-SiC 12-20 [46] 

Graphite/Si+SiC - 1500 3C-SiC 50-200 [47] 

Graphite/SiO2/Si - 1400-1600 - - [48] 

Graphite/SiO2+Si  1800-2100 3C-SiC 80-110 [13] 

Methane/SiO2+Si - 1250 3C-SiC 120-150 [30] 

Carbon 

fibre/MTMS+DMDMS 

 1550 3C-SiC 30-280 [49] 

Pine needle/TEOS - 1300 6H-SiC 100-200  [50] 

Pyrolytic C/TEOS - 1500 3C-SiC 160-200 [51] 

RF/SiO2 - 1500 3C-SiC 20-80 [52] 

Siloxane/graphite - 1450 3C-SiC 20-50  [16] 

Sucrose/SiO2 - 1300-1500 3C-SiC 100 [53] 

Sucrose/Si - 1500 3C-SiC 35-55 [54] 

Tetraethoxilane/ 

C12H22O11 

Fe 1800 3C-SiC ~200  [32] 

PCS Ni 1300  3C-SiC 80-100 [12] 

PCS - 1300 3C-SiC ~600 [14] 

PCS Fe-Ni 1300 3C-SiC ~50 [33] 

PCS Ni 1350 3C-SiC 50  [55] 

PCS Fe 1200 3C-SiC 80-300 [29] 

MTS Ni 1000 3C-SiC 150  [37] 

MTS Ni/Fe 1000 3C-SiC 55-850 [56] 

MTS Ni 1100 3C-SiC - [57] 
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Fig. 2.5 (a) Schematic process of the synthesis of SiCNWs via the V-L-S mechanism 

[45]. (b) SEM image of the SiCNWs with catalyst droplets at the tips. (c) EDS of the 

droplets [12]. 

 

Although catalyst-induced V-L-S process exhibits advantages of good control of the 

morphology and microstructures, the use of catalyst however contaminates the resultant 

products and affects the physical and functional properties of the final SiCNWs [5]. The 

vapor-solid (V-S) process, however, is considered as an economical and catalyst-free 

alternative [31]. As shown in Fig. 2.6, the whole process of V-S process consists of 

three steps: 

In step 1, the close contact of SiO2 and C could lead to SiO2 either directly react with C 

to form SiC crystals or be reduced to SiO and CO gases (Reaction 2.4-2.6) [28]:  

                             SiO2 (s) + 3C (s) → SiC (s) + 2CO (g)                              2.4 

                                      SiO2 (s) + C (s) → SiO (g) + CO (g)                                2.5 

                                    SiO2 (s) + CO (g) → SiO (g) + CO2 (g)                             2.6 

In step 2, V-S reaction is initiated as the SiO reacts with active C, giving rise to the 

gradual growth of SiC nuclei (Reaction 2.7), nanowires are subsequently formed.  
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                                          SiO (g) + 2C (s) → SiC (s) + CO (g)                               2.7 

Step 3 normally occurs at the dwelling temperature. With the partial pressure of 

intermediate gaseous SiO and CO increases, the SiCNWs continue growing up, through 

a combination of V-S and V-V reactions (Reaction 2.8). It is worth noting that with the 

increase of SiO generation rate, the diameter of the SiCNWs reduces. Additionally, 

during the cooling stage, SiO2 as the by-product can be sometimes generated as well, 

either as nuclei or surface layer of SiCNWs (Reaction 2.9) [28]. 

                                        SiO (g) + 3CO (g) → SiCnw (s) + 2CO2 (g)                          2.8 

                                         3SiO(g) + CO(g) → SiCnw (s) + 2SiO2 (s)                           2.9 

                                                  CO2 (g) + C (s) → 2CO (g)                                        2.10 

Although the detailed reaction temperature and stage depend on the precursors, most of 

the catalyst-free SiCNW synthesis approaches follow the above V-S mechanism.  

 

Fig. 2.6 Schematic steps for the growth mechanism of SiCNWs [31]. 

 

The generation of SiCNWs by using Polycarbosilane (PCS, represented by 

[Si(CH3)2CH2SiH(CH3)CH2]n) or Methyltrichlorosilane (MTS, CH3SiCl3) as precursor 

is also based on the V-S or V-L-S mechanisms, depending on the use of catalyst. As the 

carbothermal reduction of Si by the pyrolysis of PCS or MTS starts from the off-gas, 

the sintering temperature is therefore lower. However, the control of the SiCNW growth 

in the complex reaction process is more difficult, hence this disadvantage has hampered 

the use of PCS and MTS. 

 

2.2.2 Constructing 3D SiCNW structures  

SiCNW structures with highly porous 3D nanowire architecture can be synthesised via 

different processes, such as in-situ chemical blowing of compact Si/C mixture powder, 
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CVD growth of SiCNWs on a template, and freeze-casting electrospun SiCNWs. Each 

fabrication method will lead to a unique set of density, microstructure, and properties of 

the resultant structures.  

 

2.2.2.1 Traditional powder processing  

Existing approaches such as CVD, electrospinning, and freeze-casting focus on the 

fabrication of ultralight SiCNW structures that exhibits compressive Young’s modulus 

of several kPa. This kind of materials could only resist finger-tip force and are unable to 

be coupled within components for aerospace or large-scale structural applications. 

Therefore, lightweight but strong SiCNW structures are in high demand. Wilson et al. 

prepared SiCNW foams from tissue paper pulps reacting with Si powder by a simple 

and scalable filter-pressing method (Fig. 2.7) [62]. The co-dispersion of tissue paper and 

Si powder was easily consolidated and oriented to a rigid green body, giving rise to a 

SiCNW foam with a porosity of 94% after drying and sintering. However, despite a 

compressive strength and modulus of 0.22 and 5.5 MPa, respectively, and a thermal 

conductivity of 0.11 W m-1K-1 at 25 °C, only a few of SiCNWs are found on the surface 

of SiC micro-ribbons. This configuration is unable to exhibit compressive recoverability, 

which is normally possessed by SiC structures purely constructed by SiCNWs. 

To increase the content of SiCNWs, Vijayan et al. used a direct foaming approach, an 

in-situ chemical blowing process that is commonly used for creating porous ceramics 

[54]. In this approach, pores are mostly generated by the in-situ evolution of gases from 

the chemical reaction and/or thermal decomposition of a chemical blowing agent (e.g. 

Mg(NO3)2 [63], CaCO3 [64], and NH4Cl [65]). The creation of SiCNW structures from 

powder compact is expected to be a fast and low-cost approach, with great potentials for 

large-scale production. 
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Fig. 2.7 Photos of (a) filter-pressing setup, (b) filter-pressed green body, (c) a 

comparison of dried green body of Si/C composites sintered at 900 °C and SiC foam 

obtained by carbothermal reduction at 1600 °C. (d) Low-magnification and (e) high-

magnification SEM images of the as-obtained SiC foam [62]. 

 

2.2.2.2 Chemical vapor deposition  

Benefitting from the gaseous carbothermal reaction, growing SiCNWs on a substrate 

during the CVD process is one of the most common strategies for fabricating ultralight 

(density 5-23 mg cm-3) SiCNW aerogels. Su et al. prepared SiCNW aerogel via this 
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facile CVD method [16], siloxane xerogel was used as the starting material, and a 

graphite lid was used as the substrate for the growth of aerogel. With the generation of 

SiO and CO gases in the crucible, nanowires continuously grew on the graphite 

substrate and pre-existing nanowires, a paper-like aerogel with a highly porous 3D 

network and a thickness of ~80 µm was then removed from the template. After being 

cut into pieces by a die, a free-standing SiCNW aerogel with ultralow density of ~5 mg 

cm-3 was eventually obtained by assembling the pieces into bulk aerogel layer by layer. 

The structural integrity of this interweaved 3D architecture was basically maintained by 

Van der Waals forces and electrostatic attraction between adjacent layers. Similarly, 

Ren et al. prepared SiC/SiOx core-shell nanofibrous aerogel via the CVD approach (Fig. 

2.8) [66]. Instead of assembling the detached SiCNW layer-by-layer, they realised 

layer-by-layer self-assembly by repeating the CVD procedure with enhanced 

interconnection within the resulting SiCNW aerogel bulk. It can be deduced that a 

combination of CVD process and layer-by-layer assembly holds great potential for the 

creation of ultralight SiCNW aerogel. 

 

Fig. 2.8 (a) Schematic of fabrication process and microstructure of the SiCNW aerogel. 

(b) The paper-like SiCNW aerogels were cut into pieces by a die. (c) SiCNW pieces 

were assembled as a bulk aerogel layer by layer. (d) Cross-sectional microstructure of 

bulk aerogel with numerous layers. (e) Amplified SEM image showing the connection 

between adjacent layers [16]. 
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It is worth noting that the preparation of ultralight free-standing SiCNW aerogels by 

CVD on a graphite substrate and repeated layer-by-layer assembly is a time-consuming 

approach. The control of both the growth of the SiCNWs and the shape of resultant 

structure on a 3D perspective is still quite limited. To speed the process up, chemical 

vapor deposition (CVD) of SiCNWs on an existing 3D porous template has been chosen 

as a promising alternative. Inexpensive porous biomass-derived materials are considered 

ideal candidates as templates for the following up deposition of SiCNWs. Liang et al. 

chose eggplant as both the template and carbon precursor (Fig. 2.9). In their process, the 

eggplant was freeze-dried at -22 °C for 6 h to remove moisture, followed with the 

carbonisation treatment at 800 °C for 2 h. To prepare SiC aerogels, Si/SiO2 powders as 

the Si source was placed under the as-obtained eggplant-derived carbon aerogels in the 

furnace, then the furnace was heated to 1500 °C with a dwelling time of 2 h, the SiC 

aerogels containing in-situ grown SiCNWs with a density of 76 mg cm-3 was then 

collected after cooling down [67]. The as-obtained SiC aerogels demonstrate typical 

features such as lightweight, great thermal insulation performance, and good mechanical 

properties.  

 

Fig. 2.9 Using eggplant as the template and starting material to prepare SiC aerogel [67]. 

 

To further enhance the shape control of the SiCNW structure, isotropic and reticulated 

polymer foams such as polyurethane (PU) or melamine were used as the template to 

grow SiCNWs [68]. The template could be easily removed by oxidation in air, leaving 

behind the purified SiCNW structure. Li et al. prepared SiCNW aerogels by depositing 

SiCNWs on the carbon foam via polymer pyrolysis chemical vapor deposition (PPCVD) 

method [12]. As illustrated in Fig. 2.10, the first step was pyrolysis of melamine foam at 

1000 °C for 1 h, then the carbonised foam was impregnated by the catalyst solution 

containing Ni2+, which could promote the growth of SiCNWs. Subsequently, a thermal 

treatment at 1300 °C was carried out, the polycarbosilane (PCS) as the SiC precursor 

was placed below the foam, the off gas from the pyrolysis of PCS with the help of 
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flowing Ar and Ni2+ catalyst created SiCNWs. Finally, carbon foam with relatively low 

oxidation temperature was removed by heating in the air at 500 °C for 2 h, leaving 

behind the pure SiCNW structures (Fig. 2.11).  

 

Fig. 2.10 Schematic of the detailed fabrication process of SiCNW aerogel via the 

PPCVD process [12]. 

 

One of the drawbacks for CVD on the polymeric sponge is that the growth of SiCNWs 

from the surface of the template may give rise to inhomogeneous distribution of the 

SiCNWs, leading to limited structural stability. In this regard, dip-coating polymeric 

foam with preceramic solution is believed a better option. Yao et al. fabricated SiCNW 

porous ceramics by immersing commercial PU foams in a PCS slurry, following heat 

treatment at 1000-1300 °C [33]. They successfully obtained reticulated porous SiC with 

nanowires existing on the surface of the struts. This result evidently indicates that the 

impregnating of the polymeric sponge is superior to CVD for uniform growth and 

distribution of the SiCNWs within the structure. 
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Fig. 2.11 SEM image of (a) highly porous skeleton of carbonised foam, (b) SiCNW/C 

foam after the growth of SiCNWs for 3 h, (c) SiCNW/C foam after the growth of 

SiCNWs for 6 h, (d) Purified SiCNW aerogel after burning off the carbon content, (e) 

enlarged SiCNWs. (f) EDS result of the SiCNW marked as yellow in (e) [12]. 

  

2.2.2.3 Freeze-casting of electrospun SiCNWs 

Spinning methods, including electrospinning, blow-spinning, centrifugal spinning, and 

draw-spinning of pre-ceramic solutions are promising for large-scale production of 

ceramic nanowires [69]. To assemble the randomly accumulated ceramic nanowires into 

an interconnected cellular architecture, a combination of spinning and freeze-shaping 
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technologies is frequently employed [70]. The electrospun (commercially available) 1D 

SiCNWs as the starting material is first segmented into short fibres and dispersed in a 

water solution. This SiCNW-containing suspension is then subjected to freeze-casting 

process. Upon freezing, SiCNWs in the suspension are separated and accumulated 

between the gradually solidified cellular ice crystals [22]. Finally, a lyophilisation 

procedure will be performed to sublimate the ice template [71], leaving behind a 

hierarchical cellular SiCNW structure. Resulting materials exhibit layered architectures, 

large pore size, and strong mechanical performance [72,73]. Ferraro et al. fabricated 

porous SiC networks (porosities 92-98%) via the freeze-casting technique (Fig. 2.12) 

[74], and obtained hierarchical architectures consisting of entangled SiC fibres aligned 

with spacing in the range of 15-50 µm. The interlayer distance could be tuned further by 

modifying the freezing rate and SiC solid concentration. The freeze-cast 3D interlocking 

structure exhibit a strength up to 3 MPa and stiffness up to 0.3 GPa, much higher than 

aerogels with similar density. However, the freeze-cast SiC structures experience brittle 

failure under compression and exhibit very limited recoverability. Meanwhile, the 

anisotropic structure make their mechanical strength highly dependent on the loading 

direction [72]. Moreover, the complex procedure, stringent requirement for equipment, 

large cryogenic energy consumption, and high cost have limited the practical use of 

freeze-shaping technologies for the fabrication of SiCNW structures. Alternative 

approaches that can assemble SiCNWs into an organised 3D structure are urgently 

demanded. 
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Fig. 2.12 (a) Schematic illustration of the freeze casting process. (b) The relationship 

between interlayer distance d, with the freezing rate and the solid content of the 

suspension. (c-d) SEM images of the layered structure of freeze-cast SiC network that 

produced from suspension containing 1.5 vol.% SiC fibres and 7 vol.% SiC fibres, 

respectively. (e) Detail of structures shown in (c). (f) Junction between fibres [74]. 
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2.3 Properties of SiCNW structures 

2.3.1 Mechanical properties  

Ceramics have some of the highest strength and stiffness-to-weight ratios of any 

materials but are sub-optional for use as structural materials due to brittleness and 

sensitivity to flaws [75]. The original driving force for designing porous ceramics is to 

overcome the intrinsic brittleness of ceramics, despite that the introduction of pores 

could be detrimental to the mechanical strength of structural materials due to weak 

resistance to crack initiation [76,77]. However, a good offset to the sacrificing 

mechanical strength and even enhanced damage tolerance can be obtained by 

controlling the microstructural characteristics. 

For conventional non-fibrous porous SiC ceramics, the inherent brittleness is still 

unavoidably observed. Vijayan et al. carried out compressive loading tests to SiC foam 

(porosity 93-96%) prepared by thermo-foaming method [54]. They observed a typical 

stress-strain behaviour of brittle cellular foam materials, which exhibited a short initial 

linear region, followed by a plateau region and a densification region. The compressive 

strength of 0.06-0.41 MPa and Young’s modulus of 14.9-24.2 MPa for the foams 

processed at different foaming temperatures were calculated from the stress-strain curve, 

as shown in Fig. 2.13. The foam prepared at a foaming temperature of 150 °C exhibited 

considerably higher compressive strength and Young’s modulus due to the higher foam 

density as a result of partial foam collapse. 

 

Fig. 2.13 Compressive stress-strain curve of the SiC foaming prepared at different 

foaming temperatures [54]. 
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In stark contrast to the brittle nature of conventional porous SiC, ultralight SiCNW 

structures are simultaneously highly compressible and recoverable under large 

compression strain, which is accredited to their highly porous and elastically 

interconnected three-dimensional (3D) networks [16]. Su et al. demonstrated the 

recoverable compressibility of the ultralight SiCNW aerogel [16], the materials with a 

density of ~5 mg cm-3 were highly compressible and recoverable under larger 

compression strain without any breakage (Fig. 2.14a). As illustrated in Fig. 2.14b, the 

aerogel showed a complete recovery at set strains of 20%, 40%, and 60%, and there was 

only a slight permanent deformation (< 5%) when the sample was subject to a large 

compression at ε = 76%.  Meanwhile, the aerogel could endure 1000 loading-unloading 

cycles at a set ε = 60% (Fig. 2.14c), only showing a slight permanent deformation of 6.5% 

after the test, while the macroscopic shape has been completely preserved. Additionally, 

as illustrated in Fig. 2.14d, a nearly constant maximum stress in the range of 15-16 kPa 

and Young’s modulus of ~20.5 kPa have been observed, an approximately constant 

energy loss coefficient of ~0.38 could also be calculated, suggesting the good structural 

integrity and energy dissipation performance. 

Furthermore, to clarify the mechanism of elasticity, in-situ SEM observation of the 

material under the loading-unloading offers more insight information. As displayed in 

Fig. 2.15a-d, upon loading, nanowires moved along the compressive direction and 

deformed under the load, which resulted in the densification of the aerogel. After 

unloading, the compressed aerogel recovered to its original shape without any breakage, 

and the nanowires recovered the original shapes and positions. As shown in Fig. 2.15e-i, 

for individual nanowire bundles, the elastic buckling under loading is observed, due to 

the large aspect ratio of the nanowires, they possess out-of-plane buckling behaviour. 

After unloading, the nanowires recovered to their original morphology, demonstrating 

good elasticity and flexibility. Remarkably, the junctions among the 3D nanowire 

architecture held their relative positions during the loading-unloading process. It can 

therefore be deduced that the outstanding elasticity and fatigue resistance of SiCNW 

aerogels is accredited to both flexible SiCNWs and the cross-linking between junctions 

[66].  
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Fig. 2.14 (a) Digital photo illustrating the high compressibility of the SiCNW aerogel. 

(b) High compressibility of SiCNW aerogel up to ε = 76%. (c) Cyclic compressive 

stress-strain curves under a set ε = 60% for 1000 cycles. (d) The Young’s modulus, 

maximum stress, and energy loss coefficient versus cyclic compression cycles [16]. 

 

The in-situ SEM observation has not only detailed the microstructure evolution of the 

SiCNW aerogel under compressive loading-unloading process, but also confirmed that 

the highly porous 3D structure that constructed by interconnected SiCNWs are strong 

yet flexible [16]. Based on this mechanism of elasticity, I will attempt to maximise the 

junctions of SiCNWs by carefully designing the overall shape of the structure and 

controlling the growth of the SiCNWs. 
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Fig. 2.15 In-situ SEM observation of a SiCNW aerogel during compressive loading-

unloading process. (a-d) compression and recovery process. (e-h) The deformation of 

nanowire bundles. (i) Schematic model showing the deformation of single SiCNW [16]. 

 

It is worth mentioning that the mechanical behavior of SiCNW structures is largely 

dependent on the density. High density leads to better mechanical strength, whilst low 

density is favourable for recoverability. The relative density (ρ/ρs) and the relative 

compression modulus (E/Es) of the SiCNW structures with different densities are 

further investigated and compared with other typical nanostructures (Fig. 2.16). By 

proposing a quantitative scaling behavior of (E/Es) ~ (ρ/ρs)
n, n ≈ 2 was obtained as the 

scaling exponent, which is similar to other ultralight ceramic nanowire structures and 

CNT foams. This value indicates a bending-dominated deformation mechanism, 

suggesting an efficient stress dissipation through the uniform structure and a good self-

supporting stability [78].  
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Fig. 2.16 Relative Young’s modulus versus relative density of SiCNW aerogel and 

other aerogel-like materials as indicated [49]. 

 

The orientation of the pores within the SiCNW structures also affects their mechanical 

properties. For freeze-cast SiCNW structures, due to the anisotropic microstructure, the 

materials exhibited anisotropic mechanical behaviours [24]. In axial direction, the 

structure obtained high stiffness, the compressive modulus of ~160.8 kPa was 

calculated from the short linear elastic regime at ε < 2.5% (Fig. 2.17a). The in-situ SEM 

compression test revealed that the aligned tubular walls showed a local buckling 

deformation under loading but returned to its original state after the load was released 

(Fig. 2.17b), suggesting the excellent robustness while maintaining the flexibility. By 

contrast, the material showed much enhanced compressive recoverability in the radial 

direction (Fig. 2.17c). In the compressive loading processes, it recovered to its original 

configuration subjecting to a compression strain of 80%. Meanwhile, the linear elastic 

region was extended to a strain of 12%, from which, the modulus was calculated to be 

10.6 kPa, merely 1/16 of the value in the axial direction. In the in-situ SEM 

compression test, it has clarified that the recoverable compressibility can be mainly 

ascribed to the elastic bending of the tubular walls (Fig. 2.17d). The different responses 

to compressive force between the axial and radial directions originated from the high 

anisotropy of this free-cast SiCNW structure. 
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Fig. 2.17 (a, c) The compression stress-strain curve of the freeze-cast SiCNW aerogel in 

the axial and radial directions, respectively. (b, d) In-situ observation of SiCNW aerogel 

under compressive force in axial and radial directions, respectively [24]. 

 

To sum up, the density (porosity) and microstructure of the SiCNW structures have a 

direct effect on the strength, recoverable compressibility, fatigue resistance, and energy 

dissipation capabilities. Generally, SiCNW structures with high density gives rise to 

enhanced compressive strength and modulus, while the SiCNW structures with low 

density and well-established interconnection lead to good recoverable compressibility 

and fatigue resistance. However, the alignment of the SiCNWs may give rise to the 

anisotropy of the mechanical response, which should also be considered in material 

design. 

 

2.3.2 Thermal insulation capability (low thermal conductivity) 

Porous media with low thermal conductivity are well-known thermal insulation 

materials and are playing an important role in reducing energy consumptions. They 
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have been considered as promising thermal insulators for applications in thermal-

protective skins [79], energy-efficient building materials [80,81,82], and aerospace 

vehicles [83,84]. 

Generally, the thermal conductivity of porous materials was contributed by four factors: 

solid phase conduction (λs), gas phase conduction (λg), radiation (λr), and convection 

(λc) [24,85]. However, the latter two can be neglected in many cases [86].  

The influence of the radiation can be estimated by the Stefan-Boltzmann radiation law 

[87,88].  

