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 Abstract 

Silicon oxycarbide (SiOC) is a class of glass or glass-ceramic materials which integrate the 

characteristic inertness of traditional ceramics and many functional properties offered by its 

unique silicate network architecture and presence of both carbidic and free carbon phase. 

Stimulated by its functional prospects, the fabrication of SiOC materials into small-dimensional 

structures has been intensively explored through different processing techniques. In particular, 

the fabrication of SiOC fibres via Electrospinning, which has newly emerged since the past decade, 

offers additional flexibility and free-standing features to the SiOC materials, and has thus 

significantly facilitated its practical application.  

Although considerable efforts have been devoted to the preparation of electrospun SiOC fibres 

from different preceramic precursors, the electrospinning systems to yield SiOC fibres still need 

further improvement in terms of eliminating the spinning-aid, achieving better composition and 

morphology control, and obtaining special surface functionalisation of the SiOC fibre mats.  

Through the combination with the sol-gel method, ultrafine SiOC fibre mats have been prepared 

through a spinning-aid-free electrospinning process. Based on the kinetics and mechanism 

analysis of the sol-gel reaction, elimination of the spinning-aid was achieved by regulating the 

precursor sols' spinnability from the concentration and molecular configuration aspects, 

respectively. The influence of the precursor sols' spinnability on the morphology of resulted SiOC 

fibres has been thoroughly studied. Uniform ultrafine SiOC fibre in the sub-micro size (�̅� = ~256.7 

nm) has been synthesised for the first time. 

Based on the comprehension of sols' spinnability, additional polymer components have been 

incorporated in the precursor systems to further enrich the carbon content in electrospun SiOC 

fibre mats. The influence of polyacrylonitrile(PAN) addition on the enrichment of carbon in SiOC 

and its subsequent electrochemical performance have been investigated. Enrichment of carbon 

in both carbidic and free carbon phases have been realised in resulted SiOC fibres by tailoring the 

addition of PAN in the precursor system. When serving as the supercapacitor electrodes, the 
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carbon-enriched SiOC fibre mats demonstrated wider potential window and higher capacitance 

as compared to the pure SiOC or carbon fibres, and its performance was proportional to the total 

carbon content. SiOC fibre mats derived from the most PAN addition ratio delivered the highest 

specific capacitance of 11.8 F/g. 

The preparation of electrospun porous SiOC fibre mats with different porosities has been 

achieved for the first time through either polymer blending along the electrospinning process or 

Potassium hydroxide(KOH) etching after the fibre formation. Significantly enlarged surface areas 

have been created on the polymer blending derived hollow SiOC fibres (54.4 m2/g) and KOH 

etched surface porous SiOC fibres (133.3 m2/g). The influence of SiOC fibres' porosity on its 

adsorption performance have been investigated through batch experiments and model fitting. 

Convenient regenerations and reusability have been verified on the porous SiOC fibre mats. 

Surface functionalisation of the SiOC fibres mats has been achieved by constructing different 

hierarchical Titanium dioxide(TiO2) nanostructures on electrospun SiOC fibre mats through 

hydro/thermal reactions. The growth manner of different TiO2 nanostructures has been explored 

based on investigations regarding the morphology, loading density, and crystallinity of the TiO2 

nanostructures. The hierarchical SiOC/TiO2 composite fibre mats demonstrated distinct water 

remediation performance in terms of photodegradation of organic dyes and separation of oil-in-

water emulsion owing to the different crystal phase and morphology of the TiO2 nanostructures. 
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Silicon oxycarbide (SiOC) is a type of glass or glass-ceramic materials with carbon partially 

incorporated in the network of glassy silicate. Unlike the so-called "black glasses", where the 

carbon only segregates within the interstitial spaces in the silica network as elemental carbon, 

both carbidic and elemental carbon phases are identified in the SiOC networks[1]. In other words, 

carbon atoms are either bonded with the silicon atoms forming Si-O-C tetrahedra or segregated 

in the SiOC networks as free carbon atoms. 

1.1. Composition and structure of SiOC 

Owing to the molecular-level heterogeneity caused by the incorporated carbon phase, the final 

chemical and phase composition of SiOC materials does not follow a constant formula. Generally, 

one material could be regarded as SiOC if it is only composed of Si, C, and O atoms and their 

contents fall in the triangle enclosed by SiC, C, and SiO2 in the following composition diagram 

(Figure 1.1 a), where the known composition of SiOC in most of the reported literature roughly 

fell in the shaded portion [2]. Meanwhile, considering the existence of both carbidic and 

elemental carbon in the SiOC glassy network, the composition of SiOC is generally expressed as 

SiO2(1-x) Cx + yCfree, where SiO2(1-x) Cx represents the stoichiometric Si-O-C tetrahedra, and Cfree 

refers to the free carbon phase [3]. 

Apart from the indefinite composition of SiOC materials, the structure of SiOC glasses/glass-

ceramics has not been fully understood at the nano-scale due to the undetectable zone among 

several characterisation techniques [4]. However, two models have been proposed to describe 

the nanostructures of amorphous SiOC materials. Based on the detection of some ordered micro-

regions by small-angle X-ray scattering (SAXS), Saha et al. [5] suggest that silica nanodomains are 

enclosed by graphene-like carbon networks, wherein SiOxC4-x tetrahedra exist at the boundary of 

two phases (Figure 1.1 b). However, the second model relies on the homogeneous space-

filling/distribution of the SiOC glass network as revealed by the 29Si nuclear magnetic resonance 

(NMR) studies, suggesting a continuous distribution of O-rich SiOxC4-x phase where segregated sp2 

hybrid carbon fill the voids and C-rich SiOxC4-x moieties form an interface (Figure 1.1 c) [6].   
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Figure 1.1 Composition and structure of SiOC. (a) Si–O–C tertiary phase diagram showing the 

composition range of SiOC materials [2], and (b-c) the structure models of SiOC materials [5, 6]. 

1.2. Functional properties and applications of SiOC  

Although the nanostructure of SiOC materials remains unknown, many reported literature tends 

to describe SiOC as carbon incorporated/substituted silica for a more straightforward explanation 

of its structure-induced properties [7]. The Si-O-C glass network could be regarded as the 

tetravalent carbon atoms partially substitute the divalent oxygen atoms in silica. The increased 

bond density and connectivity of the glass network is believed to associated with SiOCs' higher 

Youngs' Modulus [8], stiffness [9], and enhanced high temperature creep resistance [10] as well 

as crystallization resistance [11] in comparison with vitreous silica. Some general physical 

properties of bulk SiOC have been listed below and compared with vitreous silica.  

Based on the simulation of the unique network architecture of SiOC, numerous researches on the 

functional properties and performance of SiOC-based materials have emerged over the past 

decades[4], where specific interests have been laid on the properties synergistically offered by 

both states of the carbon phase and the consequent applications on environmental and energy-

related aspects.  
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Table 1-1 Comparison of some general physical properties of SiO2 and SiOC bulk materials. 

Properties SiO2[12] SiOC[4, 12] 

Bulk density (g/cm3) 2.20 2.35 

Glass-transition temperature (℃) ~1170 ~1350 

Thermal expansion coefficient (10−6/K) 0.5 3.14 

Dielectric constant 4.0 4.4 

Electrical conductivity (Ω · cm) ~10
-22

 4×10
-13

 

Young modulus (Gpa) 70-75 90-120 

Tensile strength (GPa) ~1.0 0.5-2.0 

1.2.1. SiOC as energy storage materials 

SiOC materials have been widely explored as energy storage medium. The reversible lithium ion 

storage by SiOC materials could be considered the most representative functional properties of 

SiOC, making SiOC a trendy anode candidate for Lithium-ion batteries. It has been suggested by 

extensive experimental and modelling studies that the presence of segregated carbon phase, as 

well as the bond heterogeneity induced structural rigidity synergistically, contributes to the 

outstanding Li-ion hosting capabilities of SiOC materials[13-15]. On the one hand, three types of 

Li-ion storage sites could be identified in carbon-rich SiOC materials[13].  

As illustrated in Figure 1.2, the voids between the graphitic carbon and disordered carbon provide 

the major reversible Li-ion hosting sites, while the interstitial spaces between the segregated 

carbon and the silicate network also contribute minor Li-ion storage capabilities. Meanwhile, the 

free carbon also facilitates the access of Li-ions into the amorphous Si-O-C network by lowering 

its bandgap, resulting in the irreversible accommodation of Li-ions. On the other hand, SiOC is 

reported to exhibits several times lower volumetric strain than other insertion-types of anode 
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materials after the complete lithiation[16]. This favourable structural stability is reported to be 

associated with the enhanced rigidity of the silicate network and geometry relaxation enabled by 

the percolating free carbon phase[15]. 

The favourable electrochemical energy storage performance of SiOC has inspired researches on 

developing SiOC-based materials as the electrode for supercapacitors, which is another important 

category of energy storage devices[17-19]. Interestingly, higher specific capacitance and reduced 

charge transfer resistance of the SiOC-based materials have been verified in many studies in 

comparison with the conventional carbonaceous electrode, and this enhanced capacitive 

performance of SiOC has been again attributed to the combination of the favourable carbon 

phase and the unique silicate network. In other words, the enhanced charge storage capability in 

SiOC is achieved by both the double layer capacitance at the carbon phases and intercalation 

capacitance at the silicate moieties[18]. Meanwhile, the high surface areas and possible surface 

functionalities of SiOC have been proposed facilitating the access of electrolyte to its active sites, 

which lead to the reduced charge transfer resistance at the electrode-electrolyte interfaces[20]. 

 

Figure 1.2 Schematic illustration of the Li-ion storage in SiOC materials[13]. 
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1.2.2. SiOC as adsorbent materials  

SiOC integrates both functional properties of silica and carbon, which happened to be two of the 

most popular adsorbent materials in wastewater remediation [21]. SiOC materials have thus been 

proposed as potential adsorbents for water purification. Among various studied pollutant systems, 

SiOC materials have demonstrated particular high adsorption affinities towards cationic dye 

molecules, such as methylene blue(MB), Rhodamine B(RhB), and crystal violet than that of heavy 

metal ions [22]. In comparison with the silica, SiOC aerogels have been reported to show higher 

adsorption capacity towards MB and RhB than mesoporous silica foams, even though it only 

processed one-third surface areas of the silica foams [23]. The outstanding adsorption 

performance of SiOC should be attributed to the synergetic effects of the electrostatic 

interactions between the triphenyl structure of dye molecules and segregated carbons, as well as 

the ionic interactions between adsorbates and the silicate [24]. In contrast, the pure silica or 

carbon system shows only one of the interactions. Meanwhile, the desorption of hydrocarbons 

and dye molecules were found easier on SiOC as compared to activated carbons, which allows 

more convenient regeneration processing on SiOC-based adsorbents [22, 24, 25]. Moreover, in 

consideration of its excellent chemical tolerance, thermal stability, and tuneable surface 

functionalities, SiOC-based materials could be considered as a valid candidate as adsorbent 

materials, especially under the server environment. 

1.2.3. SiOC as photocatalysts support 

Apart from serving as solely adsorbent materials, SiOC materials have been recently studied as a 

supportive substrate for various photocatalysts to achieve more effective water purification. 

Owing to the facile processing of SiOC through the pyrolytic conversion of precursors route, 

various photo-reactive materials, such ZnO [26], TiO2 [27], Bi2WO3 [28] nanoparticles or 

precursors [29], could be added to polysiloxanes and yield SiOC/catalysts composites through 

one-step heat treatment. It is worth mentioning that the SiOC/photocatalysts composite systems 

demonstrated higher degradation efficiency towards organic dyes than the sole catalysts, which 

has been hypothesised to be attributed to the heterojunctions formed between the metal oxides 

and segregated carbon phase [29].  
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Meanwhile, incorporating photo-reactive ingredients creates favourable mesopores on the SiOC 

matrix, which almost tripled the total pore volume of pure SiOC obtained from the same pyrolysis 

procedure. This enlarged surface area should also be accounted for the significant degradation 

capability of the SiOC/catalysts composites. Besides, photocatalysts could also be embedded in 

the SiOC matrix through mechanical mixing after the pyrolytic synthesis of SiOC, where certain 

crystal phases could be created in SiOC under high-temperature pyrolysis [30]. The resulted 

composites could respond to the full-spectrum irradiation and show 2.28 times higher 

degradation constant as compared to the pure catalysts, and the heterojunction formed between 

catalysts and crystalised SiOC matrix can be attributed to the improved photocatalytic reactivity 

of the SiOC/catalysts composites  [31]. 

1.3. Preparation and processing of SiOC materials 

With the more in-depth understanding of these functional properties of SiOC materials, the 

substantial applicational prospect of SiOC materials in various fields has therefore intrigued 

numerous investigations on the processing of SiOC materials to meet the applicational requests 

better. In this section, some widely employed processing techniques will be briefly introduced 

with special concerns given to the preparation of micro- to nano-structured SiOC materials since 

their large specific surface areas are highly desired in practical applications. 

1.3.1. Pyrolytic conversion of preceramic precursors 

The most widely proposed synthetic approach to SiOC materials is through the pyrolysis of 

preceramic precursors [4]. Polysiloxane (PSO) is the most extensively used category of precursors 

to yield SiOC materials based on the following reasons. 

Firstly, the favourable thermo-mechanical properties (e.g. low glass transition temperature and 

high elasticity at low temperature) induced by the dynamically flexible siloxane backbone allow 

convenient processing on the materials. Secondly, PSO exhibits excellent stability towards the 

thermal decomposition, ensuring good ceramic yield after the pyrolysis [32].  

Furthermore, various side groups could be functionalised onto the siloxane backbone, offering 
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possible compositional diversity and functionalities of the resulted SiOCs for various application 

demands [33]. 

Within this context, the reported PSO precursors used for SiOC-based materials are either directly 

obtained from different commercial poly-organosiloxanes or acquired via the sol-gel method 

through the reaction of various organo-alkoxysilanes [4]. Following the first route, 

polysilsesquioxanes (Figure 1.3) with different molecular configurations are the most popular 

commercial PSOs due to their wide availability [34, 35]. However, a further crosslinking process 

on these polysilsesquioxanes before the pyrolysis is necessary to ensure an adequate ceramic 

yield and maintain the structural integrity of the resulted SiOC product. Other types of PSOs, such 

as hyperbranched and dendritic polysiloxanes with highly crosslinked molecular structures, have 

also been reported in recent literature. However, this complex molecular structure could 

significantly influence their rheological properties and thus limit the shaping process of these 

kinds of precursors.  

As an alternative, several sol-gel systems have been explored to synthesis the PSOs based on the 

hydrolysis and condensation of different silicon alkoxides. Although one more synthetic step is 

involved, the advantages of adapting the sol-gel method are distinctly reflected by its versatility 

in the following two aspects: On one hand, the crosslinking degree of the synthesised PSOs could 

be controlled by adjusting various parameters during the sol-gel reactions(e.g. pH value, reaction 

time, and solvent type), and by selecting starting silicon alkoxides with different functionalities; 

thus the ceramic yield of resulted SiOC products could be easily tailored; On the other hand, the 

composition of synthesised PSOs could be tuned by choosing silicon alkoxides bearing different 

side groups [36]. These different functionalised PSOs would, in turn, affect the element ratio as 

well as the carbon content and presented form in resulted SiOC glasses/glass-ceramics [37, 38]. 
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Figure 1.3 Different molecular structures of polysilsesquioxanes used as precursors to form SiOC 

[3]. 

Owing to the polymeric features of preceramic precursors, various processing techniques 

developed for the polymer systems could be readily adapted to fabricate the PSOs with delicate 

structures in different dimensional scopes [4]. These structures could be properly preserved or 

modified during the pyrolytic conversion to yield SiOC with desired morphologies. For example, 

regular sub-micron sized SiOC spheres could be fabricated either through the aqueous emulsion 

process of commercial PSO(Figure 1.4 a) [39] or via a modified sol-gel method[40]. By controlling 

the pyrolysis temperature in the subsequent step, open pores to secondary whiskers or wires 

could be further developed on the SiOC microspheres [41]. Meanwhile, dense to porous SiOC 

films with their thickness ranges from tens of nanometres to few micrometres could be obtained 

by properly tailoring the visco-elastic properties of the preceramic polymers according to 

different employed coating techniques(Figure 1.4 c) [42]. In a similar manner, one-dimensional 

SiOC materials(Figure 1.4 b) could also be prepared[43]. Moreover, the preparation of three-

dimensional SiOC monolith(Figure 1.4 d) with micro- to nano-scaled porosity such as foams and 

aerogels have also been intensively studied [23, 44-46]. 
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Figure 1.4 Particle[39], fibre[43], film[42], and bulk-shaped[44] SiOC materials fabricated through 
the pyrolytic conversion of preceramic precursors. 

1.3.2. Chemical vapour deposition 

By virtue of the volatility of organo-siloxane compounds, the chemical vapour deposition (CVD) 

method has been practised in a variety of formats to fabricate SiOC materials. The morphology 

of resulted SiOC materials could be tuned from thin films [47, 48], compact cylindroids [49], to 

nanowires [50] according to different reaction conditions. Unlike the pyrolytic conversion 

methods where Si-O-Si bonds constitute the backbone of the precursors, organo-siloxanes 

generally go through a densification reaction to form the Si-CHn-Si linkages during the early stage 

of CVD reactions. Hence, higher intensity of Si-C bonds would be resulted in the CVD-derived SiOC 

materials, imparting such SiOC higher density and refractive index, as well as decreased the 

optical bandgap and photoluminescence energy. Therefore, SiOC materials fabricated via the CVD 

methods have been mainly employed in modern electronic and optical devices [51]. 
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1.3.3. Magnetron sputtering 

Similarly, magnetron sputtering, which is one of the physical vapour deposition (PVD) techniques, 

could also be adapted to fabricate the SiOC materials. SiO2 and SiC are the most commonly used 

targets to produce SiOC via the co-sputtering process [52, 53], while the sputtering of a single SiC 

target under O2 atmosphere as a reactive deposition has also been reported [54]. Through 

controlling the sputtering power or gas pressure, amorphous SiOC thin films with various atomic 

compositions could be obtained. Such SiOC thin films are generally comprised of densely 

compacted SiOC nanoparticles and are highly prevalent in microelectromechanical systems and 

optical devices, which are similar to the applications of CVD-derived SiOC materials.       

1.3.4. Incorporation of SiO2 with C sources 

To fabricate SiOC materials through the incorporation of the sources of SiO2 and C should be 

regarded as a branch of the preparation of SiC materials via the carbothermal reduction, where 

C sources such as the carbon black, graphite, and several kinds of carbon come from biomass 

could be mixed with silica or its precursors in the moulding step [24, 30, 55].  

Although researchers tend to claim SiC as their final products after several kinds of post-

treatments, including the high-temperature reduction (usually above 1300℃ ) and selective 

etching, Si-O-Si bonds are still presented in many cases [56]. Therefore, these products should be 

considered as SiOC in a restricted sense. Meanwhile, as some of the O-rich components are 

eliminated during the post-treatment, SiOC materials fabricated via this method usually process 

high micro-scaled porosities [2].   

In order to intuitively evaluate the above-mentioned processing techniques to fabricate SiOC 

materials, a comprehensive comparison of these techniques have been made in the following 

radar chart (Figure 1.5), where assessments were made in considerations of the feasibility of the 

method itself and the versatility of corresponding SiOC products.  



13 
 

 

Figure 1.5 Comparison of the processing techniques to fabricate SiOC materials. 

1.4. Preparation of SiOC fibre-based materials 

It is noticeable that although the processing of SiOC materials has been investigated in various 

aspects, most of the as-prepared SiOC products are still in the particles or rigid monolith forms, 

which possesses relative poor processibility. This is possibly because that the preparation of SiOC 

materials into one-dimensional structures places higher restrictions on the intrinsic properties of 

the starting materials as well as the processing conditions. However, the huge advantages offered 

by one-dimensional structured materials, such as their favourable flexibility, high surface area, 

productivity, and possibilities to be further woven or manipulated, have constantly stimulated the 

technical explorations on preparing SiOC fibre-based materials with proper morphology and good 

performance. 