The extrapolated dimensionless ratio for porous media is: 

                                                                      
4𝛾𝜀𝜎𝐷𝜗3

𝑘0
                                                    2.11  

where γ is a geometric factor that depends on the shape and orientation of the pores (2/3 

for spherical pores), ε the emissivity of the pores, σ the Stefan-Boltzmann radiation 

constant (5.67 × 10-8 W m-2K-4), D the pore size in the direction of the heat flow, ϑ the 

average absolute temperature, and k0 the conductivity of the solid phase. For porous 

media with pore size in the order of tens of micrometres or below, the dimensionless 

ratio is far smaller than unity, and the effect of the radiation is negligible, as compared 

with conduction. 

Furthermore, the natural convection can be assessed by Grashof number [89]: 

                                                           Gr = 
𝑔𝛽 𝛥𝑇 𝐷3 𝜌2

𝜂2                                        2.12    

where g = 9.81 m s-2 is the gravitational acceleration, β the volumetric thermal 

expansion coefficient of the pore gas, ΔT the temperature difference across one pore, D 

the pore size (diameter) and ρ and η the density and viscosity of the gas, respectively. 

The convection can clearly be ignored for porous materials. 

Hence, λs and λg are playing the leading roles in the heat transfer [90]. The rule-of-

mixture has also been adopted to describe their relationship [91]:  

                                                 KT (T) = ϕKg(T) + (1 – ϕ) Ks(T)                                   2.13                                                   

where ϕ is the porosity, Kg(T) is the gaseous thermal conductivity, and Ks(T) is the 

intrinsic thermal conductivity of a solid material. There is a synergistic effect of 

intrinsic thermal conductivity and porosity on the thermal conductivity of porous 
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ceramics as the air with conductivity of 0.025 W m-1K-1 can be regarded as incorporated 

insulation phase that leads to lower thermal conductivity [92].  

It is worth mentioning that the solid conduction (λs) is mainly attributed by two effects: 

the lattice vibrational waves (phonons) and the migration of free electronics [82,92]. 

The solid conduction can be derived from the kinetic transport theory [94]: 

                                                    λs = 
1

3
 (celeve + cphlphvph)                                            2.14 

where c is the specific heat capacity per unit volume in J m-3K-1, l is the mean free path, 

and v the velocity. The subscripts e and ph represent electrons and phonons, 

respectively. As ceramic materials, the electronic contribution of SiCNWs to the 

thermal conductivity is negligible due to the relatively low concentration of their 

electronic carriers, the thermal conductivity is therefore mainly dominated by phonon 

transport [25,95]. These findings imply that improving the porosity is the most efficient 

approach to achieve enhanced thermal insulation performance by limiting the phonon 

transport [96].  

In contrast to bulk SiC single crystals that exhibit thermal conductivity of 490 W m-1K-1, 

SiCNW structures possess extremely low thermal conductivity. Lu et al. fabricated 

SiCNW aerogels with exceptional thermal insulation performance [49], the sample with 

a density of 3.7 mg cm-3 exhibited a thermal conductivity of 25 mW m-1K-1. With 

increased density, the thermal conductivities increased accordingly as a result of the rise 

of the solid conduction (Fig. 2.18).  

 

Fig. 2.18 Thermal conductivity of SiCNW aerogel as a function of density [49]. 
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A relationship between porosity and thermal conductivity of porous SiC ceramics is 

summarised in Table 2.3, which highlights the dependence of the thermal insulation 

performance on the density (high porosity).  

Table 2.3 A summary of density, porosity, and thermal conductivities for different 

porous SiC structures (composites). 

Density  

(mg cm-3) 

Porosity 

(%) 

Thermal conductivity at room 

temperature (mW m-2K-1) 

References 

3.7 99.9 25 [49] 

5 99.8 26 [16] 

6.5 99.8 14 (radial)/35 (axial) [24] 

30 ± 7 >99 30 [12] 

76 97.6 35 [67] 

110-120 96.4-96.7 40-75 [68] 

96.3-192.6 92-98 150-550 [74] 

430 86.6 440 [97] 

 

Apart from the density (porosity), pore configuration could affect the heat transfer 

within the SiCNW structures. Su et al. investigated the thermal conductivity along 

radial and axial directions of a freeze-cast SiCNW aerogel, respectively [24]. The 

thermal conductivity in radial direction and axial direction was measured to be 14 and 

35 mW m-1K-1, respectively (Fig. 2.19), giving an anisotropic factor of ~2.5. The much 

lower thermal conductivity in the radial direction was ascribed to the aligned SiCNW 

tubular walls in the axial direction, which brought a large amount of extra tortuous solid 

conduction path, slowing down the heat transfer in radial direction. In summary, both 

the density and configuration of the SiCNW structures should be carefully considered 

for designing efficient thermal insulators. 



31 
 

 

Fig. 2.19 Thermal insulation performance of the SiCNW aerogel. (a) Thermal 

conductivities of SiCNW structure in axial and radial directions, respectively. (b) 

Schematic of heat transfer along radial and axial directions [24]. 

 

The temperature-invariant thermal conductivity is another advantage of SiCNW 

structures. The excellent thermal insulation performance enables them to function as 

thermal insulators at extreme conditions. Li et al fabricated SiCNW aerogel using the 

CVD process on a carbon foam, and the resulting SiCNW aerogel with an ultralow 

density of 30 mg cm-3 exhibited a very low conductivity of merely 0.03 W m-1K-1 at 

room temperature [12], much lower than the parental carbon foam, demonstrating great 

potentials as heat insulators (Fig. 2.20). With the rise of the temperature, the thermal 

conductivity gradually increased due to the improvement of thermal radiation. However, 

the thermal conductivity was still merely 0.23 W m-1K-1 at 900 °C, indicating a robust 

thermal insulation performance at high temperatures.  

 

Fig. 2.20 Thermal conductivity of SiCNW aerogel and the parental carbon foam as a 

function of temperatures [12]. 
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Additionally, reduced thermal conductivity is also essentially governed by materials’ 

capability to resist thermal transfer through scattering of phonons (or photons) by 

defects, such as grain boundaries, stacking faults, or “hopping” of vacancies [97,98]. 

Compared with oxides and nitrides, SiCNWs that consist of numerous stacking faults 

and heterojunctions are found more efficient for obstructing heat transfer, therefore they 

have been purposely introduced to the traditional porous media for superior thermal 

insulation properties [67,68].  

 

2.3.3 Thermal and mechanical stability under extreme conditions 

Thermal insulation polymers are suffering from low thermal stability, hardness, and 

mechanical strength [100]. Traditional thermal insulators such as mineral wool [101], 

polymer foam [102], or glass foam [102,103], are unable to serve under extreme 

conditions such as high-temperature and oxidising environments [90]. Ultrahigh 

temperature ceramics, which are commonly referred to as carbide, nitrides, and borides 

of the transition metals, however possess the potential to withstand even severer aero-

thermal-chemical environments [105], offering applications as aerospace engine 

components, automotive filters, heat shields, and thermal barriers [106]. The stable high 

temperature resistant of Si-C bonds within the SiCNWs gives rise to excellent high 

temperature chemical and mechanical stability. They exhibit great oxidation resistance 

up to ~750 °C [43], and exceptional fire-retardance property over 1300 °C. Furthermore, 

the reaction between the SiC and O2 could generate sufficient SiO2 with low oxygen 

permeability at high temperature, which becomes self-sealing anti-oxidation layer [107]. 

This high-temperature and fire tolerance have enabled SiCNWs as coating [28,106], or 

reinforcement agent [108] to protect C/C composites against oxidation at elevated 

temperatures (1500 °C). The SiCNW structures therefore possess robust temperature-

invariant mechanical properties, making them promising for high-temperature 

applications such as heat insulator [108,109], high-temperature flue gas filter [110,111], 

fire-proofing material [113], catalyst support [113,114], and ceramic matrix composites 

[116].  

Su et al. investigated the high-temperature chemical and thermal stability of SiCNW 

aerogel [16]. As shown in Fig. 2.21a, the non-flammable aerogel can endure heating 

generated by an alcohol lamp for over 10 min, demonstrating its great fire-retardance 
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property. Further TGA (Fig. 2.21b) result showed that the aerogel was thermally stable 

in air from 100 to 900 °C, as no obvious change in weight was observed. However, after 

900 °C, there was a rapid weight gain due to the passive oxidation of SiCNWs, as 

verified by the HRTEM image (Fig. 2.21c), where an amorphous SiO2 layer was formed, 

following reaction defined by Reaction 2.15. The oxidation layer prevents from further 

oxidation, leading to the gradually flattened curve.  

                                   2SiC (s) + 3O2 (g) → 2SiO2 (s) + 2CO (g)                                2.15 

Meanwhile, as illustrated in Fig. 2.21 d and g, the SiCNW aerogels were well-preserved 

after being heated for 2 h at 900 °C in air or 1500 °C in Ar. The SiCNW networks with 

large porosity almost remained unchanged, as compared to the as-obtained aerogel (Fig. 

2.21 e and h). Additionally, the cyclic loading-unloading compression tests for 

thermally treated aerogels have confirmed that the heat treatment had a little effect on 

the mechanical properties as no permanent deformation was found despite the loss of 

maximum stresses (Fig. 2.21 f and i).  

Simultaneously, due to the highly porous 3D architectural feature, they have examined 

the aerogel as promising high-temperature filter for the filtration of soot produced by 

burning kerosene [16]. As shown in Fig. 2.22, the SEM images before and after 

filtration have shown that particles were effectively captured by the SiCNW aerogels. 
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Fig. 2.21 Thermal and chemical stability performance of SiCNW aerogel. (a) Fire-

retardance of the SiCNW aerogel. (b) TGA of SiCNW aerogel in air. (c) HRTEM image 

of a SiCNW after heating at 900 °C in air for 1 h. (d) Digital images comparing the 

SiCNW aerogel before and after 900 °C oxidation treatment. (e) SEM image and EDS 

(inset) of 900 °C oxidation treated-SiCNW aerogel. (f) 100 cyclic loading-unloading 

compression tests at a ε = 60% for 900 °C oxidation treated-SiCNW aerogel. (g) Digital 

images comparing the SiCNW aerogel before and after 1500 °C oxidation treatment. (h) 

SEM image and EDS (inset) of 900°C oxidation treated-SiCNW aerogel. (i) 100 cyclic 

loading-unloading compression test at a ε = 60% for 900 °C oxidation treated-SiCNW 

aerogel [16]. 
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Fig. 2.22 Demonstration of using SiCNW aerogel for high temperature filtration. (a) 

Filtrating of soot produced by burning fossil fuel using SiCNW aerogel. (b) 

Macroscopic image of SiCNW aerogel before filtration. (c) Macroscopic image of 

SiCNW aerogel after filtration. (d) SEM image of original SiCNW aerogel. (e) SEM 

image of SiCNW aerogel after filtration. (f) Amplified area in (e), showing SiCNW 

aerogel filter with captured particles [16]. 

 

Based on the excellent high temperature thermal and chemical stabilities and fire-

retardance exhibited by SiCNW structures, Lu et al. have summarised the thermal 

conductivity and maximum working temperatures of PU foam, cellulose composites 

aerogels, carbon aerogels, ceramics aerogels, silica aerogels and SiCNW aerogels [49], 

demonstrating the superior performance of SiCNW aerogels (Fig. 2.23).  
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Fig. 2.23 Thermal conductivities of PU foam [117,118], cellulose composites aerogels 

[119], carbon aerogels [120,121] silica aerogels [122,123] ceramic aerogels 

[124,125,126] and SiCNW aerogels as a function of their maximum working 

temperatures [49]. 

 

Aside from the above performance at high-temperatures, Ren et al. performed an 

additional experiment at low temperatures of -10 °C, -56 °C, -72 °C, -95 °C, and -

116 °C, respectively [66], to evaluate the cyclic compression properties of SiCNW 

aerogel. As shown in Fig. 2.24, the σ-ε curves of SiCNW aerogels at a set ε of 20%, 

40%, and 50% were similar to that of the room-temperature behaviour, and the 

hyperelasticity was still possessed after direct immersion in liquid nitrogen. Notably, 

only the curves in Fig. 2.24h were relatively rough due to the continuous boiling of 

liquid nitrogen. This result provides further evidence for temperature-invariant 

mechanical properties of SiCNWs. 

The excellent mechanical performance from -116 °C to 1300 °C, as well as the high 

temperature chemical and thermal stability, indicates that the SiCNW structures are 

promising candidates for applications in extreme environments. 
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Fig. 2.24 (a) Digital photo showing the SCS-NAs could be compressed and quickly 

return to the original shape when the load is released. (b) Compressibility of the SCS-

NAs up to ε = 50%. Inset picture showing the aerogel under compression of ε = 50%. 

(c-g) Compressive stress-strain curves of SCS-NAs with various strain of 20%, 40%, 

and 50% in low-temperature baths from approximately -116 °C to approximately -10 °C. 

(h) Compressive stress-strain curves of of SCS-NAs with various strain of 20%, 40%, 

and 50% after direct immersion in liquid nitrogen [66]. 
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2.4 Application of SiCNW structures  

2.4.1 Ceramic nanofibers as flexible pressure sensor 

With the prosperity of artificial intelligence, sensors with lightweight, high flexibility, 

high sensibility, rapid response, wide detection range, and excellent stability are of 

immense scientific interests for a wide range of applications such as soft robotics 

[127,128], artificial skins [129,130], wearable devices [131,132], and structural health 

monitoring [133,134].  

Electrically conductive nanomaterials such as carbon nanofibers (CNFs) [135,136], and 

copper nanowires [137], have been assembled as a free-standing aerogel for pressure 

sensing (or strain sensing) applications. However, the low mechanical strength and poor 

compression resilience have restricted their performance. To address this problem, they 

were dispersed into flexible polymers to form a composite, unfortunately, the 

aggregation issue of these carbon materials due to their high aspect ratios resulted in a 

series of drawbacks including non-linearity, hysteresis effect, and the drift of resistance 

value [138,139,140]. Another shortcoming of the carbon-polymer composites is that the 

limited stiffness significantly narrows its dynamic sensing ranges, which made them 

suitable only for very small loads detection [141]. Moreover, the severe oxidation at 

high temperatures restricts their utilisations in extreme conditions. Metallic sensors that 

commonly used in structural strain monitoring suffer from limited measuring strains of 

less than 2%, despite their appreciable good linearity and sensitivity [138].   

In this context, lightweight and resilient porous ceramic sponges that consist of 

numerous interconnected ceramic nanofibers are considered as an ideal alternative since 

they possess competent mechanical strength, resistance to brittleness, and a certain 

degree of compressive recoverability. Wang et al. reported the use of TiO2 ceramic 

nanowire sponge as elasticity-dependant electrical resistance sensor under repeated 

compressive loading [21]. The variation of normalised electrical resistance (Rt/Ro) 

linearly decreased by 65% under a compressive strain of 50% and recovered well after 

unloading, and the value only showed a small change over multiple compressive 

loading-unloading cycle. The variation of electrical resistance suggests that numerous 

new temporary contacts among nanowires were created during compression, leading to 

shortened conduction paths through the sponge and finally reduced electrical resistance, 
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whilst these contacts disappear after the unloading. 

Fu et al. prepared a flexible pressure sensor based on TiO2 nanofibrous networks (Fig. 

2.25a) [142]. A simple sandwich-structured capacitive pressure sensor was created by 

transferring electrospun TiO2 nanofibrous network to link a pair of electrodes. The 

sensitivity of the TiO2 network reached 4.4, 0.073, and 0.015 k Pa-1 in three regimes 

(Fig. 2.25b), respectively, superior to PVDF and PVA networks, which were used as 

references. Furthermore, as shown in Fig. 2.25 c and d, the sensor can detect tiny 

pressures lower than 1 Pa within 16 ms. Surprisingly, the sensor demonstrated great 

repeatability over 50000 compressive and 10000 bending cycles (Fig. 2.25 e and f), 

which can be accredited to the exceptional flexibility and structural stability of the 

ceramic nanofibrous network. The performance degradation as the long-standing issue 

for polymer-based sensors due to the viscoelastic behavior of polymers has been 

overcome [142]. 

Furthermore, by employing conductive textiles as the electrode, Fu et al. constructed a 

fully breathable flexible pressure sensor with water-vapor permeability (Fig. 2.26 a-d) 

[142]. To examine the possibility for application in wearable health monitoring and 

motion detection, the pressure sensor was directly attached to different parts of human 

body to precisely capture the carotid pulse, respiration, eye blinking, vibration of vocal 

cords for pronouncing words, and finger bending. 
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Fig. 2.25 Evaluation of pressure sensing performance. (a) Schematic illustration of the 

flexible pressure sensor based on nanofibrous networks. (b) Capacitance variation and 

gauge factor of sensors made from TiO2, PVA, and PVDF nanofibrous networks under 

pressure. (c) The detection limit and (d) the response/recovery time of the TiO2-10 

sensor. Repeatability of the TiO2-10 sensor during (e) 50000 cycle compression test 

under a pressure of 1 kPa and (f) 10000 cycle bending test under a bending radius of 6.3 

mm [142]. 
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Fig. 2.26 Real-time human motion monitoring. (a) Schematic illustration of the 

breathable and wearable sensor. (b) SEM images of conductive textiles that spray 

coated with AgNWs. (c) Water evaporation rate of the sensors. (d) Digital photo of the 

breathable and wearable pressure sensor. (e–j) Real-time response signals from: (e) 

normal pulse and pulse after exercise, (f) carotid pulse, (g) normal breath and breath 

after exercise, (h) blinking, (i) vocal cord vibration, and (j) finger bending [142]. 

 

Additionally, owing to the intrinsic high temperature thermal and mechanical stability 
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of ceramics, a high-temperature pressure sensor was proposed (Fig. 2.27a). As shown in 

Fig. 2.27b, the sensor tested at 370 °C exhibited a sensitivity of 0.028 k Pa-1, 

comparable to the value at room temperature (30 °C). The sensor also showed reversible 

and consistent signals to various pressures at room temperature and 370 °C, confirming 

the capability to serve at elevated temperatures (Fig. 2.27 c and d) [142]. 

 

Fig. 2.27 (a) Thermal infrared image of the sensor heated at 370 °C. (b) Capacitance as 

a function of pressure at testing conditions of 30 °C, 370 °C, and 30 °C after burning in 

the butane flame. (c, d) Relative capacitance change under cyclic compression with 

different pressures of 100 Pa, 1 kPa, 10 kPa, and 100 kPa at testing temperatures of 30 

and 370 °C, respectively [142]. 

 

SiCNW structures with unique chemical stability and intriguing physical properties 

have also been exploited as humidity-resistance sensor [143]. The resistance of the 

SiCNW sensors linearly increases with the environmental relative humidity (RH) with a 

response time of 0.8 s, much better than other ceramic nanowire resistive sensors. Based 

on the good humidity-resistance sensing performance, I envisage that SiCNW structures 

possess great potentials as high-performance piezoresistive sensors. Much work is 

needed to explore such special applications. 
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2.4.2 Catalyst support 

Catalysis has received increasing academic and industrial interest, as about 90% of 

chemical processes involve at least one or more catalytic steps. Tremendous efforts 

have been poured onto the development of new catalytic processes, in order to achieve 

high selectivity, low energy input, low waste generation, and long-term stability [144].  

Traditional catalysts supported by granular or packed powder bed (porosity in the range 

of 0.3-0.6) have been found problematic in applications like water purification or 

industrial emission treatment, due to their low mechanical strength, high pressure drop 

and gas dynamic resistance, which restricts the activity and selectivity of the reaction 

[115]. Moreover, the powders are difficult to be collected or removed from the reaction 

media, leading to a complicated, uneconomical recycling process, and hindering large 

scale applications [145]. The easy migration and aggregation of metal nanoparticles on 

the supports could lead to a rapid chemical activity decrease, which is yet another major 

drawback. One simple and effective approach to enhance the catalytic activity is to 

choose suitable supporting materials which allows good dispersion of catalytic 

nanoparticles [146]. Although carbon nanomaterials-based catalyst supports possess 

great electrocatalytically activity, the chemical stability of the supported catalyst is 

significantly reduced due to oxidation of carbon, particularly at the generally used high-

temperature range of 80-120 °C. Moreover, the oxidation of the support could cause the 

agglomeration of catalyst particles and thus shorten the lifetime of the device [147].  

To tackle this problem, surface modification is applied to enhance the interaction 

between catalyst and supports, however, the reaction between catalyst and supports or 

surface modifiers could generate low activity phases, resulting in decreases of the 

catalytic activity [148]. By contrast, ceramics better off carbon or metal-based catalyst 

support since ceramic nanostructures exhibit a lot of advantages such as good electron 

transfer ability, excellent thermal and chemical stability, typically for strongly 

exothermic reactions that require the supports to dissipate the reaction heat efficiently 

[148]. Owing to the high density of periodical stacking faults, which are quite useful to 

stabilise the loaded catalyst nanoparticles, SiCNWs demonstrate great suitability as 

supporting media in heterogeneous catalysts [25,135]. 

As catalyst support for fuel cell applications, SiCNWs can improve both the activity and 

stability of noble catalysts, such as Pt and Pd, meanwhile reduce the amount that is 
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generally needed [25]. Such hybrid nanostructures have shown high surface activity, 

good chemical stability, and competent oxidation resistance, which are of great 

importance in elevating the durability of fuel cells. Tong et al. dispersed Pd 

nanoparticles (NPs) with a mean size of 10-12 nm on the surfaces of SiCNWs, an 

electrochemical active surface area of 49.5 m2 g-1 was obtained, better off carbon 

nanotube (CNT) supported Pt NPs and non-supported Pd NPs, whose electrochemical 

active surface areas are 38.6 and 29.9 m2 g-1, respectively. Additionally, as shown in Fig. 

2.28 a-d, by comparing the morphology of Pd/SiC with that of free-standing Pd NPs and 

Pd/CNT, the supporting SiCNWs allowed for a better distribution of Pd NPs, which can 

be ascribed to the stacking faults in the SiCNWs, leading to an outstanding 

electrocatalytic activity and robust long-term stability for methanol oxidation in alcohol 

fuel cells [146]. 

 

Fig. 2.28 TEM images of (a) the as-obtained SiCNWs with an average diameter of ~40 

nm. (b) SiCNW supported Pd nanoparticles. (c) Free-standing Pd nanoparticles. (d) 

CNT-supported nanoparticles [146]. 

 

Guo et al. created nanoditches on the SiCNWs by selective etching approach to load Pd 
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nanoparticles for methanol conversion (Fig. 2.29) [148]. The nanoditched structures 

effectively restrict the migration and coalescence of Pd nanoparticles, enabling the 

Pd/SiC a methane conversion of nearly 100% at 390 °C for 10 reaction cycles, 

demonstrating great potentials of the catalytic activity and stability. 

 

Fig. 2.29 Schematic of novel nanoditched Pd/SiC catalyst [148]. 

 

It can be asserted that SiCNWs with high specific surface areas provide improved mass 

transport, good anchorage and dispersion of the active phase, high accessibility of the 

reactants to the active sites, which eventually give rise to an increased reaction 

effectiveness, long-term stability in oxidising, neutral, and reducing atmosphere at high 

temperatures. This equips them with better feasibility for highly exothermic or 

endothermic reactions as compared with other polymer or carbon material-based 

catalyst supports. 3D SiCNW structures with bespoke shapes can be potentially coupled 

with catalysts for water purification [113,138], pollutants degradation [145], and 

hydrogen production [139,140,141].  

 

2.4.3 Absorber for organic solvents and oils 

In the past few decades, water pollution caused by leaking of crude oil or toxic organic 

solvents has become a severe and global environmental issue [153]. To address these 

problems, various water remediation technologies have been developed. Owing to the 

low-cost, effectiveness, and eco-friendliness, adsorption has attracted extensive 

attentions. Numerous polymer-based and carbon-based multifunctional absorbents have 
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been developed for water treatment [154]. The super-hydrophobicity, high porosity, 

high surface area, and compressible structure of these materials, not only offer high 

absorption capacity for various oils and organic solvents (up to 1000 g g-1) but also 

allow for easy regeneration by simple compression-release process [155]. Meanwhile, 

the absorbed solvents can be removed by direct combustion, however 50% weight loss 

after 10 absorption/combustion cycles have been recorded when using carbon foam as 

absorbent, due to the carbon shrinks and burnt off during the combustion process 

[125,143]. Absorbents with good temperature tolerance, fire retardance, compressive 

recoverability, mechanical strength, and low cost are desperately demanded [156]. In 

this regard, ultralight ceramics structures could play a role as absorbents in removing 

oils and organic solvents, typically for applications under extreme conditions. 

The ultralight SiCNW aerogel exhibits high absorption capacities for various organic 

solvents and oils via physical absorption, and the absorbed molecules are then stored in 

their pores. Su et al. utilised oil-modified SiCNW aerogel as the absorbent for low-

viscosity organic solvent [16]. The wettability of the SiCNW aerogel was transformed 

from hydrophilicity to hydrophobicity by surface modification (Fig 2.30 a and b), which 

exhibited good adsorption selectivity to low-viscosity organic solvents. 

 

Fig. 2.30 Water contact angle of (a) the as-synthesised SiCNW aerogel and (b) oil 

modified SiCNW aerogel [16]. 

 

As shown in Fig. 2.31a, the kerosene (dyed with Sudan III) can be completely absorbed 

in 5 s, demonstrating the efficient potential for cleaning up oil contaminants in water. 

Meanwhile, the SiCNW aerogel demonstrates high absorption capacity (130-237 g g-1) 

for various organic liquids used in domestic and industry (Fig. 2.31c), being comparable 

to graphene-based aerogels.  

The recyclability of pollutants and recoverability of sorbents are of great importance. 

Inspired by the good elasticity and fire resistance of the SiCNW aerogel, the absorbed 
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contents can be recollected simply by mechanical squeezing (Fig. 2.31 b and d) or direct 

combustion (Fig. 2.31e), which can be repeated for 10 cycles without any obvious 

absorption capacity changes, in contrast to carbon aerogels that experienced volume and 

weight loss during the combustion process. The ultrafast absorption rate, ultrahigh 

absorption capacity for a series of organic solvents and oil, and superior recyclability 

make the SiCNW aerogel a promising candidate for sewage treatment and 

environmental protection [16,66].  

 

Fig. 2.31 Organic solvent and oil absorbing performance of the SiCNW aerogel. (a) 

Absorption process of kerosene floating on the water within 5 s. (b) Schematic of the 

absorption-squeeze-reabsorption process. (c) The absorption capability of the SiCNW 

aerogel for different organic solvents and oil. (d) Recyclability of SiCNW aerogel for 

absorption of kerosene under absorption-squeezing cycles. (e) Recyclability of SiCNW 

aerogel for absorption of kerosene by under absorption-combustion cycles [16]. 
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2.4.4 Filtration 

Filtration has been heavily involved in modern industries, from chemical, biomedical 

and environmental sectors to energy sectors. Porous ceramics with adequate 

permeability and certain structural strength can be the core elements for components in 

constructing a variety of filtration systems [146,147]. Nowadays, particulate matter 

(PM) air pollutions have been acknowledged as one of the most critical global safety 

concerns. Most existing air filters have been struggling for effectively removing PM2.5 

(particle size of < 0.25 µm) [159]. To tack this issue, ultralight ceramic nanowire 

networks have been designed for high-performance air filtration [160].  

Ren et al. have evaluated the filtration performance of SiC/SiOx nanofibrous aerogel 

(SCS-NAs) [66]. The aerogels with an ideal specific surface area of 142 m2 g-1 is 

considered promising for capturing microparticles/nanoparticles. The set-up of the PM 

filtration testing is displayed in Fig. 2.32 a and b. During the test, the smoke was 

generated by burning incense, which emitted multiple air pollutants such as volatile 

organic compounds (VOCs), PM, etc. An air compressor was equipped to pressurise the 

smoke passing through the 0.2 mm-thick SCS-NAs membrane. The particle 

concentrations before reaching the membrane and after passing through the membrane 

were measured by the PM particle sensors. PM with different size can be categorised by 

the sensor as PM<1.0 (less than 1.0 µm in diameter), PM1.0-2.5 (1.0-2.5 µm in diameter), 

and PM2.5-10 (2.5-10.0 µm in diameter). As shown in Fig. 2.32 c, the concentrations of 

all PMs remained stable under an airflow velocity of 10.4 cm s for 120 min before 

flowing into the membrane. The SCS-NAs membrane demonstrated excellent filtration 

capability, the average PM<1.0 and PM1.0-2.5 removal efficiencies were above 99.966%, 

while the removal efficiencies of PM2.5-10 reached 99.970%. However, the pressure drop 

of the membrane filter remained below 50 Pa in the first 60 min of the test and finally 

reached a maximum value of 96 Pa after 120 min (Fig. 2.32c). As illustrated in inset Fig. 

2.32d, the colour of the membrane became brown after filtration test as a result of PM 

collection, suggesting its effective filtration efficiency and good durability. Owing to 

the special porous nanofibrous architecture, the SCS-NAs membrane can capture both 

PMs and vaporized organics at the initial stage of filtration process (Fig. 2.32 e and f). 

As the filtration process went on, the deposited organics formed a thin layer in some 

areas on the membrane (Fig. 2.32g), the roughness of the nanofibers surface also 

increased (Fig. 2.32h), which consequently led to an increase of the backpressure. The 
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results displayed above suggest that the SCS-NAs as a membrane with ultrahigh 

removal efficiency and relatively low pressure drop can be a promising component in 

efficient filtration systems. 

 

Fig. 2.32 Filtration performance of SCS-NAs network. (a) Digital photo illustrating the 

PM filtration apparatus. (b) Digital photo of SCS-NAs membrane. (c) The concentration 

of PM under an airflow for 120 min. (d) Removal efficiency of various PMs and 

corresponding pressure drop, inset digital photo showing the colour change of SCS-NAs 

membrane before and after the test. SEM images showing the capture of PMs and 

vaporised organics by the membrane after (e and f) 30 min and (g and h) 120 min of 

filtration. [66]. 

 

All the studies reviewed here clearly indicate that 3D SiCNW structures possess 

excellent strength, recoverable compressibility, fatigue resistance, thermal insulation 

performance, and capability to serve at high temperatures, which can be exploited as 

piezoresistive sensors, catalyst support, absorbent for organic solvents/oil, and filtration 

applications. However, poor overall shape of SiCNW structures, inhomogeneous 
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distribution of SiCNWs, and anisotropic microstructures that exhibited by existing 

fabrication methods such as CVD, spinning techniques, and freeze casting have 

restricted the utilisation of the SiCNW structures. Moreover, previous studies have 

failed to provide a connection between various SiCNW structures with different 

applications. The thesis sets out to explore advanced manufacturing approaches of 

SiCNW structures with precisely controlled architecture and enhanced properties for 

energy and environment-related applications. 
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Chapter 3 Experimental methodology 

3.1 Introduction 

This chapter presents the generic information of the starting materials and synthesis 

techniques used for the fabrication of 3D SiCNW structures, followed by the description 

of the principles of a series of state-of-the-art characterisation techniques, including X-

ray diffraction (XRD), Scanning Electron Microscopy (SEM), Transmission Electron 

Microscopy (TEM), Energy-dispersive X-ray spectroscopy (EDS), and 

Thermogravimetric Analysis (TGA), which will be utilised to characterise the detailed 

morphological crystallographic, compositional, and microstructural features of the 

resulting materials. Furthermore, the generic equipment and methods that utilised to 

evaluate the various aspects of their multiple multifunctionalities, including the density, 

mechanical properties, thermal conductivity, pressure-sensing capability, 

photodegradation performance, surface wettability, and organic solvent/oil absorption, 

will also be briefly descripted in this Chapter.  

 

3.2 Materials and synthesis technique 

3.2.1 Chemical blown formation of core-shell SiCNW sponge  

The NH4Cl porogen (Sigma-Aldrich, U.K.; ≥ 99.5% purity) was first wet-mixed with 

sugar (kitchen-use sugar from Whitworths Co.) at a weight ratio of 1:1. The granular 

NH4Cl/sugar mixture was ground into fine powders before being blended with the SiO2 

powder (approximately 99%; particle size, 0.5-10 μm; Sigma-Aldrich) at different 

weight ratios. The mixed powders were then subjected to a pressure of 500 kPa using a 

mould of 15 × 35 mm2, to prepare the green bodies. This green body was finally treated 

at 1500 °C, at a ramping rate of 5 °C min-1 and a dwell time of 4 h in Ar at a flow rate of 

70 mL min−1. To obtain pure SiC sponges from the as-synthesized SiC/C composites, a 

further thermal treatment in air at 800 °C for 20 min was performed to remove the 

superfluous carbon via oxidation. 
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3.2.2 Melamine foam-templated SiCNW scaffold 

The 3D SiCNW scaffolds are fabricated by direct infiltrating the melamine foams (MF) 

with SiO2-sugar slurries, followed by a one-step, catalyst-free, in-situ carbothermal 

reaction between gaseous SiO2 and sugar-derived active carbon, and details are 

presented as follows. 

3.2.2.1 Preparation of SiO2-sugar slurries 

In the melamine foam-based replica template method, the slurries used for impregnating 

melamine foams (porosity: 98.9%, LTWHOME ltd. China) were prepared as following: 

The SiO2 sol was made by hydrolysis of Tetraethyl orthosilicate (TEOS, 98%, Acros 

Organics), where TEOS, ethanol (≥ 99.8%, Sigma-Aldrich), and H2O were mixed at a 

volume ratio of 2:2:1, HCl (37%, Sigma-Aldrich) as the pH modifier was then added to 

adjust the pH value of the solution to ~3. The sol was then subjected to magnetic 

stirring for 24 h. Subsequently, 5, 10, 15, and 20 wt.% of granular sugar (Whitworths 

Co.) was added in to form the SiO2-sugar slurries with different sugar concentrations.  

3.2.2.2 Synthesis of SiC nanowire scaffold 

Commercial MF (pre-cut into 35 × 35 × 35 mm3 cubic blocks), as the template, was 

immersed in the 50 ml pre-mixed SiO2-sugar slurries, followed by a vacuum degassing 

process of 120 min to allow for the slurries thoroughly filling the pores. After the 

immersion, compressive pressures were applied to the template, to remove the excessive 

slurry. The compressive strain is defined as: 

                                             Compressive strain = 
h0−h1

h0
 × 100%                                  3.1 

where h0 is the original height of the template, and h1 represents the height under 

compression. 

The samples were then dried on a home-made rotary machine at room temperature for 

24 h at 10 rpm and followed at 100 °C in an oven for another 24 h, respectively. Upon 

sintering, the samples were first heated at 1 °C min-1 to 700 °C in order to preserve the 

original shape of MF, the calcination temperature was then increased to 1500 at 5°C 

min-1, and kept for 3 h, under Ar. Finally, the purified SiC was obtained by burning off 

the superfluous carbon using a heat treatment at 800 °C in air for 30 min. 
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3.2.2.3 Preparation of TiO2-C/SiCNW composites  

A mixture solution of NH2-MIL-125(Ti) (Ti-MOF) containing organic linker and metal 

cluster with a molar ratio of 3:1 was prepared by dissolving 15 mM 2-aminoterephthalic 

acid and 5 mM Ti(OBu)4 in 30 mL dimethylformamide (DMF) and 30 mL methanol. 

The previously as-obtained SiCNW scaffold was immersed in the mixed solution, 

which was subjected to a solvothermal reaction at 140 °C for 48 h. The final Ti-

MOF/SiCNW composite was first washed twice with DMF to remove the unreacted 

species, followed by washing twice with methanol, and then dried in an oven at 70 °C 

overnight. To examine the benefit of the in-situ synthesized Ti-MOF on the SiCNW 

scaffold, an ex-situ catalyst loading was also carried out, as a reference. In the latter 

case, the SiCNW scaffold was directly dip-coated once by the as-synthesised Ti-MOF 

solutions, followed with the same drying procedure. 

The carbonisation of Ti-MOF/SiCNW was carried out by heating the sample to 800 °C 

for 1 h at a rate of 10 °C min-1 under Ar. After heating, the TiO2-C/SiCNW(in-situ) and 

TiO2-C/SiCNW(ex-situ) composites were then obtained, respectively. 

 

3.2.3 Mille Crêpe cake inspired 3D electrospun SiCNW aerogels  

Precursor solutions were prepared by dissolving poly (acrylonitrile) (PAN, Mn=150000, 

Sigma Aldrich) and SiO2 (nanopowder, 10-20 nm particle size (BET), 99.5% trace 

metals basis, Sigma Aldrich) with a stoichiometric ratio of C:Si = 1:1 in N, N-

dimethylformamide (anhydrous, 99.8%, Sigma Aldrich) and stirred on a hot-plate at 

80 °C for 4 h. As shown in Fig. 3.1, the prepared solution was loaded into syringe with 

an 18-G metal needle and delivered at a constant feed rate of 3 ml h-1. A drum collector 

with a rotational speed of 500 rpm was placed 15 cm before the needle. A constant 

voltage of 20 kV (TESLAMAN TCM6000) was applied between the needle and the 

collector during the spinning process. The ambient temperature and relative humidity 

during electrospinning were controlled at ~25 °C and ~40%, respectively. The thickness 

of the electrospun matt was controlled by carefully regulating the depositing time of the 

fibres. 

The electrospun PAN/SiO2 nanowires matt was collected on an Al foil and were air-

cured at 270 °C for 2 h at a ramp rate of 1 °C min-1 in a muffle oven. The stabilised matt 

was then cut into rectangles with dimension of 30 × 25 mm and stacked as a cubic 
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sponge green body; a small pressure was applied to compact the layered structures. This 

green body was finally treated at 1500 °C, at a ramping rate of 5 °C min-1 and a dwell 

time of 3 h in flowing Ar (flow rate, 70 mL min−1). To obtain pure SiC aerogels from 

the as-synthesized SiC/C composites, a further thermal treatment at 800 °C for 10 min 

in air was also performed to remove the superfluous carbon via oxidation. 

 

Fig. 3.1 Schematic of electrospinning setup. 

 

3.3 Structural and morphological characterisation techniques 

3.3.1 X-ray diffraction (XRD)  

As X-rays have wavelength in the angstrom (1 Angstrom = 0.1 nm) range, which is 

energetically sufficient to penetrate solids, X-ray diffraction (XRD) is therefore 

considered as the most potential non-destructive technique for detailed structural and 

phase analysis of crystallised or amorphous solid material, either in bulk, powder, or 

thin film forms. The essential parts of an X-ray diffractometer are: a cathode ray tube as 

the source of X-rays, a goniometer as a platform that controls the position and 

orientation of the sample, two optics that condition the X-ray before and after 

encountering the sample, a detector that counts the number of X-ray scattered by sample, 

meanwhile, a computer is connected to collect and analyse the data [161].  

When a sample is irradiated by the monochromic X-ray beam (incident X-ray) from the 

generator and produces constructive interference (which occurs only at specific 

wavelengths, crystal lattice planar spacing and angle of the incidence) after reflection, 

as the sample and detector rotated, the resulting diffraction will be recorded by a 
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detector in the form of the intensity of the diffracted beam. As illustrated in Fig. 3.2, 

when the conditions satisfy the Bragg’s law (Equation 3.2), the lattice spacings can be 

derived from the diffraction of X-rays by crystal planes [162].  

                                                                 nλ = 2dsinθ                                                    3.2 

where n is the order of reflection (integer), λ is the X-ray wavelength, d is the 

characteristic spacing of atomic planes, and θ is the X-ray incident angle. By measuring 

the angles θ, the interplanar d-spacing of each crystalline phase can be determined. A 

list of peak positions and intensities that extracted from the diffraction pattern is used to 

identify the unknow substance [163]. These data as the structural fingerprint of the 

substance can be compared against the reference patterns in the database such as the 

Powder Diffraction File (PDF) [162]. Meanwhile, in a mixture of substances, each 

substance produces same and independent diffraction pattern. 

 

Fig. 3.2 Schematic of X-ray diffraction beam working principle [164]. 

 

It is worth noting that XRD data can be used for quantitative phase analysis, 

determining the unit cell lattice parameters, and calculating the residual strain and 

crystallite size as well [165]. In this work, the XRD powder diffraction patterns were 

recorded on a Bruker D8 Advance diffractometer with a Cu Kα radiation (λ = 0.154 nm, 

operated at 40 kV and 40 mA), at a time interval of 1 s and a step size of 0.02°, within 

the 2θ range from 10° to 80°. 
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3.3.2 Scanning electron microscopy (SEM) 

SEM is a scientific instrument that produces images of the surface topography of 

materials at the nano- to micro-level scale [166]. Benefitting from the electrons with 

much shorter wavelength than visible light, high-resolution images (maximum 

resolution < 1 nm) than standard light microscopes can be produced, making SEM one 

of the most useful tools for obtaining the morphological, topographical, and 

compositional information of the materials [167].  

A standard SEM consists of the following components (Fig. 3.3) [161]: 

∙ The electron gun that produce the electron beam.  

∙ A specimen stage.  

∙ Electromagnetic lenses and apertures that direct and focus the electron beam.  

∙ A scanning coil to scan the electron beam. 

∙ Detectors that used for detecting various electrons emitted from the specimen. 

∙ A high-vacuum chamber that guarantees the electrons not being scattered or absorbed 

by the air.  

In SEM, an electron beam generated from the electron gun is directed to scan the 

surface of the sample. When the beam strikes a specimen, a few different electron-

sample interactions occur, generating various signals containing information about 

surface topography, morphology, composition, and crystallography (Fig. 3.4). The 

received signals such as X-ray, secondary electrons, backscattered electrons, and Auger 

electron are collected and recorded [161]. Among them, the generation of an image 

from secondary electrons remains the most used imaging technique [169]. 
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Fig. 3.3 (a) The layout of an SEM machine, with the SEM on the left and the monitor on 

the right to visualise the images. (b) Illustrating the principles of an SEM [168]. 
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Fig. 3.4 Schematic of an electron beam interaction. (a) The depth of quantum emission 

and spatial resolution. (b) Information obtained from specimen [170]. 

 

The beam spot size, the interaction volume, and the topography of the sample is of great 

importance to the resolution of SEM images. The samples must be electrical conductive 

at the surface to prevent “charge-up” phenomenon [163]. In this technique, special 

sample preparation sometimes is required. Samples with low electrical conductivity are 

therefore subjected to the coating of conductive material such as C, Au, or Pt prior to 

the SEM imaging [171].  

In this thesis, an xT Nova Nanolab 600 FIB SEM equipped with a W filament was used 

to analyse the morphological features of all samples, operated at 10 kV, in high vacuum 

conditions. The SiCNW structured sample is placed onto a metal support and secured 

using a double-sided conductive carbon tape. An ultra-thin layer of Au (~15 nm) was 

sputter coated on the sample, to provide better conductive paths between the sample and 

sample holder, and to eliminate charging which results in blur images.  

 

3.3.3 Transmission electron microscopy (TEM) 

TEM is like the SEM with the exception that the electron beam transmits through an 

ultrathin sample (typically 100-200 nm in thickness), interacting with the specimen as it 

travels through (Fig. 3.5) [172]. It offers great magnification of approximately 1000000 

times, which is potential to examine ultrafine features for samples with characteristic 

dimensions ≤ 100 nm, or even down to atomic scale (resolution up to 2 Angstroms), 

which complements with SEM but provides higher magnification and higher resolution 

images when identifying and quantifying the chemical and electronic structures of 

individual nanocrystals [173]. 
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Fig. 3.5 Difference in operating principles of optical microscope, TEM, SEM [167]. 

 

Much enhanced beam energies are utilized here than applied in the SEM, mostly 

operating at an acceleration voltage of 80-300 kV [174]. The test specimen must be a 

thin foil or small enough that allow an electron beam to pass through it. Meanwhile, the 

specimen must also be able to withstand the high voltage inside the instrument [175]. 

Additionally, the column in a TEM demands extremely high vacuum to avoid scattering 

of electrons by air molecules [176]. Fig. 3.6 presents the photograph and schematics of 

a modern JEOL 2100 TEM. Intense electron beams are emitted from a heated tungsten 

filament and accelerated by the voltage in the anode, then the configured electrons are 

projected onto the specimen. In this procedure, various secondary, backscattered, Auger 

electrons are generated when the incident electron beams penetrate the ultrathin 

specimen. These transmitted electron beams are refocused and then magnified by an 

electromagnetic objective lens and projective lens, respectively [176]. Finally, a high-

resolution visible image is generated and projected onto the fluorescent screen at the 

bottom of the machine.  
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Fig. 3.6 (a) Digital photo of the JEOL 2100 TEM [177]. (b) Schematic of the principle 

of a TEM [178]. 

 

As illustrated in Fig. 3.7, by changing the focal position of the aperture, the TEM can be 

operated in bright field (BF) and dark field (DF) modes. In the most used BF mode, 

only transmitted electrons could pass through the objective aperture. Generally, thicker 

regions or regions with greater atomic number (heavier atoms) that scatter electrons to 

higher angles appear dark on the screen, while those scatters to lower angles appear 

bright. BF mode is utilised to characterise the morphology of individual particles and 

nanowires, as well as their distribution of the size and shape on a large population. By 

contrast, in the DF mode, the objective aperture is positioned around one of the 

reflections in the diffraction pattern, transmitted electrons are therefore blocked by the 

aperture, and only diffracted electrons could pass through, making the crystal 

information of the sample bright to be viewed [162,164,165,174]. 
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Fig. 3.7 Schematics of (a) bright field image mode and (b) dark field image mode [164]. 