1.4.1. SiOC fibres prepared through conventional spinning methods 

The preparation of SiOC fibres could be dated back to the 1970s when Yajima et al. [57] intended 

to fabricate SiC fibres via the melt-spinning methods. Just like processing SiC through the 
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carbothermal reduction where certain Si-O-Si are still presented in the final products. Many SiC 

fibres that have been produced in the early stage should be essentially regarded as SiOC due to 

the immaturity of the post-treatment techniques [58, 59]. However, these explorations laid solid 

groundwork for the development of SiOC fibres since the silicon-based precursors to both have 

many intrinsic properties in common. Hence, various conventional fibre processing techniques 

have been practised to fabricate SiOC fibres.  

For instance, Kamiya et al. first reported the preparation of SiOC fibres by direct drawing the aged 

sols of silicon alkoxides mixtures [60] (Figure 1.6 a ). The resulted SiOC fibres had a wide diameter 

distribution over 10 to 30 μm and demonstrated high tensile strength. It is also reported that sols 

with a viscosity from 1.6 to 38.4 p are suitable for directly drawing the fibre. 

Chen et al. [61] conducted dry-spinning on the modified silicon alkoxide derived gels, where 

hydrolysis was performed before the spinning process under different water/alkoxide ratios, and 

secondary cellulose acetate was added as the spinning-aid. The resulted SiOC fibres 

demonstrated smooth and uniform morphology with an averaged diameter of ~20 μm (Figure 1.6 

b).  

Kita and co-works thoroughly investigated the processing parameters of melt-spinning and 

prepared SiOC fibres with various morphologies, including the dense, hollow, and porous 

structures with the averaged fibre size of around 10 μm [62-64] (Figure 1.6 c, d). 
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Figure 1.6 SEM images of SiOC fibres prepared through various conventional spinning 

methods[60-64]. 

1.4.2. SiOC based fibres prepared through Electrospinning 

More recently, with the rapid advancement of the electrospinning technique, the fabrication of 

SiOC fibres has been progressed to a smaller dimension, with better morphology control and up-

scaled productivity. Like the general strategies to fabricate ceramic fibres via Electrospinning, SiOC 

fibres could be obtained from either existing preceramic polymers or precursors synthesised via 

the sol-gel methods. In either way, one fundamental pursuit in the study of Electrospinning of 

SiOC fibres is to regulating the rheology of the precursor solutions so as to produce SiOC fibre 

products with homogeneous morphology and fine size. Hence, several types of polysiloxanes 

have been spun with the aid of linear-structured polymers agents to generate homogeneous SiOC 

thin fibres.  

Lu et al. [65], for example, firstly reported the Electrospinning of SiOC fibres from the solution of 
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polyureasiloxane and polymethyl methacrylate (Figure 1.7 a). The resulted fibres exhibited 

porous inner structures encapsulated by the wrinkled surface, with an average diameter of ~5 

μ m. And this unique porous core-sheath morphology is proposed to be caused by the 

incompatibility between the siloxane and carrier polymers. Guo et al. [43] prepared SiOC fibres 

using two commercial silicon resins as preceramic polymers (Figure 1.7 b). By choosing 

appropriate crosslinking catalysts, polymer additives, and solvent systems, dense and smooth 

SiOC fibres with controllable sizes were obtained, and the thinnest fibre diameter of around 1 μm 

was achieved. 

Based on these explorations on the choice of suitable precursor system and processing 

parameters, improvements have been attempted from different aspects of the electrospinning 

process. In particular, Aura and co-workers conducted partial pre-crosslinking on the silicon resin 

instead of adding polymer-aid, electrosprayed particles to belt-like electrospun SiOC fibre with 

sizes from 2-5 μ m were obtained by varying the crosslinking parameters (Figure 1.7 c) [66]. 

Meanwhile, several kinds of metal salts have been introduced to the precursor solution to yield 

metal nanoparticles embedded SiOC fibres. Tunable wettability [67], enhanced mechanical 

strength [7], and/or antibacterial performance [68] could be realized on the resulted SiOC-based 

composites fibre by varying the type and amount of introduced metal phase.   

By combining the sol-gel method, Wang et al. [69] prepared the precursor sols from two silicon 

alkoxides(Figure 1.7 d). The spinnability of the precursor sols is found highly prone to the water 

to alkoxides ratio, and its viscosity increase remarkably during the spinnable period despite the 

addition of polymer spinning-aid; hence the resulted fibres showed less homogeneity and wider 

size distribution as compared to SiOC fibres spun from preceramic precursors. Moreover, by virtue 

of the sol-gel method, various additional elements, including B, Zr, Ti, and Hf could be 

incorporated into the precursors sols and be retained in the resulted fibres for different 

application-oriented purposes [70-73].  
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Figure 1.7 SEM images of SiOC fibres prepared through various electrospinning 

methods[43,65,66,69]. 

1.4.3. Preparation of SiOC in other one-dimensional structures 

Apart from the fibre structures, one-dimensional SiOCs with high surface areas have been 

fabricated into various shapes. Specifically, highly porous SiOC filaments with gradient pore size 

were produced by extruding the polysiloxane foams [74]. In a similar manner, SiOC microtubes 

with a wide tuneable diameter range were fabricated through the extrusion of molten silicon 

resins [75].  

Furthermore, many bottom-up techniques, such as laser irradiation [76], direct-current arc 

discharge [77], and the CVD method [50], have been practised to grow SiOC nanowires on Si or C 

containing substrates. However, the resulted SiOC nanowires are mainly used along with their 

growth substrates as they are usually hard to be exfoliated for further manipulation. Due to the 

higher complicity of the processing technique as well as more inferior processability of the 

products, these one-dimensional structured SiOC materials remain less popular as compared to 
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the fibrous SiOC materials. 

1.5. The electrospinning technique 

1.5.1. Principle of Electrospinning 

The Electrospinning composed of a series of consecutive electrohydrodynamic process, through 

which the charged spinning liquid is deformed to generate a spinning jet, followed by the 

stretching and solidifying of the thin jet to produce continuous fibre products with diameters 

down to the nanometre-scales [78]. The electrospinning process could be easily realised on a set-

up composed of four major components, as illustrated in Figure 1.8.  

The spinning liquid is loaded in a syringe and extruded by a pump at a constant feed rate. A high 

direct current voltage is applied to the conductive spinneret at the syringe end, resulting in a 

strong external electric field between the spinneret and the grounded collector. As the spinning 

liquid reaching the end of the charged spinneret, like charges would immediately disperse over 

the liquid surfaces, thus deform the droplet into a conical shape (Taylor cone) due to the 

electrostatic repulsion. With the simultaneous attraction by the external electric field, a spinning 

jet would be evolved from the apex of the conical droplet and be drown towards the grounded 

collector by the potential gradient, during which the jet is being further stretched and solidify into 

fibres. As the stretching of the spinning jet and feeding of the spinning liquid takes place in a 

continuous equilibrium manner, the resulted electrospun fibres possess the fine size and long-

range continuity, which grant the fibre a very high aspect ratio(> 1000), large specific surface 

areas, as well as high axial strength and thus endorse favourable flexibility and mechanical 

strength to the electrospun products [79].   

Another remarkable characteristic of the electrospun products is that the fibres are readily 

collected into a free-standing nonwoven fibrous mats/membrane structure, which enables 

convenient manipulation for further processing or applications [80]. Hence, Electrospinning has 

been regarded as a powerful and versatile ultrafine fibre formation technique and has attracted 

tremendous scientific and technical interests among various aspects of applications since its 

popularization in the 1990s.   
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Figure 1.8 Schematic illustration of a typical electrospinning set-up. The insert shows an 

electrified Taylor cone. 

1.5.2. Electrospinning of ceramic nanofibres combining the sol-gel method 

Although the electrospinning technique was initially targeted at polymeric nanofibres, the 

fabrication of ceramic nanofibres through the combination of Electrospinning and sol-gel method 

since the 2000s has significantly extended the applicational scope of this technique to more than 

hundreds of different ceramic systems [81]. In order to produce ceramic fibres with desired 

morphology, the preparation of an appropriate precursor sol via the sol-gel process is the most 

crucial step in the electrospinning/sol-gel method as it determines the spinning behaviours and 

thus morphology of resulted fibres. In the following part, a brief overview of the sol-gel process 

will be provided, and the detailed procedures and affecting parameters of the 

electrospinning/sol-gel process will be discussed. 

1.5.2.1. The sol-gel process 

The sol-gel process is a well-studied process in materials science and engineering, which involves 

the formation of colloidal suspension (sols) and its subsequent conversion to viscous gels and 

solid products in various desired structures through different post-treatments (Figure 1.9) [82].   
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Figure 1.9 Schematic overview of the sol-gel process[82]. 

To be more specific, metal alkoxides is one of the most widely used precursors because it could 

react readily with water, which is also referred to as hydrolysis. Taking the silicon tetraethoides 

(TEOS) as an example, which is the most thoroughly studied metal alkoxides, the hydrolysis of 

TEOS could be expressed as: 

Si(OEt)4 + nH2O → Si(OEt)4-n(OH)n + nROH (0<n<4)                                                                          (1-1) 

Where the extent and kinetics of hydrolysis highly depend on the amount of water and the 

presence of catalysts (usually acid or alkali) in the precursor solution[83]. Simultaneously, the 

alkoxides and its (partially) hydrolysed species would crosslink to form siloxane bonds(Si-O-Si) via 

two types of condensation reactions, releasing water or alcohol as by-products: 

≡Si-OH + HO-Si≡ → ≡Si-O-Si≡ + H2O                                                                                                  (1-2) 

≡Si-OEt + HO-Si≡ → ≡Si-O-Si≡ + EtOH                                                                                               (1-3) 

Different parameters, including the water/Si ratio(r), type of catalysts, temperature, and reaction 

time, could be tuned to achieve an overall control on the formation of sols and their derivates 

according to the request of the intended end products [82]. For example, it has been reported 

that fibres could only be extracted from the sols containing siloxanes with proper linear molecular 
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configuration, which is highly sensitive to the water/Si ratio(r) in the sol-gel system. When the 

ratio greater than 2, more than three alkoxides sites would be hydrolysed and result in a highly 

crosslinked siloxanes network, which is not spinnable; when r  ≤  2, however, condensation 

reaction would take place based on the moderately hydrolysed species, from which the formation 

of less crosslinked linear siloxanes would be favoured [84, 85]. 

1.5.2.2. Procedures and affecting parameters of the electrospinning/sol-gel process 

In order to synthesise ceramic nanofibres by combining the electrospinning technique with the 

sol-gel method, the typical three-step procedure should be followed:  

1) Preparation of a spinning solution containing precursor sols to the ceramic;  

2) Electrospinning of the solution under proper conditions, and  

3) Pyrolysis of the as-spun fibres to convert precursors into desired ceramic phases.   

(1) Preparation of the spinning solution 

Since the ultrafine fibres formed through the stretching of the spinning jet is a complicated and 

vigorous process, the spinning solution must be of appropriate viscosity to counterbalance the 

deformation induced by the repulsion force at the same time maintaining the ideal fibrous 

morphology in resulted products [86]. If the viscosity of a spinning solution is insufficient to 

stabilise the spinning jet, only beads would be formed from the Electrospinning, while excessive 

viscosity could prevent the spinning jet from being fully stretched, and resulting in thicker fibre 

sizes which are undesired. Hence, the electrospinning process places restrict requests on the 

rheology of the spinning solution.  

Although the feasibility of preparing ceramic fibres from direct Electrospinning of the precursor 

sols has been approved by many ceramic systems, including Co3O4 [87], NiO [88], SiO2 [89], and 

Al2O3/ZnO [90], the inappropriate rheology and rapid gelation rate of the sols significant hinder 

the Electrospinning from running steadily and continuously. To be more specific, precursor sols 

derived from the sol-gel process generally consists of hydrolytic condensed colloidal with 
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relatively low molecular weight as compared to the polymers. Highly concentrated sols would 

thus be required to grant adequate viscosity for a stable electrospinning process to occur. 

However, rapid gelation might happen in the solvent-poor sols and result in a less stretchable 

spinning jet or even block the spinneret [91].  

In order to modify the rheology properties of the precursors sols, an additional polymer 

compound with appropriate rheology and good compatibility to the precursors is usually 

introduced as a matrix to aid the electrospinning process. Meanwhile, a suitable volatile solvent 

with adequate solubility to both precursor and polymer-aid is also required. Besides, it has been 

reported that the addition of acid could suppress the condensation and gelation rate of sols and 

thus facilitate the stable electrospinning process [92, 93]. Hence, a suitable spinning solution for 

the Electrospinning of ceramic nanofibre basically composed of the precursor sols, spinning-aid 

polymer phase, volatile solvents, and possible additives. 

(2) Electrospinning of the solution 

According to the electrohydrodynamic theory, three stages of bending instability have been found 

governing the deformation of a spinning jet during the electrospinning process(Figure 1.10), each 

of which causes a dramatical reduce in jet diameter and thus contribute to the formation of 

ultrafine fibres [78]. However, these stages are hardly visible in the course of actual operation. 

Hence, the morphology of resultant fibres is regulated by the parameters like applied voltage, 

solution feed rate, and collecting distance during the electrospinning process. 
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Figure 1.10 (a) A photo and (b) schematic illustration of a spinning jet being stretched to form 

ultrafine fibres during the electrospinning process [80, 94]. 

Firstly, the applied high voltage is a critical stimulating factor in the electrospinning process since 

necessary electrostatic repulsion by like charges should be introduced to overcome the surface 

tension of the spinning liquid and thus to initiate the spinning jet [86]. The subsequent stretching 

of the spinning jet driven by bending instabilities also strongly depends on the electrostatic 

repulsion as well as the external electric field [95]. Generally, thinner fibres could be obtained 

under a higher applied voltage due to the more significant stretching of the jet. When the applied 

voltage is too high, however, irregular fibre with beads-on-string structures might be formed [96], 

and the shape of beads gradually evolve from spindle to spherical with the increasing voltage as 

the jet failed to sustain the high extent of stretching.  

Another key factor affecting the electrospinning process is the feed rate of the spinning solution, 

which determines the amount of solution available to be stretched [86]. At a given applied voltage, 

an increase in the feed rate results in increased fibre diameters or beads size due to the limited 

stretching of the spinning jet. For the solution containing precursor sols, where condensation and 

gelation of the sols would simultaneously occur along the electrospinning process, undesired 

blockage of the spinneret might be aroused if too many liquids gathered at the spinneret tip and 

turned less stretchable. Therefore, on the premise of maintaining the formation of continuous 
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fibres while minimising the diameter, a low feed rate should be adopted as long as a stable Taylor 

cone could be established [81]. 

Finally, the distance between the spinneret and collector would influence the morphology of 

resultant fibres by directly determining the length of the jet path and the strength of the external 

electric field. If the collector is placed so close to the spinneret that jet would be collected before 

being fully stretched, thicker fibres collected on a relatively small depositing area would be 

obtained. Meanwhile, if the collecting distance is too short to enable the jet to solidify completely, 

severely merged fibres or even non-fibrous films would be produced. Additionally, ambient 

conditions during the Electrospinning, such as temperature and humidity around the spinning jet, 

could also affect the morphology of resultant fibres. This is an even vital parameter to be 

considered in the Electrospinning of precursor sols since an atmosphere of less humidity or 

saturation with solvent vapour could significant reduce the gelation rate of the sols and thus 

promote a continuous and stable electrospinning process [91]. 

(3) Pyrolysis of the as-spun fibres 

Unlike the electrospun polymeric fibres, which could be directly used after the spinning process, 

the as-spun precursor/polymer composite fibres obtained from the electrospinning/sol-gel 

method should be further pyrolysed to convert the precursor into desired ceramic phase as well 

as to remove the polymer aid. During the pyrolysis, the fibre diameter would be further reduced 

due to the removal of the polymer phase. Meanwhile, the phase composition and surface 

roughness of resulted ceramic fibres, which are two of the most influential properties 

determining the performance of the fibre products, could be tailored by varying the heating 

programme. For example, the TiO2/PVP composite fibres could be converted to pure anatase TiO2 

nanofibres through pyrolysis at 510℃ for 6 h and further evolved to rutile phase at 800℃ for 3 h 

[97]. Besides, the same group also reported the evolution of smooth to rough-skinned ZrO2 

nanofibres by prolonging the pyrolysis of the precursors at a slightly higher temperature [98]. 
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1.6. Research objectives 

Silicon oxycarbide not only processes the inertness and stability of traditional ceramics but also 

integrates many functional properties offered by the unique network architecture and presence 

of both carbidic and free carbon phase and has thus been regarded as a kind of "All-rounder" 

materials for many advanced functional applications. Therefore, fabricating SiOC materials into 

various small-dimensional structures via different processing techniques has attracted 

considerable scientific and applied interests. Significantly, preparing SiOC fibres through the 

electrospinning technique not only promoted the fabrication of SiOC materials to the smaller 

dimension, better morphology control, and up-scaled productivity but also offered favourable 

flexibility and free-standing feature to the final product. These features could significantly 

facilitate the practical applications of SiOC materials. Although considerable excellent works have 

been carried out concerning the optimisation of Electrospinning of SiOC fibres from different 

precursor systems, relatively few considerations have been paid to the following aspects: 

(1) Preparation of SiOC fibres by the electrospinning/sol-gel method while eliminating the 

polymer-aid; 

The preparation of SiOC fibres by the electrospinning/sol-gel method has been less 

investigated in comparison with the preceramic precursor route since one more sol-gel 

preparation step has to be involved. However, the combination of the sol-gel method 

remains a valuable prospect in terms of the broader precursors availability and 

compositional diversity in resulted products. Moreover, an additional polymer phase is 

usually adopted in the electrospinning/sol-gel method to regulate the inappropriate 

rheology of the precursors sols. However, the removal of the polymer aid could seriously 

deteriorate the characteristic flexibility and free-standing property of the electrospun 

fibre mats due to the impacted coherence in individual fibres. Hence, preparing SiOC 

fibres via a polymer-aid-free electrospinning/sol-gel method should be of significant 

technical importance as well as applicational prospect. 

(2) Tailoring the carbon content in electrospun SiOC fibres  
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According to the literature review, the most favourable functional properties of SiOC 

materials are offered by the carbon phase. However, the final composition of electrospun 

SiOC fibres could only be tailored in a limited range as most of the studies rely on 

commercially available silicon resins as the preceramic precursor. By contrast, the less 

investigated electrospinning/sol-gel method allows more flexible compositional design in 

the precursor systems and thus grant wider compositional diversity in the resulted 

products. Therefore, tailoring the final composition of the fibres, especially the carbon 

content in SiOC fibres via the electrospinning/sol-gel method, could enhance the 

functional performance of SiOC fibres towards a broadened range of applications. 

(3) Delicate morphological design on the electrospun SiOC fibres 

Although the favourable small dimension and processability have been realised on 

electrospun SiOC fibres, construction of more delicate architectures, such as porous, 

hollow, or hierarchical structures on the electrospun fibres, would always be preferred 

given the enlarged surface area and enhanced mass transport efficiency. These secondary 

microstructures could be created on electrospun fibre through modification of the 

spinning solution and/or controlling the electrospinning parameters. However, these 

structures have hardly been achieved on the electrospun SiOC due to the inadequate 

control over the electrospinning systems. Hence, constructing secondary architectures on 

electrospun SiOC fibres based on a thorough understanding of the electrospinning 

behaviour should further optimise the electrospinning system of SiOC while improving the 

performance of SiOC fibres. 

(4) Further functionalisation of electrospun SiOC fibres and its applications 

Featured by the chemical inertness and thermal stability, SiOC has been proposed as an 

ideal catalyst supporting substrate in many kinds of literature. However, it is till recently 

that some researches commenced on studying SiOC as (photo)catalysts support. But these 

proposed studies mainly focused on the particle or powder form of SiOC while most of 

the catalysts were encapsulated inside the SiOC matrix. Nevertheless, to further 
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functionalised the free-standing electrospun SiOC fibre mats by incorporating hierarchical 

catalysts nanostructures with high exposure rate might address the possible 

agglomeration of the current SiOC/catalysts system while further enhance the catalytic 

efficiency. 