 

High-resolution transmission electron microscopy (HR-TEM) provides high resolution 

images at atomic scale [165]. In the HR-TEM, a large objective aperture is utilised to 

allow both the transmitted and scattered beams that emerged from the specimen to 

contribute to an interference image (phase contract image) [174]. Their interference 

provides a back-transformation, which can be interpreted as an enlarged picture of the 

periodic. TEM also allows to focus the beam onto one specific point of the sample, to 

obtain a selected area electron diffraction (SAED) pattern which in principle is the same 

as the X-ray diffraction. Diffraction patterns are formed at the back focal plane and the 

resulting image where the electron scattered at the same direction by the sample is 

collected into a single point. Compared with XRD, SAED can obtain much finer 

localised details about phase structure, crystal orientation, and lattice spacing of the 

sample, from micron down to nanoscale. 

In this work, TEM investigations were carried out using a JEM-2100 TEM. It has a 0.25 

nm point resolution and a 0.14 nm lattice resolution when it is operated at 200 kV. It 

can operate in both bright field and dark field modes. Samples are prepared on a 3 mm 

holy-carbon coated Cu TEM grid (400 mesh). A low concentration sample suspended in 

acetone was prepared, probe-sonicated, which was then dropped onto the carbon-coated 

Cu-grid. After drying for overnight at 80 °C in an oven to eliminate potential solvent 

contamination to the high-vacuum chamber inside the TEM column, the sample will be 

ready for investigation.  
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3.3.4 Energy-dispersive X-ray spectroscopy (EDS) 

Energy-dispersive X-ray spectroscopy (EDS, EDX, or XEDS) is a non-destructive 

analytical technique for identifying and quantifying the elements present in a sample 

[180]. It is strongly based on the fundamental principle that each element with unique 

crystal structure allows for an independent set of peaks on the electromagnetic emission 

spectrum. It is worth mentioning that the EDS is generally utilised for analysing the 

composition of the surface of a specimen [172], with the detection depth of tens of 

nanometers [147].  

The EDS apparatus generally include four major components: the excitative source 

(electron beam or X-ray beam), the X-ray detector, the pulse processor, and the analyser. 

The characterisation process is initiated by a high-energy beam been focused onto the 

specimen, the interaction between the incident electrons and atom of specimen leads to 

the ejection of electrons from inner shell, generating X-rays of particular energies [168]. 

The detector then converts the X-ray energy into voltage signals, which were 

subsequently transmitted to the pulse processor for measurement and the analyser for 

data analysis and presentation. As the characteristic X-rays generated within the whole 

interaction volume are emitted isotropically with no preferential direction, the EDS 

detector is therefore generally placed at a 35° elevation angle, which collects only a 

small fraction of the X-rays emitted into the 4π steradian sphere (Fig. 3.8) [181]. By 

determining the energies of the X-rays that emitted, the elements present in the 

specimen can thus be identified [175].  

 

Fig. 3.8 EDS detector under a take-off angle (ToA) of 35 degrees [181]. 

 

EDS can be used not only to identify the specific chemical elements that present in the 
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sample (qualitative analysis) but also to estimate their relative abundance (quantitative 

analysis). In quantitative analysis, the intensities of the peaks are considered the 

measurement of the concentration of a specific element that present in a sample [165]. 

EDS can detect both major (concentration > 10 wt.%) and minor elements 

(concentrations: 1-10 wt.%) [174], however, trace amount of elements (< 0.1 wt.%) can 

be hardly detected, making it challenging for analysis of nanomaterials on a micro or 

nanoscale [175].  

EDS technique can also generate elemental distribution maps when the electron beam 

scans over a specific area of the specimen and collect a full spectrum at each pixel. 

[152,163]. Fig. 3.9 illustrates the EDS elemental distribution map for a heterogeneous 

catalyst containing Au-Pd particles on an Al2O3 support. The colour overlay represents 

the elemental distribution of Au (red), Pd (green), and Al (blue), respectively, and a 

core-shell morphology was clearly identified. Such spectroscopic analysis is extremely 

powerful for nanomaterial characterisation.  

 

Fig. 3.9 Annular dark-field SEM image of a heterogeneous catalyst containing Au-Pd 

particles supported on an Al2O3 substrate (left). EDS elemental maps showing the 

distribution of the Au (red) and Pd (green) catalyst nanoparticles (right) [174]. 

 

In this study, the elemental compositions of the as-prepared materials were 

characterized by EDS (Oxford Instrument X-MAX) that equipped in SEM. This 

analysis is carried out using “Aztec” software, the specimen coating information (Au, 

thickness: 15 nm) is provided to ensure only the elements that present in the specimen is 

assessed. Then, an area of interest on the SEM image is selected for qualitative analysis, 

which involves acquiring a spectrum from this selected area, peaks in the spectrum are 
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identified and labelled using pre-defined elements lists. Once the elements are identified 

and confirmed, quantitative analysis can be performed to acquire the elemental 

compositions. 

Furthermore, the elemental distribution map of Si, C, and O on a single SiCNW was 

obtained by EDS (Oxford Instrument System, liquid nitrogen-free SD detector, 80 mm2, 

138 eV) that fitted in TEM. The mapping procedure is accomplished by “INCA” 

software. 

 

3.3.5 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) is a thermo-analytical technique that measures the 

weight of a sample over temperature changes during a defined heating process. This 

measurement reflects the material weight change due to decomposition, oxidation, or 

loss of volatiles in a set temperature range, giving a typical temperature (or time)/mass 

(or mass percentage) plot. 

In this study, thermogravimetry analysis is conducted using a TA SDT Q600 TGA-DSC 

instrument, from 25 to 1000 °C at a ramping rate of 10 °C min-1 under an air 

environment. The composition of the as-obtained SiC/C composites is simply 

determined via residual percentage weight after the thermal treatment, the loss of the 

weight corresponds to the content of superfluous carbon, which is oxidised under high 

temperature. This result can be used to access the temperature required for the right 

carbon elimination process. Furthermore, TGA measurement at the same conditions was 

employed to purified SiCNW structures for evaluating their oxidation resistance, which 

is quantified by calculating the mass change after thermal treatment.  

 

3.4 Property examination 

3.4.1 Density and porosity measurement of SiCNW structures 

In the current work, the apparent densities of the 3D SiCNW structures were obtained 

based on the ISO 845:2006 standard by the following Equation 3.3:  

                                                                            Pb = 
𝑚

𝑉
                                                          3.3 
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where m and V stand for the mass of solid constituents and volume of the bulk, 

respectively; Pb is the apparent density of the aerogel bulk. The theoretical porosity is 

estimated using the following Equation 3.4: 

                                                          Pt = (1 - 
𝑃𝑏

𝑃𝑑
) × 100%                                             3.4 

where the Pt, Pb, and Pd represent the porosity, apparent density, and particle density, 

respectively.  

 

3.4.2 Compression test 

The as-obtained SiCNW structures with dimensions of ~15 × 35 × 5 mm3 (SiCNW 

sponges), ~15 × 15 × 15 mm3 (SiCNW scaffolds), and ~18 × 18 × 20 mm3 (SiCNW 

aerogels), respectively, were directly subjected to compression test without cutting or 

surface polishing. The static compression test was carried out on a Lloyds EZ20 

advanced universal mechanical testing system, using a 1 kN detection cell at a loading 

rate of 5 mm min-1. The cyclic compression test was carried out on the same machine at 

a pre-set strain of 20% but using a 50 N detection cell at a loading rate of 10 mm min-1. 

Young’s modulus was calculated by fitting the stress-strain curve in the linear elastic 

region. The work done by the compressive loading Wc was equal to the area under the 

loading curve, whilst the energy dissipation during the recovery process Wr was 

calculated as a function of the area under the unloading curve, the energy loss 

coefficient was determined as the area between the loading and unloading curves and 

was calculated as 1-Wr/Wc. 

 

3.4.3 Thermal conductivity test  

Thermal diffusivity evaluations were conducted on a NETZSCH LFA 467 HyperFlash 

machine in the temperature range of 25-200 °C. Prior to testing, the samples with a 

dimension of 1 × 1 × 0.1 cm3 were spray-coated with a thin layer of graphite, to 

improve the signal-to-noise ratio and enhance the light emission/absorbance during 

analyses. The thermal conductivity (λ) was extrapolated from the data set obtained from 

thermal diffusivities (α), using Equation 3.5: 
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                                                                λ = αρCp                                                         3.5 

where ρ and Cp represent the density and specific heat capacity of the sample, 

separately. Cp is determined by comparing the signal heights between the sample and 

reference (Equation 3.6): 

Cp
Sample

(T) = 
T∞

Ref.

T∞
Sample · 

QSample

QRef.
 · 

VSample

VRef.
 · 

ρRef.

ρSample
 · 

DRef.

DSample
 · 

dSample−Aperture
2

dRef−Aperture
2  · Cp

Ref.(T)   3.6 

where T is the height of the detector signals; Q is irridated energy; V is amplification 

factor; ρ is density; D is the thickness of the sample or reference; d is the opening 

diameter.  

An average value was obtained from the software after 3 runs. 

 

3.4.4 Pressure-sensing test 

The pressure-dependent electrical response was analysed by KEITHLEY 6514 system 

sourcemeter that connected with a bespoke linear motor setup and a computer for data 

collection (Fig. 3.10). The sample was placed between two parallel Al/Cu plate 

electrodes. The dynamic resistance responses of the sensor system were examined by 

applying a cyclic compressive load on the sample. Gauge factor (GF) is used to 

characterise the sensitivity of the sensors, which is expressed as the ratio of resistance 

change to the strain using Equation 3.7: 

                                                           GF = (ΔR/R0)/ε                                                    3.7 

where ε refers to the variation of the strain, and ΔR and R0 are the relative resistance 

change and original resistance of the strain sensor, respectively. To verify the 

repeatability of the pressure sensor, cyclic compressive load in the range of 50-400 N at 

1 Hz was applied to SiCNW sponges for 400 s; up to 2000 cyclic compressive loads 

under a fixed frequency of 1 Hz but with different strains of 20% and 30% were applied 

to SiCNW aerogels; 100 cyclic compressive loads under a fixed frequency of 1 Hz but 

different strains of 20% and 30% were applied to SiCNW scaffolds. 
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Fig. 3.10 Schematic of the bespoke linear motor setup for dynamic piezoresistive test. 

 

The high temperature testing environment is created by MOWIS 2000W professional 

hot air gun, which is operated under an adjustable temperature of 50-600 °C and air 

flow of 190-500 L min-1. 

 

3.4.5 Photodegradation characterisation 

The photodegradation of organic dye methylene blue (MB) by TiO2-C/SiCNW 

composites was evaluated under UV-visible light irradiation. The UV-visible light was 

provided by a 400 W Xe/Hg lamp (Mercury-Xenon Light Source 66983-500HX-R1, 

Newport Corporation). Typically, 250 mg of black TiO2-C/SiCNW sample was added 

into 50 mL (10 ppm) aqueous MB solution. After different time intervals, 1 mL aliquots 

were taken out, and the concentration of MB was determined by a UV–vis absorption 

spectroscopy (Evolution 200 spectrophotometer, Thermo Fisher Scientific). The 

subsequent photodegradation (D) of MB in aqueous solution was calculated in terms of 

the decrease in final (C) and initial (Co) concentrations. 

 

3.4.6 Surface modification and surface wettability test. 

SiCNW structures were firstly ultrasonically washed in deionised water and ethanol for 

20 min, respectively. After cleaning, they were dried in the oven at 80 °C for 24 h. The 
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dried samples were immersed in a 1.0 vol% n-heptane (ReagentPlus, 99%, Sigma 

Aldrich) solution of n-Octadecyltrichlorosilane (OTS, 95%, ACROS Organics) for 1 h 

at room temperature, after this, the samples were rinsed with ethanol and dried at 

100 °C in the vacuum for 6 h. 

Water wettability of samples was evaluated by measuring the static contact angle of a 

pure water droplet (~5 µL in volume) using a video-based optical contact angle 

measuring system equipped with a high-speed USB camera (DataPhysics OCA15Pro). 

 

3.4.7 Organic solvent/oil absorption and recyclability 

During the absorption process, samples were completely immersed into the organic 

solvents/oils for 5 min and then picked out and weight after fully dried, each test was 

repeated for three samples. The adsorption capacities Q (wt.%, defined as the ratio of 

as-obtained weight of SiCNW structure after full absorption to the initial weight) 

towards a series of organic solvents and oils were calculated using Equation 3.8: 

                                                               Q = 
(𝑚−𝑚0)

𝑚0
                                                       3.8      

where m0 and m represent the initial weight of the sample and the total mass after full 

absorption, respectively.  
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Chapter 4 Synthesis and characterisation of SiCNW 

structures 

4.1 Introduction 

3D SiCNW structures with competent mechanical and functional properties have been 

fabricated by CVD, replica template, and freeze-casting techniques. However, the 

understanding of controlling the overall shape and microstructure of the SiCNW 

structures, as well as the growth of SiCNWs is still lacking. To this end, I aim to 

discover efficient approaches for fabrication of desirable highly porous (> 90%) SiCNW 

structures with well-controlled architecture and uniform distribution of nanowires.  

Based on their microstructural features, three SiCNW structures are named as SiCNW 

sponges, scaffolds, and aerogels, respectively. In this chapter, I will firstly present the 

synthesis of SiCNW sponges by in-situ chemical-blowing, the rigid porous structure is 

created by the synergetic effect of porogen and pre-applied pressure, the composition 

and special core-shell structure will be discussed. Secondly, I will introduce the 

synthesis of SiCNW scaffolds by melamine foam templating, the solid loading on the 

template, which dictates the generation of SiCNWs and the microstructure of the 

resulting scaffolds will be outlined. Thirdly, I will demonstrate the fabrication of 

ultralight SiCNWs aerogels, the paper-like electrospun nanowires matt will be simply 

stacked as a cubic sponge, followed by calcination for transferring the polymer/SiO2 

composites to SiCNWs, leading to 3D SiCNW aerogels. The detailed experimental 

process that corresponds to each fabrication approach will be documented. XRD, TGA, 

SEM, TEM will be utilised to characterise the crystallography, composition, and 

microstructure of the resulting materials. The feature of each fabrication technique will 

be then critically compared and discussed. I intend to provide a selection of advanced 

manufacturing approaches for lightweight SiCNW ceramics with easy and precise 

control of the overall shape and growth of SiCNWs, which is believed to fundamentally 

benefit their structural integrity, mechanical properties and thermal insulation 

performance.  

 

4.2 SiCNW sponges with core-shell structure 

In the simplest chemical blowing of compact powder method, the starting materials 
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containing sugar and SiO2 of different weight ratios (1.25:1, 1.5:1, 1.75:1, and 2:1) were 

mechanically mixed first, then NH4Cl with the same weight of sugar was added as the 

porogen. The mixture was pressed into rectangular blocks of ~15 × 35 × 5 mm3 prior to 

sintering. During sintering, the in situ carbothermal reaction took place. As shown in 

Fig. 4.1, the compacted green body led to a little shrinkage and good morphology 

control over the final products. Surprisingly, the resultant SiCNW sponges exhibit a 

unique core-shell structure. By peeling off the shell part, I measured the density of the 

two parts of the sample separately. The density of the core part is ~120 mg cm-3, while 

the fluffy shell layer possesses a density of merely ~25 mg cm-3, corresponding to 

porosities of 96.3% and 99.2%, respectively. 

 

Fig. 4.1 Digital photographs of the raw powder mixture, the green body, and the as-

sintered sponge obtained at 1500 °C for 240 min. A well-preserved geometry after 

sintering is shown. 

 

During sintering, with the increase of temperature at a controlled rate of 5 °C min-1, the 

molten sugar was gradually polymerized to melanoidin at around 250 °C. The 

melanoidin then underwent a series of deoxidation, dehydrogenation, solid-phase 

carbonization, and multiphase graphitization at high temperature, before resulting in the 

final carbon product [65]. Meanwhile, a porous structure was simultaneously created by 

the gaseous HCl and NH3 released from decomposing of NH4Cl (Reaction 4.1): 

                                              NH4Cl (s) → HCl (g) + NH3 (g)                                       4.1 

The abundant active sites within the sponge led to further carbothermal reaction 

between C and SiO2 (Reaction 4.2): 

                                           SiO2 (s) + 3C (s) → SiC (s) + 2CO (g)                                4.2 

As shown in Fig. 4.2, prerequisite results based on the XRD analyses showed that a 
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sugar/SiO2 weight ratio of at least 1.75:1 was enough for the depletion of SiO2 powders. 

Peaks at 35.7°, 41.4°,60°, 71.8°, and 75.6° correspond to the (111), (200), (220), (311), 

and (222) planes of β-SiC, while the peak at around 33.6° indicates the coexistence of 

stacking faults.  

 

Fig. 4.2 XRD profiles of the as-obtained SiC/C samples with different starting 

sugar:SiO2 weight ratios of 2:1, 1.75.5:1, 1.5:1, and 1.25:1. 

 

To determine the heating temperature for the superfluous carbon elimination treatment, 

TGA under air environment was conducted between 20 and 1000 °C. The SiC/C 

composite showed a 24.4% weight loss from 530 to 750 °C, which corresponds to loss 

of CO2 due to the reaction of C and O2 and converts to a SiC content of 75.6% within 

the composites, as shown in Fig. 4.3a. A 1.5% weight increase from 750 to 1000 °C was 

due to the oxidation of SiC after the carbon content was fully burnt off (oxidised). 

Based on these results, an additional thermal treatment at 800 °C for 20 min in air was 

designed to remove the excessive carbon residue in the sponge. As a result, the 

disappearance of the broad peak at around 14.8° for the pure SiC sponge has revealed 

the successful elimination of amorphous carbon compounds (Fig. 4.3b). No other 

crystalline peaks were detected.  



72 
 

 

Fig. 4.3 (a) TGA result of the as-obtained SiC/C before the carbon removal treatment. 

(b) XRD profiles of the as-obtained SiC/C and purified SiC sponges after the carbon 

removal at 800 °C. 

 

As shown in Fig. 4.4 a and b, the colour of the sponge changed from black to grey-

green by burning off the carbon residue. Carbothermal reaction hugely depends on the 

nature of the starting materials, along with the extent of SiO2-C interactions and the 

temperature regime [182]. Higher C content over Si is energetically more favourable 
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since more carbon could accelerate the carbonisation of free Si and suppress the 

formation of free Si. The above XRD results and the TGA analyses have confirmed that 

an adequate composition of the starting material and thermal treatment conditions for 

the formation of β-SiC with high purity have been obtained. 

 

Fig. 4.4 Digital photos of fracture surfaces. (a) The as-obtained SiC/C, and (b) Purified 

SiC sponges, after the carbon removal at 800 °C, respectively. 

 

From the fracture surface of SiCNW sponges shown in Fig. 4.5 a and b, a rough core-

shell feature is visible. The core part is comprised of interconnected and tangled SiC 

whiskers with a small number of flakes (Fig. 4.5d). The whiskers are a few hundred 

nanometers to tens of micrometers in length, and the flakes are up to micrometers in 

lateral size. These shorter whiskers in the core are owing to the pre-applied compact 

pressure which gives rise to relatively closed porous structure, restricting the free 

movement of gaseous SiO and CO, and as a result hindering the growth of SiCNWs. By 

contrast, owing to the exposure to the flowing Ar, a continuous supply and transport of 

Si- and C- containing gaseous reactants at the external surface of the green body was 

realized, so that SiCNWs of ~100-200 μm long constituting a shell layer with a 

thickness of ~160-220 μm were generated (Fig. 4.5c). This evidence indicates that the 

growth was governed by the catalyst-free vapor-solid (VS) mechanism, where the 

morphology of nanowires was largely dictated by the interaction of gaseous reactants.  

TEM analyses have confirmed that the morphologies of nanofibers from the shell and 

core parts are similar (insets of Fig. 4.5 c and d). They exhibit diameters ranging from 

20 to 200 nm, with a majority in the range of 50-80 nm. Further EDS analyses (insets of 

Fig 4.5 c and d) have verified that these nanowires contain Si and C, with a trace 

amount of O that is inevitable due to SiO2 always forming a thin layer on the SiC 



74 
 

surface as a by-product. The content of O element in the nanowires from the shell is 

higher than that of the core counterpart, which is opposite to the distribution of the C 

element, suggesting the shell functions as the oxidation resistant layer. High-resolution 

TEM observations (Fig. 4.5 e and f), together with selected area electron diffraction 

(SAED, Fig. 4.5e, inset) on individual nanowire, have revealed the stacking faults along 

the (111) direction of the SiC nanowire, which agrees well with the XRD analysis that 

the SiC is dominantly β phase.  

These long and smooth SiC nanowires are generated following the catalyst-free vapor-

solid (VS) mechanism, which is associated with the reaction between Si- and C- 

containing gaseous reactants in multiple steps. Firstly, SiO gas is generated on the 

interface between the SiO2 and carbon source via the following reactions (4.3-4.4) [183]: 

                                           SiO2 (s, l) + C (s) → SiO (g) + CO (g)                                4.3 

                                          SiO2 (s, l) + CO (g) → SiO (g) + CO2 (g)                            4.4 

Subsequently, the SiO gas reacts with the active gaseous carbon source and generates a 

SiC nanowire nucleus, which grows into nanowires by a continuous supply of SiO and 

CO gas (Reaction 4.5). In this process, the mass transport of C is also facilitated by the 

flow of Ar gas [16]: 

                                          SiO (g) + 3CO (g) → SiC (s) + 2CO2 (g)                             4.5 
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Fig. 4.5 (a, b) SEM images revealing the typical core-shell feature of the sponge. (c, d) 

SEM images of the nanowires from the shell and core regions, respectively, and insets 

showing TEM images of individual nanowires and their corresponding TEM-EDS 

analyses. (e, f) High-magnification TEM images of a nanowire. Inset in (e) is its 

corresponding SAED pattern. 
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4.3 SiCNW scaffolds with adjustable microstructures 

The MF-based replica template method is illustrated in Fig. 4.6. The fabrication process 

started from immersing the melamine foam into a SiO2-sugar slurry, then a fixed 

compression strain of ε = 80% was applied to remove the excessive slurry absorbed, 

followed with the drying and sintering processes. During sintering, the unreacted carbon 

was burnt off in air, leaving behind the pure SiCNW scaffold. As the MF can hardly 

generate active gaseous carbon during the calcination, additional carbon source was 

therefore added for the creation of SiCNWs through carbothermal reduction of SiO2. 

Owing to its abundant supply and low cost, kitchen-sugar was again used in this study. 

The sugar also increased the viscosity of the slurries, which facilitated the easy 

attachment of slurry onto the MF networks.  

To optimise the slurry composition, slurries containing 5, 10, 15, and 20 wt.% of sugar 

were prepared, respectively, resulting in samples named as SiC-5%, SiC-10%, SiC-

15%, and SiC-20%. The preparation conditions and the properties of resultant SiC 

scaffolds are summarised in Table 4.1. The solid loading and the volume of the resultant 

scaffold increase linearly with the increase of sugar concentration, which is translated as 

that the higher viscosity of the slurries resulted in higher solid loading. The increased 

solid loading better prevented the MF from shrinkage during the sintering stage.  

Table 4.1 A summary of different sugar concentrations used, the SiC scaffolds resulted 

and their weights, volumes, densities, and porosities. 

Sample 

Sugar 

concentration 

(wt.%) 

Solid loading 

(%) 

Weight 

(mg) 

Volume 

(cm3) 

Density 

(mg cm-3) 

Porosity 

(%) 

SiC-5% 5 24.49±1.21 382.5±11.2 3.43±0.16 111.52 96.53 

SiC-10% 10 26.95±3.45 436.2±29.5 4.37±0.15 99.82 96.89 

SiC-15% 15 31.68±2.08 354.8±23.3 5.66±0.17 62.69 98.05 

SiC-20% 20 39.03±1.25 441.7±11.5 6.40±0.30 69.02 97.85 
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Fig. 4.6 Schematic of the fabrication processes of the melamine foam-templated SiC scaffolds. 
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Thermal gravimetric analysis (TGA) of all the as-obtained SiC/C samples was 

conducted between 20 and 1000 °C in air to investigate the content of remaining C and 

the temperature required for later C removal. As shown in Fig. 4.7a, during heating, the 

samples experienced a weight loss from 600 °C, corresponding to the loss of unreacted 

C in the sample that was oxidised in air. The weight loss of sample SiC/C-5% was 

20.2%, while it linearly increased to 35.9% for sample SiC/C-20%, as a result of the 

higher sugar concentration. Subsequently, in the temperature range of 700-1000 °C, all 

samples exhibited a slight weight gain due to the oxidation of SiC, after the C was fully 

burnt off (oxidised).  

These sequential weight changes and phase conversion were further verified by XRD. 

XRD patterns of the as-obtained samples are presented in Fig. 4.7b. Three sharp peaks 

appear at 35.7°, 60°, 71.8° corresponding to the (111), (220), and (311) planes of the β-

SiC phase, while the low intensity peak at around 33.5° represents the formation of 

stacking fault (S.F.). However, the result for sample SiC-5% is noticeably different 

from others, where the peak of SiO2 that appears at 23° is dominant, indicating that the 

SiO2 was not completely consumed despite the carbon was superfluous. Based on these 

results, a sugar concentration of at least 10% is prerequisite for consuming up all Si 

content. Meanwhile, an additional thermal treatment at 800 °C in air for 30 min was 

chosen to remove the excessive carbon residue in the scaffold.  
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Fig. 4.7 (a) TGA result and (b) XRD patterns of the as-obtained SiC/C before the 

carbon removal treatment. Inset in (a) showing the weight loss of all the samples 

marked.   

 

To illustrate the morphological evolution of SiCNW scaffolds, 3 sets of impregnated 

MF and their corresponding resultant SiC scaffolds: samples SiC-10%, SiC-15%, and 

SiC-20% were characterised by using SEM. As shown in Fig. 4.8a, the MF framework 
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was uniformly impregnated by slurries containing 10 wt.% of sugar and the 

interconnectivity of its struts was well-preserved. This crack-free microstructure 

indicates the good quality of the coating, since the drying process of the coated slurries 

frequently causes cracks due to shrinkage. The scaffold from the SiC-10% sample 

exhibited an open cell structure, which was dominantly constituted by nanowires; 

meanwhile struts with morphology duplicating the original MF networks were visible 

(Fig. 4.8b). With the increase of sugar concentration to 15 wt.%, closed cells were 

identified in the coated MF samples (Fig. 4.8c), leading to the formation of a few SiC 

membranes (Fig. 4.8d). When the sugar concentration reached 20 wt.%, the open 

cellular structure within the MF was largely replaced by slurry membranes (Fig. 4.8e), 

and the growth of SiCNWs was significantly restricted due to the limited 

interconnectivity within the structure. A large number of SiC particles, instead of 

SiCNWs, was found in the SiC-20% sample, as shown in Fig. 4.8f. The microstructural 

features of these samples agreed with their variation of densities. The bulk densities of 

the SiC-15% and SiC-20% samples were considerably lower, due to their larger 

volumes, than those of the SiC-10% sample.  

 

Fig. 4.8 Effect of sugar concentration on the morphology of the resultant SiC scaffold. 

SEM images of the as-impregnated MF fabricated from a mixture of TEOS and sugar 

solution with different concentrations of (a) 10 wt.%, (c) 15 wt.%, and (e) 20 wt.%, 

respectively and their corresponding resultant (b) SiC-10%, (d) SiC-15%, and (f) SiC-

20% samples. 
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These above experimental results confirmed that slurries containing 10 wt.% sugar were 

optimal for the preparation of SiCNW scaffolds with homogeneous nanowires 

distribution. The MF-templated growth could lead to lightweight scaffolds with 

intended shapes consisting of uniformly distributed SiCNWs, as shown in Fig. 4.9.  

 

Fig. 4.9 Digital photos of (a) lightweight SiC-l scaffold supported by a flower. (b) The 

resultant SiCNW scaffolds with different shapes that originated from different moulds. 

(c) An as-obtained SiCNW scaffold, and (d) The cross-sectional profile of the scaffold, 

indicating a uniform distribution of SiCNWs. 

 

Furthermore, the EDS results indicated that both nanowires and struts from the SiC-10% 

sample were mainly composed of Si and C, with a trace amount of O, due to the 

inevitable oxidation of SiC (Fig. 4.10). It is obvious that the MF not only served as the 

matrix template for the growth of SiCNWs, but also participated in the reaction, giving 

rise to the SiC struts. Upon heating, the SiO2 sol decomposed and generated activated Si 

at around 160 ºC (Reaction 4.6) [38,50]: 

                                Si(OC2H5)4 (g) → SiO2 (s) + 2H2O + 4C2H4 (g)                            4.6                  

The sugar experienced a series of polymerisation, dehydrogenation, carbonisation, and 

graphitisation process during the thermal treatment [184]. Two types of carbothermal 

reaction between active C and SiO2 occurred, one was the vapor-solid (V-S) mechanism 
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between gaseous SiO and CO, which gave rise to continuous growth of SiCNWs, 

according to Reaction 4.7: 

                                        SiO (g) + 3CO (g) → SiC (s) + 2CO (g)                                4.7 

while the other was solid/liquid-solid reaction between SiO2 and the carbonised MF 

(Reaction 4.8), which created SiC struts:  

                                         SiO2 (s,l) + 2C (s) → SiC (s) + CO2 (g)                                4.8 

 

Fig. 4.10 SEM-EDS analyses of the SiCNW and SiC struts, verifying they both 

containing Si and C, with a trace amount of O. 
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In the replica template method, the solid loading of the preceramic slurries plays a 

critical role in determining the final microstructure and properties of the resultant 

materials. The most common strategy to manipulate the solid loading is by adjusting the 

concentration of slurries. In this study, I developed a more efficient way to change the 

solid loading, by simply varying the compressive strain (90%, 70%, 50%, respectively) 

applied to remove the excessive slurries from the MF (Fig. 4.11a). As outlined in Fig. 

4.11b, both the slurry loading content on the MF and the density of the resulting 

samples kept a good linear relationship with the compressive strains applied. The 

density of the scaffolds increased from 57.8 to 165.6 mg cm-3, as a result of rising solid 

loading. The three samples according to their densities are denoted as SiC-light (SiC-l), 

SiC-medium (SiC-m), and SiC-heavy (SiC-h), respectively.  

 

Fig. 4.11 (a) Schematic of impregnated MFs subjected to compressions for 

quantitatively removing excessive slurries. (b) The relationship of the applied 

compression strain vs. the solid loading on the MF and the final density of the SiC 

scaffolds. 
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In the SiC-l sample (Fig. 4.12a), the framework morphology of the original MF was 

preserved very well, and the framework was covered with interweaving SiCNWs. With 

higher solid loading in the SiC-m sample, broken and shrunken struts were less 

distinguishable due to the improved surface tension from the coated slurries, as shown 

in Fig. 4.12b. However, the increased intensity of carbothermal reaction created visibly 

denser SiCNWs, which might be accountable for the increased density, as compared 

with SiC-l. For sample SiC-h with the highest density, the SiC membranes appeared, 

and the growth of the SiCNWs was therefore partially restricted from the reaction (Fig. 

4.12c).  

The microstructure of ultralong SiCNWs was further characterised. They exhibited 

diameters ranging from 20-110 nm (Fig. 4.12d), with a majority in the range of 40-70 

nm (inset of Fig. 4.12d). TEM images and the corresponding SAED results revealed 

that the SiCNWs were single crystallised, and grew along the [111] direction, with 

visible stacking faults (Fig. 4.12 e and f). This atomic information is in agreement with 

the sharp diffraction peaks and S.F. peak observed in the XRD patterns. The 

morphological evolution of SiCNW scaffolds and its dependence on the solid loading 

are summarised in Fig. 4.12g. 
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Fig. 4.12 SEM images of (a) SiC-l, (b) SiC-m, and (c) SiC-h, respectively. (d) High 

magnification SEM image of SiCNWs, and the inset shows the diameter distribution 

profile. (e) TEM image of the SiCNWs. (f) High-resolution TEM image of a SiCNW. 

The top-right inset is the SAED pattern of the nanowire. The bottom-right inset is a 

partially enlarged drawing showing the spacing between two adjacent lattice planes. (g) 

Drawing illustrating the effect of solid loading on the microstructures of resultant 

SiCNW scaffolds. 

 

4.4 Mille Crêpe cake inspired ultralight SiCNW aerogels 

The ultralight SiCNW aerogels by calcination of electrospun PAN/SiO2 have never 

been realised due to the nature of electrospinning technique and carbothermal reaction 

that involves complex pyrolysis process and intensive gaseous reaction. In this study, 

inspired by the Mille Crêpe cake that made of many crepe layers, I have developed a 

new technique for the fabrication of ultralight 3D SiCNW aerogels by one-step sintering 

of layer-by-layer stacked electrospun PAN/SiO2 nanowire matts. As illustrated in Fig. 
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4.13a, the fabrication process consists of 5 steps: Dissolving PAN and SiO2 in DMF to 

form composite solutions, electrospinning, pre-oxidation treatment, cutting and Miller 

Crêpe stacking of the electrospun PAN-SiO2 matts as a 3D sponge, and finally 

calcinating the PAN-SiO2 sponge.  

Benefitting from the high-speed roller collector, the as-spun PAN/SiO2 nanowires were 

uniformly aligned and distributed on the collector. Unlike conventional electrospun 

carbon fibres that present a long-range smooth fibre surface, the PAN/SiO2 nanowires 

present a “twig” structure with nods due to the existence of SiO2 nanoparticles. The as-

spun PAN/SiO2 nanowires were then pre-oxidised in air at 270°C to cure the nanowires. 

During the curing process, several substantial reactions occur, they are dehydrogenation, 

oxidation, cyclisation of nitrile groups (C≡N) and crosslinking of the chain molecules in 

the form of -C=N-C=N- [185]. After these reactions, a thermally stable ladder structure 

is formed [186], which prevents the complete loss of the organic matter during the 

subsequent carbonisation process [187,188,189].  

The electrospun PAN-SiO2 fibre matts with a thickness of ~2 mm was cut and stacked 

as a 3D cubic sponge. A pressure was subsequently applied to enhance the contact 

between each adjacent layer. The sponge with a dimension of ~30 × 25 × 20 mm3 was 

then subjected to high temperature sintering. During carbothermal reaction at 1500 °C, 

the PAN pyrolyzed to C and react with SiO2 directly before the gasification of C and Si 

(Reaction 4.9) [185].  

                                         SiO2 (s) + 3C (s) → SiC (s) + 2CO (g)                                  4.9 

Following the C removal treatment by burning in air at 800 °C for 10 min, an ultralight 

3D SiCNW aerogel was successfully obtained (Fig. 4.13b). 
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Fig. 4.13 (a) Schematic of preparation of SiCNWs by electrospinning and carbothermal 

reduction. (b) Schematic of the growth mechanism of the PAN/SiO2 nanowire sponges 

to SiCNW aerogels. 

 

Fig. 4.14 shows the XRD results of the as-electrospun PAN/SiO2 nanowires and the 

resulting SiCNWs. All the diffraction peaks can be indexed to the cubic SiC (JCPDS 

card, No. 29-1129). The peaks at 35.7°, 41.5°, 60.0°, 71.8° and 75.6° correspond to the 

3C-SiC (111), (200), (220), (311) and (222) lattice planes, respectively. The low 

intensity peak at around 33.6° marked with S.F. represents the formation of stacking 

faults in SiC structure.  
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Fig. 4.14 XRD patterns of the electrospun PAN/SiO2 nanowires and the resulting 

SiCNW aerogel. 

 

To examine the effect of the pre-applied pressure on the overall architecture of the 

aerogel and microstructure of the SiCNW aerogel, different pressures of 10, 30, and 50 

kPa were applied to the stacked PAN/SiO2 sponge, giving rise to resultant SiCNW 

aerogels with densities of 16.2, 29, and 38.4 mg cm-3, respectively. As shown in Fig. 

4.15 a-f, SiCNW aerogels with densities of 16.2 and 29 mg cm-3 are mostly composed 

of nanowires with diameters in the range of 80-120 nm and length up to tens of µm. 

Meanwhile, SiCNWs intertwine and contact with each other, forming an isotropic 

porous open-cell network.  

The successful generation of SiCNWs can be ascribed to the intimate contact between C 

and SiO2, as a result of the uniform distribution of SiO2 nanoparticles in the electrospun 

fibres. However, some visible structural imperfections are found in the sample with the 

density of 16.2 mg cm-3, which was possibly because of the incompetent attachment 

between adjacent PAN/SiO2 layers due to small pre-pressure applied. By contrast, the 

fibrous structures that duplicate the shape of original PAN/SiO2 fibres were found in the 

aerogels with the highest density, in which some short and curly nanowires were found 

growing along these thick fibres (Fig. 4.15 g-i). It is believed that the insufficient 

gaseous reaction due to restricted space within the structure gave rise to this dual 
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fibrous structure. As the V-S growth mechanism demands free movement of gaseous 

reactants, the permeability within the pre-shaped PAN/SiO2 sponge therefore plays a 

decisive role in the final morphologies of the SiCNWs. It can be therefore concluded 

that 30 kPa is the optimum pressure for compacting the PAN/SiO2 layers, which leads 

to an optimum overall shape and microstructure in the resultant SiCNW aerogels after 

high temperature calcination. 

 

Fig. 4.15 SEM images of SiCNW aerogels with densities of (a-c) 16.2 mg cm-3, (d-f) 25 

mg cm-3, and (g-i) 38.4 mg cm-3, respectively. Insets are digital photos of each sample. 

 

The TEM images and the corresponding SAED results have revealed that the SiCNWs 

were single crystallised (Fig. 4.16a), with an interplanar spacing of the lattice fringes of 

0.25 nm, corresponding to the (111) plane of 3C-SiC. The EDS mapping has further 

confirmed the presence of Si and C elements, as well as trace amount of O due to the 

inevitable oxidation (Fig. 4.16b). This atomic information agrees with the XRD patterns.  
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Fig. 4.16 (a) TEM image of individual SiCNW. Inset its high-magnification TEM 

(HRTEM) image and SAED pattern. (b) The EDS mapping of a SiCNW nanowire. 

 

4.5 Discussion 

Based on the above-mentioned successful approaches, I believe that in addition to 

appropriate sintering temperature (1500 ℃) and reaction time (180-240 min) as the 

prerequisite for fabrication of SiC material, the key to successful generation of SiCNWs 

is the homogeneous mixture and easy contact of C and Si phases in the precursor and 

enough space for the free movement of gaseous reactants. Powder grinding and stir-

mixing of liquid precursors are therefore the basic processing of starting materials. 

Meanwhile, some additional measures that considered the leading contribution for 

controlling the architecture of SiCNW structures must be taken. For template-free 

method, such as chemical blowing and electrospinning, optimum pre-applied pressure 

and cut/stacking of electrospun fibres are required to define the shape of the SiCNW 

structures and regulate the growth of SiCNWs. For melamine foam-based replica 

template method, apart from appropriate solid loading content, a proper drying of 

deposited slurries is demanded to avoid the nonuniform shrinkage of the template upon 

high temperature calcination.  

Although the overall shape of three structures and the distribution of SiCNWs are well-

managed, the precise control of the SiCNW growth at nanoscale and engineering the 

connection between them remain challenging. 
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4.6 Summary 

To sum, by selecting appropriate starting materials, porogens, templates, and carrying 

out suitable experimental designs, three advanced techniques have been successfully 

used in the generation of SiCNW 3D structures:  

(1) The facile chemical-blowing method leads to a special core-shell structure, the core 

part with a density of ~120 mg cm-3 is comprised of short and tangled SiC whiskers 

with SiC flakes embedded, while the shell layer with an ultralow density of merely ~25 

mg cm-3 consists of numerous smooth SiCNWs of a hundred micrometres long. This 

core-shell SiCNW structures has the largest density that ever reported for porous SiC 

structures that purely constructed by SiCNWs, suggesting the special usefulness as 

structural components.  

(2) The direct infiltrating method gives rise to tuneable densities (57.8-165.6 mg cm-3) 

and microstructures of the scaffolds by simply varying the solid loading content in the 

reticulated melamine foam (MF) template. The biggest triumph of fabrication of 

SiCNW scaffold by this method as compared to traditional CVD process is that the 

nanowires can be homogeneously distributed within the structure, which is believed 

essential to their structural stability.  

(3) The electrospinning technique that coupled with the Miller Crêpe stacking creates 

the free-standing ultralight (density of ~29 mg cm-3) and interconnected SiCNW 

aerogels with a good overall shape. This method demonstrates much enhanced 

efficiency and flexibility, as compared with traditional electrospinning-freeze drying 

approach, paving the way for bespoke design and large-scale production. 

Although as-obtained three SiCNW structures exhibit distinct characteristics, all these 

methods could enable the development of SiCNW networks with precisely controlled 

overall architectures and distribution of SiCNWs. This study has shed new light on the 

manufacturing of SiCNW structures and can be extended to the synthesis of a wide 

variety of advanced lightweight porous ceramics.  
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Chapter 5 Properties of SiCNW structures 

5.1 Introduction 

In this chapter, I will collectively demonstrate the exciting properties of the as-obtained 

three SiCNW structures produced in previous Chapter, namely chemical blown SiCNW 

sponges, melamine foam-templated SiCNW scaffolds, and electrospun SiCNW aerogels, 

and the fabrication-microstructures-properties relationships will be then established. 

This chapter consists of 3 parts. Firstly, the mechanical properties of each SiCNW 

structure including compressive strength, recoverability from compression, and fatigue 

resistance under compressive loading-unloading cycles will be separately presented. 

Secondly, the low thermal conductivity of three 3D SiCNW structures will be assessed 

and the heat transfer within them as a proof of thermal insulation capability will be 

investigated. Finally, their thermal stability (oxidation resistance) at high temperatures 

(up to 1000 °C) and fire-retardance will be demonstrated. 

 

5.2 Mechanical properties 

For low-density ceramic structures, the mechanical properties can be drastically 

degraded, leading to limitations as functional structure elements [176,177]. However, 

open-cell lightweight SiCNW structures are well-known for their high compression 

strength yet strong shape recoverability. 

5.2.1 Mechanical properties of SiCNW sponges 

Uniaxial compression test was first carried out to evaluate the static compressive 

behavior of the sponges. As shown in Fig. 5.1 a and b, under ~3.5% strain, the low 

mechanical response suggests that a fluffy shell layer with thickness in the range of 

~160-220 μm first responded to the compression load, yielding a Young’s modulus of 

~113 kPa. A second elastic region of 3.5% < ε < 6.5% indicates that the core part started 

carrying the load, leading to a much-enhanced Young’s modulus of ~389 kPa. A plastic 

region and a densification region are subsequently observed on the stress-strain curve. It 

is worth noting that the compressive brittle failure manner that is usually observed in 

ceramic materials is absent in this context. Surprisingly, the morphological integrity of 

the sponge is well-preserved, without macroscopic fractures or cracks on the surface 

even at a 70% strain, as shown in inset of Fig. 5.1a. As illustrated in Fig. 5.1 c and d, the 
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long fibres in the shell must have experienced serious densification during the test. By 

contrast, the microstructure of the core part exhibited negligible change, this is probably 

accredited to the robustness of whiskers in the core part, which helped to maintain the 

initial morphology of the sponge. The excellent compressive responses demonstrated by 

the SiCNW sponges have shown that the major drawbacks of brittleness and high flaw 

sensitivity known to traditional porous ceramic sponges have been overcome.  

 

Fig. 5.1 (a) Compressive stress-strain curves of the SiCNW sponges. The inset of the 

post-testing sample shows no noticeable cracks. (b) Stress-strain curves of the SiCNW 

sponges in the region of 0 < ε < 10%. SEM images of the post-compression samples of 

(c) the overall shell part and (d) the core part. 

 

The dynamic cyclic performance was further evaluated. The SiCNW sponges endured 

100 loading-unloading compression cycles at a strain of ε = 20% and exhibited a certain 

degree of recoverability, an 87% recovery to the original height of the sponge was 

achieved after the first cycle. Compared with the first compression cycle, the second 

cycle showed a slight drop of shape recovery and ~10% decrease in the maximum stress. 

By contrast, a rise of Young’s modulus was observed in the second cycle due to the 
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densification of sponge during the first cycle. However, after the noticeable variation in 

the first several cycles, the compressive response of the sponges then gradually 

stabilized, and they preserved 68% of its original maximum stress, 83% shape recovery, 

and 83% of the initial Young’s modulus after 100 loading-unloading cycles, 

respectively (Fig. 5.2a-c). The hysteresis feature is shown in the σ-ε curves, indicating 

effective energy dissipation. For SiCNW sponge, the work done in the loading process 

of the first cycle was calculated to be ~5.9 kJ m-3, and the energy dissipation to be ~2.3 

kJ m-3, resulting in an energy loss coefficient of ~0.61. The energy loss coefficient 

dropped considerably in the following cycles, to a mere ~0.046 after 100 cycles, 

suggesting that the energy dissipation relies on the fluffy shell that well preserved in the 

first several cycles (Fig. 5.2d). 

Post-testing SEM examinations of the sponge (Fig. 5.2 e and f) showed that only the 

shell layer underwent irreversible deformation/condensation. Therefore, the discrete 

plastic deformation of the randomly tangled nanofibers in the shell layer is believed to 

have absorbed the majority of the sponge deformation during the cyclic compression 

testing, being the leading cause of the stress drop. The nanofibers in the core part 

underwent only an elastic deformation and were almost fully recovered after the load 

was released, as schematically presented in Fig. 5.2g.  