1.7. Thesis framework 

This thesis consists of 7 chapters based on completing the above-stated four research objectives: 

Chapter 1 firstly provides an overview of the SiOC materials, including its characteristics, 

functional properties and relevant processing techniques to fabricate SiOC with micro- to nano-

structures, where specific concerns were given to the processing SiOC fibre-based materials. Then 

the processing technique employed in this thesis, namely the Electrospinning, was further 

introduced with emphasis on its combination with the sol-gel method to yield ceramic fibres and 

related influencing parameters. 

Chapter 2 presents the general experimental design and procedures. An illustration of a self-made 

electrospinning set-up was provided. The preparation of the precursor sols and subsequent 

spinning solution via the sol-gel method was described in detail, and the characterisation 

techniques used to examine the morphology, composition, and performance of the electrospun 

fibre mats were also introduced. 

Chapter 3 achieved the first research objective, where the preparation of ultrafine SiOC fibre mats 

via a spinning-aid-free electrospinning/sol-gel method was demonstrated. Based on the kinetics 

analysis of the sol-gel reaction, two major parameters of the spinning solution dictating the 

spinnability have been precisely controlled during the preparation of the precursor sols. Its 

influence on the precursor sols' spinnability and resulted fibre morphology have been evaluated. 

Some general serving performance of resulted SiOC fibre mats has also been characterised. 

Chapter 4 met the second research objective by presenting the preparation of carbon-enriched 

SiOC from the hybrid PSO/PAN precursor system. A suitable precursor concentration has been 

determined to produce uniform and ultrafine Carbon-enriched SiOC fibres. The enrichment of 
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total carbon content and the proportion change in different carbon phase have been thoroughly 

investigated. The consequent influence of carbon content on the electrochemical energy storage 

performance of the SiOC fibre mats has then studied from the capacitance aspect. 

Chapter 5 reports morphological design on the electrospun SiOC fibres by introducing porous 

structures on individual fibres. The preparation of two types of porous electrospun SiOC fibre 

mats through either polymer blend along the electrospinning process or KOH etching after the 

fibre formation were presented. The effects of polymer blend ratios and KOH uptake on the pore 

structures and porosities of resulted porous SiOC fibre mats have been investigated. The two 

kinds of porous SiOC fibre mats have then been used as adsorbents for organic dye removal, and 

their adsorption performance, as well as regeneration and reusability, have been thoroughly 

studied.  

Chapter 6 presents the functionalisation of SiOC fibre mats through constructing different 

hierarchical TiO2 nanostructures via the hydro/solvothermal method. The growth mechanisms of 

different TiO2 nanostructures has been explored based on investigations concerning the influence 

of hydro/solvothermal conditions on the morphology, loading density, and crystallinity of resulted 

TiO2 nanostructures. The environmental application performance in terms of photocatalytic 

degradation of organic dye and oil-water separation has been evaluated on different SiOC/TiO2 

composites fibre mats. 

Chapter 7 summarises works presented in this thesis and proposes possible future works. 
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This chapter presents the experiment design, materials, and methodology utilised in this research. 

The general experiment procedures and characterisation methods have been introduced in this 

chapter. Some specific application-oriented analysis and characterisation methods only used by 

a specific part of the work will be demonstrated in corresponding chapters. 

2.1. Experimental design 

Aiming at the preparation and modification of ultrafine SiOC fibre mats via the 

electrospinning/sol-gel method, the experiments and research plans were designed from four 

aspects, as illustrated in Figure 2.1. The influence of specific preparation parameters on the 

morphology and composition of corresponding SiOC-based fibre mats has been investigated. The 

application performances of the SiOC-based fibre mats in energy/environmental-related areas 

have been characterised in detail.  

 

Figure 2.1 The experiment design and corresponding research plans in this thesis. 

2.2. Materials  

Chemicals and materials used in this thesis are summarised in the following list: 
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Table 2-1 List of chemicals used in the experiments 

 

2.3. Methodology 

2.3.1. Preparation of the precursor sols for Electrospinning 

Before preparing sols, HCl was diluted to the desired pH values using deionised water (DI water). 

The pH value of the diluted acid was determined by a pH meter (MITTLER TOLEDO). In a typical 

procedure, 5.54 mL (~0.025 mol) TEOS and 7.65 mL (~0.05 mol) VTMS were dissolved in 15.0 mL 

absolute ethanol. Then, 2.70 mL diluted acid with different pH value was added to the mixture 

drop-wisely under vigorous stirring. After the temperature of the hydrolysis mixture turned back 

to room temperature, the mixed solution was then transferred to a closed pressure-proof flask 

(Synthware P170004) and refluxed at 80℃ for 24 hours for condensation. The as-prepared PSO 

sols' solvents were extracted using a rotary evaporator at the bath temperature of 60℃  and 
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pressure of 175 mbar. Other modifications on the precursor sols-based spinning solution were 

described in detail in corresponding chapters. 

2.3.2. Electrospinning 

The electrospinning work in Chapter 3 was conducted on a self-made electrospinning unit, as 

illustrated in Figure 2.2. Major instruments include the DC power supply (DW-P303-1ACF0 

Dongwen High Voltage) and the single-channel syringe pump (LSP01-1A Longer Pump). The wipe-

off propeller was designed and added by the electrician to remove possible blockage on the 

spinneret without interrupting the electrospinning process. Other electrospinning work was 

carried on a commercial electrospinning unit (E03 Qingzi Nano Ltd.). Detailed electrospinning 

parameters, including the solution feed rate, working voltages, size of the spinneret, and 

collecting distance, were described in detail in each chapter for the different spinnabilities of the 

solutions. 

 

Figure 2.2 Photo of the self-made electrospinning unit. 

2.3.3. Stabilisation and pyrolysis 

Stabilisation was performed on all as-spun fibre mats containing PAN to stabilise its molecular 

structures by the following mechanism (Figure 2.3) [99], so the integrated free-standing 

electrospun fibre mats structure could be maintained after the pyrolysis owing to the crosslink of 

the precursor molecules. In a typical procedure, the as-spun fibre mats were carefully removed 

from the Al-foil and put in a crucible. The fibre mats were then heated in a muffle oven to 250℃ 
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with a ramp rate of 2℃ /min and held for one hour for stabilisation. The as-spun fibre mats 

prepared in Chapter 3 were directly subjected to pyrolysis. 

In a typical pyrolysis procedure, the stabilised fibre mats were transferred to a tube furnace. The 

furnace was then repeatedly vacuumed and inflated with Argon (Ar) three times to ensure an 

inert atmosphere during the pyrolysis. Then the heating programme was set to 1000℃ with a 

ramp rate of 5℃/min and held for one hour to yield SiOC fibre mats. 

 

Figure 2.3 Chemical reactions occurred during the stabilisation and pyrolysis of PAN [99]. 

2.4. Characterisation methods 

(1) Optical microscope 

Observations on the spinning solution (Chapter 5) and the oil-in-water emulsion (Chapter 6) were 

conducted on an optical transmission microscope (Nikon Eclipse 80i) at ten times magnification. 
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1 mL solution has applied a piece of glass slide for each observation.  

(2) Fourier transform infrared (FT-IR) spectroscopy  

The FT-IR spectra of all the fibre mats were recorded by the attenuated total reflection Fourier 

transform infrared (ATR-FTIR) spectrometer (Nicolet iS50). The spectra were acquired in the range 

of 4000−500 cm−1 as an accumulation of 48 scans. 

(3) Thermogravimetric analysis (TGA) 

The pyrolytic conversion of as-spun fibres to SiOC fibre, as well as the thermal stability of SiOC 

fibres, was characterised by TGA (TGA-50 Shimadzu). The heating programme was set to 1000℃ 

with a ramp rate of 10℃ /min and Ar protection for analysing the pyrolytic conversion behaviours, 

and to 800℃ with a ramp rate of 10℃ /min in the air for analysing the thermal stability. 

(4) Scanning electron microscopy (SEM) 

A field-emission SEM (Philips XL-30S) was used to observe the morphology of the fibres. The fibre 

mats were coated with Pt using the Quorum Q150RS Sputter Coater before the SEM 

characterisation. The fibre diameter was measured using the Image J software by counting 100 

segments of each sample. 

(5) X-ray photoelectron spectroscopy (XPS) 

The surface chemical state of SiOC fibre mats was characterised by XPS (PHI Quantera-II SXM) 

with a pass energy of 20 eV. The binding energy was calibrated according to the C1s peak at 284.8 

eV. Deconvolution of the spectra was achieved by Gaussian fitting. 

(6) X-ray diffraction (XRD) 

The phase structure and composition of the fibre mats were determined by XRD analysis (Bruker 

D2-Phaser) with CuKα1 radiation (λ = 1.5406 Å). The scans were acquired in the 2𝜃 range of 10°-

90° with a step size of 0.02° 
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(7) Ultraviolet-visible (UV-Vis) spectroscopy 

The concentration change of MB in the aqueous solution was used to describe the adsorption 

(Chapter 5) and photodegradation (Chapter 6) performance of the fibre mats. 1.5 mL sample 

solution was taken after specific time intervals during the adsorption/photodegradation process. 

The concentration of MB was determined using a UV-Vis spectrophotometer (Perkin Elmer 

Instrument) by measuring the peak intensity at 663.0 nm. 
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Ultrafine SiOC Fibre Mats Prepared by a Spinning-aid-free 

Electrospinning/Sol-gel Method 

Contents published as: 

1. Wang, Y., Zhang, T., Yue, X., Wu, J., & Gao, W. (2020). Preparation of ultrafine silicon 
oxycarbide fiber mats via electrospinning/sol–gel method: Investigation of the 
solution spinnability. International Journal of Modern Physics B, 34(01-03), 2040004., 
and 

2. Wang, Y., Zujovic, Z., Wu, J., Wang, H., & Gao, W. Robust and ultrafine silicon 
oxycarbide fiber mats prepared by a spinning-aid-free electrospinning/sol-gel 
method. Materials Letters, 283, 128696.  
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Chapter Abstract 

The relatively large size of the fibre products and utilisation of additional polymer-aid are two of 

the major challenges faced by the electrospinning system to yield SiOC fibre. With the aim of 

fabricating SiOC fibres through Electrospinning of the pure precursors while further reducing the 

fibre size, two essential parameters of the precursor sols, namely its concentration and molecular 

configuration, have been precisely controlled through its preparation process via the sol-gel 

method.  

On the one hand, adjustment of the precursors' concentration was achieved by partially removing 

the solvents in the sols. Electrospray to electrospinning with different spinnable periods occurred 

on pure precursors sols of varied concentrations as a result. Removing 40 vol.% of the solvent was 

found to be the optimum concentration, which allowed a spinnable time of ~ 4 h and yielded 

smooth SiOC fibres with an average diameter of ~ 560.0 nm. On the other hand, tailoring of the 

precursors' configuration was realised by adjusting the pH value during the sol-gel reactions. 

Precursors with different cross-linking degrees were derived from varied acidities and resulted in 

beaded to smooth fibres via the spinning-aid-free electrospinning process. A mild acidity (pH = 4) 

was found to be the optimum condition to yield PSOs with suitable configurations, which 

generated the thinnest SiOC fibres with an average diameter of ~256.7 nm.  
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3.1. Introduction 

As stated earlier in the literature review, fabricating SiOC materials into fibrous shape, especially 

through the electrospinning technique, not only expose a larger surface area of SiOC materials 

but also integrate its hard and inert characteristics with attractive flexibility and processability. 

Thus could make SiOC materials fulfilling the demands of various applications better. However, 

although considerable efforts have been devoted to the preparation of SiOC fibres via 

electrospinning [43, 65, 69, 100], two major problems are still challenging the researchers.  

On one hand, the size of currently reported electrospun SiOC fibres remains in the micron-scale, 

which means the advantage of the electrospinning technique to fabricate ultrafine fibres has not 

been taken into full play. On the other hand, to the best of the author's knowledge, in all the 

reported studies of preparing SiOC via the electrospinning technique, an additional polymer 

phase has to be mixed with the precursor serving the role of spinning-aid for stable 

electrospinning to occur. This spinning-aid needs to removed during the subsequent pyrolysis 

process to yield pure SiOC fibres. However, the removal of the supplementary polymer phase 

would not only weaken the mechanical properties of resulted fibres as a consequence of the 

material's impaired coherence but also markedly lessen the ceramic yield [89]. Hence, to conduct 

electrospinning of the pure precursors without adding spinning aid while further reducing the 

fibre size should significantly benefit further research and applications of the electrospun SiOC 

fibres. 

To this end, more precise control of the electrospinning behaviour of the precursor solution 

should be made. As afore-mentioned, the viscosity of the spinning solution could exert a profound 

influence on its spinnability and the resulted fibre morphologies. For this reason, electrospinning 

of several pure ceramic precursors was achieved by tailoring the viscosity of the solution. For 

example, Jozefien et al. prepared silica precursor solutions with different viscosities by prolonging 

the sol-gel reaction time and determined the optimum viscosity range for conducting the 

spinning-aid-free electrospinning of silica fibres [89]. Gu et al. [87] and Li et al. [88] reported the 

electrospinning of pure cobaltosic oxide and nickel oxide fibres, respectively, by precise ageing 
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the precursor sols till a suitable viscosity was achieved. However, either extending the sol-gel 

reactions or ageing the sols might lead to excessive crosslinking of the precursor molecules. Once 

a hyper-crosslinked framework is formed in the precursor sols, the sols are gelated, the spinning 

solution would become less elastic or even solidified, which prevent the electrospinning process 

from proceeding stably and continuously [81].  

Hence, apart from controlling the precursor sols' viscosity, regulating the crosslinking degree of 

the precursor molecules is of equal importance to achieve a stable spinning-aid-free 

electrospinning process. However, although researches have been carried out on sol-gel 

chemistry of many metal alkoxides, which greatly facilitate the crosslinking degree control of the 

synthesised precursors, only a few of them have been referred to guide the practice of fibre 

formation, let alone rare attention has been paid on optimising the sol-gel process to yield 

suitable precursors sols for electrospinning.    

Therefore, in the present chapter, we report the preparation of ultrafine SiOC fibre via a tailored 

electrospinning/sol-gel method without adding spinning-aid, where particular concern has been 

placed on the influence of the sol-gel processing parameters on the spinnability of precursor sols 

and the morphology of resulted fibres. The pyrolytic conversion of the pure precursor fibres and 

some general serving performance of resulted SiOC fibre mats have been studied as well. This 

tailored electrospinning/sol-gel method could be possibly extended to more silicon alkoxides to 

produce SiOC fibres with more compositional diversity or might be potentially adopted for other 

metal alkoxides systems to yield a broader range of electrospun ceramic fibres. 

3.2. Experimental procedures 

3.2.1. Preparation of electrospinning solution 

The preparation procedures of PSO precursor sols have been illustrated in detail in Chapter 2. To 

study the effects of PSO's concentration on the spinnability and resulted fibre morphology, 0 to 

60 vol.% of the solvent in the refluxed sols was removed under reduced pressure and was quickly 

subjected to electrospinning to avoid ageing of the sols in the air. The concentrated spinning 

solution was noted as PSO-0, PSO-20, PSO-40, and PSO-60, respectively. The resulted 
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electrospun/sprayed products were noted as SiOC-0, SiOC-20, SiOC-40, and SiOC-60, respectively. 

To study the effects of PSO's configuration on the spinnability and resulted fibre morphology, the 

water was acidified with hydrochloric acid to different pH values(pH = 3, 4, and 5). 40 vol.% of the 

refluxed sols was extracted under reduced pressure and was quickly subjected to electrospinning. 

The resulted spinning solution and fibre products were noted as PSO-3, PSO-4, PSO-5, SiOC-3, 

SiOC-4, and SiOC-5 accordingly. 

3.2.2. Electrospinning and pyrolysis 

The electrospinning process was conducted in the self-made electrospinning unit. The spinning 

solution was fed out at 1.0 mL/h through a #18 G flat-ended nozzle. A DC voltage of 20 kV was 

applied, and the fibres were collected on an aluminium foil-covered collector. After being dried 

in the air overnight, the as-spun products were pyrolysed at 1000℃ for one hour under Argon 

atmosphere protection.  

3.2.3. Characterisations 

General characterisations on the morphology and composition of the fibre mats have been 

introduced in detail in Chapter 2.   

The viscosity of the electrospinning solution was measured by a Vibro-viscometer (SEKONIC VM-

10A). The probe was immersed 2 mm beneath the solution surface, and the viscosity was 

recorded as an average value of three measurements. The molecular weight of the precursor sols 

was determined by gel permeation chromatography (GPC). The molecular configuration of the 

precursors was examined by the solid-state nuclear magnetic resonance(SSNMR) measurement 

using the Bruker standard bore magnet system AVANCE III HD. 29Si, and 13C SSNMR spectra were 

recorded for all the as-spun PSO fibre mats. Deconvolution of the 29Si SSNMR spectra was 

obtained via Gaussian fitting. All experiments were performed using a Bruker double-tuned solid-

state NMR probe equipped with 4 mm rotors. The magic angle was adjusted by maximizing the 

sidebands of the 79Br signal of a KBr sample.  

The acid and alkali tolerance tests were performed on SiOC-4 fibre mats by immersing a piece of 

the fibre mats in 2M H2SO4 and 6M KOH solution, respectively, at 90℃ for 24 h. The thermal 
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stability of the SiOC-4 fibre mats was examined by heating the fibre mats in a muffle oven in the 

air from room temperature to 800℃ and holding for one hour.  

3.3. Results and Discussion 

3.3.1. Effects of PSO's concentration on the spinnability and resulted fibre morphology 

As afore-stated, the viscosity of the spinning solution, which is highly associated with the 

molecular chain entanglement presented in the solution, has considerable implications on its 

spinnability and the morphology of resulted fibre[86]. Therefore, in this study, we first attempted 

to regulate the molecule chain entanglement to change the solution's viscosity by adjusting the 

precursors' concentration.  

PSO sols with different concentrations were obtained by partially removing the solvents in the 

pristine PSO sols derived from sol-gel reactions. The spinning-aid-free electrospinning was 

conducted on each sol, and the spinnability was visually evaluated according to the stable 

presence of the Taylor cone. A stable Taylor cone shows a typical conical shape with a hardly 

visible spinning jet developed from its end (as presented in Fig 3.1 a). However, the Taylor cone 

may tend to solidify due to the rapid solvent evaporation, and then a new Taylor cone would be 

evolved from the nozzle end as the sols are being continuously fed out. In this case, the dried 

Taylor cone will be removed by our self-made wipe-off propeller without disrupting the 

electrospinning process.  

When the Taylor cone elongates into a needle-like shape due to the ageing of the sol, it would be 

considered as an unstable Taylor cone. The stable spinning time is counted until the presence of 

this unstable Taylor cone. Figure 3.1(b) compares the viscosities and spinnable time of each sol. 

Electrospray took place on the pristine PSO sols due to its low viscosity. As more solvents being 

removed from the sols, their viscosities rise notably from 44.3 mPa∙s in sol PSO-20 to 174.2 mPa∙s 

PSO-60 as a result of enhanced chain entanglement, and the corresponding spinnable time 

decline dramatically from several hours to a few minutes since the ageing rate of the sols show a 

high correlation to its concentration. 
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Figure 3.1 Spinnability of the PSO sols: (a) illustration of the stable and dried Taylor cone, and (b) 

comparison of the PSO sols' viscosity and spinnable time under different concentrations.  

The reason we try to adjust the PSO's concentration by partially removing solvents from the as-

prepared sols instead of adding less solvent at the beginning of sol-gel reaction was based on the 

finding that the concentration of solvents could affect the kinetics of sol-gel reactions and result 

in PSOs with different configurations [82], which may impact our control on the chain 

entanglement. In fact, different amounts of solvents were used for the sol-gel reactions in our 

preliminary work; however, the solvent-poor system turned into dried gels after the reflux. This 

is probably because the PSO molecules are more likely to form colloidal under a solvent-poor 

condition [101].  

However, partial removal of the solvents from the as-prepared sols would not affect PSO's 

molecular structure for the following reasons: The concentration process was conducted in a 

closed system and was achieved within 10 minutes so that it is possible to avoid the reaction with 

the moisture in air or ageing of the sols. This is also proved by the comparison of FT-IR spectra of 

pristine PSO sols, concentrated sols, and the as-spun PSO fibres provided in Figure 3.2. The 

concentrated sols present identical spectra to the pristine sols, which means no restructuring of 

the PSO molecules happened during the concentration of the sols. The as-spun PSO fibres display 

characteristic signals which are similar to the sols yet with reduced band intensity at around 3450 

cm-1, owing to the significant solvent evaporation during the electrospinning process.  
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Figure 3.2 FT-IR spectra of pristine PSO sols, concentrated sols, and the as-spun PSO fibres. 