To further clarify the detailed cyclic compressive responses of the core part, I carefully 

peeled off the outer layer and then carried out the compression test again under the same 

conditions. I found that the inner sponge was considerably more responsive and reacted 

more in the first cycle, as shown in Fig. 5.3a. Without the fluffy outer layer, the linear 

elastic regime in the stress-strain plot diminished to ε < 5%. Considering the SEM 

image shown in Fig. 5.3b, I believed that this yield point might correspond to the 

condensation of the SiC fibers and flakes in the core part. In subsequent cycles, the core 

part exhibited less stress retention, with a loss of more than 55%, possibly due to the 

permanent deformation via knotting of some whiskers (Fig. 5.3b, inset) [21], however, 

the shape recovery, preservation of Young’s modulus, and energy loss coefficient 

during the cyclic test are all higher than the samples with fluffy outer layer, as displayed 

in Fig. 5.3c-f. These results suggest that the shell layer of the SiCNW sponges served as 

a buffering layer that maintained the overall mechanical strength of sponge, but the 

whiskers in the core part provided the mechanical strength, compressive recoverability 

and compressive energy absorbing capabilities in the low-strain regions (0 to ~10%).  
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Fig. 5.2 (a) Cyclic compressive stress-strain curves of the SiCNW sponges under a fixed 

strain of 20%. (b) Maximum stress and shape recovery, (c) Young’s modulus, and (d) 

Energy loss coefficient of SiCNW sponge at a ε = 20% for 100 cycles, respectively. (e 

and f) SEM images of the post-compression samples, of which panel e shows the 

overall shell part and panel f presents the core part. (g) Illustration of the different 

responses of the shell and core of the sponges during the compression test. 
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Fig. 5.3 (a) Compressive stress−strain curves of the core part and (b) SEM image of the 

post-test sample. Inset is a higher magnification image, and the dashed circle shows a 

knot assembled by the fibres. (c) Maximum stress, (d) Shape recovery, (e) Young’s 

modulus, and (f) Energy loss coefficient of SiCNW sponge at a ε = 20% for 100 cycles, 

respectively. 

 

 



97 

 

5.2.2 Mechanical properties of SiCNW scaffolds 

Fig. 5.4a displays the uniaxial compressive responses of as-obtained melamine-foam 

templated SiCNW scaffolds at a strain setting of ε = 70%. The σ-ε curves exhibited a 

typical three-stage deformation regime for porous ceramic structures. The SiC-l and 

SiC-m samples showed a linear elastic regime for ε < ~35% and ε < ~30%, respectively, 

followed with a plateau stage and densification regime for ε > ~55% with σ increasing 

sharply, as a result of the stacking of SiC struts and nanowires. However, the elastic 

regime of the SiC-h sample was merely ε < ~10%, followed with small drops at ε = 50% 

and 63%, raising from the breakage of SiC membranes. As shown in the enlarged σ-ε 

curves of the elastic region (Fig. 5.4b), unlike other nanowire structures that exhibited 

smooth curves, all present scaffolds demonstrated a dynamic strain aging phenomenon, 

with an apparent serrated yielding in the curves. This phenomenon can be ascribed to 

the deformation and failure of SiC struts and cells, specifically for the SiC-h sample. 

However, the brittle failure manner for ceramics was completely absent. By fitting the 

σ-ε curve in the linear elastic region, a Young’s modulus of ~32.1, 76.5, and 167.3 kPa 

was obtained for the SiC-l, SiC-m, and SiC-h scaffold, respectively. 

 

Fig. 5.4 Compressive stress-strain curves of the SiC-l, SiC-m, and SiC-h scaffolds. 

 

Furthermore, their relative compressive modulus (E/Es) as a function of relative density 

(ρ/ρs) was plotted and compared with other typical nanostructures reported (Fig. 5.5). A 

quantitative scaling behavior of (E/Es) ~ (ρ/ρs)
n

 was obtained, with n ≈ 1.64 as the 

scaling exponent. This value suggests an efficient stress dissipation through the uniform 

structure, demonstrating a good self-supporting stability. Al2O3 microlattices with a 

scaling exponent of merely n ≈ 1.1 exhibited a stretch-dominated deformation [4], 
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whilst most low-density nanostructures such as freeze-cast SiC networks [74], Si3N4 

nanobelt aerogels [78], and CNT foam [192], exhibited a steeper scaling factor (2 ≤n 

≤3), owing to the bending-dominated deformation mechanism. The present SiCNW 

scaffolds with a scaling exponent within the range of 1-2 were originated from the co-

existence of nanowire constituent and the cellular structures, which possibly exhibiting 

a mixed mode of stretching and bending during compression, as revealed by the SEM 

study.  

 

Fig. 5.5 Dependence of the relative modulus on the relative density for the SiCNW 

scaffolds and other reported materials. 

 

To examine the recoverability and fatigue resistance of SiC scaffolds, loading-

unloading compression cycles at a strain of ε = 20% were performed (Fig. 5.6a), a 

certain level of compressive recoverability was obtained for all the SiCNW scaffolds. 

During the consecutive compression, the SiC-l sample experienced slight loss of 

maximum stress, elastic recoverability, Young’s modulus in the first 10 cycles, but 

these values were gradually stabilised in the following cycles. After 100 cycles, the SiC-

l maintained a 72% maximum stress, 87% shape recovery, and 62% Young’s modulus, 

demonstrating a good cyclic fatigue resistance, better off the other two samples (Fig. 5.6 

b and c). It is worth noting that both the maximum stress and strain retention of the SiC-

l scaffold experienced fluctuation during the test, which can be ascribed to the 

mechanical response of the SiC struts that better preserved in the SiC-l sample. The 
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existence of these SiC struts endow the SiC-l scaffold with competent resilience and 

structural stability. 

Meanwhile, the significant hysteresis loop between the loading and unloading curve is 

observed in the first σ-ε curve. The work done in the loading process is calculated to be 

~600 J m-3, and the energy dissipation to be ~240 J m-3, resulting in an energy loss 

coefficient of ~0.60, indicating effective energy dissipation. The energy loss coefficient 

displayed dramatic drop since the second cycle and kept declining till the 10th cycle, 

then tended to be stable at merely 0.17 in the following cycles (Fig. 5.6d), as the 

hysteresis stress-strain loops almost overlapped with each other.  

 

Fig. 5.6 Compressive mechanical response of SiC-l sample at a ε = 20% for 100 cycles. 

(a) Cyclic compressive stress-strain curves, (b) maximum stress and shape recovery, (c) 

Young’s modulus, and (d) energy loss coefficient as a function of compressive cycles. 

 

SiC-m sample exhibited similar hysteresis stress-strain curves to sample SiC-l during 

the loading-unloading fatigue cycles (Fig. 5.7a). However, after 100 cycles, 56% of the 
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maximum stress, 86% of shape recovery, and 62.5% of Young’s modulus remained, the 

energy loss coefficient also dropped from ~0.82 to ~0.14 (Fig. 5.7 b-d), suggesting 

larger plastic deformation and inferior compressibility. 

 

Fig. 5.7 Compressive mechanical response of Sample SiC-m at a ε = 20% for 100 

cycles. (a) Cyclic compressive stress-strain curves, (b) Maximum stress and shape 

recovery, (c) Young’s modulus, and (d) Energy loss coefficient as a function of 

compressive cycles. 

 

Sample SiC-h experienced the most plastic deformation during test (Fig. 5.8a), with 

over 56% of maximum stress and 82% of Young’s modulus lost after 100 cycles. 

Meanwhile, the residual strain is over 15% (Fig. 5.8 b and c). The energy loss 

coefficient also dropped from ~0.88 to merely ~0.04 (Fig. 5.8d), implying negligible 

energy dissipation capability after 100 cycles. The dramatic change in these values 

started after the first cycle, suggesting the poor compressibility of Sample SiC-h, due to 

the existence of SiC membranes, which might experience irreversible crash during the 

test. 
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Fig. 5.8 Compressive mechanical response of Sample SiC-h at a ε = 20% for 100 cycles. 

(a) Cyclic compressive stress-strain curves, (b) Maximum stress and shape recovery, (c) 

Young’s modulus, and (d) Energy loss coefficient as a function of compressive cycles. 

 

5.2.3 Mechanical properties of SiCNW aerogels 

Due to the anisotropic lamellar deposition characters of electrospinning technique, most 

of the existing electrospun nanofibrous structures are not really 3D-structured aerogels 

but rather close-packed membranes or fluffy cotton-like nanofibre deposits, which 

exhibited poor mechanical strength and little compressive recoverability [22]. The 

challenge has been overcome in this study by pre-applying pressures to the electrospun 

PAN/SiO2 nanofibres, followed with the carbothermal reduction which established the 

interconnection between adjacent layers, leading to a free-standing SiCNW network 

with good structural integrity. As shown in Fig. 5.9a, the SiCNW aerogel was flexible 

enough to be compressed with a strain of 40% without any breakage. Subsequently, the 

aerogels could fully recover to the original shape when the load was released, 

demonstrating good compressive recoverability. Fig. 5.9b presents the stress-strain (σ-ε) 
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curves at set strains of 20%, 40%, and 60%, with closed and nonlinear hysteresis loops, 

which are normally observed in highly compressive, energy-dissipative, and viscoelastic 

materials [66]. The loading process contains two characteristic stages: a linear elastic 

regime at ε < 30%, yielding an elastic modulus of ~10.73 kPa, followed with a 

nonlinear regime with σ and slope rising steeply, as a result of densification of the 

structure and increased friction between the neighbouring nanowires upon severe 

volume reduction. Unlike blow-spun TiO2 ceramic nanofiber sponges who exhibited 

stress fluctuation when compressed to 40% strain [21], the SiCNW aerogels did not 

show any imperfection on the stress-strain curve, implying that the aerogel simply 

experienced densification process rather than structural failure.  

 

Fig. 5.9 (a) High compressibility of the SiC NWA. (b) Compressive stress-strain curves 

of the SiCNW aerogels at set strains of 20%, 40%, 60%, and 80%. 

 

The aerogels were then subjected to 500 loading-unloading fatigue tests at a set ε = 40% 

(Fig. 5.10a). The aerogels did not exhibit any macroscopic crack or stress fluctuation 

during the test. Unlike freeze-cast SiCNW aerogels who lose 50% of residual stress 

after just 100 loading-unloading cycles [24], our SiCNW aerogels could retain more 

than 75% of the initial maximum stress and Young’s modulus after 500 cycles (Fig. 

5.10b). Meanwhile, the aerogels could almost return to their original shapes after the 

first cycle with negligible residual strain. After 500 cycles, an 89% of the shape 

recovery was still preserved (Fig. 5.10c). These performances suggest the excellent 

fatigue resistance of the SiCNW aerogels, which can be accredited to both outstanding 

structural integrity of the aerogels and superb resilience of each single SiCNW.  

Furthermore, the area between the loading and unloading curves represents the energy 
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dissipation. In the first cycle, the calculated compressive work and recovery work are 

48.9 and 31.9 kJ m-3, respectively, yielding an energy loss coefficient of 0.35. After 500 

cycles, a nearly constant energy loss coefficient of ~0.14 was calculated (Fig. 5.10d). 

Although a high energy loss coefficient (> 0.3) is considered as essential for potential 

applications for energy damping materials, low energy loss coefficient could lead to 

elevated fatigue resistance [193].  

 

Fig. 5.10 (a) 500 loading−unloading fatigue cycles at set ε = 40%. (b) Maximum stress 

and Young’s modulus, (c) Strain retention, (d) Compressive work, recovery work, and 

energy loss coefficient of SiCNW aerogel during 500 loading-unloading cycles at set ε 

= 40%. 

 

The outstanding compressive recoverability and fatigue resistance of the aerogels can be 

accredited to: First, the pre-applied pressure that created strong attachment of each 

adjacent layer instead of a random stacking; Second, the SiCNWs that generated by 

carbothermal reaction were effectively bonded to each other rather than being loosely 

piled up together, leading to an organised and interconnected structure.  
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5.2.4 Compressive recoverability and fatigue resistance of SiCNW structures 

In contrast to the traditional porous SiC foams that experience brittle failure upon 

compressive loading [180,181], all three types of SiC structures constructed by SiCNWs 

in this thesis demonstrated strong yet flexible features with cyclic compressive 

responses. 

The core-shell SiCNW sponges exhibited simultaneous high compressive strength and 

recoverability, which is rarely observed by SiC foams with densities over 100 mg cm-3 

[63,182,183,184]. Although the shell layer experienced an initial densification under the 

first compression, the abundant rigid SiC whiskers in the core part provided high 

structural robustness. Furthermore, the melamine-foam templated SiCNW scaffolds that 

contained a mixture of SiC nanowires and struts demonstrated better compressibility 

and fatigue resistance despite lower mechanical strength. Additionally, owing to their 

ultralight density, electrospun SiCNWs aerogels that purely constructed by SiCNWs 

presented considerably higher compressive recoverability since larger porosity gave rise 

to more deformation space and degree of freedom to accommodate the deformation of 

the building blocks, leading to enhanced elasticity [199].  

The mechanical properties of SiCNW structures displayed above have inexplicitly 

approved that the interconnected SiCNWs within the 3D structure provided the 

structural integrity and compressive recoverability. These features enabled the SiCNW 

structures to exhibit great resistance to cracks and structural disruptions that were 

caused by environmental impacts, such as compressive, capillary, and even thermal 

stresses [199]. 

A relationship between density of light-weight porous nanowire ceramics/composites 

and mechanical properties is proposed in Table 5.1. It can be summarised that the 

mechanical strength essentially depends on the density of the material, increasing 

porosity could significantly reduce their stiffness. However, with the rise of the porosity, 

ultralight or even flyweight ceramic nanowire structures provide considerably enhanced 

recoverable deformability. Furthermore, continuum structures established by 1D 

nanowires with crosslinking give rise to the exceptional, recoverable deformability 

[199]. Therefore, a good offset of the mechanical strength loss, recoverable 

deformability, and fatigue resistance as exceptional merits can be provided by proper 
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material and structural engineering process. 

Table 5.1 Density, porosity, Young’s modulus, and compressibility of porous ceramic 

structures/composites. 

Materials Density 

(mg/cm3) 

Porosity 

(%) 

Modulus 

(kPa) 

Compressibility  

(%) 

Refs 

SiO2  0.25-12 Up to 99.99 6.6  80 [8] 

Si3N4 1.8-9.8 99.69-99.94 0.3-8.4  40-80 [78] 

Al2O3 2 >99.9 3.04  50 [10]  

SiC 5 99.8 20.6  76 [16] 

CNT/SiO2 6.2 99.7 3.49  80 [70] 

SiC/SiO2 6.5 99.8 160.8 (axial)/  

10.6 (radial)  

80 (radial) [24] 

PAN/SiO2 0.53-9.6 99.36-99.99 0.112-40.3  80 [22] 

SiO2-Al2O3 10-40 - - 80 [23] 

BN 15.5 - 28.5  75 [200] 

SiC/SiOx 23 99.3 28.5  50 [66] 

SiCNW  29 99.1 10.73  40 This work 

TiO2  35 - 12.25  30 [21] 

CNT/SiC 53.6 - 25.6 (longitudinal)/ 

2.24 (transverse)  

- [194] 

SiCNW  57.8-165.6 94.8-99 32.1-167.3  20 This work 

SiCNW  120 96.3 389  20 This work 

SiC  96.3-192.6 92-98 10-300 MPa - [74] 

SiC  128-227 93-96 14.9-24.17 MPa - [54] 

 

5.3 Thermal insulation performance 

The nanowire building blocks in porous SiC ceramics were found to bring a large 

amount of extra tortuous solid conduction paths, slowing down the heat transfer. 

Meanwhile, the stacking faults within the SiCNWs gave rise to large amounts of 

phonon barriers, leading to super-thermal insulation performance. In this section, by 

performing thermal conductivity tests on the three SiCNWs structures, the excellent 

thermal insulation capabilities of SiCNW structures will be demonstrated and the 

relationship between thermal insulation performance and the density (porosity) and 

microstructure of the materials will be critically discussed. 
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5.3.1 Low thermal conductivity  

Compared with the intrinsic thermal conductivity of dense SiC (490 W m-1K-1) [201], 

the SiCNW sponge gives a rather low thermal conductivity (Fig. 5.11). The core part 

with higher density exhibits thermal conductivities in the range of 84 to 92 mW m-1K-1 

from 25 to 200 °C, whilst the shell layer with a density of 25 mg cm-3 displays a much 

lower thermal conductivity, merely 42-47 mW m-1K-1 within the same testing 

temperature range, just half of the core-part. The fluffy layer can be therefore 

considered as an additional thermal insulation layer that providing the whole sponge 

with enhanced thermal insulation performance. 

 

Fig. 5.11 Thermal conductivity of chemical blown SiCNW sponge as a function of 

temperatures. 

 

Owing to the complex configuration with the co-existence of nanowires and struts, a 

thermal conductivity of ~30-49 mW m-1k-1 at room temperature was obtained by the 

MF-templated SiCNW scaffolds (Fig. 5.12 a and b). There is a linear relationship 

between the density and thermal conductivity, and Sample SiC-l exhibited the lowest 

value due to the lowest density. Meanwhile, the thermal conductivity of the SiCNW 

scaffolds is considerably lower than that of the porous SiC foams [63,68,74] with 

similar density, highlighting the role of complex structure in resisting the heat transfer 

[203,204]. 
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Fig. 5.12 (a) Thermal conductivity of the MF-templated SiCNW scaffolds as a function 

of temperatures. (b) The thermal conductivity of Samples SiC-l, SiC-m, and SiC-h at 

room temperature (25 °C). 

 

As shown in Fig. 5.13, the electrospun SiCNW aerogels with an ultralight density of 29 

mg cm-3 exhibited a thermal conductivity of 24 mW m-1K-1 at ambient conditions, lower 

than the air. The extreme low thermal conductivity as compared to the SiCNW sponges 

and scaffolds can be mainly attributed to the ultralow density. As summarised in Table 

5.2, the SiCNW aerogels exhibited very similar thermal conductivities, as compared to 

other ultralight or even flyweight aerogels, which demonstrates that SiCNW aerogels 

are promising candidates as super thermal insulators. 

 

Fig. 5.13 Thermal conductivity of the electrospun SiCNW aerogel and air as a function 

of temperatures. 
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Table 5.2 A summary of density, porosity, and thermal conductivity of different thermal 

insulating materials. 

Materials  Density  

(mg cm-3) 

Porosity 

(%) 

Thermal conductivity  

at room temperature  

(mW m-1K-1) 

References 

SiO2/PAN 0.12-9.6 Up to 99.99 26.2-30.3 [22] 

SiO2  0.2 >99.9 23.27 [205] 

cellulose 0.7 99.95 29.9 [206] 

Al2O3  0.95 >99.9 22 [10] 

SiO2  1 99.65 21.96 [90] 

Si3N4 1.8-9.8 99.69-99.94 29-35 [78] 

SiC 3 >99 25 [49] 

C  3.6 96 23 [207] 

SiO2  4 - 24 [8] 

PSU/PU 4.93 99.55 27.08 [208] 

SiC 5 99.8 26 [16] 

SiO2/CNT 6.2 99.7 62 [70] 

SiC/SiO2  6.5 99.8 14 [24] 

ZrO2 15 - 27 [21] 

SiC 15-17 99.5 20 [190] 

SiO2-Al2O3 16 - 34 [23] 

MXene/aramid  25 - 22 [209] 

SiC  29 99.1 24 This work 

SiC  30 99.1 30 [12] 

SiC 39-41 98.7 25-31 [14] 

SiO2  50 - 22.4 [210] 

 

The thermal conductivity as a density-related property is largely dictated by the porosity, 

since the pores act as phonon transport barriers that strongly affect the phonon mean-

free-path. All the lightweight SiCNW structures therefore achieved a robust thermal 

insulation performance. Additionally, they exhibited a temperature-invariant thermal 

conductivity. With the escalation of the test temperature from 25 to 200 °C, there was 
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only a slight rise due to the increased thermal convection at high temperatures [8]. This 

indicates that the effect of temperature on the thermal conductivity of our materials is 

very little, which suggests that the SiCNW structures are promising heat barrier 

materials for thermal energy management applications at elevated temperatures. 

 

5.3.2 Thermal insulation performance 

As a proof of concept for thermal insulation application, the transient temperature 

response behavior and heat transfer capacity of the SiCNW structures were examined 

using infrared thermography. Materials were placed on a stable heating stage with a 

fixed temperature of 200 °C. As illustrated in Fig. 5.14a, the SiCNW sponges with a 

thickness of 5 mm can greatly protect the fingers from burning, and there is no burning 

feeling on the touching side even after being heated for 30 min. The excellent thermal-

proof performance can specifically be accounted for the fluffy shell layer with lower 

thermal conductivity. The SiCNW scaffolds demonstrated a time-dependant thermal 

insulation behaviour at elevated temperatures. As shown in Fig. 5.14b, the temperature 

distributions of the materials were recorded after heat treatment for 30 s, 10 min, and 30 

min, respectively. The SiCNW scaffolds showed a gentle increase in temperature from 

the bottom to top, the temperature at the top was 25 °C after being heated for 30 s, 

which raised to 39 °C 10 min later, and finally reached 61 °C after 30 min. Likewise, a 

slow rise of the temperature from the bottom to the top side was observed for the 

SiCNW aerogels. The temperature at the top of the aerogel finally escalated to 65.5 °C 

after being subjected to the heat treatment for 30 min (Fig. 5.14c).  

Interestingly, all SiCNW structures had kept their initial appearance without any 

shrinkage or collapses. This work shows an excellent extinguished thermal insulating 

property of these 3D SiCNW structures, which is due to the internally insulated porous 

networks [205].  
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Fig. 5.14 Infrared thermal images of the SiCNW structures on a stable hot-plate at 

200 °C during the 30 min heating process: (a1-a3) SiCNW sponges. (b1-b3) SiCNW 

scaffolds. (c1-c3) SiCNW aerogels. 

 

Furthermore, as a demonstration of the thermal insulation, fresh flower petals were 

placed on top of ~3 mm-thick pieces made of iron, cotton, glass, Ni foam, commercial 

Al2O3 paper, SiCNW sponge, SiCNW scaffold, and SiCNW aerogel to examine the 

SiCNW structures for preventing fresh petal from dehydration, withering, or 

carbonisation under heating (Fig. 5.15). It can be explicitly observed that after heating 

for 5 min at 400 °C, the petal on the SiCNW structures basically remained fresh with 

only slight wilting, in striking contrast to severely carbonised petals supported by other 



111 

 

materials, highlighting the robust thermal insulation behavior of the SiCNW structures.  

 

Fig. 5.15 High-temperature insulation capacity of 3D SiCNW structures. The SiCNW 

structures could effectively protected the fresh petal from withering, whereas petals on 

other materials were already carbonized on the 400 °C heating stage after 10 min. 

 

5.3.3 Basics of thermal insulation performance  

As displayed above, all the three SiCNW structures exhibit quite low thermal 

conductivity (24-92 mW m-1K-1) at room temperature, significantly lower than their 

dense counterpart. The low thermal conductivity of the porous SiCNW structures can be 

attributed to four factors: (1) A combination of porosity and complex microstructure 

together acted as phonon-scattering barriers, providing tortuous and lengthy path for 

heat transfer inside the material, significantly reducing the solid conduction [211]; (2) 

The mean free path of the air molecules (around 70 nm) that reduced by nanopores 

within the SiCNW structures, which suppresses the delivery of thermal energy by air 

molecules, leading to a lower gas phase conduction [181,191,198]; (3) The low intrinsic 

thermal conductivity of nanowires, as materials with diameter in nanoscale experience 

strong boundary scattering, leading to a thermal conductivity that is usually 1-2 orders 

of magnitude lower than that of their bulk counterparts [49,199,200]; (4) Enhanced 

phono-defect scattering caused by the dense stacking faults along the nanowires as well 

as the interface between the SiCNW and amorphous SiO2 layer [16,201]. These four 

main factors synergistically reduce the heat conduction.  
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These factors imply that the SiCNW structures can be one of the most promising 

candidates as thermal insulators. The superb insulation performance can be obtained by 

the precise control of the microstructure and growth of SiCNWs. 

 

5.4 High temperature oxidation resistance and fire retardance 

Organic thermal insulators basically account for 90% of domestic use, however, as 

inflammable materials, they can be easily ignited within 5 seconds. Fire could rapidly 

spread by them, and toxic gases such as formaldehyde, ethylene cyanide, hydrochloric 

acid would be generated during combustion [82,100], which limits their use under 

extreme conditions (e.g. high temperature, acid atmosphere). On the contrary, inorganic 

ceramic materials with robust thermal and chemical stability exhibit advantages. 

However, traditional porous ceramics suffer from serious structural shrinkage and 

failure when exposed to fire or high temperature environment over 1200 °C due to the 

sintering behavior of nanoparticles [49]. The intrinsic nature of the SiC ceramic endows 

the SiCNW structures with simultaneously excellent thermal and chemical stabilities 

(oxidation resistance) at high temperature, making them reliable thermal insulation 

materials under extreme conditions. In this section, I will demonstrate the actual 

thermal-oxidative resistance and fire retardance performance of the present three types 

of SiCNW structures by carrying out isothermal treatments and butane blowtorch flame 

(~1300 °C) burning experiments. 

 

5.4.1 SiCNW sponges  

The thermo-oxidative stability was illustrated by isothermal treatment at 800 °C in a 

muffle oven in air for 30 min. After the heat treatment, no obvious change was observed 

in the macroscopic morphology of the samples (Fig. 5.16a). To further verify the high 

temperature thermal stability of the SiCNW sponges, TGA experiment in air was 

carried out (Fig. 5.16b). As shown in the curve, the weight change was very little until 

900 °C, which revealed the excellent thermo-oxidative stability. From 900-1000 °C, 

there was a small weight gain. Finally, a weight increase of ~2% was recorded at 

1000 °C due to the oxidation.  

The SiCNW sponge was further subjected to vertical burning test for 10 s (Fig. 5.16c). 
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The sponge experienced no visible change during the test, and self-extinguished quickly 

when removed from the igniting flame, demonstrating a robust fire-retardance. The 

post-test TEM images have revealed that an amorphous oxidation layer was formed on 

the SiCNWs in the shell layer, whilst no such oxidation layer was found on the SiCNWs 

from the inner part (Fig. 5.16 d and f). In addition to the fact that the amorphous 

oxidation layer could protect the SiCNW sponge from further oxidation, it can be 

confirmed that the shell layer in this SiCNW sponge naturally functioned as the thermal 

protection layer, leading to enhanced structural integrity upon flame burning. 

 
Fig. 5.16 (a) Digital photos of the SiCNW sponge before and after the thermal treatment 

at 800 °C for 30 min. (b) TGA profile of the SiCNW sponge in air atmosphere. (c) 

Vertical burning test with a butane torch showing the robust fire resistance of the core-

shell SiCNW sponge. TEM image of the (d) outer layer and (f) inner part after butane 

torch burning. 
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5.4.2 SiCNW scaffolds 

Likewise, the thermo-oxidative stability of the MF-templated SiCNW scaffolds was 

tested by isothermal treatment at 800 °C in a muffle oven in air. After 30 min, no 

obvious change in the shape and size was found (Fig. 5.17a), and the scaffolds 

maintained their original nanowire-struts dual structures, as illustrated in the post-test 

SEM images in Fig. 5.17b. Fig. 5.17c shows the compression stress-strain curves of the 

sample after heat treatment. The mechanical properties of the scaffolds under cyclic 

compression test at a fixed ε = 20% remained unchanged after heat treatment, indicating 

that the SiCNW scaffolds could withstand high temperatures without significant 

structural damage and mechanical property deterioration. In further TGA test, the 

SiCNW scaffolds demonstrated great thermal stabilities with no weight loss up to 

700 °C, and a slight weight increase of 3% was found when the temperature was raised 

from 700 °C to 1000 °C (Fig. 5.17d). These results demonstrate the good thermo-

oxidation resistance of SiCNW scaffolds. Additionally, as shown in Fig. 5.17e, the 

SiCNW scaffold can be compressed at an ε of 20% and recover to the original shape 

upon heating by the butane flame at 1300 °C, and no ignition or structural collapse was 

observed, which again demonstrates the simultaneously high fire-resistance and 

temperature-invariant recoverabilities. 
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Fig. 5.17 High temperature and fire-resistance of the SiCNW scaffold. (a) Macroscopic 

morphologies of a SiCNW scaffold before and after isothermal treatment in an air 

muffle furnace at 800 °C for 30 min. (b) SEM image of SiCNW scaffold after the 

isothermal treatment at 800 °C for 30 min. (c) Compression stress-strain curve of the 

SiCNW scaffold after the isothermal treatment at 1000 °C for 30 min. (d) TGA profile 

of the thermal stability for the present SiCNW scaffold. (e) Photographs demonstrating 

the compression-recovery ability of the SiCNW scaffold under a butane blow torch. 

 

5.4.3 SiCNW aerogels 

The ultralight SiCNW aerogels with the lowest density and best thermal insulation 

performance in this study also exhibited outstanding thermal stability. The aerogels 
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exhibited no noticeable change in both macrostructural appearance and microstructural 

details after the thermal treatment at 800 °C for 30 min (Fig. 5.18 a and b). Fig. 5.18c 

shows the compression stress-strain curves of the sample after heat treatment. The 

mechanical properties of the scaffold under cyclic compression test at a fixed ε = 40% 

remained unchanged after the heat treatment. This can be mainly ascribed to the thermal 

stability of the SiCNWs, which constitute the whole aerogel structure. The excellent 

high temperature thermal stability of SiCNW aerogels was further verified by the TGA 

measurement in air. The aerogels exhibited no weight change up to 900 °C, followed 

with only a small weight increase of 2 wt.% when the temperature was raised from 

900 °C to 1000 °C (Fig. 5.18d). These results again demonstrate the good thermo-

oxidation resistance of the aerogels. Additionally, as shown in Fig. 5.18e, owing to their 

superior elasticity, the aerogels can be compressed at ε = 40% and recovered rapidly to 

the original shape in the butane torch flame at 1300 °C, causing no ignition or structural 

collapse, which depicts their excellent fire-resistance associated with the temperature-

invariant recoverability. 
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Fig. 5.18 High temperature and fire-resistance of the SiCNW scaffold. (a) Macroscopic 

morphologies of a SiCNW scaffold before and after the isothermal treatment in an air 

muffle furnace at 800 °C for 30 min. (b) SEM image of the SiCNW scaffold after the 

isothermal treatment at 800 °C for 30 min. (c) Compression stress-strain curve of the 

SiCNW scaffold after the isothermal treatment at 1000 °C for 30 min. (d) TGA profile 

of the thermal stability for the present SiCNW scaffold. (e) Photographs illustrating the 

compression-recovery ability of the SiCNW scaffold under a butane blow torch. 

 

5.4.4 Potential to serve under extreme conditions 

Unlike porous ceramics made of amorphous nanowires who experience the 

crystallisation-induced pulverisation [191,202], insufficient oxidation resistance, and 
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large thermal expansion, which leads to strength degradation and structural collapse. 

Benefitting from the careful design of the overall architecture and good control of 

SiCNWs growth, the 3C-SiCNW structures presented in this study exhibit only a tiny 

bit of phase change due to the thin oxidation layer that formed on the SiCNW surfaces. 

No observable morphology change (e.g., colour, crack, or shrinkage) and mechanical 

strength loss have been recognised after being subjected to isothermal treatment or 

butane flame burning, highlighting the excellent integrated properties of the thermal and 

chemical stabilities up to 900 °C, robust fire-resistance (~1300 °C), and temperature-

invariant elasticity. Such good performance can be ascribed to: (1) The intrinsic 

properties of SiC as a carbide ceramic; (2) The robust and interconnected porous 

architecture which can distribute the induced thermal stress very well [216]; (3) The 

SiO2 layer induced by passive oxidation on the surface of SiC nanowires leads to a 

synergetic protection of the inner region from further oxidation [217]. 

The thermal conductivity and maximum working temperatures of typical thermal 

insulating materials have been summarised in Fig. 5.19. Polymer aerogels [218], and 

cellulose-based composites aerogels [119], exhibit low thermal conductivity, but are 

unable to withstand temperatures above 300 °C. Meanwhile, as inflammable materials, 

they might bring in potential safety hazards. Whilst, carbon aerogels [120] and 

conventional SiO2 aerogels [219] can endure temperatures up to 600 and 800 °C, 

respectively, their poor mechanical properties under high temperatures restrict their 

practical applications. Although the fiberglass wool is of fire-resistance [81], and it 

shows an acceptable thermal conductivity of  33-44 mW m-1K-1, its maximum working 

temperature is limited at 1000 °C. Additionally, it is worth noting that borides as 

ultrahigh-temperature ceramics are capable of withstanding temperatures above 2000 °C, 

but their thermal conductivity is an order of magnitude higher than other aerogels [220]. 

Compared with these aerogel-like materials, the present SiCNWs structures with a 

combination of low thermal conductivity and high maximum working temperatures up 

to 1300 °C could be promising candidates for applications as high-temperature heat 

insulator, high-temperature filter, fire-proofing material, catalyst carrier [12], building 

materials [99,210], and space engineering. 
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Fig. 5.19 Thermal conductivity versus the maximum working temperatures for existing 

aerogel-like materials. 

 

As shown in the schematic (Fig. 5.20), there are trade-off relationships between 

mechanical properties, compression recoverability, and thermal conductivity for 

SiCNW structures. The advantages of each SiCNW structure are highlighted. SiCNW 

sponges with the highest density and mechanical strength could be a promising 

candidate for structural materials; Owing to the cellular structure with the co-existence 

of both SiC struts and SiCNWs, the SiCNW scaffolds can be utilised as filter and 

photocatalyst support; Whereas SiCNW aerogels with ultralight weight, dense nanowire 

distribution, and competent compression recoverability could be favourable for 

applications as thermal insulator or oil/organic solvent absorbents.  
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Fig. 5.20 A schematic comparison of the density, compressive modulus, recoverability, 

thermal insulation effects of different samples. 

 

5.5 Summary 

The mechanical properties, thermal conductivity, and high temperature performance of 

the three as-synthesised SiCNW structures have been comprehensively investigated. 

Based on their microstructural features, they have exhibited a unique combination of 

properties: 

(1) The SiCNW sponges with an exciting core-shell structure provides a combination of 

excellent robustness and resilience during cyclic compression. The sponges exhibit a 

compressive modulus of up to ~389 kPa and a certain level of recoverability under 

cyclic compression loading for 100 cycles at a strain of 20%. The shell layer comprising 

highly flexible nanowires contributes to the recoverability and outstanding brittleness 

resistance, while the inner part ensures the high compressive strength and structural 

integrity. Furthermore, the sponges possess a very low thermal conductivity of merely 

84-92 mW m-1K-1 at room temperature, demonstrating their excellent thermal insulation 

potential. It is worth mentioning that the outer fluffy layer with a thermal conductivity 

of 42-47 mW m-1K-1 also leads to an exceptional thermal insulation performance and 

protection against butane flame burning. 
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(2) The properties of the SiCNW scaffolds strongly depend on their tuneable 

microstructural characteristics. The resulting samples exhibit high strength (modulus up 

to ~167.3 kPa), good recoverability (11% residual strain and 72% maximum stress after 

100 compressive cycles at a ε = 20%), low thermal conductivity of 32-54 mW m-1K-1 at 

room temperature, and good fire-retardant performance. Sample SiC-h with the highest 

mechanical strength could be a promising candidate for structural materials; Sample 

SiC-l exhibits the best recoverability and thermal insulation performance, whereas 

Sample SiC-m possesses a moderate density, dense nanowire distribution, and 

competent mechanical stability. 

(3) The ultralight SiCNW aerogels with a density of 29 mg cm-3 possess a relatively low 

compressive modulus of ~10.73 kPa. However, owing to the ultralight weight and 

interconnected structure purely constructed by nanowires, the SiCNW aerogels 

demonstrate the largest recoverable compressive strain of 40% and excellent fatigue 

resistance for 500 cycles. The aerogels exhibit superb insulation performance, with a 

thermal conductivity of only 23 mW m-1K-1 at room temperature. Furthermore, the 

aerogels demonstrate simultaneously excellent fire-resistance and temperature-invariant 

recoverability, as they can be compressed at ε = 40% and recovered rapidly to the 

original shape in a butane flame at 1300 °C. 

To sum up, I have successfully demonstrated that it is possible to transform a brittle 

ceramic into a strong, ultralight, and compress-recoverable material. Different from 

most of the conventional SiC foams that fail in a brittle manner under compression, 

these highly porous SiCNW structures containing elastically interconnected nanowires 

demonstrate strong yet flexible features with remarkable cyclic compressive responses. 

Meanwhile, benefitting from the nature of SiC and the resulting porous architecture, 

they exhibit great thermal insulation and fire-retardance performance, making them 

promising lightweight materials with huge potentials to replace the existing porous SiC 

structures. 
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Chapter 6 The multifunctionalities and applications of 

SiCNW structures. 

6.1 Introduction 

I have previously demonstrated how different fabrication processes lead to unique 

microstructural features and properties of the resulting SiCNW structures. In this 

chapter, the best-suited applications of the three SiCNW structures based on their own 

characteristics will be further explored. I will firstly demonstrate the SiCNW structures 

with good structural stability for pressure sensing applications. Then, I will present 

SiCNW scaffolds with special dual structure as ideal catalyst support for MB 

decomposition. Finally, I will demonstrate the SiCNW structures as efficient absorbents 

for oil and organic solvents. The principles and requirements of each application will be 

correspondingly identified and discussed. 

 

6.2 Piezoresistive sensor 

6.2.1 SiCNW sponges 

Pressure sensors based on different mechanisms including piezoresistance [222], 

capacitance [223], piezoelectricity [224], and triboelectricity [130], have been proposed, 

among which the piezoresistive pressure (strain) sensor with convenient signal 

collection is selected in this study.  

The electromechanical properties of the SiCNW sponges were examined by measuring 

the changes of resistance versus the cyclic load applied. As illustrated in Fig. 6.1 a and b, 

the electrical resistance decreased from 1007 to 477 Ω with the rise of applied loads 

from 50 to 250 N (equals to the pressure from ~130.2 to ~651 kPa), but completely 

recovered upon unloading. Meanwhile, the sponge exhibited abnormally high sensitivity, 

with a strain gauge factor (GF) up to 87.27 at the very beginning of the test with strain 

change of no more than 1%, which dropped to 1.63 in the high-strain range of 20.5-

23.35%. 

During the loading-unloading process, numerous nanowires under compression would 

slide and bend which made them touch and interlink with the neighbouring nanowires. 

As a result, numerous temporary knot contacts would be created which acted as 

shortened conduction paths throughout the sample, reducing the resistance. Upon 
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unloading, these temporary contacts would disappear; hence, the resistance returned 

completely to its initial value [225].  

Given the excellent cyclic compression behavior of the sponge with 20% strain, as 

presented earlier, it is interesting to investigate the dynamic resistant responses of the 

sensor system under cyclic compression. Fig. 6.1c shows the interception of harmonic 

electrical resistance variations within cycles of 1-20 and 380-400. The SiCNW sponges 

exhibited superb sensing repeatability, with negligible decays even after 400 loading-

unloading cycles.  

 

Fig. 6.1 (a) Electrical resistance as a function of applied compressive strength. Inset 

shows the schematic setup for the pressure-dependent electrical response measurement. 

(b) Variation of electrical resistance change and applied pressure with compressing 

cycles. Gauge factors were derived from linear fitting. (c) Electrical resistance of 

SiCNW sponges at different compressing cycles, up to 400 cycles measured. 

 

To explicitly compare the cyclic sensing performance of pure SiCNW sponges with 

composite sponges, the behavior of the SiC/C nanowire sponge (without the elimination 

of carbon) was also assessed as a reference. The result showed that the composite 
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sponge exhibited much lower resistance (Fig. 6.2); however, just like polymer-MWNTs 

composites’ sensors that suffer drift almost in every cycle [138], they experienced 

pronounced drifting during the dynamic test, losing over 50% of their output resistance 

after 400 cycles. The low resistance is due to the existence of carbon that has a higher 

electrical conductivity than SiC, and the signal drifting should also originate from the 

aggregation of the residue carbon. This complementary experiment confirmed that the 

purified SiCNW sponges offered higher sensitivity and greater reproducibility than that 

containing carbon residue for electric pressure sensor applications. This finding 

unambiguously suggests that the single-phase sponges are better than composites-based 

sensors in terms of both the structural and electrical stabilities. 

Furthermore, compared with most currently developed foam-like sensors that have been 

focused on finger force detection, the SiCNW sponges-based sensors are capable of 

large dynamic compressive load measurements in the higher regime of ~130.2 to ~651 

kPa. This offers great potential for monitoring vibration, acoustics, and structural 

damage, or impacts on the human body. The current SiCNW sensor also provides large 

resistance responses, ranging from 500 to 1000 Ω, which is 500 times wider than that of 

carbon-polymer composites-based sensors [141], thus offering much higher reliability. 

 

Fig. 6.2 Electrical resistance of SiC/C sponges at different compressing cycles, up to 

400 cycles measured as the response becomes stable. 

 

6.2.2 SiCNW aerogels 

The piezoresistivity of the SiCNW aerogels and their potential as pressure sensors were 

systematically investigated in this Section. Fig. 6.3a displays the typical relative 

resistance variation (ΔR/R0 = (R−R0)/R0, where R and R0 represent the instantaneous 
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resistance and initial resistance, respectively) of the SiCNW aerogels with compression 

strain from 0 to 40%. The change of the relative resistance and the increase of tensile 

strain show a clear linear relationship, yielding a gauge factor (GF = (ΔR/R0)/ε) of 1.19. 

A schematic in Fig. 6.3b illustrates the mechanism of the piezoresistive sensing 

performance. Just like the SiCNW sponges, during the loading-unloading process, 

numerous nanowires within the SiCNW aerogel under compression would slide and 

bend, which would modify the contact points and numbers within the aerogel. It is 

believed that the superb structural integrity and fatigue property of the SiCNW aerogel 

dictate the piezoresistivity of the sensing behaviour. 

The cyclic piezoresistive sensing performances of the SiCNW aerogels under different 

strains from ε = 5% to ε = 40% were then explored, separately. As depicted in Fig. 6.3c, 

at a given frequency of 1 Hz, the relative resistance varied under different cyclic strains. 

However, owing to the excellent compressive recoverability and fatigue resistance, the 

resistance could completely return to its initial value, exhibiting outstanding strain-

sensing reversibility for every stage. This result demonstrates their huge potential with 

excellent repeatability as sensor to detect various strains.  

Meanwhile, the dependence on the frequency of the external compression has also been 

examined. Fig. 6.3d shows the piezoresistive sensing performance under a fixed strain 

of 20%. The result shows that the compression frequency has no effects on the 

piezoresistivity when the frequency was kept in the range of 1-3 Hz, which equals to the 

strain rate of ~288-864 mm min-1, much higher than those reported strain sensors that 

generate demonstrated stable signal output at a strain rate of only 1-10 mm min-1 [133]. 

However, when the testing frequency reached 4 Hz, noticeable unstable resistance 

variation output was observed. This instability further developed when the frequency 

was increased to 5 Hz, however the resistance variation also increased with the rise of 

testing frequency. This could be ascribed to the unfinished recovery of the SiCNWs 

upon each cycle, i.e., dynamic recovery.  

Additionally, benefitting from the excellent thermal-oxidative resistance, the SiCNW 

aerogels are expected to exhibit a stable piezoresistive sensing capabilities under harsh 

environments, such as high temperatures. To ascertain the piezoresistive sensing 

capability under elevated temperatures, I created a high temperature environment using 

a hot-gas gun. As shown in Fig. 6.3e, under 20% cyclic strain and 1 Hz frequency, the 

SiCNWs exhibited stable resistive variation output under temperatures of 65.7, 99.4, 
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and 147 °C, which became unstable when the temperature raised to 196 °C, typically 

when the compressive load was released. It is important to note that this imperfection 

can be possibly ascribed to the failure of conductive paste, which melted at high 

temperatures, causing the partial detachment between the sample and the electrodes. 

However, the SiCNW aerogels strain sensor still displayed a much broader allowed 

working temperature range than other traditional polymer-based pressure sensors which 

are limited by the thermal stability of the polymer matrix. It can be asserted that the 

SiCNW aerogels could indeed provide excellent sensing performance under a variety of 

complex environments.  

Furthermore, given the excellent cyclic compression behavior of the aerogels with 40% 

strain, as presented earlier, the long-term cyclic compression was also conducted to 

verify the repeatability of the pressure sensor. Fig. 6.3f shows the interception of 

harmonic electrical resistance variations within cycles of 1-8, 996-1003, and 1993-2000 

under a strain of 20% and a frequency of 1 Hz. The SiCNW aerogels exhibited superb 

sensing repeatability, with negligible decays even after 2000 loading-unloading cycles. 

When the test was carried out at a strain of 30%, the SiCNW aerogel presents similar 

excellent repeatability (Fig. 6.3g).  
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Fig. 6.3 (a) Variations of electrical resistance against pressures applied for different 

compressing cycles. Gauge factors were derived from linear fitting. (b) Schematic of the 

SiCNW aerogels as a piezoresistive strain sensor. (c-e) Cyclic piezoresistive sensing 

performance of the SiCNW aerogels at different conditions: (c) Under different 

compressive strain/pressure levels at a fixed frequency of 1 Hz; (d) Under different 

compression frequencies at fixed ε = 20%; (e) At elevated temperatures. Electrical 

resistance variation of SiCNW sponges (f) at 1-2000 compressing cycles under ε = 20% 

and frequency of 1Hz and (g) at 1-1000 compressing cycles under ε = 30% and 

frequency of 1Hz. 