Figure 3.3 shows the photos and SEM images of electrosprayed PSO products derived from the 

pristine PSO sols (PSO-0) and SiOC fibres derived from concentrated sols. The influence of PSO's 

concentration on the morphology of resulted SiOC fibres was apparent: Electrospraying instead 

of electrospinning happened on the pristine PSO sols due to its low viscosity. These products were 

unable to be peeled off from the Al foil in a free-standing form and were not subjected to further 

pyrolysis.  

The PSO-20 sols with higher viscosity were spinnable but yielded highly beaded fibres. This was 

because the PSO's concentration was still too low to generate sufficient chain entanglement in 

the solution, so although a stable shape of the Talyor cone was observed, the deformation of the 

spinning jets was dominated by its surface tension, so beaded fibres were formed as a result [102]. 

Due to the poor connection between the beads, the PSO-20 fibre mats could not be peeled off 

from the Al foil on a large scale.  

The bead-free fibres were obtained from the PSO-40 sols with a viscosity of 108.5 mPa∙s, which 

means the increased PSO's concentration induced adequate chain entanglements within the 

solution so that a stable electrospinning process could be maintained. The resulted SiOC-40 fibre 
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mats had a smooth and uniform surface morphology with an average diameter of ~560 nm. Fibres 

were also obtained from the PSO-60 sols but showed a thicker average diameter of ~1.1 μm. This 

was because the increased solution viscosity prevented the spinning jets from being fully 

stretched.  

The viscous PSO-60 sols tend to age quickly, led to a short spinnable period of ~10 min. Therefore, 

the PSO-60 fibre mats had a very thin thickness and tended to break into small pieces after 

pyrolysis and is not suitable to make fibre mats with good mechanical properties. 

 

Figure 3.3 SEM images of SiOC products derived from different PSO concentrations. 

In a word, the concentration of the sol-gel derived PSO sols could significantly affect the sols' 

spinnability in terms of the viscosity and spinnable time. Electrospray particles to smooth SiOC 

fibres could be obtained via the spinning-aid-free electrospinning of PSO sols with varied 

concentrations. However, only precursor sols with suitable concentration could be stably 

electrospun for a relatively long period and resulted in processable SiOC fibre mats with good 

morphology and properties. 
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3.3.2. Effects of PSO's configuration on the spinnability and resulted fibre morphology 

Precursor sols with different PSO's configuration were prepared by adjusting the pH value at the 

start of the sol-gel reactions. The reason we chose to design the PSO's configuration by adjusting 

the pH value was based on the analysis of the kinetics and mechanisms of the sol-gel reactions of 

the silicon alkoxides. 

From the kinetics point of view, the reaction rate of silicon alkoxides is dominated by the strength 

and concentration of the acid or base catalysts [103]. Moreover, the condensation of silicon 

alkoxides and their hydrolysed products present slower kinetics under acid-catalysed condition 

[104], which allows a more delicate design on the products' configuration. Hence, three pH values 

(3, 4, and 5) within the acid regime were selected for the sol-gel reactions in this work. Meanwhile, 

as per the sol-gel reactions mechanisms, silanols derived from hydrolysis is deprotonated 

according to Eq(3-1) during the condensation. Subsequently, siloxane bonds (Si-O-Si) are formed 

through the nucleophilic attack of deprotonated silanol to either neutral silanol or unhydrolysed 

alkoxide group, leaving water or alcohol as by-products [105].  

Since the deprotonation of silanol is involved in the condensation reactions, the rate and extent 

of acid-catalysed condensation are inversely proportional to the acidity of the sol-gel system. The 

pH dependence of condensation would thus significantly influence the configuration of resulted 

PSO networks because highly branched and crosslinked PSO molecules are likely to be formed 

when the condensation proceeds to a great extent at a rapid rate under a less acidic condition. 

And these different structured PSO molecules are supposed to have varying degrees of chain 

entanglement and thus influence the sols' spinnability and resulted fibre morphology.  

≡Si-OH + OH- 
𝐷𝑒𝑝𝑟𝑜𝑡𝑜𝑛𝑎𝑡𝑖𝑜𝑛
→             ≡Si-O- + H2O                                                                                            (3-1) 

≡Si-O- + HO-Si → ≡Si-O-Si≡ + OH-                                                                                                                                                            (3-2) 

The as-prepared sols were concentrated by removing 40 vol.% solvents according to the last 

section and directly subjected to the spinning-aid-free electrospinning process. The molecular 

weight and rheological properties of the concentrated sols are compared in Table 3.1. 
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Considerable increase in Mw̅̅ ̅̅̅ and Mn̅̅ ̅̅  values were observed when the pH value increased from 3 

to 4. With further increase in pH to 5, a moderate rise in Mw̅̅ ̅̅̅ and Mn̅̅ ̅̅  values were noticed, which 

means the influence of the acidity on the sol-gel reactivity was in a nonlinear relationship. 

However, the general increase of PSO's molecular weight with the synthetic pH value was 

consistent with our empirical prediction that PSOs synthesised from lower acidity might present 

a higher crosslinking degree. Meanwhile, the initial viscosity of the three sols appeared to be 

similar due to the relatively low concentration of PSO in the system.  

However, after the concentration process, the spinning solution derived from different pH values 

variated from 78.6 mPa∙s as observed in the solution of PSO-3 to as high as 289.3 mPa∙s in the 

solution of PSO-5, suggesting a greater extent of chain entanglements were presented by PSO 

derived from lower acidity, which again agrees to the empirical prediction. 

Table 3-1 Molecular weights and rheology properties of PSO sols derived from different acidities. 

 

Since the electrospinning process does not affect the precursors' molecular structure, 

examinations of the configuration of PSO derived from different acidities were conducted on 

corresponding as-spun PSO fibre mats for more straightforward operation. Firstly, the general 

bonding conditions of PSOs derived from different pH values were examined by FT-IR. As 

presented in Figure 3.4, all the PSO fibre mats demonstrated similar infrared spectra with identical 

characteristic peaks. The wide band at 3600 – 3100 cm-1 is ascribed to the O-H stretching 

vibrations [106] caused by silanol and unevaporated solvents. The asymmetric stretching of C-H 

observed at ~2900 cm-1 [107]is associated with the unreacted alkoxide groups. The detection of 

silanol and alkoxide groups could be attributed to the incomplete condensation during the sol-

gel process. The absorption bands of -C=C- at 1624 cm-1 and Si-C=C at 1409 cm-1 [108] indicate 
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the existence of VTMS derivates in the PSO network, which suggest a successful co-condensation 

has taken place on both alkoxides. The significant peaks span over ~1200 cm-1 to 980 cm-1 should 

be assigned to the asymmetric stretching of Si-O-Si bonds [108], which constitute the backbone 

of PSO networks. The small shoulder signals at 1270 cm-1 and 970 cm-1 is ascribed to the 

symmetric stretching of C-H bonds and Si-OH, respectively [109]. The symmetric stretching 

vibration of Si-O-Si is observed at ~773 cm-1 as well [106].  

 

Figure 3.4 FT-IR spectra of as-spun PSO-3, 4, and 5 fibre mats. 

While the FT-IR spectra provide a general comparison of PSO's configuration changes, 29Si solid-

state NMR measurements were conducted on the as-spun PSO fibre mats for a close inspection 

of the siloxane networks. The different structures of silicate species encountered in this work and 

their corresponding notations are depicted in Figure 3.5(a). The notation of Qn and Tn are adopted 

to represent the structures of a variety of silicates derived from TEOS and VTMS, respectively, and 

the superscript n denotes the number of bridging oxygens (-OSi-) attached to the Si in question 

[110, 111]. The 29Si SSNMR spectra of PSO prepared via different pH value, and the corresponding 

deconvolutions are compared in the same figure.  
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Figure 3.5 (a)29Si and (b)13C SSNMR spectra of as-spun PSO-3, 4, and 5 fibre mats. 

Deconvolutions of the spectra suggest similar structural features with distinct T2, T3, Q3 and Q4 

resonances and modest Q2 peaks, centred around -70.6, -79.2, -101.1, -110.5, and -91.5 ppm [112, 

113], respectively, but while the intensities (integration of deconvoluted peaks) vary as a function 

of pH value. Although the peak intensities depend on the cross-polarisation dynamics, the 

spectral data can still provide some insight into the configurational variations. Quantitative 

analysis of the deconvoluted peaks is provided in Table 3.2. The proportion of linear species(T2 

and Q2) decrease from 35.41% in PSO-3 to 27.70% in PSO-5, while the relative intensities of fully 

condensed T3 and Q4 silicates presented an opposite trend, increasing from 44.53% to 49.70% as 

the pH value change from 3 to 5. These intensity variations indicate that the formation of linear 

and less-branched PSO networks are favoured under lower pH value in the acid-catalysed sol-gel 

reactions of silicon alkoxides. At the same time, PSO with a highly cross-linked configuration is 

more likely to be formed under a mild acidic condition. These structural diversifications of the 

siloxane network resulting from the pH change obey the mechanism of acid-catalysed sol-gel 

reactions and agree with the quantitative analysis of FT-IR results. 
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Another interesting observation is that the resonance signals of both Q and T moieties are 

detected in all the spectra, indicating a successful co-condensation reaction happened in the sol-

gel process. The ratio of total integrated T to Q slightly rises with the pH value yet is comparable 

with the alkoxides ratio (VTMS/TEOS = 2 by molar) at the start of the sol-gel reaction. This ratio 

variation means that the hydrolysed products of VTMS and TEOS tend to condense 

uncompetitively during the sol-gel reactions, while lower acidity of the sol-gel systems would 

somewhat favour the condensation of VTMS and its hydrolysed products into the PSO network. 

This is perhaps due to the smaller steric effect of methoxy groups held by VTMS.  

It is also worth mentioning that a hint of T1 resonances at approx. -62.0 ppm [114] displayed in 

all the spectra should be attributed to the dangling ends in the PSO networks. A trace of Q1 

resonances centred around -80.0 ppm [114] should theoretically exist but might too weak to be 

distinguished from the overlapped T3 resonance peaks.  

The 13C SSNMR spectra of three as-spun PSO fibres and the peak assignments are shown in Figure 

3.5(b). Weak signals assigned to ethoxy groups can be observed at 59.9 and 18.4 ppm [115], and 

methoxy group at 51.0 ppm [116], which is in accordance with the detection of incompletely 

condensed T1, T2, Q2, and Q3 species in the 29Si SSNMR. The influence of the pH value on the 

configuration of resulted PSO network could be interpreted from the quantitative data (Table 3.2) 

as well. The fractions of unreacted methoxy and ethoxy group decrease with the increased pH 

value, suggesting a higher extent of condensation happened in the lower acidity scope. This 

agrees well with the increased amount of highly crosslinked PSO configurations in higher pH value 

as observed in the 29Si SSNMR spectra.  
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Table 3-2 Quantifications of the 29Si and 13C SSNMR results 

 

Lastly, the effects of PSO's configuration on the morphologies of resulted SiOC fibres were 

revealed by the SEM images, as shown in Figure 3.6. The spinning solution derived from the 

highest acidity (pH=3) yielded the thinnest fibre diameter of 149.9±1.5 nm, but certain amounts 

of beads with an average size of 831.5 nm existed.  

As the viscosity increased to 110.5 mPa∙s in the solution of PSO-4, uniform and bead-less fibres 

were obtained, yet with a larger average size of 256.7±2.9 nm. The solution of PSO-5 with the 

highest viscosity also generated smooth fibres with a diameter of 491.6±7.45 nm. Besides, both 

SiOC-3(neglect of the bead defects) and SiOC-4 fibre mats presented a typical single-peak narrow 

distribution, while SiOC-5 fibre mats exhibited a much wider distribution. This is possibly due to, 

especially for the distribution in the lower diameter range, a secondary jet was evolved from the 

main spinning jet, which has been reported in the electrospinning of relatively high viscosity 

systems [117].  

Apart from the fibre size, images taken from the fibre cross-sections are shown in the insert of 

each fibre mats. Uniform and dense inner structures were evident on all fibres. The morphological 

variations of the SiOC fibre mats could be explained as follows. 

As suggested by the mechanism analysis and configuration examinations, the acidity of the sol-

gel system would affect the condensation rate of alkoxides and their hydrolysed derivates, so PSO 

molecules with different extent of crosslinking and branching would be formed. At the same 

concentration, these different configured PSO molecules present different extent of chain 

entanglement within the spinning solution. Hence the morphology of the electrospun fibres 

evolves from beaded shape to smooth fibres with different sizes. 
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Figure 3.6 (a-c) SEM images and (d) fibre size distribution of SiOC-3, 4, and 5 fibre mats. 

3.3.3. Conversion from PSO to SiOC fibres 

The pyrolytic conversion of the pure precursor as-spun fibre mats to the final SiOC products has 

been investigated using TGA and FTIR. As shown in Fig 3.7(a), the minor weight loss during the 

low-temperature range (< 100℃ ) should be attributed to the desorption of moistures [65]. 

Further self-condensation and crosslinking between the dangling groups (hydroxyl-, alkoxyl-, and 

vinyl-) happened in the subsequent stage range from 100℃ to ~490℃ [118], accounted for about 

4 % weight loss. The three PSO fibre mats presented different weight loss behaviours at the onset 

of the second stage, which could be attributed to their different molecular configurations. 

Decomposition of the remaining organic groups, as well as bond cleavage and redistribution, 

occurred in the last stage [119], resulting in a final ceramic yield of 88.3%, 87.8%, and 86.7% for 

the PSO-3, 4, and 5 fibre mats, respectively.  
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It is worth mentioning that the ceramic yield of three fibre mats in this work is markedly higher 

than other reported electrospun SiOC fibres, which should be ascribed to the elimination of 

spinning-aids during the electrospinning process. The composition evolution of PSO fibre mats 

during the pyrolysis was then examined by FTIR. Fig 3.7(b) compares the compositional change 

of PSO-4 fibre mats at each stage. The vibration signals assigned to the hydroxyl, vinyl, and alkoxyl 

groups decreased/disappeared in sequence along with the evolved temperature, which was 

caused by the dehydrating and condensation during the first and second stages. At above 600℃, 

the Si-C vibration centred around 800 cm-1 replaced the symmetric vibration signal of the Si-O-Si 

network at 780 cm-1, which is in accordance with the bond distribution that occurred in the last 

stage. 

 

Figure 3.7 Pyrolytic conversion from PSO to SiOC. (a) TGA curves of PSO-3, 4, and 5 fibre mats and 
(b) FT-IR spectra of PSO-4 fibre mats pyrolysed from different temperatures. 

XPS measurements were carried out to investigate the detailed bonding state of the pyrolysed 

SiOC fibre mats derived from different pH value. The survey scans, as shown in Figure 3.8(a), 

suggest the existence of silicon, carbon, and oxygen as the particular and elemental component 

of the SiOC fibres. The Si2p spectra of all three fibre mats can be deconvoluted into four 

contributions centred at approx. 101.0, 110.0, 102.7, and 103.5 eV, corresponding to SiOC3, SiO2C2, 

SiOC3, and SiO4 species, respectively [120]. The C1s spectra of three fibre mats span over a wide 

binding energy region with four deconvoluted peaks at 283.6, 284.5, 285.5, and 286.7 eV, 
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representing the bonding of Si-C, C=C, C-O-Si, and epoxy, respectively [121].  

It is noticeable that the bonding of C=C occupied major proportions of the C1s spectra, indicating 

the significant presence of the free carbon phase in the resulted SiOC networks. The O1s spectra 

indicate two peaks centred at 532.8 and 533.7 eV, corresponding to Si-O and Si-O-Si bonding, 

respectively [122]. Unlike the configuration differences among each PSO fibres mats as revealed 

by the FT-IR and SSNMR spectra, the local chemical environment of three elements in all the SiOC 

fibres demonstrated similar bonding conditions without recognisable intensity variations. This 

means the PSO networks have been fully decomposed through the pyrolysis process; therefore, 

it is rational to deduce that tailoring the configuration of precursor molecules would not affect 

the chemicals bonding in the resulted SiOC matrix.  

 

Figure 3.8 XPS spectra of SiOC-3, 4, and 5 fibre mats. (a) XPS survey, (b) deconvoluted Si2p spectra, 
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(c) deconvoluted C1s spectra, and (d) deconvoluted O1s spectra. 

3.3.4. Properties of SiOC fibre mats 

The flexibility and mechanical strength of the SiOC-4 fibre mats are illustrated in Figure 3.9. The 

freestanding fibre mats could be bent or curled without causing visible fractures. A 2 cm × 5 cm 

strip cut from the SiOC-4 fibre mats in a thickness of ~200 μm was able to hold a weight up to 

51.3 g, which is equal to a steady force of ~ 0.5 N. 

 

Figure 3.9 Illustration of the (a) flexibility and (b) mechanical strength of the SiOC fibre mats. 

In consideration of the potential applications of SiOC materials in a wide range of fields, especially 

in harsh environments, the acid and alkali corrosion resistance and thermal stability of the as-

prepared SiOC fibre mats have been investigated. Figure 3.10 compares the morphology of SiOC-

4 fibre mats after exposure to different server conditions, namely, strong acid and base solution 

and high temperature in air. SEM examinations on the treated fibres suggest acid corrosion 

introduced small dots on the fibre surface while alkali corrosion caused minor flake defects on 

the fibre. However, both acid and alkali immersion did not change the appearance of the fibre 

mats.  

After being heated in the air at 800℃ for one hour, the colour of SiOC fibre mats turned from dark 

to light brown, yet no apparent morphological change was observed in the SEM image. TGA 

curves recorded along the heat treatment suggested that SiOC fibre retained more than 95% of 
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its initial weight till being heated to 500℃ in the air. All the treated fibre mats preserved their 

characteristic FTIR spectra, which is similar to the pristine SiOC-4 fibre mats. Only minor changes 

in the asymmetric vibration of the Si-O-Si network (~1200 cm-1 to 980 cm-1) have been detected 

in the 800℃ heat-treated fibre mats, which was probably caused by the consumption of carbon 

phase and insignificant bond redistribution reactions during the heat treatment above 500℃.  

 

Figure 3.10 Illustration of the chemical inertness and thermal stability of the SiOC fibre mats: (a-
d) SEM images and pictures of SiOC fibre mats treated by acid/alkali immersion and 800℃ 
calcination in air, (e) FT-IR spectra of SiOC fibre mats after different treatment, (f) TGA curve of 
SiOC fibre mats calcinated in the air to 800℃. 

3.4. Conclusion 

In summary, ultrafine SiOC fibre mats were prepared via a spinning-aid-free electrospinning/sol-

gel method. To achieve the spinning-aid-free electrospinning, two major parameters of the 

spinning solution, namely the concentration and configuration of the precursor molecules, have 

been precisely controlled during the preparation of the precursor sols via the sol-gel method. 

Their consequent influence on the precursor sols’ spinnability and resulted fibre morphology 

have been evaluated. 
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The precursor’s concentration was controlled by partially removing solvents in the sol-gel derived 

PSO sols. PSO sols’ viscosity increase with its concentration, while the spinnable time presents an 

opposite trend. Consequently, electrosprayed particles to smooth electrospun fibres could be 

obtained from PSO sols with increased concentration, yet highly concentrated sols resulted in too 

short spinnable time to yield processable free-standing fibre mat. Removing 40 vol.% of the 

solvent was found to be the optimum concentration, which allowed a spinnable time of ~ 4 h and 

yielded smooth SiOC fibres with an average diameter of ~ 560.0 nm. 

Based on this finding, controlling the precursor’s configuration was further realised by adjusting 

the pH value in the sol-gel reactions. Both mechanism analysis and structural examinations 

indicate a clear pH dependence of the PSO sols’ spinnability. That is, a lower pH value favours the 

formation of less crosslinked PSO molecules, which allows more significant stretching 

deformation during the electrospinning process. Beaded to smooth fibres were obtained from 

PSOs prepared from different pH values as a result. A mild acidity (pH = 4) was found to be the 

optimum condition for our sol-gel system to yield PSOs with suitable configurations, which 

generated the thinnest SiOC fibres with an average diameter of ~256.7 nm.  