 

6.2.3 SiCNW scaffolds 

The strain-dependant electrical response of SiCNW scaffolds under cyclic compressive 

loading-unloading process was investigated. Fig. 6.4 shows the intercepted variation of 

normalised electrical resistance (Rt/R0) within cycles of 1-10 and 90-100. The value of 

Rt/R0 decreased by ~24% in the first cycle under a 20% compressive strain. Meanwhile, 
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the values under both loading and unloading conditions kept dropping in the 2-5 cycles 

and fluctuating in 6-10 the cycles. However, the variation of the value was gradually 

stabilised, as it remained in the range of 65-75% within the cycles 90-100. I define the 

first a few cycles as the settling in period or running in period. When ε was increased to 

30%, the value of Rt/R0 decreased dramatically by ~60% in the first cycle but was more 

quickly stabilised from the 5th cycle. This can be ascribed to the more complete plastic 

deformation of the scaffold subjected to the compression with the larger strains, which 

gives rise to unrecoverable deformation of the structure. Eventually, the value of Rt/R0 

settled stably in the range of 42-70%, larger than that under ε = 20%. 

During the settling in period in the first several cycles, the unrecoverable plastic 

deformation increases gradually with the increase in cycle, an accumulation of new 

conductive network is achieved, causing the drifting of the Rt/R0 to lower values [140]. 

With the progress of cyclic loading-unloading process, some SiCNWs and struts 

experience deformation and failure, leading to the interrupted conduction and slightly 

increased resistance output. Eventually, new conductive network will be formed via the 

stabilisation of cyclic compression, and the value of Rt/R0 tends to remain constant, 

demonstrating good piezoresistive recoverability and reproducibility of the scaffolds. 

 

Fig. 6.4 Normalised electrical resistance changes of SiC scaffolds under 100 cyclic 

compressive loading-unloading tests at ε at (a) 20% and (b) 30%, respectively.   

   

Based on the piezoresistive sensing tests, it can be asserted that the intrinsically stable 

and flexible structural characteristics under cyclic compressive loading-unloading 

dictate the piezoresistive sensing behaviour of the SiCNW structures, as the SiCNW 

aerogels-based sensors demonstrated the most stable resistive variation output, while the 
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SiCNW sponge-based sensors experienced only a little fluctuation under relatively 

larger force, both better off the scaffold counterpart. Meanwhile, I have found that the 

density of the SiCNWs within the structure decides the sensitivity of the sensor, since 

the sensitivity of the SiCNW sponge-based sensor is more than 70 times higher than 

that of the SiCNW aerogels. The connections of present SiCNWs within the structure 

not only create good sensing capability but also provide excellent structural robustness 

and compressibility. Meanwhile, unlike carbon materials with high aspect ratios, the 

SiCNWs are less likely to aggregate upon testing. Therefore, the resistance remains 

constant over many cycles, which means a good damage-tolerant and low drift/drift-free 

response. Combined with their lightweight, highly porous, thermally insulating features, 

the SiCNW structures can be further exploited in electromechanical microdevices for 

monitoring structural damage or capturing impacts, at a high-temperature environment. 

 

6.3 Catalyst support 

Catalyst support is considered as one of the most primary functions of porous ceramic, 

especially for nanowire structures possessing large specific surface areas. In this context, 

I will design experiments to verify this by examining the capability of loading metal-

organic framework (MOF)-derived photocatalyst, which I believe is of greater interests 

than loading traditional catalyst particles. Meanwhile, I hope to tackle the two existing 

issues of porous ceramic-supported catalyst: (1) The agglomeration of metal oxides due 

to the high surface energies [226]; (2) The weak interaction between SiC and noble 

metal nanoparticles [227], which results in low activity and poor durability. In this 

regard, SiCNW structures are envisaged as MOF-derived photocatalyst support. 

However, the SiCNW sponges with low permeability restricted the dispersion of 

catalyst support, while the ultralight SiCNW aerogels experienced obvious deformation 

in the solvent, which is apparently unable to serve as the desired supporting media. By 

contrast, SiCNW scaffolds with large amounts of SiCNWs, good interconnectivity, 

competent mechanical strength and high stability has been chosen as the support for the 

in-situ synthesis of MOF-derived TiO2-C. Auxiliary experiments using the traditional 

method of dip-coating the scaffold with catalyst will also be conducted to prepare 

specimens, as a reference.  

After a series of treatment of solvothermal reaction, centrifugation, washing, drying, 

and carbonisation, I have uploaded 17.5 mg MOF-derived Ti2O-C catalyst on a 250 mg 
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SiC-m scaffold, which was ~35 wt.% more than the dip-coating method (13 mg TiO2-C 

catalyst uploaded) (Fig. 6.5a). As displayed in the XRD patterns in Fig. 6.5b, 

crystallised rutile and anatase polymorph TiO2 particles were successfully identified, 

without noticeable changes to the SiC phase. Further examination confirmed that this 

in-situ synthesis resulted in TiO2-C particles firmly attached to and uniformly embedded 

in the SiCNW scaffold (inset of Fig. 6.5b). 

Fig. 6.5c displays the photocatalytic performance of samples for the photodegradation 

of MB solution under UV-visible light irradiation. The pure SiCNW scaffold 

demonstrated a certain degree of adsorption capacity, with 35.5% of MB being adsorbed 

and stored in the nanowire-constructed pores [16], and photodegraded due to the 

inherent photocatalytic capability of SiCNWs [25]. For the in-situ grown TiO2-

C/SiCNW samples, the MB was fully decomposed after 3 h of photocatalytic reaction 

(Fig. 6.5g), much more effective than that of the dip-coated TiO2-C/SiCNW. This was 

owing to the good access of light into the structure and higher catalyst loading for the 

in-situ samples. The plots of ln(C/C0) vs irradiation time showed that the 

photodegradation reaction followed the first-order kinetics (Fig. 6.5d). Fig. 6.5e shows 

the curve of adsorption of MB solution for sample TiO2-C/SiCNW(in-situ). Upon UV-

visible light irradiation, the maximum adsorption peak dropped from the initial 0.9 to 

totally disappeared after 3 h. After three cycles of photodegradation testing, there was 

negligible change (Fig. 6.5f), which demonstrates the good repeatability for the in-situ 

grown composite samples. Meanwhile, the agglomeration of catalyst particles and the 

weak interaction between the supporting media and catalyst as two existing issues of 

porous ceramic-supported catalyst have been successfully overcome.  
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Fig. 6.5 (a) The uploading weight of SiCNW scaffold, SiC/MOF(ex-situ), and 

SiC/MOF(in-situ). (b) XRD profile of the TiO2-C/SiCNW composites, inset showing 

the SEM image of the composites. (c) Photodegradation of MB and (d) kinetic curves 

for photodegradation of MB by pure SiCNW, TiO2/C-SiCNW(in-situ), TiO2/C-SiCNW 

(ex-situ) under UV-visible light irradiation. (e) UV-Vis absorption spectra for the 

photodegradation of MB by TiO2-C/SiCNW(in-situ) composites. (f) Recyclability test 

of TiO2-C/SiCNW composites for photodegradation of MB under UV-visible light 

irradiation. (g) Digital photos showing the colour change of photodegraded MB 

solutions by TiO2-C/SiCNW(in-situ) under UV-visible light irradiation. 
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6.4 Absorbent for organic solvents/oils 

6.4.1 SiCNW aerogels as absorbent for organic solvents/oils 

Nanostructured materials with 3D porous structure, hydrophobicity, and good 

mechanical stability also make them promising candidates for absorbing and removal of 

organic solvents/oil. To enable the applications as organic solvent/oil absorbent, I 

transformed the wettability of SiCNW scaffold from hydrophilicity to hydrophobicity 

by using n-Octadecyltrichlorosilane (OTS) as a surface modifier. The surface-modified 

SiCNW aerogels exhibited a selective adsorption of low-viscosity organic solvents. It is 

demonstrated that a piece of the surface-modified SiCNW aerogel was highly 

hydrophobic with a water contact angle of ~135.6° (Fig. 6.6b), as compared to the angle 

of ~31.8° for the pristine sample (Fig. 6.6a). This feature allowed it to support a water 

droplet (coloured by methylene blue) on its surface, whilst the ethanol droplet (coloured 

by Sudan III) was completely absorbed (Fig. 6.6c), which make it highly selective 

between water and organic solvents. 

 

Fig. 6.6 Water contact angles of (a) the as-obtained SiCNW aerogels and (b) the 

surface-modified SiCNW aerogels. (c) An ethanol and a water drop on the surface of 

modified SiCNW aerogel. 

 

The ultrafast absorption behaviour with high capacity was further confirmed. As shown 

in Fig. 6.7a, owing to the ultralight density and hydrophobicity, a piece of SiCNW 

aerogel floating on the surface of water completely absorbed 0.5 g toluene (dyed with 

Sudan III) within 2 s. Furthermore, a droplet of chloroform (coloured with Sudan III) 

was also rapidly absorbed (Fig. 6.7b). 
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Fig. 6.7 Oil and organic solvent absorption properties of the SiCNW aerogels. (a) 

Digital photos demonstrating the absorption process of toluene (coloured with Sudan III 

for clear presentation) within 2 s. (b) Digital photos demonstrating the absorption 

process of chloroform (coloured with Sudan III for clear presentation) within 2 s. 

 

The absorption capacities (Q (wt.%), defined as the ratio of as-obtained weight of 

SiCNW aerogels after full absorption to the initial weight) of SiCNWs aerogels to 

various organic solvents and oils were calculated. The samples with a porosity above 

99.2% absorbed 32-86 times of their initial weight of organic solvents or oils, 

depending on the density of liquid (Fig. 6.8). This capability is much higher than 

previously reported superhydrophobic microporous polymers (6-33 times) [228], wool-

based nonwoven material (10-28 times) [229], and SiO2 micro/nanofibrous membranes 

(34-43.7 times) [230]. It is also slightly higher than the ultralight SiC/SiOx aerogels 

prepared by CVD method (23-73 times) [66], and even comparable to some carbon 

aerogels with lower densities [220,221], suggesting the good efficiency based on the 

physical absorption. 
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Fig. 6.8 Absorption capability of the SiCNW aerogels for various organic liquid and oils. 

 

The recoverability of contaminants and durability of sorbents are essential for the clean-

up of chemicals, since these pollutants are either precious or poisonous. Mechanical 

squeezing [222,223], distillation [228], and combustion [235] as the common 

approaches for collection of the pollutants and recoverability of absorbents were used in 

this study. Inspired by the good recoverability of the SiCNW aerogel, the precious or 

toxic contents can be removed and recollected by mechanically squeezing the aerogel. 

Toluene was recollected by squeezing the elastic aerogels (Fig. 6.9a), in the first cycle, 

949 mg of Toluene was absorbed, and the remnant mass was 337 mg after squeezing. 

This remnant weight remained very stable in the following cycles. Furthermore, 

distillation as a good choice for removing low boiling point pollutants [153]. During 

this process, the absorbed solvent can be much more completely removed and collected 

by heating to the boiling point. As shown in Fig. 6.9b, the n-heptane was completely 

removed from the SiCNW aerogel and collected, no obvious loss in absorption 

capability was found after 10 cycles. However, although the distillation method could 

effectively collect the absorbed organic solvents, the energy consumption and complex 

setup restrict the energy efficiency and applicability [235]. By contrast, combustion is 

commonly used for quick removal of unworthy and flammable pollutants. As shown in 

Fig. 6.9c, benefiting from the mechanical and thermal stability and fire-retardance, 

SiCNW aerogel kept its high absorption capacity after 30 absorption-combustion cycles 

for 3 different organic solvents. Unlike carbon materials that experienced apparent 

shrinkage and weight loss during the burning process [125,144], the architecture and 
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weight of the original aerogel remained unchanged. All the above results have clearly 

shown the good recyclability of the SiCNW aerogel as an absorbent for organic 

pollutants. 

 

Fig. 6.9 Recyclability of the SiCNW aerogels for (a) absorption of Toluene when using 

squeezing method. (b) absorption of n-heptane when using distillation method. (c) 

absorption of ethanol, acetone, and methanol when using combustion method. 

 

6.4.2 SiCNW sponges and scaffolds as absorbent  

The SiCNW sponges and scaffolds have been utilised as absorbent for water treatment 

as well, after subjecting to surface wettability modification. Akin to the SiCNW 

aerogels, the SiCNW sponges and scaffolds exhibited a speedy absorption of organic 

solvent (Fig. 6.10). 
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Fig. 6.10 Digital photos demonstrating (a, b) the absorption process of toluene (coloured 

with Sudan III for clear presentation) within 2 s by SiCNW sponges and (c, d) the 

absorption process of chloroform (coloured with Sudan III for clear presentation) within 

2 s by SiCNW scaffolds. 

 

The SiCNW sponges have demonstrated excellent recyclability and competent 

absorption capacity when direct combustion was utilised to remove the absorbed 

organic solvents (Fig. 6.11 a and b), which can be accredited to the structural robustness 

of the sponges and fire-retardance of the SiCNWs. Whilst owing to the relatively better 

compressibility, the SiCNW scaffolds are more suitable for absorbing the precious or 

toxic contents and recollecting them by mechanically squeezing. Toluene was 

recollected by squeezing the SiCNW scaffolds (Fig. 6.11c). In the first cycle, 1126 mg 

of Toluene was absorbed, but the remnant mass was up to 645 mg after squeezing due 

to incomplete compression of the scaffold. However, the remnant weight remained 

unchanged from the second cycle. The SiCNW scaffolds retained the high absorption 

capacity and good recyclability during 10 cycles squeezing (Fig. 6.11d). 
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Fig. 6.11 (a) Recycling process of SiCNW sponges by combustion. (b) Recyclability of 

the SiCNW sponges for absorption of ethanol when using combustion method. (c) 

Recycling process of SiCNW scaffolds by squeezing. (d) Recyclability of the SiCNW 

scaffolds for absorption of Toluene when using squeezing method. 

 

Fig. 6.12 presents the absorption capacities (Q, %) of the SiCNW sponges and scaffolds 

to various organic solvents and oils, as a reference to SiCNW aerogels. The SiCNW 

sponges and scaffolds exhibits absorption capacities of 5.6-12.7 and 13-38.5 g g-1 for all 

these organic liquids, respectively. Although the absorption capacity of SiCNW sponges 

and scaffolds are lower than that of SiCNW aerogels, the values are higher than porous 

SiC foams with similar density [236]. This unambiguously confirms that SiCNW 

structures are promising absorbents for organic solvents and oils. The internal pores and 

surface areas of the nanowires within the structure play a critical role in absorption 

capabilities. 
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Fig. 6.12 A comparison of Absorption capability between the SiCNW sponges and 

SiCNW scaffold for various organic liquid and oils. 

 

6.5 Summary 

To demonstrate the multifunctionalities of SiCNW structures, especially in energy and 

environment technologies, I have applied them as piezoresistive sensor, photocatalyst 

support, and organic solvent/oil absorbent. The best suited applications for each SiCNW 

structure and the principles of these applications have been identified. 

The SiCNW sponges and aerogels with better compressive recoverability and 

mechanical stability exhibited great suitability as piezoresistive sensors. The sponges 

with relatively high density of SiCNWs possess a high sensitivity gauge factor (up to 

87), large resistance response; whilst the SiCNWs aerogels with higher recoverable 

strains exhibit stable sensing behaviour at different strains, frequencies, elevated 

temperatures over 200 °C and excellent repeatability over 2000 cycles. These results 

have demonstrated that the SiCNW structures with robust compressive recoverability, 

fatigue resistance, and high volume of interconnected SiCNWs are envisaged to be 

candidates for the fabrication of high-performance electromechanical devices by 

substituting current polymer-carbon composites.  

Benefiting from the unique open porous structure, co-existence of SiC nanowires and 

struts, good interconnectivity, and competent mechanical strength and stability, the 
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SiCNW scaffolds with ~35% enhanced in-situ loading of MOF-derived TiO2-C catalyst 

enabled a full decomposition of MB within 3 h and excellent repeatability for at least 3 

cycles. To further develop practical photocatalytic applications, the SiCNW structure as 

the supporting media should possess the following features: (1) Well controlled shape to 

match complicated reactor configurations; (2) Competent mechanical strength for long-

term service in complex conditions; (3) Open porous structure to enhance the dispersion 

of the catalyst and accessibility of the reactants to the active sites. 

As-obtained SiCNW structures are highly organic solvent/oil-absorptive and water-

repellent absorbents by simple surface modification. The ultralow density of 29 mg cm-3 

endows the SiCNW aerogels with strong absorption capacity of 32-86 g g-1, which 

equals to existing flyweight absorbents made from carbon, polymer, and natural 

resources. Absorbed organic solvent/oils can be easily removed by combustion, while 

the SiCNW structures remain unchanged. All these features have shown that the 

SiCNW structures are promising for applications for potential removal of chemical 

spills and oil leakage, with the advantage of easy recycling. Meanwhile, the superior 

performance of SiCNW aerogels as compared to SiCNW sponges and scaffolds 

inexplicitly indicate that the ultralow density is one of the most favourable features for 

utilisation as efficient organic solvent/oil absorbent. 
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Chapter 7 Conclusions and future work 

7.1 Conclusions 

In this thesis, I have successfully developed brittleness-free lightweight SiCNW 

structures by using three novel synthesis approaches, namely the in-situ chemical 

blowing, melamine foam-based replica template, and electrospinning/Mille Crêpe 

methods, respectively. All the three methods have enabled the development of SiCNW 

networks with precisely controlled overall architectures and distribution of SiCNWs, 

which is the major target of this thesis. Furthermore, I have evaluated their properties 

such as compressive recoverability, thermal insulation performance, high temperature 

stabilities, and fire-retardance. Finally, I have demonstrated the diverse application 

potentials based on such functionalities, in energy- and environment-related areas, 

including piezoresistive sensors, photocatalyst support, and organic solvent/oil 

absorbents. 

Although the growth of SiCNWs is governed by carbothermal reduction of SiO2, the 

microstructure of the resulting material largely depends on the synthesis approach. 

SiCNW sponges with density of 115-125 mg cm-3 and special core-shell structure have 

been synthesised by the in-situ chemical blowing method; SiCNW scaffolds with 

densities in the range of 57.8-165.6 mg cm-3 and complex nanowire-struts dual-

structures have been developed by the melamine foam-based replica template method; 

While ultralight SiCNW aerogels (29 mg cm-3) have been created by the 

electrospinning-Mille Crêpe method. Based on the structural features of three SiCNW 

structures. It can be clarified that the in-situ compact powder sintering gives rise to 

relatively large density and rigid nanowires, the replica template provides good 

flexibility since the microstructure and properties of resulting materials are largely 

dictated by the template and solid loading, whilst the electrospinning technique is best 

suited for the creation of ultralight SiCNW aerogels.  

Three SiCNW structures with distinct microstructural characteristics demonstrate 

unique combination of properties. The mechanical strength of SiCNWs essentially 

depends on the density of the material, increasing porosity could significantly reduce 

their stiffness. However, with the rise of the porosity, continuum structures established 

by 1D nanowires with crosslinking give rise to the exceptional recoverable 

deformability and fatigue resistance. These features enabled the SiCNW structures to 
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exhibit great resistance to cracks and structural disruptions. Meanwhile, due to the 

synergistic effect of intrinsic thermal conductivity of SiCNWs and complex architecture, 

all the three SiCNW structures exhibit quite low thermal conductivity (24-92 mW m-1K-

1) at room temperature, significantly lower than their dense counterpart, demonstrating 

their excellent thermal insulation potential. Furthermore, owing to the intrinsic 

properties of SiC, SiCNW structures exhibited great high-temperature oxidation 

resistance and fire-retardance performance. Especially, the SiCNW aerogels 

demonstrated simultaneously excellent fire-resistance and temperature-invariant 

recoverability, as they can be compressed at ε = 40% and recovered rapidly to the 

original shape in a butane blowtorch flame at 1300 °C. 

In addition to the popular application of SiCNW structures as structural components, 

thermal insulator, and filter, I have presented three exciting energy- and environment-

related functional applications that are best-suited for each SiCNW structure. The 

SiCNW sponges and aerogels with robust structural stability could work as efficient 

piezoresistive sensor for detecting small impacts; the SiCNW scaffolds with the co-

existence of SiCNWs and SiC structs could act as catalyst supports with enhanced 

photocatalytic performance for MB decomposition; and the SiCNW aerogels with 

ultralow density could function as an efficient absorbent for organic solvents and oils. 

The criteria for material selection and basic requirements for each application is thereby 

uncovered. 

In summary, I have successfully developed three novel approaches for the fabrication of 

multifunctional SiCNW structures with excellent mechanical properties, thermal 

insulation performance, and high temperature stability. By carefully selecting the 

starting materials and controlling the processing approach, not only the inherent 

brittleness issue is overcome, but also the conflicting demands of low thermal 

conductivity and high mechanical strength as a challenge for existing porous ceramics 

have been met. SiCNW structures in this thesis demonstrate superior mechanical 

properties and thermal insulation performance than other existing porous SiC ceramics 

with similar densities. The reasons behind this excellent performance of different 3D 

porous SiC structures are analysed and understood, primarily owing to the accurately 

designed porous structure containing interconnected flexible and nanosized SiCNWs. 

The principles and challenges of each approach, together with the composition-

microstructure-property relationships for SiCNW structures have been established. 
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These fabrication approaches with unique combinations of advantages, innovations, and 

potentials open a whole new gate to future development of lightweight ceramic 

nanowire structures for emergent energy and environment technologies. 

 

7.2 Future work 

Based on the results and achievements in the present work, some suggestions are 

recommended for future work as follows:  

1. In-situ SEM observation of SiCNW structures during compressive loading-unloading 

processes should be carried out to discover their deformation mechanism and rational of 

recoverability.  

2. To illustrate the advantage of SiC as ultrahigh-temperature ceramics, thermal 

conductivity at high temperatures up to 1500 °C should be carried out to confirm the 

maximum working temperature of as-obtained SiCNW structures, which is the essential 

information for thermal insulation materials that applied in extreme conditions. 

3. Freeze shaping techniques can be introduced for preparation of ultralight but strong 

SiCNW aerogels. Electrospun PAN/SiO2 fibres can be subjected to unidirectional 

freeze-casting (freeze-drying), which creates hierarchical architectures. After 

carbothermal reaction during sintering, the anisotropy of the structure is expected to be 

well offset by the growth of SiCNWs, leading to strong yet flexible SiCNW aerogels 

with isotropic properties. 

4. Porous ceramics and ceramic matrix composites are promising filters for removing 

micro-organisms, heavy metal ions from water and particulate matter pollution in air. 

SiCNW structures with structural robustness, low-cost, and reusability that fabricated in 

this study can be the core elements in filtration systems, which demands intensive study. 

5. The SiCNW structures with complex microstructure I obtained in this study are 

considered promising application for electromagnetic interference (EMI) shielding. 

Typically, when superfluous C were preserved within the structure, the interface 

between SiCNW and C might give rise to enhanced electromagnetic wave absorption 

capacity. 
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