The thermal analysis suggested a three-step pyrolytic conversion of the sol-gel derived PSO to 

SiOC and a high ceramic yield of 88.3% owing to the exemption of spinning aid. Good flexibility 

and mechanical strength were observed on the SiOC fibre mats as a result. Moreover, SiOC fibre 

mats demonstrated excellent acid and alkali resistance and good thermal stability up to 500℃ in 

the air. These outstanding serving performances indicate huge application potentials of the 

electrospun SiOC fibre mats in various fields.     
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Electrospun Carbon-enriched SiOC Fibre Mats as 

Supercapacitor Electrodes 
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Chapter Abstract 

The flexible stoichiometry of SiOC materials has encouraged numerous scientific interests in 

tailoring the composition, especially carbon content in SiOC for various application demands. 

However, limited exploration has been made on the fabrication and application of flexible low 

dimensional SiOC materials with controlled carbon content.  Therefore, we report the preparation 

of carbon-enrich SiOC fibre mats through the electrospinning of PSO/PAN hybrid precursors and 

its functional application as a supercapacitor electrode. 

By controlling the total polymer concentration, uniform SiOC fibres with varied sizes were 

successfully spun from the PSO/PAN composite precursors. The influence of PAN addition on the 

enrichment of carbon in SiOC and its subsequent electrochemical performance have been 

investigated. Enrichment of carbon in both carbidic and free carbon phases have been realised in 

resulted SiOC fibres by tailoring the PSO/PAN ratios. When serving as the supercapacitor 

electrodes, the carbon-enriched SiOC fibre mats demonstrated a wider potential window and 

higher capacitance as compared to the pure SiOC or carbon fibres, and its performance was 

proportional to the total carbon content.  
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4.1. Introduction 

SiOC is an attractive ceramic system whose composition could be tailored to embody different 

properties owing to its flexible stoichiometry. Tailoring of the carbon composition in SiOC is 

especially appealing since the carbon components offer many of the attractive functional 

properties of SiOC materials. Taking the electrochemical energy storage performance as an 

example, both carbon content and its phase composition play a crucial role in dictating the ion 

storage capacity and electric conductivity of SiOC [14, 123]. Therefore, controlling the 

composition, especially the carbon phase in SiOC, is of great applicational value. 

Basically, modification of the carbon phase in SiOC could be easily achieved by controlling the 

pyrolysis temperature [124] and atmosphere [125]. Ordered graphitic sp2 carbon phase could be 

obtained at an elevated temperature so that lower the electric resistance of SiOC. In the 

meantime, tailoring of the total carbon content could be realised by varying the precursors’ 

composition through different processing techniques. For example, dense SiOC films with 

different carbon contents have been fabricated through the magnetron sputtering of SiO2 and SiC 

by varying the sputtering power on particular targets [54]. Besides, to synthesis the PSO precursor 

via the sol-gel method using silicon alkoxides with vinyl and/or phenyl functionalities as raw 

materials were found able to yield more C-rich moieties [126].  

Nevertheless, to incorporate further carbon precursor such as phenol resin [123], divinylbenzene 

[127], polyacrylonitrile [128] or existing carbon-based materials like carbon nanofibres [129] or 

graphene [130, 131] with the PSO precursors is the most straightforward strategy to enrich the 

total carbon component. Excellent energy storage performance in terms of high charge capacity, 

energy density, and cyclic stabilities have been achieved by these carbon-enriched SiOC materials 

when applied as electrodes for LIB or supercapacitors. 

Despite successful compositional control and consequent outstanding electrochemical 

performance has been realised on SiOC materials from different precursor systems and 

processing techniques, rare technical exploration has been made on the fabrication of these 

carbon enriched SiOC into low dimension and flexible structures, which are highly desired 
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features for the light-weight wearable devices.  Therefore, in this part of the work, we present 

the preparation of carbon enriched ultrafine SiOC fibre mats via electrospinning of the PSO/PAN 

systems. The influence of precursors’ ratios on the composition and morphology of resulted SiOC 

fibres has been thoroughly studied. The electrochemical performance of the carbon enriched 

SiOC fibre mats have been evaluated as electrodes for supercapacitors. 

4.2. Experimental procedures 

4.2.1. Solution preparation, electrospinning, and pyrolysis 

The electrospinning solution was prepared by dissolving the sol-gel derived PSO with PAN at 

different ratios. In a typical procedure, the PSO was then mixed PAN at a certain weight ratio and 

dissolved in DMF by heating the mixture at 60℃  for two hours with stirring. The transparent 

mixture solution was then subjected to electrospinning at the feed rate of 1.2 mL/h and working 

power of 15 kV. Fibres were collected on an Al foil-covered rotating drum at the distance of 20 

cm and a rotating rate of 300 rpm. The as-spun fibre mats were then stabilised and pyrolysed in 

sequence to yield the carbon enriched SiOC fibre mats. The resulted SiOC was noted as SiOC-4/8, 

5/7, 6/6, 7/5, and 8/4 to indicate the PSO/PAN ratio from which it was derived.  

4.2.2. Characterisation 

The Raman spectra were recorded on a Renishaw RM1000 Raman microprobe system using an 

Ar-Ion laser (𝜆 =  514 nm) as the excitation source. Five spectra were collected for each sample 

at different positions. The electrochemical performance of the fibre mats was characterised using 

a three-electrode set-up with Pt serving as the counter electrode and Ag/AgCl as the reference 

electrode. For making the working electrode, ~20 mg (90 wt.%) powdered fibre mats with 5 wt.% 

carbon black and 5 wt.% polyvinylidene fluoride (PVDF) in N-methyl pyrrolidone (NMP) slurry and 

coated on a piece of Ni-foam. 
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4.3. Results and discussion 

4.3.1. Optimisation of the spinning solution 

In consideration of the solubility to both polymer phases, DMF was chosen as the solvent. The 

optimum rheology of the PSO/PAN solution was determined by fixing the two polymers at an 

equal weight ratio and varying the total polymer concentration from 6 wt.% to 15 wt.%. As shown 

in Figure 4.1, SiOC fibres with apparent different morphologies were obtained from the solution 

of varying concentrations. The relatively low concentration of 6 wt.% resulted in highly beaded 

products with seldom fibrous structures. From the concentration of 9 wt.%, thicker and more 

continuous fibre products were obtained. However, a certain amount of spindle-shaped 

structures was observed along with the fibre axial, which means the spinning solution possessed 

insufficient chain entanglement to yield regular electrospun fibres. From a higher concentration 

of 12 and 15 wt.%, bead-free cylindric fibres were obtained, and their size significantly increased 

with the total polymer concentration.  Hence, in order to produce SiOC fibres with fine sizes and 

regular morphologies, the total polymer concentration was chosen as 12 wt.% in this work. 
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Figure 4.1 SEM images of SiOC fibre electrospun from solutions with different total polymer 
concentrations. 

In order to achieve different extents of carbon enrichment in resulted SiOC fibres, PSO and PAN 

were then mixed at different relative weight ratios. The overview, magnified, and cross-section of 

resulted SiOC fibres are compared in Figure 4.2, the diameter distribution of corresponding fibre 

mats have been provided as well. SiOC fibres derived from different PSO/PAN ratios all 

demonstrated bead-free overall morphology with cylindrical fibre shape, indicating good 

rheology of the composite spinning solution as well as proper parameter control of the 

electrospinning process.  
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Figure 4.2 SEM images of SiOC fibre mats obtained from different PSO/PAN ratios. Group (1)-(3) 
provides the overview, high magnification, and cross-section of the SiOC fibres, and group (4) are 
the fibre diameter distributions of corresponding fibre mats. 
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Due to the lessen addition of high molecular weight components, the averaged fibre diameter 

gradually reduced from 1.4 ± 0.1 μm in SiOC-4/8 to 580 ±10 nm in SiOC-8/4. Despite the size 

differences, all the SiOC fibres presented wrinkled skin and coarse inner structures, which should 

be ascribed to the phase separation during pyrolysis caused by the marked molecular weight 

differences between two polymer phases. However, such unevenness has not triggered 

detrimental structural changes to the resulted fibres as all pyrolysed fibres retained their integral 

fibrous shape.  Therefore, PAN could be considered as a suitable additive to the spinning solution 

of PSO to yield SiOC fibres with proper fine size and uniform morphology. 

4.3.2. Composition of carbon-enriched SiOC fibre mats 

The transformation from PSO/PAN composites fibre mats to SiOC were first studied through FT-

IR and TGA. Figure 4.3 (a) compares the FTIR spectra of as-spun composites fire mats derived 

from different PSO/PAN ratios with pure PSO and PAN. All the as-spun composites fibres 

demonstrated characteristic vibration signals from PAN at 2242 cm-1 (C≡N) and 1450 cm-1 (C-H), 

as well as the distinct Si-O-Si framework from PSO [106, 132], indicating a successful combination 

of two precursors through the electrospinning. The pyrolytic conversion of PSO/PAN composites 

to final SiOC occurs in three stages, as suggested by the TGA curves. Minor weight losses observed 

on both pure polymers and composites fibres should be associated with the release of moistures 

and condensation of the polymers [118]. The sharpest weight losses on the composites fibres 

were noticed in the 300℃ -400 ℃ temperature ranges, which is close to the weight loss profile 

of pure PAN, suggesting the oxidative stabilization reactions of the PAN phase dominated the 

pyrolytic conversion of composites fibres in this temperature range [99].  

Further mineralization and bonds redistribution happened from 400℃ to 1000℃ completed the 

formation of SiOC [119], resulted in a final ceramic yield between 70.3% to 42.1%. The ceramic 

yield decrease with the PAN proportion as PAN went through more significant weight loss than 

PSO during the pyrolysis. FTIR spectra, as shown in Figure 4.3(c), confirms the transformation 

from composites fibre mats to SiOC with the disappearance of vibration signals assigned to 

organic groups. The silicate frameworks have been maintained in all the carbon enriched SiOC, as 

evidenced by the peaks centred around 1200 cm-1. Meanwhile, the declining trend of the spectra 
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towards the lower frequency region suggests the enrichment of carbon in composites-derived 

SiOC as compared to SiOC derived from the pure PSO precursor. 

 

Figure 4.3 Pyrolytic conversion from PSO/PAN composites to SiOC fibre mats. (a) FT-IR spectra of 
PSO/PAN composites fibre mats and pure PSO and PAN, (b) TGA curves of the composites fibre 
mats and pure PSO and PAN, and (c) FT-IR spectra of resulted SiOC fibre mats. 

In order to verify the enrichment of carbon content in SiOC by adding PAN in the precursors, XPS 

has been conducted on the composite-derived SiOC fibre mats. As can be seen in Figure 4.4, the 

survey scans of the SiOC fibre mats all presented characteristic Si2p, Si2s, C1s, and O1s peaks without 

impurities. The intensity of the C1s peaks slightly increased in samples derived from higher PAN 

addition, implying the successful enrichment of the carbon content by the PAN addition. 

Meanwhile, the composition of SiOC fibre mats has been depicted in a Si-O-C ternary diagram 

according to the atomic fraction of each element (Figure 4.4 c).  

The composition of all five SiOC samples were well situated in the triangle enclosed by C, SiC and 

SiO2, which means the addition of PAN did not impact the stoichiometry of final SiOC products by 

introducing excessive carbon components. The detailed comparison of the atomic composition 

as depicted in Figure 4.4(b) suggests the overall carbon content in SiOC fibres increased with the 

PAN ratios in the composite precursors.  

Composites fibres with the most PAN addition yielded SiOC with the highest carbon content of 

49.5 at.%, while the PSO/PAN=8/4 only resulted in 22.3 at.% of carbon in the SiOC fibres. 

Moreover, these SiOC fibres possessed significantly higher carbon contents as compared to the 

pure PSO derived SiOC, which only constitutes 10.9 at.% carbon. These varied carbon contents in 

the SiOC indicates that the derivates of PAN could be well maintained in the Si-O-C framework as 
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enrichment of the carbon phase, and this enriched proportion could be easily tailored by 

changing the PAN addition in the composite precursors.  

 

Figure 4.4 Element composition of SiOC fibre mats derived from different PSO/PAN ratios. 

Apart from understanding the general enrichment of carbon content, further investigations have 

been made on the bonding states of the carbon components in the silicate network. Figure 4.5 

compares the high-resolution Si2p XPS spectra of five SiOC fibres. All the spectra could be 

deconvoluted into five sub-bands centred around 100.3, 101.0, 101.9, 102.7, 103.5 eV, 

corresponding to the SiC4, SiOC3, SiO2C2, SiO3C, and SiO4 silicates, respectively in the SiOC matrix 

[133]. Evident variations in the intensities of sub-bonds in different samples were noticed.  

To better understanding the composition varieties of C-enriched SiOC fibres, the SiC4 and SiOC3 

were noted as C-rich silicates, while SiO3C and SiO4 as O-rich. The proportion change of these two 

types of silicates has been compared in Figure 4.5(f). The fraction of C-rich silicates dropped from 

4.1% to 1.0% with the lessened ratio of PAN in the composite precursors, while the proportions 

of O-rich silicates increased from 68.5% to 85.4% by contrast, suggesting the feasibility of tailoring 

the composition of SiOC by varying its precursor component.  

Moreover, even though the C-rich silicates only consisted of minor parts in the Si-O-C framework, 

these carbon-enriched SiOC presented a more significant fraction of the SiOC3 species and even 

trace of SiC4 components as compared to the pure PSO derived SiOC reported in the last chapter. 

The increase of C-rich silicates with the addition of PAN means the carbon phase originated from 

PAN not only segregated in the Si-O-C framework as free carbon but also involved in the bonds 
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redistribution to form carbidic bonds with the Si atoms, which is believed to be beneficial for 

enhancing the rigidity of the Si-O-C framework. 

Meanwhile, close inspections of C1s XPS spectra have been conducted in parallel for better 

interpreting the bonding conditions of the carbon phase as well as its variation with the PAN 

additions. As can be seen in Figure 4.5, four sub-bands associated with the Si-C, C=C, Si-O-C, and 

epoxy carbon could be deconvoluted at 283.6, 284.5, 258.3, and 286.7 eV, respectively[121, 134]. 

The free carbon form (C=C) composed the major components of the carbon phase in all five SiOC 

fibres, which is in accordance with the observations in the Si2p spectra. Similarly, carbon presented 

in the bonding state of Si-C and Si-O-C were classified as carbidic carbon, and its proportion 

change with the PAN addition has been compared with the free carbon phase.  

As shown in Figure 4.6(f), the relative proportion of free carbon decreased by ~ 20% as the ratio 

of PSO/PAN changed from 4/8 to 8/4 in the composite precursors, whilst the fraction of carbidic 

carbon increased consequently.  
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Figure 4.5 (a-e) Deconvoluted Si2p XPS spectra of SiOC fibre mats derived from different PSO/PAN 
ratios, and (d) proportion change of the C/O-rich silicate in different SiOC fibre mats. 
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Figure 4.6 (a-e) Deconvoluted C1s XPS spectra of SiOC fibre mats derived from different PSO/PAN 
ratios, and (d) proportion change of the free carbon and carbidic carbon in different SiOC fibre 
mats. 

Hence, it should be rational to conclude from the XPS results that adding PAN in the precursors 
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could result in enrichment of the carbon phase in both free carbon and carbidic form in the SiOC 

products. Meanwhile, the relative proportions of the free carbon and different carbidic carbons 

were responsive to the change of PAN ratios in the precursor, offering possible compositional 

design of the SiOC materials at the molecular level. 

With the purpose of further comprehend the existence of the free carbon phase in the C-enriched 

SiOC. Raman investigation and deconvolution of the spectra have been performed. As provided 

in Figure 4.7, the fitted spectra all presented four distinct contributions centred around 1190, 

1345, 1500, and 1580 cm-1, respectively.  The T bands centred around 1190 cm-1 is associated with 

the sp2-sp3 bonds [135], while the D’’ bands located at ~1500 cm-1, indicating the existence of 

amorphous carbon.  

More importantly, the two major intense bands at ~1345(D) and 1580(G) cm-1 should correspond 

to the presence of disordered graphitic layers and in-plane bond-stretching motion of sp2 carbons, 

separately, which are characteristic for carbon-based materials. Moreover, the ID/IG value in the 

C-enriched SiOC fibre mats, which is indicative of the ordering of the free carbon phase, slightly 

increased from 2.03 to 2.51 as the PSO/PAN ratios varying from 8/4 to 4/8 in the precursors, 

suggesting the addition of PAN in the precursor could favour the formation of graphitic carbon in 

resulted SiOC. 
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Figure 4.7 Deconvoluted Raman spectra of SiOC fibre mats derived from different PSO/PAN ratios. 
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4.3.3. Influence of carbon content on the electrochemical performance of SiOC fibre mats 

The electrochemical performance of these C-enriched SiOC fibre mats has been analysed by 

serving fibre mats as supercapacitor electrodes in 1 M LiNO3 aqueous solution. Figure 4.8 

compares the cyclic voltammetry (CV) curves of these fibre mats with pure SiOC(SiOC-4 as 

prepared in Chapter 3) and pure PAN-derived carbon fibres. All the C-enriched SiOC fibre mats 

presented symmetric and smooth CV curves, indicating that the double layer capacitance 

dominated the charge storage in these fibre mats [136]. Moreover, the shape of all the CV curves 

was well-maintained at the relatively high scan rate (e.g. 500 mV s-1), suggesting good charge 

transfer and reversibility in the C-enriched fibre mats [137]. The combined CV curves of all the 

samples at the scan rate of 100 mV s-1 implies a varied capacitance in the C-enriched SiOC fibre 

mats by showing different enclosed areas. Moreover, enriching the carbon content in SiOC 

resulted in a wider potential window as compared to pure SiOC and carbon. 
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Figure 4.8. (a-e) CV curves of C-enrich SiOC fibre mats at different scan rates, (f) combined CV 
curves of all the samples and pure SiOC and carbon at the scan rate of 100 mV s-1. 
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The specific capacitance of all the samples agreed with the combined CV curves. The SiOC-4/8, 

which was derived from the highest PAN addition, demonstrated the highest capacitance among 

all the C-enriched SiOC and pure fibre mats, providing a maximum specific capacitance of 11.8 

F/g.  Besides, all the C-enrich SiOC showed higher specific capacitance than the pure SiOC and 

carbon fibres, and this value generally decreases with the total carbon contents. This is likely that 

both intercalation capacitance from the silicate and double layer capacitance from the carbon 

phase contributed to the capacitance in C-enrich SiOC [18]. In addition, the Nyquist plots acquired 

from electrochemical impedance measurements suggest a higher capacitance was achieved by 

SiOC with higher carbon content.  

Figure 4.9 Comparison of (a) the specific capacitance and (b) the Nyquist plots of C-enriched 
SiOC fibre mats and the pure SiOC and carbon fibres. 

4.4. Conclusion 

In summary, the composition of electrospun SiOC fibre mats has been tailored by varying the 

composition of its precursors.  Different extents of carbon enrichment in the SiOC fibres have 

been realised through the electrospinning of PSO/PAN mixtures with varied ratios.  

The optimum total polymer concentration of 12 wt.% has been determined for the PSO/PAN 

precursor system. By following this total concentration, PSO/PAN was mixed and spun at different 

weigh ratios. SiOC fibres with wrinkled skin and coarse inner morphology were obtained, and its 
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averaged diametre ranged from 580 ± 10 nm to 1.4 ± 0.1 𝜇𝑚 with the varied precursor ratios. 

The carbon content in resulted SiOC fibres increased from 22.3 at.% to 49.5 at. % with the 

increased addition of PAN in the precursors, and both enrichment in the carbidic and free carbon 

phase have been noticed. Meanwhile, an enhanced ordering of the free carbon phase has been 

observed in SiOC derived from higher PAN addition. 

The functional property of these carbon-enriched SiOC fibre mats has been evaluated from the 

electrochemical energy storage aspects. All the carbon-enriched SiOC fibre mats reached a wider 

potential window and demonstrated higher capacitance as compared to the pure SiOC or carbon 

fibres. SiOC fibre mats derived from the most PAN addition ratio delivered the highest specific 

capacitance of 11.8 F/g.   
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Electrospinning of Porous SiOC Fibre Mats for Regenerable 
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Chapter Abstract 

This chapter reports the first time the electrospinning of porous SiOC fibre mats through either 

polymer blend along the electrospinning process or Potassium hydroxide (KOH) etching after the 

fibre formation. By blending polymethyl methacrylate(PMMA) and polyacrylonitrile(PAN) with 

polysiloxane(PSO) in the spinning solution, hollow structures have been created in electrospun 

SiOC fibres, while KOH etching performed on electrospun SiOC fibre established surface porosities. 

The influence of the polymer blend ratio or KOH up-take on the morphology and porosity of 

resulted porous fibres have been characterised. More than 17 times larger BET surface areas have 

been achieved on the polymer blend-derived porous SiOC fibres (54.4 m2/g) as compared to the 

solid fibres (3.1 m2/g), while uneven surface to mesopores has been formed on electrospun SiOC 

fibres by varying its exposure to KOH. 

SiOC fibre mats with different porosities have then been employed as adsorbents for regenerable 

organic dye removal. The influence of SiOC fibres’ porosity on its adsorption performance have 

been investigated in detail, and adsorption kinetics and isotherms of different SiOC fibres have 

been analysed by model fitting. Repeated regenerations of the served SiOC fibre mats was simply 

achieved by heat treatment in air, and the adsorption performance of all the SiOC fibre mats all 

remain hardly affected.  
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5.1. Introduction 

SiOC is one of the promising ceramic materials which has been investigated for a wide range of 

applications owing to its unique compositional and structural properties. Significantly, when 

these properties are incorporated with enlarged surface areas, the performance of SiOC materials 

could be enhanced due to the increased exposure of its active area. In general, SiOC materials 

exposing high surface area could be prepared by the following approaches: On one hand, various 

forming techniques could be applied to fabricate SiOC materials into different low-dimensional 

nanostructures, such as nanoparticlesb[39], nanowires [50], and thin films [48]. On the other 

hand, high surface area SiOC materials could also be prepared by creating porous structures on 

SiOC bulks at different dimensions.  

For example, sub-micron scaled pores could be generated on SiOC matrix by introducing sacrificial 

pore-forming templates [138] or through the direct foaming technique [139]. Meanwhile, nano-

scale pore with narrow pore size distribution could be created on SiOC materials through the 

preferential removal of its components such as free carbon phase, SiO2 nanodomains, or C in SiC 

nanoclusters [2]. Compare with the above two strategies, fabrication of SiOC into low-

dimensional materials could bring the small-size-effect of nanostructures into full play while 

creating pores on SiOC bulks could facilitate the processing and recycling procedures of the 

materials in practical applications.  

When low-dimensional structures and good processability is demanded on one material, the 

electrospinning technique is undoubtedly the best choice of the fabrication process. 

Electrospinning is indeed one of the fibre formation techniques through which materials with 

ultrafine fibrous shapes could be fabricated. One of the most critical features of electrospun 

products is that they are generally collected and presented in a porous non-woven fibre mats 

form with favourable free-standing nature and excellent flexibility. Moreover, plenty of methods, 

which could be performed at different steps of the electrospinning process, have been thoroughly 

explored to create porous structures on individual fibres for further increasing fibres’ surface area. 

For instance, in the step of solution preparation, a secondary polymer, emulsion, or hard organic 
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spheres, which serve as the pore-forming template, could be blend into the solution and result in 

porous structures on the electrospun fibre through proper post-treatment [140]. Meanwhile, 

solvents with significant different volatility or solubility to one polymer could be mixed and spun. 

Pores would be formed during the fibre thinning process as the polymer-rich phase solidified into 

the fibre matrix while the other solvents rapidly evaporate and leave porous structures [141]. 

After the electrospinning process, several etching methods realised by physical or chemical 

reactions could be conducted on the fibres to establish porous structures as well [142].  

Although various pore-forming methods have been studied for the electrospinning technique, 

few pieces of research have practised these methods on the electrospinning of SiOC fibres [65], 

far less attention has been paid to relevant application studies. Hence, the work presented in this 

chapter focus on the electrospinning of porous SiOC fibres via two methods, namely the polymer 

blend method and the KOH etching method. The influence of processing parameters on the 

morphology and porosity of resulted SiOC fibres mats have been investigated.  

Moreover, since SiOC integrates both advantages of silica and carbon, which happened to be two 

of the most popular absorbents materials in the field of water remediation, the prepared porous 

SiOC fibre mats have been subjected to the adsorption test towards organic dyes. The effect of 

porosity on the adsorption behaviour of SiOC fibre mats has been thoroughly studied via batch 

experiments and model simulations. Thermal regeneration has been performed on served SiOC 

fibre mats given its excellent thermal stability, the compositional and structural properties, as 

well as the adsorption performance of regenerated porous SiOC fibre mats have also been 

investigated.  

5.2. Experimental procedures 

5.2.1. Preparation of electrospun porous SiOC fibre mats via the polymer blend method 

A schematic illustration of the preparation of porous SiOC fibre mats via the polymer blend 

method is shown in Figure  5.1. In the specific polymer blend spinning solution, the sol-gel derived 

PSO, PAN (Mw = 150,000 g/mol), and PMMA (Mw = 35,000 g/mol) were dissolved in DMF at 

different ratios. Four PSO/PAN/PMMA blends with weight ratios of 6/6/0, 6/5/1, 6/4/2, and 6/3/3 
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have been prepared for the study of the influence of blend ratio on the porosity in resulted fibres. 

The preparation procedures of PSO via the sol-gel method could be found in the earlier chapter; 

pH = 4 was chosen for the sol-gel reactions in consideration of its best spinnability.  

Electrospinning of the polymer blend solutions was conducted using a commercial 

electrospinning unit (Qingzi Nano E03) at the feed rate of 1.2 mL/h and working power of 13 kV. 

Fibres were collected on an Al foil-covered rotating drum at a distance of 15 cm and a rotating 

rate of 300 rpm. The as-spun fibre mats were then subjected to stabilisation and pyrolysis to yield 

porous SiOC fibres.   

 

Figure 5.1 Schematic illustration of the preparation of porous electrospun SiOC fibres via the 
polymer blend method. 

5.2.2. Preparation of electrospun porous SiOC fibre mats via the KOH etching method 

A schematic illustration of the preparation of porous SiOC fibre mats via KOH etching is shown in 

Figure 5.2. KOH etching was carried out on electrospun SiOC fibre mats derived from the PSO/PAN 

blend ratio of 6/6. KOH solution with different concentrations (2, 5, 10, and 20 wt.%) have been 

used to adjust the KOH uptake onto the fibre mats. In a typical KOH etching process, 50 mg fibre 

mats were immersed in 50 mL KOH solution for 4 hours. The fibre mats were then taken out and 

dried in air at 60℃ overnight, followed by thermal activation at 800℃ under Argon protection for 

one hour with a ramp rate of 2℃/min. The etched fibre mats were filtering washed by diluted 

hydrochloric acid and distilled water repeatedly till the pH of the filtrated liquid reached neutral. 
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Figure 5.2 Schematic illustration of the preparation of porous electrospun SiOC fibres via the KOH 
etching method. 

5.2.3. Batch adsorption experiments 

Batch adsorption experiments were conducted in glass beakers containing 100 mL methylene 

blue(MB) solution with different initial concentrations. 5 ppm MB solution was used for the study 

of the adsorption kinetics, 5, 10, 15, 20, and 50 ppm MB solution was used for the study of the 

adsorption isotherms. All the adsorption tests were conducted at pH = 5, which is widely adopted 

by wastewater treatment plants. For each test, a 3cm x 3cm (~ 25 mg) fibre mat were fixed on a 

self-made holder. 1.5 mL sample solution was taken after certain time intervals to examine the 

dye concentration change.  

5.2.4. Regeneration and reuse 

SiOC fibre mats were recycled after the adsorption equilibrium has been reached, free liquid on 

the fibre mats was sopped with a filter paper before the regeneration. Thermal regeneration was 

conducted at 250℃ in the air for two hours. Regenerated fibre mats were re-used directly in the 

next round of adsorption test. In a typical reproducibility test, regenerated fibre mats were 

immersed in 100 mL MB solution (pH = 5) with an initial concentration of 50 ppm for 72 h. The 

same amount and characterisation method were used to determine the concentration of MB 

solution. Five times of thermal regeneration and reuse were performed on each type of SiOC fibre 

mats. 

5.2.5. Characterisations 

The porosity of porous SiOC fibre mats was measured by a porosity analyzer (ASAP Micromeritics). 
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The surface areas and pore volumes of the fibre mats were acquired from the N2 adsorption-

desorption isotherms by the Brunauer-Emmett-Teller (BET) equation and the Barrett-Joyner-

Halenda (BJH) method from the desorption branch of the isotherms, respectively. Other 

compositional and structural characterisations of the porous SiOC fibre mats could be found in 

the earlier chapter.  

5.3. Results and discussion 

5.3.1. Preparation of electrospun porous SiOC fibre mats via the polymer blend method  

The preparation of electrospun porous SiOC fibres was first attempted through the polymer blend 

method, where immiscible polymers with different thermal stability or solubility are dissolved 

and spun into fibres. A so-called island-in-sea structure would be formed due to the immiscibility-

induced phase separation, one phase(usually the island part as the disperse phase) could be 

removed by pyrolysis or solvent wash and left porous structures on the fibres. In this part of the 

work, PAN and PMMA were chosen to blend with the PSO precursors based on the following 

reasons: Firstly, PAN with the better thermal stability could convert into the carbon phase in 

resulted SiOC fibres during the pyrolysis, as proved in the last chapter; Secondly, PAN and PMMA 

could be dissolved by the polar solvent DMF, yet obvious incompatibility between two polymer 

phase has been reported in the mixed solution[143, 144]. Therefore, the island-in-sea structure 

could be established for the pore-formation process; Lastly, PMMA could be fully thermal 

decomposed below the carbonising temperature(800 ℃) of PAN, thus it could serve as an ideal 

sacrificial template to form pore structures in the resulted fibres. Hence, in this work, PAN and 

PMMA were mixed with PSO at different ratios, and its effects on the resulted porosity in SiOC 

fibres have been investigated. 

As shown in Figure  5.1, the island-in-sea structures caused by the immiscibility among polymers 

were observed in all solution containing the PMMA phase at different ratios. No apparent phase 

separation has been noticed in the binary PSO/PAN solution, suggesting better compatibility 

between these two phases. However, the ternary PSO/PAN/PMMA mixtures presented clear 

phase separation as implied by the heterogeneity in the image, which is possibly ascribed to the 
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more significant differences among the intrinsic properties of PAN and PMMA, such as their 

interfacial tension, viscosity, and molecular weight [145].  

The heterogeneity presented by the ternary blend solutions increases with the PMMA 

proportions as expected. According to Brandrup et al. [145], the polymer which occupies more 

massive proportions would form the continuous phase while the minor component disperses 

within it. Thus, in this case, we tend to believe the PSO/PAN mixed phase with better compatibility 

consisted the continuous phase (the sea part), and the immiscible PMMA phase formed the 

dispersed domain (the island part).  

 

Figure 5.3 Optical microscope images of the polymer blend solutions demonstrating the phase 
separation. Insert in (a) provides the empty substrate for comparison. 

Despite the incompatibility among the blended polymers, electrospinning was successfully 

carried out on all the mixture solutions. Figure  5.4 compares the FT-IR spectra of pure PAN, 

PMMA, and the as-spun fibres composed of the ternary mixtures with different ratios. The 
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characteristic absorption bands of the acrylonitrile at 2243 cm-1 [146], the carbonyl stretching 

vibrations at 1730cm-1 [132], and the Si-O-Si asymmetric vibrations over 1200 cm-1 – 980 cm-1 [106] 

were detected on all the as-spun fibres. Moreover, the signal intensity of the carbonyl stretching, 

which comes from the PMMA phase, increases with the amount of PMMA in the blend, indicating 

successful incorporation of the ternary polymer phases into the as-spun composite fibres.  

 

Figure 5.4 FT-IR spectra of pure PAN, PMMA, and the as-spun composites fibres containing varied 
polymer blend ratios. 

The as-spun composite fibres were subjected to consequent oxidation and pyrolysis to yield the 

porous SiOC fibres. The oxidation step where the PAN molecules went through crosslinking by 

cyclisation of the nitrile groups is necessary to obtain the fracture-less fibre mats [147]; otherwise, 

the pyrolysis step could result in detrimental fractures on the fibre mats due to the significant 

volume shrinkage, which would impact the mechanical properties and processability of the fibre 

mats.  

Thermal gravimetric analysis on the stabilised fibres suggests complex thermal decomposition 

behaviour of the composite fibres during the pyrolysis. Both pure PMMA and PAN went through 

noticeable weight loss after 250℃ due to thermal decomposition. The decomposition of PMMA 
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completed at around 400℃, which accounts for the formation of porous structures in the final 

SiOC fibre products. From 400℃  onwards, the weight loss of the polymer blend fibres is 

associated with the complicated carbonisation and bonds rearrangement reactions. The final 

ceramic yield of the polymer blend fibres rationally fell between the ceramic yield of pure PSO at 

87.8% and the carbon yield of pure PAN at 30.6%, and the value decreases with the proportions 

of PMMA in the polymer blends.   

After pyrolysis, as shown in Figure 5.5(b), distinctive bands belong to the organic groups all 

disappeared in the FTIR spectra. The asymmetric stretching ascribed to the Si-O-Si bonds, which 

construct the backbone of the SiOC network, has been maintained. A new vibration signal was 

detected at ~ 780 cm-1 [148]on all the SiOC fibres, indicating the formation of Si-C bonds during 

the pyrolytic conversion of the precursors. Besides, porous SiOC fibres originated from ternary 

blend all demonstrated similar spectra characteristics to SiOC derived from binary PSO/PAN blend, 

which means the addition of PMMA would not affect the composition of the final SiOC product. 

However, unlike the SiOC acquired from neat PSO as reported in chapter 3, the FT-IR spectra of 

SiOC fibres prepared in this work all present a declining trend towards the lower frequency region 

similar to the carbon fibre derived from pure PAN, which should be ascribed to the enrichment 

of carbon through the addition of PAN.  

 

Figure 5.5 (a) TGA curve of pure PSO, PAN, PMMA, and the as-spun composites fibres, and (b) FT-
IR spectra of corresponding SiOC fibre mats. 
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Figure 5.6 presents the surface and cross-section morphology of resulted porous SiOC fibre at 

different magnifications. The SiOC fibres derived from different blend ratios all demonstrated 

continuous fibrous shape with uniform size and bead-free structures. As the amount of PMMA 

increases in the polymer blend, increased surface roughness and internal pore structures were 

observed. At the ratio of 6/5/1, small porous structures are evident at the core area of the fibres. 

At the ratio of 6/4/2, pores occupy larger fractions inside the fibre. At the ratio of 6/3/3 when 

PAN and PMMA reached an equal amount, the resulted SiOC fibres demonstrated more wrinkled 

surface morphology, which is possibly caused by the volume shrinkage during the pyrolysis. The 

resulted inner pores presented larger size and enhanced connections as compared to those 

derived from less PMMA addition.  

One defect from the SiOC-6/3/3 fibre skin suggests the even distribution of hollow pores and 

channels structures inside the individual fibres. Since the porous structures as observed from the 

fibre cross-sections was in accordance with the various heterogeneities as observed in the 

corresponding spinning solution, we could thus rationally deduce that the island-in-sea 

distribution of the ternary blends has been preserved in the as-spun composite fibres and finally 

resulted in inner porous structures in the SiOC fibres. However, although the porous SiOC fibres 

derived from the polymer blend method maintained their free-standing nature, their flexibility 

has been considerably impacted. The fibre mats tend to break after several bends or folds. The 

fibre derived from the highest PMMA blend ratio even broke into small pieces after the pyrolysis, 

although the oxidation process has been conducted. The impaired flexibility of inner porous SiOC 

fibre mats should be imputed to the reduced integrity inside individual fibres. 
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Figure 5.6 SEM images demonstrating the overview, surface, and cross-section of porous 
electrospun SiOC fibres derived from different polymer blend ratios. 

5.3.2. Preparation of electrospun porous SiOC fibre mats via the KOH etching method 

KOH is one of the widely used activators for creating pores on carbon-based materials [149]. The 

pore-forming process, as illustrated by Figure 5.2, is realised by KOH coating onto the substrate 

and the etching via the subsequent heat treatment. The generally believed serial reactions that 
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happened during the heat treatment could be expressed as: 

6KOH + C = 2K + 3H2↑ + 2K2CO3↑                                                                                                           (5-1) 

where the KOH is being dehydrated and reduced to metal K in the early stage of the heat 

treatment, the metal K would then reacts with the carbon phase and leave pores on the 

carbonaceous substrates [150].  

When KOH etching is applied to SiOC materials, as recently reported by Xia et al.[151], the pore-

forming could be achieved in two aspects. That is, KOH would selectively etch the O-rich silicate 

species during the immerse step, and the reduced KOH could activate the C-rich domain during 

the heat treatment. Hence in this part of the work, KOH etching has been performed on the SiOC 

fibres derived from PSO/PAN blend to develop porous structures on the fibre surface. The extent 

of etching was controlled by adjusting the KOH uptake onto the fibres. That is, SiOC fibre mats of 

equal mass have been exposed to KOH solution with different concentrations. The KOH uptake 

onto the fibre mats is believed to be proportional to the KOH concentration.     

The SEM images of the KOH etched SiOC fibres at different extents are provided in Figure 5.7. 

Etching achieved by low concentration (2% and 5%) of KOH induced apparent bumps on the fibre 

surface instead of creating pore structures. Tiny pores and pits appeared on SiOC fibres etched 

by 10% KOH, where the bump structures were not noticed. The porous structure was even signed 

on the SiOC fibres activated by 20% KOH, on which slit-shaped pores were evenly distributed on 

the fibre surface.  

Apart from the surface porosity, the overview of SiOC fibres all demonstrated continuous fibrous 

shape and uniform fibre size. Images taken from the cross-sections all appeared similar to the un-

etched fibres, as shown in Chapter 4 and shown no noticeable change has been observed with 

the increased KOH uptake. It is likely that the etching of SiOC fibre mats by KOH was mainly 

realised on the fibre surface while the inner structure of the fibres remained unaffected. 

Moreover, SiOC fibres with different extents of etching all preserved their flexibility and free-

standing nature, indicating that KOH etching is a promising and facile approach to create porous 

structures on SiOC fibres surface without compensating its intrinsic advantages.  
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Figure 5.7 SEM images demonstrating the overview, surface, and cross-section of porous 
electrospun SiOC fibres derived from different up-takes of the KOH etching. 

5.3.3. Porosity characterisations on porous SiOC fibre mats 

Apart from the microscopy observation, detailed profiles on the surface areas and porosities of 

the porous SiOC derived from different pore-forming methods were acquired by performing the 

N2 adsorption-desorption test at 77 K. As can be seen in Figure 5.8, porous SiOC fibre mats 
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obtained by both methods demonstrated the type IV isotherms, which is typical for the 

mesoporous materials. The characteristic H3 hysteresis loops situated at the high relative 

pressure region (p/p0 >  0.8) as revealed by each sample also imply the existence of the slit-

shaped mesopores, which is believed to be beneficial for the adsorption of water and pollutants. 

For porous SiOC derived from polymer blends, the BET surface areas dramatically increased from 

3.1 m2/g to 54.4 m2/g with the PMMA addition, indicating the major contribution of the PMMA 

phase in pore-forming. Meanwhile, the largest surface area of 133.3  m2/g was achieved on SiOC 

fibres etched by 20% KOH, which is consistent with the obvious surface pores as shown by the 

SEM images.    

Figure 5.8 N2 adsorption-desorption isotherms of porous electrospun SiOC fibre mats obtained 
from (a) the polymer blend method and (b) the KOH etching method. Inserted tables provide 
porosity information of corresponding fibre mats acquired from the desorption branch. 

5.3.4. Dye adsorption performance of porous SiOC fibre mats 

Based on our preliminary experiments and the integrity and porosity of porous SiOC fibre mats 

derived from different pore-forming methods. Inner porous SiOC fibre mats prepared from a 

polymer blend ratio of 6/4/2 and surface porous SiOC fibre mats etched by 20% KOH were chosen 

as the absorbents for further application studies. SiOC fibres mats derived from PSO/PAN blend, 

which is considered as solid SiOC fibre mats, has also been subjected to the adsorption test in 

parallel for comparison. The SiOC fibre mats with different porosities were noted as SiOC-S, SiOC-

E, and SiOC-PB in the following studies for simplicity. Meanwhile, methylene blue(MB) was 
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chosen as the model pollutant due to the SiOC materials’ high affinity towards cationic dye 

molecules. 

To understand the influence of contact time on the adsorption efficiency of different porous SiOC 

fibre mats, batch experiments were carried out at fixed fibre mats dosage and initial MB 

concentration of 5 ppm, while sample solution was collected at the middle-depth of the solution 

at certain time intervals for analysing the residual MB concentrations. Figure  5.9(a) presents the 

adsorption capacity evolution of each SiOC fibre mats towards MB over 72 h. All the fibre mats 

showed rapid MB removal efficiency during the early stage of ~ 60 min. The solid SiOC fibre mat 

performed slower adsorption efficiency from 90 min contact with the MB solution, while SiOC-E 

and SiOC-PB demonstrated more powerful adsorption efficiency till 360 min and 120 min, 

respectively.  

The adsorption capacity of all the fibre mats gradually reached equilibrium after 480 min of 

contact due to the occupation of the exposed surface area. The equilibrium status of the 

adsorption showed no significant change during the following hours, suggesting a minor 

desorption phenomenon on all the fibre mats. The equilibrium adsorption capacity remarkably 

varies with the porosity of each fibre mats. SiOC-E with the most exposed surface area achieved 

its equilibrium adsorption capacity as high as 15.85 mg(MB)/g(SiOC), which excessively doubled the 

value of SiOC-PB (6.74 mg(MB)/g(SiOC)). The solid SiOC fibre mats, which expose the smallest surface 

area, adsorbed the lowest amount of MB, as expected. The equilibrium adsorption capacity 

achieved by each SiOC fibre mats in 5 ppm MB solution has been compared with other reported 

absorbents as listed in Table 5-1.  
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Table 5-1 Comparison of the adsorption capacities with various adsorbent systems for the 
adsorption of methylene blue. 

Category Absorbents Initial dye conc. (ppm) Adsorption capacity (mg/g) Ref. 

SiOC-based 

materials 

SiOC-S fibre mats 50 2.34 This work 

SiOC-E fibre mats 50 38.13 This work 

SiOC-PB fibre mats 50 15.80 This work 

SiOC aerogels 100 15.7 [21] 

SiOC aerogels 800 44.2 [23] 

SiOC/TiO2 foams 0.03 mM 15.2 [29] 

Electrospun 

carbon 

fibres 

CNFs 100 19.25 [152] 

Activated CNFs 540 772 [152] 

Commercial 

absorbents 

Activated carbon  600 298.4 [153] 

Mesoporous silica 800 41.2 [23] 

In order to convincingly investigate the adsorption performance of SiOC fibre mats with different 

porosities, pseudo-first-order, pseudo-second-order, and intra-particle diffusion models have 

been applied to the adsorption data, respectively.  

The pseudo-first-order model simulates the experimental data through the equation: 

𝑙𝑜𝑔(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑜𝑔𝑞𝑒(𝑡ℎ𝑒) − 
𝑘1×𝑡

2.303
                                                                                                      (5-2) 

where qt and qe represent the amount of adsorbed MB at time t and equilibrium stage, 

respectively. k1(min-1) refers to the rate constant of the pseudo-first-order model. The value of k1 

and predicted adsorption capacity qe(the) could be calculated from the slope and intercept of plots 

of log(qe-qt) versus t (Figure  5.9 b). 



97 
 

The equation for the pseudo-second-order model is expressed as: 

𝑡

𝑞𝑡
= 

1

𝑘2（𝑞𝑒）
2 + 

𝑡

𝑞𝑒(𝑡ℎ𝑒)
                                                                                                                            (5-3)                             

where qt and qe is the amount of adsorbed MB at time t and equilibrium stage, respectively, while 

the rate constant of the pseudo-second-order model k2 could be used to determine the initial 

adsorption rate h (mg g-1 min-1). The value of k2 and predicted adsorption capacity qe(the) could be 

determined from the slope and intercept of plots of t/qt against t (Figure 5.9 c). 

 

Figure 5.9 Adsorption profile of SiOC fibre mats. (a) Influence of contact time on the adsorption 
of MB by SiOC fibre mats, (b) pseudo-first-order and (c) pseudo-second-order kinetics plots for 
the adsorption of MB by SiOC fibre mats. 

The simulation data by the pseudo-first-order and pseudo-second-order models are presented in 

detail in Table 5.2. The accuracy of the simulation is usually determined based on the value of the 

correlation coefficient R2 and the predicted equilibrium adsorption capacity qe(the). In our case, 

the pseudo-second-order model fitted for the solid SiOC fibre mats provided a regression 

coefficient as high as 0.999 and a closer calculated qe(the) value to the experimental data; however, 

the pseudo-first-order model fit the adsorption data of two porous SiOC fibre mats better based 

on these two criteria, indicating the pore structures on SiOC fibres caused a different adsorption 

behaviour.  
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Table 5-2 Pseudo-first-order and pseudo-second-order kinetic parameters for the adsorption of 
MB by SiOC fibre mats. 

 

Meanwhile, the intra-particle diffusion model has also been applied to understand if the intra-

particle diffusion is the rate-limiting step in the adsorption of MB by SiOC fibre mats according to: 

𝑞𝑡 = 𝑘𝑖𝑛𝑡𝑡
1/2 + 𝐶𝑖                                                                                                                                     (5-4) 

where qt is the amount of adsorbed MB at time t, kint is the intra-particle diffusion rate constant 

(g mg-1 min-1/2), and Ci is a constant related to the thickness of the boundary layer and the 

resistance to the external mass transfer.  

 

Figure 5.10 Intra-particle diffusion models for the adsorption of MB by different SiOC fibre mats. 

In Figure 5.9, the qt values of all the SiOC fibre mats demonstrated linearity to t1/2 in three distinct 

regions, suggesting that the adsorption of MB by SiOC fibre mats proceeded in three stages. The 

first linear section represents the movement of MB molecules from solution bulk to the solid-

liquid interface, which was dominated by the interface layer diffusion mechanism. In the second 

stage, the adsorption evolved into the intra-particle diffusion model where MB molecules transfer 

from the interface to the intra-particle sites till the dynamic equilibrium of adsorption and 

desorption was achieved in the last stage [154].  
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To understand the influence of dye concentration on the adsorption capacity of different SiOC 

fibre mats, batch experiments have been carried out as a function of initial MB concentrations. 

According to Figure 5.11, the highest adsorption capacity was achieved by SiOC-E at each initial 

concentration, followed by SiOC-PB with inner pores and then the untreated solid SiOC fibres. A 

general increasing trend of the adsorption capacity with the initial MB concentration in a 

relatively dilute range was observed on every SiOC fibre mats, and their adsorption capacity 

turned to saturation above the initial concentration of 20 ppm.  

 

Figure 5.11 Influence of initial dye concentration on the adsorption of MB by SiOC fibre mats. 

To better comprehend the interaction between SiOC fibre mats and MB molecules at equilibrium, 

batch experimental data have been fitted to two popular adsorption isotherm models, namely 

the Langmuir model and the Freundlich model. Briefly, the linear form of the Langmuir model 

and the Freundlich model can be respectively expressed as: 

𝐶𝑒

𝑞𝑒
=

1

𝑞𝑚𝐾𝐿
+
𝐶𝑒

𝑞𝑚
                                                                                                                                          (5-5) 

𝑙𝑛𝑞𝑒 = 𝑙𝑛𝐾𝐹 +
1

𝑛
𝑙𝑛𝐶𝑒                                                                                                                              (5-6) 

Where Ce is the concentration of MB (mg L-1) and qe is the amount of absorbed MB at equilibrium 

(mg g-1), KL and KF represent the Langmuir and Freundlich adsorption constant, respectively, qm is 

the theoretical maximum adsorption capacity, and n is a heterogeneity factor. 
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Figure 5.12 (a-c) Langmuir and (d-f) Freundlich isotherms for the adsorption of MB by different 
SiOC fibre mats. 

The fitted plots of adsorption data to two models were shown in Figure 5.12, and the simulation 

results of the two models were compared in Table 5-3. Based on visual assessment and the 

correlation coefficient values, we could rationally conclude that the Langmuir model well-

described the adsorption of MB by SiOC fibre mats. This means the adsorption happened on a 

homogeneous monolayer where active sites distribute identical and evenly on the SiOC fibres 

regardless of the porosity [23, 155].  
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Table 5-3 Langmuir and Freundlich isotherms parameters for the adsorption of MB by different 
SiOC fibre mats.  

 

5.3.5. Regeneration and reuse of porous SiOC fibre mats 

When evaluating the performance of absorbents in practical application, their regeneration and 

reusability are two of the critical properties that come to mind. In this part of the work, the 

thermal regeneration method, which is reported to have the highest recovery efficiency, was 

chosen to regenerate the served SiOC fibre mats [21]. Considering the thermal stability of SiOC 

fibre mats which has been investigated in the previous chapter, and the thermal decomposition 

of MB as reported by literature [156], heat treatment was conducted in air at 250 ℃ for 2 h to 

allow complete burn-off of MB without impairing the properties of SiOC fibre mats.  

FT-IR spectra were recorded for analysing the composition durability of SiOC fibre mats after MB 

adsorption and thermal regenerations. According to Figure 5.12, after the adsorption, SiOC fibre 

mats with different porosities only presented two distinct new vibration peaks at around 3300 

cm-1 and 1630 cm-1, which is associated with the adsorbed water and MB molecules [157], 

respectively.  

After thermal regenerations, the vibration signals of water and MB molecules disappeared on all 

the SiOC fibre mats, suggesting a complete removal of absorbates through the heat treatment. 

Meanwhile, all the regenerated SiOC fibre mats presented a similar FT-IR pattern to the as-

prepared fibre mats and those only being heat-treated, only showing characteristic vibrations 

over 1200 cm-1 – 980 cm-1 assigned to the Si-O-Si framework and at approx. 780 cm-1 for the Si-C 

bonds, suggesting excellent compositional stability of the SiOC fibre mats. SEM images of the 

regenerated fibres presented similar morphology as compared to the as-prepared ones shown in 
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Figure 5.12, no obvious pollutant residues or structural change were observed, providing strong 

indicative of the excellent structural durability of the SiOC fibre mats.  

 

Figure 5.13 Illustration of the SiOC fibre mats’ compositional and structural stability after the 
regeneration. (a-c) FT-IR spectra of SiOC fibres before and after the adsorption and thermal 
regeneration, and (d-f) SEM image of corresponding fibre mats after the adsorption and thermal 
regeneration. 

The reusability of three SiOC fibre mats has been explored by four consecutive adsorption-

regeneration cycles. As shown in Figure 5.13, the overall adsorption capacity successively 

decreases from SiOC-E to SiOC-PB and SiOC-S as observed in the first round of the adsorption test. 

No significant capacity drop was noted on all the regenerated SiOC fibre mats owing to the afore-

stated compositional and structural stability. 
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Figure 5.14 Adsorption capacities of SiOC fibre mats recorded along with four adsorption-
regeneration rounds. 

5.4. Conclusion 

In summary, the preparation of electrospun porous SiOC fibre mats was achieved by two 

approaches, namely, the polymer blend and the KOH etching method. Through the polymer blend 

method, hollow porous structures could be created inside the electrospun SiOC fibres. By 

adjusting the polymer blend ratios, the BET surface areas could develop from 3.08 m2/g to as high 

as 54.4 m2/g as resulted from the ratio of 6/3/3. However, to create internal pores by removing 

sacrificial component destruct the structural integrity of the fibres, therefore impaired flexibility 

and strength were observed on the polymer blend-derived porous SiOC fibre mats. On the other 

hand, KOH etching performed on electrospun SiOC fibre mats established porous structures on 

the surface of the fibre without weakening its mechanical properties. By controlling the KOH 

exposure, the uneven surface to mesopores could be formed on the electrospun SiOC fibres, with 

the BET surface areas value ranging from 13.0 m2/g to 133.3 m2/g.  

SiOC fibre mats with different porosities, i.e. solid SiOC fibre mats (SiOC-S), inner porous SiOC 

fibre mats derived from polymer blend ratio of 6/4/2 (SiOC-PB), and surface porous SiOC fibre 

mats etched by 20 wt.% KOH (SiOC-E) have been employed in the further dye adsorption test. 

The influence of porosity on the adsorption performance of SiOC fibre mats towards MB was 
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significant. Started with five ppm MB solutions, SiOC-E with surface porous structures 

demonstrated the highest adsorption capacity of 15.85 mg(MB)/g(SiOC), followed by the inner 

porous SiOC-PB, which achieved a capacity of 6.74 mg(MB)/g(SiOC), while the solid SiOC-S fibre mats 

showed the lowest capacity of 1.26 mg(MB)/g(SiOC).  

Kinetics studies suggest that the adsorption of MB molecules by SiOC fibre mats was 

accomplished through three successive diffusion stages, during which the pseudo-second-order 

model agrees with the adsorption kinetics of solid SiOC fibre mats, while the pseudo-first-order 

model describes the kinetics of adsorption achieved by two porous fibre mats better. The 

adsorption data of all the fibre mats were well fitted by the Langmuir isotherm model, indicating 

a homogeneous distribution of active sites on each fibre mats. 

Lastly, the regeneration of the served SiOC fibre mats was easily achieved by heat treatment in 

air. All the fibre mats presented excellent compositional and structural stability after four times 

of thermal regenerations, and their adsorption performance all remain hardly affected.  

Considering the outstanding adsorption performance of porous SiOC fibre mats, the feasible 

regeneration process, as well as their excellent stability after regeneration and durability through 

reuse, porous SiOC fibre mats could be regarded as one of the promising absorbent materials, 

especially wanted under harsh environment. Besides, to the best of the author’s knowledge, 

electrospinning of porous SiOC fibre mats through these two methods has been achieved for the 

first time. Considering the excellent properties of SiOC materials, the high surface area, unique 

flexibility and free-standing nature imparted by the porous electrospun structures, porous SiOC 

fibre mats is believed to have massive potential in many other applications. 
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Hierarchical SiOC/TiO2 Composites Fibre Mats for Multi-

purpose Water Remediation 
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Chapter Abstract 

SiOC has been proposed as an ideal photocatalysts support owing to its favourable inertness and 

stability. However, the powder form and limited exposure of the catalysts in current reported 

SiOC/catalysts systems remain to be improved for further enhancing its processability and 

catalytic performance. In this chapter, therefore, we report the construction of hierarchical TiO2 

nanostructures on flexible and free-standing SiOC fibre mats through one-step 

hydro/solvothermal reactions and its application for multi-purpose water remediation. 

The influence of a series of hydro/solvothermal parameters on the morphology, loading density, 

and crystallinity of the TiO2 nanostructures have been thoroughly investigated, and the 

corresponding growth mechanisms of the TiO2 nanostructures have been explored. The 

composites fibre mats have been then used for photodegradation of organic dyes and separation 

of an oil-in-water emulsion. More than three times higher degradation constant was achieved by 

SiOC/TiO2 nanosheets(NSs) composites fibre mats as compared to the most effective reported 

SiOC/TiO2 composites system. Meanwhile, interesting underwater oleophobicity has been 

noticed on the composites fibre mats, which allows effective separation of a surfactant-stabilised 

oil-in-water emulsion. 
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6.1. Introduction 

Titanium dioxide (TiO2), featured by its favourable semi-conductivity, nontoxicity, and good 

chemical tolerance, has triggered tremendous scientific interests in a wide range of water 

purification techniques [158]. For example, apart from the well-known photocatalytic 

degradation of organic pollutants, TiO2 is also highly popular for antibacterial and oil-water 

separation purposes [159, 160]. Especially aiming at further enhance its performance in water 

purification, TiO2 has been intensively studied and fabricated into unique nanostructures through 

defect engineering and facets design [161, 162]. Although increased exposure of the active sites 

has been achieved on nanostructured TiO2, the intractable agglomeration and complicated 

recycling procedures induced by its small size have indeed hindered its practical use. Hence, 

constructing TiO2 nanostructures on processible support has been proposed as an effective 

solution to address this problem. 

Owing to its chemical inertness and oxidation resistance, SiOC has been considered as an ideal 

supportive substrate[4]. As a matter of fact, several photocatalysts, including TiO2, have been 

incorporated with the SiOC substrate. The related fabrication and properties of these 

SiOC/catalysts composites systems have been reviewed in Chapter 1. However, these reported 

composites systems still failed to achieve convenient recycling because all the composites are 

used in powder form. Meanwhile, as most of the catalysts phase were encapsulated by the SiOC 

matrix, less active sites of the catalysts were able to be effectively exposed. Therefore, 

incorporating catalysts into freestanding SiOC matrix while further increase the exposure of their 

active site would significantly favour the application of such composites system. 

In Chapter 5, we reported the successful fabrication of porous SiOC fibre mats with outstanding 

adsorption activity. Apart from serving as solely adsorbent, such porous SiOC fibre mats could 

also be used as a freestanding and flexible substrate for various catalysts. In this part of the work, 

therefore, hydro/solvothermal reactions were carried on porous SiOC fibre mats to develop 

different TiO2 nanostructures on the fibre surface. By varying the addition of reactants as well as 

several hydro/solvothermal conditions, suitable parameters have been assessed to obtain 
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hierarchical SiOC/TiO2 composites fibre mats with uniform TiO2 distribution. The water 

purification performance of SiOC/TiO2 composites fibre mats have been assessed through 

photocatalytic degradation of organic dye and oil-water separation of different emulsions.  

6.2. Experimental procedures 

6.2.1. Preparation of SiOC/TiO2 composites fibre mats 

The hydrothermal and solvothermal method has been used to prepare the SiOC/TiO2 

nanorods(NRs), and nanosheets(NSs) composites fibre mats, respectively. For each reaction, a 

piece of 2 cm × 3 cm SiOC fibre mats were placed leaning against the Teflon liner(50 mL) of the 

autoclave. For the growth of TiO2 NRs, 15 mL DI water and 15 mL hydrochloric acid were mixed 

and stirred till the exothermic reaction ended. Then, a certain amount of titanium 

tetraisopropoxide(TTIP) was added to the solution under vigorous stirring. Afterwards, the 

solution was transferred to the autoclave, and the hydrothermal growth of TiO2 NRs was carried 

out in a pre-heated oven at certain temperatures for various durations.  

Likewise, the growth of TiO2 NSs was achieved by adding different amount of TTIP to the mixed 

solution of diethylenetriamine(DETA) and isopropanol (30 mL) and heating the growth solution 

at a certain temperature and duration. After the hydro/solvothermal reaction, the TiO2 loaded 

SiOC fibre mats were rinsed repeatedly in ethanol and DI water till no precipitate comes off from 

the composites fibre mats. Lastly, the composites fibre mats were dried at 60℃ overnight and 

then calcinated at 400℃ for 2 h.  

6.2.2. Photocatalytic degradation 

The photocatalytic activity of the SiOC/TiO2 composites fibre mats was evaluated by the 

degradation of methylene blue (MB) under simulated solar light (Ultra vitalux 230 V E27). For 

each degradation test, a 2 cm × 3 cm piece of composite fibre mats were fixed on a self-made 

holder with the TiO2 loaded side facing upwards. The fibre mats were immersed in 50 mL 5 ppm 

MB solution. Dark adsorption was performed one hour prior to the light irradiation. 1.5 mL 

sample solution was taken after certain time intervals to examine the dye concentration change.  
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6.2.3. Oil-water separation 

The wettability of the composite fibre mats was characterised by a goniometer (KSV Instrument 

CAM101). 3 μL liquid was dropped on the fibre mats for each test. The adhesion work between 

liquid and fibre mats is determined according to the Young Dupré’s equation[163]: 

Wad = γlv(1 + cosϑlv)                                                                                                                         (6-1) 

where Wad  is the adhesion work, γlv  and ϑlv  is the surface tension and contact angle of the 

relevant liquid, respectively.  

Oil-in-water emulsions were prepared by adding 1 mL oil (namely, toluene, hexadecane, and 

isooctane) in 100 mL DI water. 0.1 g Tween-20 was added to each mixture as the surfactant. The 

mixtures were then emulsified under ultrasonication at 250 W for 1 h. For the oil-water 

separation test, the composites fibre mats were cut into 2 cm × 2 cm and placed between the 

funnel and receiving flask. 10 mL oil-in-water emulsion was used for each separation, which is 

solely driven by gravity. 

6.2.4. Characterisations 

The lattice structure of the TiO2 nanostructures was examined by the high-resolution TEM (Philips 

Tecnai G2F20, 200 kV). The light absorbance of the composite fibre mats was measured by UV-

Vis diffuse reflection spectroscopy (Shimadzu2500i) from the wavelength range of 200-800 nm. 

The band-gap of the composite fibre mats was interpreted from the spectra using the Kubelka-

Munk function. Other compositional and structural characterisations of the SiOC/TiO2 composites 

fibre mats could be found in Chapter 2. 

6.3. Results and discussion 

6.3.1. Preparation of SiOC/TiO2 NRs composites fibre mats 

(1) Effect of TTIP amount on the growth of TiO2 NRs 

The suitable addition amount of Ti-source to the hydrothermal system was determined by 

introducing different amounts of TTIP to a fixed size of SiOC fibre mats. The SEM images of 
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resulted SiOC/TiO2 NRs composite fibre mats are compared in Figure 6.1 and 6.2. TiO2 NRs have 

been successfully grown on individual fibres, and a general increasing trend of the TiO2 NRs 

density was evident with the increased TTIP addition.  

At the addition of 0.5 mL TTIP, TiO2 NRs clusters were sparsely distributed on the SiOC fibre mats. 

When 1.0 mL TTIP was added, enhanced distribution of TiO2 NRs clusters over the fibre mats has 

been noticed. The density and size of TiO2 NRs clusters, as well as the individual NRs, also 

increased as compared to the 0.5 mL addition of Ti-source. Meanwhile, small particles with a size 

around 200 nm, which is close to the width of individual TiO2 NRs, were formed on the fibres. We 

tend to believe these particles were the nuclei seeds or the embryo stage of TiO2 NRs. At the 

addition of 1.5 mL TTIP, the most uniform distribution of TiO2 NRs over the fibres were established. 

When the TTIP addition increased to 2.0 mL, apart from the NRs, which were evenly grown onto 

the fibres, spherical assemblies of TiO2 NRs were formed. This is probably because the nucleation 

sites on the fibre surface were fully occupied at the early stage of the NRs growth, leaving the 

excessive TiO2 nuclei to develop into spheres during the hydrothermal reaction. Hence, we tend 

to believe that the most suitable addition amount of TTIP is 1.5 mL for our system. 

 

Figure 6.1 High magnification SEM images of SiOC/TiO2 NRs composite fibre mats obtained from 
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different TTIP additions.  
 

 

Figure 6.2 Low magnification SEM images of SiOC/TiO2 NRs composite fibre mats obtained from 
different TTIP additions. 

(2) Effect of hydrothermal temperature on the growth of TiO2 NRs 

Based on the finding on the suitable addition of Ti-source, the effect of the hydrothermal 

temperature has been investigated. Figure 6.3 and 6.4 presents the SEM images of SiOC/TiO2 NRs 

composites fibre mats obtained under different reaction temperatures range from 120℃  to 

180℃  at different magnifications. A general enhancement of the NRs size and their loading 

density on the fibres could be noticed. At the temperature of 120℃, the rod shape of as-formed 

TiO2 nanostructures was less clear, and only a few clusters of such nanostructures with averaged 

sizes of ~2.5 μm were found on the fibres. By setting the hydrothermal temperature at 140℃, the 

quadrangular shape of the TiO2 NRs became clear and distinguishable, the length of the rods 

reached ~2 μm, and more clusters were formed on the fibres. The complete cladding of TiO2 NRs 

over the SiOC fibres has been achieved at 160℃ and above, but a reduced ordering of the TiO2 

NRs’ distribution was observed on the 180℃ derived products since denser TiO2 NRs were formed 

from the primary clusters. Hence, we tend to conclude that 160℃  would be the optimum 
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hydrothermal temperature to prepare the most uniform SiOC/TiO2 NRs composites fibre mats. 

 

Figure 6.3 High magnification SEM images of SiOC/TiO2 NRs composite fibre mats obtained from 
different hydrothermal temperatures. 

 

Figure 6.4 Low magnification SEM images of SiOC/TiO2 NRs composite fibre mats obtained from 



114 
 

different hydrothermal temperatures.  

 
(3) Effect of hydrothermal reaction time on the growth of TiO2 NRs  

Fixed the TTIP addition at 1.5 mL and hydrothermal temperature at 160℃ are therefore used to 

further study the effect of the hydrothermal reaction time. It could be seen from the Figure 6.5 

and 6.6 that the development of the NRs clusters size and expansion of its distributions over the 

fibre mats was apparent as the reaction time increased from 2 h to 10 h. It is interesting to notice 

that as the reaction time is prolonged to 8 h and above, the arrangement of the TiO2 NRs evolved 

from randomly oriented to perpendicular to the fibre axial, with their length further increased. 

The change of the TiO2 NRs orientation will be explained in section 6.3.3. 

 

Figure 6.5 High magnification SEM images of SiOC/TiO2 NRs composites fibre mats obtained 
from different hydrothermal reaction times. 
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Figure 6.6 Low magnification SEM images of SiOC/TiO2 NRs composites fibre mats obtained from 
different hydrothermal reaction times. 

6.3.2. Preparation of SiOC/TiO2 NSs composites fibre mats 

(1) Effect of TTIP amount on the growth of TiO2 NSs  

Figure  6.7 and 6.8 shows the morphology of SiOC/TiO2 NSs composites fibre mats derived from 

different TTIP addition. Unlike the growth of TiO2 NRs, where TiO2 crystals with distinct rod shape 

could be formed under all different additions of the Ti-source, a clear structural evolution from 

particles to nanosheets with the increased charge of the Ti-source was observed in the growth of 

TiO2 NSs. 

As the addition of TTIP rises from 0.5 mL to 1.0 mL, the granular precipitations expanded from 

scattered distribution to uniform full coverage over the fibre surface. When 1.5 mL of TTIP was 

added, the primary pattern of the nanosheets structures became recognisable. With the value 

further increased to 2.0 mL and above, the resulted TiO2 NSs turned more morphologically 

integrated.  

These TiO2 nanosheets shown random planar orientations but were nearly perpendicular to fibre 
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surface and possessed uniform thickness. Besides, no evident denser deposition of the NSs was 

noticed on the fibre derived from the highest TTIP addition, but an excessive agglomeration of 

the TiO2 NSs was observed in the general view of the fibre mats. Therefore, according to the 

structural evolution with the TTIP charge, we tend to believe the suitable addition of TTIP is 2.0 

mL in our system, and the growth of TiO2 NSs happened in two consecutive steps, which will be 

explored in the following section.  

     

Figure 6.7 High magnification SEM images of SiOC/TiO2 NSs composite fibre mats obtained from 
different TTIP additions. 
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Figure 6.8 Low magnification SEM images of SiOC/TiO2 NSs composite fibre mats obtained from 
different TTIP additions. 
 

(2) Effect of diethylenetriamine(DETA) amount on the growth of TiO2 NSs 

Although it has been reported that the addition of DETA is necessary for the formation of NSs 

structures of TiO2 crystals during the solvothermal reactions [164], seldom researches are 

referable on how the DETA amount would influence the morphology of resulted TiO2 

nanostructures. In this part of the work, we fixed the addition of TTIP at 2.0 mL and further 

investigated the effect of DETA addition amount on the TiO2 morphology.  

As can be seen in Figure 6.9 and 6.10, the regulation effect of DETA on the construction of NSs 

structures only functions in a small range. At a low addition of 10 μL , apart from the evenly 

distributed small TiO2 NSs on the SiOC fibres, extra particles and larger sheets were also formed. 

The addition of 20 μL DETA produced the most uniform SiOC/TiO2 NSs composites fibre mats with 

a negligible amount of agglomerated TiO2 NSs. The regulation effect of DETA on the formation of 

NSs structures seems to be disrupted at the addition amount of 50 μL, as the TiO2 NSs tend to 

change their growth direction from perpendicular to parallel to the fibre surface.  



118 
 

With an even higher addition of DETA, TiO2 was unable to grow into NSs but composed a dense 

layer with large tension cracks on the SiOC fibres. Therefore, it is rational to conclude that DETA 

could only guide the growth of TiO2 into NSs structures in a relatively low concentration range, 

and the optimal DETA addition amount for our system is found to be 20 μL.       

 

Figure 6.9 High magnification SEM images of SiOC/TiO2 NSs composite fibre mats obtained from 
different DETA additions. 
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Figure 6.10 Low magnification SEM images of SiOC/TiO2 NSs composite fibre mats obtained from 
different DETA additions. 
 

(3) Effect of solvothermal temperature on the growth of TiO2 NSs 

Lastly, we fixed the addition of TTIP and DETA at 2.0 mL and 20 μL and further investigated the 

influence of solvothermal temperature on the growth of TiO2 NSs. Generally, an apparent 

stimulation effect of the reaction temperature on the formation of NSs structures could be 

identified from Figure 6.11 and 6.12. At 160℃ , dense coverage of the solvothermal products 

rather than NSs structures were formed on the fibre surface. Moreover, the fracture of the TiO2 

dense layer showed a different pattern as compared to the composites fibres derived from 100 

μL  DETA(Figure 6.6 d), suggesting a different growth manner of the TiO2 crystals under lower 

temperature. As the temperature increased to 180 ℃  and above, the NSs structures became 

clearer and more uniform.  
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Figure 6.11 High magnification SEM images of SiOC/TiO2 NSs composites fibre mats obtained 
from different solvothermal temperatures. 

 
 

Figure 6.12 Low magnification SEM images of SiOC/TiO2 NSs composites fibre mats obtained from 
different solvothermal temperatures. 
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6.3.3. Crystallinity and growth mechanism of TiO2 nanostructures under different conditions 

The XRD pattern of SiOC/TiO2 composites fibre mats derived from different hydro/solvothermal 

conditions are compared in Figure 6.13. All the XRD pattern presented characteristic broad peaks 

centred around 22.5°, which is associated with the amorphous SiOC network in the fibre substrate 

[134]. Apart from this amorphous hump, all the identified peaks presented by the SiOC/TiO2 NRs 

composites fibre mats could be perfectly indexed to the rutile TiO2 phase JPCDS no. 21-1276) 

[165], while the SiOC/TiO2 NSs composites fibre mats to the anatase TiO2 phase (JPCDS no. 21-

1272) [165] without any impurities.  

The different crystal types as presented by the TiO2 nanostructures should be attributed to the 

particular hydro/solvothermal environments because it has been reported that the rutile crystal 

grains are relatively more stable under highly acidic conditions, while the anatase structures are 

more stable under the base environment [166]. Besides, the peak intensities generally increase 

with the loading density of TiO2 nanostructures on the SiOC fibre mats, as shown in corresponding 

SEM images.  
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Figure 6.13 XRD spectra of SiOC/TiO2 composite fibre mats obtained from different 
hydro/solvothermal conditions. 

TEM analysis was employed to examine the microstructure and facets of TiO2 acquired via 

different hydro/solvothermal conditions. As shown in Figure 6.14, the SAED pattern acquired 
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along the [11̅0] axis of TiO2 NRs suggests the rods are single crystals. The clear interplanar spacing 

of 0.32 nm could be interpreted from the HRTEM image of the nanorod, which is corresponding 

to the (110) facets of the rutile phase [167] and is consistent with the XRD results. In combination 

with the SEM images, we found that the single-crystal TiO2 NRs prepared in this work were mainly 

formed in the tetragonal shape.  

According to the rutile TiO2 crystal shapes proposed by Ramamoorthy et al. [168], the most 

thermodynamically stable (110) facets constructed the tetragonal lateral and dominated the 

crystal shape. It is also noticed that the NRs tend to merge into arrays by sharing the (110) facets 

through their growth to further lower total free energy[169], which explains why the orientation 

of NRs evolved to perpendicular to the fibre axial with prolonged reaction time. In the HRTEM of 

TiO2 NSs, interplanar spacing of 0.235 nm and 0.35 nm could be recognised from the HRTEM 

image, corresponding to the (001) and (101) facets of the anatase phase respectively[170]. 

Generally, the (001) facets vanish rapidly during the natural formation of anatase crystals owing 

to its high surface energy(0.90 J/m2)[168]. However, it has been found that appropriate amines 

which bear functional groups with matched distance to that between the two unsaturated O2c 

atoms on the {001) facets could lower the surface energy by selectively absorbing onto it and thus 

stabilise its formation[164, 171].  

In this work, the theoretical distance between the primary and secondary amine-H in DETA is 0.42 

nm, which is close to the distance between two O2c atoms on the (001) facets (0.53 nm), but far 

larger than that on the anatase (101) facets [172], DETA, therefore, could stable the (001) facets 

by forming hydrogen bonding and facilitate the formation of NSs structures with high (001) 

exposure rate. 
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Figure 6.14 TEM images of TiO2 nanostructures. (a) low magnification image of single TiO2 NRs, 
the insert shows the SAED pattern, (b) HRTEM image of TiO2 NRs, (c) low magnification and (d) 
HRTEM image of TiO2 NSs. 

Apart from the shape and crystallinity differences, the TiO2 NRs and NSs also demonstrated 

different morphologies at the junctions of the SiOC fibre. As can be seen in Figure 6.15, TiO2 NRs 

grew directly on the fibre surface while a clear intermediate layer composed of particles were 

noticed between the NSs and fibre surface. The formation of such different junction patterns 

would be tentatively explained as follows: 

Firstly, the reactions that happened during the hydrothermal growth of TiO2 NRs could be 

described as follows [165, 173]: 
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Ti(OCH(CH3)2)4 + HCl → Ti4+ + 4Cl- + HOCH(CH3)2                                                                           (6-2) 

Ti4+ + H2O → TiOH3+ + H+                                                                                                                      (6-3) 

TiOH3+ + O2 →  Ti(IV)-oxo species → TiO2                                                                                           (6-4) 

With the presence of high-concentration HCl in the system, the hydrolysis of Ti4+ species would 

be largely restrained; therefore, the formation of subsequent Ti(IV)-oxo species would be 

achieved at a slow rate. Since the Ti(IV)-oxo species directly serve as the nuclei of TiO2 crystals, 

the nucleation and growth of TiO2 NRs would happen in a slow heterogeneous manner without 

forming an intermediate layer.  

Due to the complexity of the alcoholysis of titanium alkoxides, chemical reactions through the 

solvothermal growth of TiO2 NSs have not been understood in detail. Konimami et al. [174] 

believe the crystallisation of TiO2 through the solvothermal method is initialised by the hydrolysis 

of Ti-alkoxides, where water molecules were released from the condensation of alcohols. 

However, this proposed mechanism failed to explain the formation of the intermediate layer in 

our case. Moreover, the condensation of isopropanol can be hardly achieved without the addition 

of strong acid as catalysts [175]. Instead, we hypothesise the formation of TiO2 NSs in our 

solvothermal system was accomplished through the following two consecutive steps [176]: 

Ti(OC3H7)4 + 2H2O → TiO2(particles) + 4C3H7OH                                                                              (6-5) 

Ti(OC3H7)4 
𝐻𝑒𝑎𝑡
→   Ti(OH)4 + C3H7OH + Hydrocarbons                                                                         (6-6) 

Ti(OH)4 + O2 
𝐷𝐸𝑇𝐴
→    TiO2(nanosheets) + H2O                                                                                       (6-7)                                       

As the DETA provide a strong base environment, TTIP would firstly be hydrolysed by a trace of 

water in the solvent system. Owing to the fast kinetics of hydrolysis of Ti-alkoxides under base 

conditions [82], the nucleation of hydrolysed products would happen in a homogeneous manner 

and result in the equiaxial particles on the fibre surface.  

According to the different morphologies of TiO2 NSs derived from elevated TTIP additions, as 
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shown in Figure 6.7, we tend to believe the formation of NSs structures commenced after the 

hydrolysis of TTIP reached saturation. With the hydrolysed products serving as the seeds and Ti(IV) 

species being steadily released from the thermal decomposition of TTIP, the formation of TiO2 

was then realised in the most thermodynamically stable manner to yield NSs structures.  

 

Figure 6.15 SEM images of the junction areas of (a) TiO2 NRs and (b) TiO2 NRs to the SiOC fibre. 

6.3.4. Photocatalytic degradation of MB by SiOC/TiO2 composites fibre mats 

The photocatalytic performance of SiOC/TiO2 composites fibre mats has been investigated 

through the degradation of MB, which is one of the typical organic dye pollutants in wastewater. 

The photocatalytic degradation behaviours of two groups of composites fibre mats with distinct 

TiO2 morphologies and loading densities have been studied. The corresponding degradation 

profile and kinetics are compared in Figure 6.16.  

During the dark adsorption, SiOC/TiO2 NSs demonstrated higher adsorption efficiency than the 

NRs, which is associated with the dye-anchoring ability of the anatase (001) facets [172]. The 

adsorption behaviours of the set of SiOC/TiO2 NSs composites fibre mats also proved the 

enhanced dye adsorption by the (001) facets as TiO2 NSs with the clearest and most uniform NSs 

structures (obtained from 25 μL DETA addition) demonstrated the highest adsorption efficiency 

of more than 30%, while TiO2 resulted from 100 μL of DETA addition with hardly NSs structures 

could only absorb ~10% of the dyes.  
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In the set of SiOC/TiO2 NRs composites fibre mats, however, fibre mats with relatively lower NRs 

loading density presented higher adsorption efficiency, as more meso-macro pores constructed 

by the SiOC fibres have been preserved. Upon the full-spectrum light illumination, the SiOC/TiO2 

NSs group exhibited both faster degradation rate and higher capacities as compared to the NRs, 

which is attributed to the higher photocatalytic activity of the anatase phase [177]. Significantly, 

the SiOC/TiO2 NSs composites with highly ordered NSs derived from low DETA addition could 

remove nearly 100% of the dye and demonstrated markable higher degradation constant as 

compared to other reported SiOC/TiO2 composites systems. Such excellent degradation efficiency 

should be ascribed to the effective construction and exposure of faceted TiO2 nanostructures on 

the fibre surface. 

 

Figure 6.16 Photocatalytic degradation profile and degradation kinetics of two groups of SiOC 
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/TiO2 composite fibre mats. 

SiOC/TiO2 composites fibre mats with the best photocatalytic degradation performance among 

each group, namely the SiOC/TiO2 NRs-180℃ and SiOC/TiO2 NSs-25 μL DETA have been subjected 

to the diffuse reflectance studies. As presented in Figure 6.17, SiOC/TiO2 NSs exhibited higher 

adsorption intensity in both ultraviolet and visible light range, which is consistent with its higher 

photocatalytic activity. The Tauc plot interpreted from the UV-Vis DRS results suggested a slight 

bandgap narrowing in both composites as compared to the bulk rutile(3.0 eV) and anatase(3.2 

eV), which could be attributed to the small size effect of the TiO2 nanostructures [165] and 

possible heterojunctions formed between TiO2 and SiOC [29].  

 

Figure 6.17 (a) UV-Vis Diffuse reflective spectroscopy (DRS) and (b) corresponding Tauc plots as a 
function of the photon energy of the SiOC/TiO2 composite fibre mats. 

6.3.5. Oil-water separation by SiOC/TiO2 composites fibre mats 

Oil pollution in industrial wastewater and the ocean is another severe challenge in water 

remediation. Electrospun fibre-based membrane systems with the hierarchical structure, suitable 

porosity and nanoscaled roughness are expected to separate oil-water emulsion with high 

efficiency and broad applicability [178]. It has been widely accepted that membrane with 

selective wettability, namely good affinity to one phase and repulsion to the other, are regarded 

as suitable for effective oil-water separation.  

However, the underwater wetting behaviour of the membrane surface should be considered 
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when the separation occurs on the solid-oil-water three-phase interface [179, 180]. For example, 

two kinds of SiOC/TiO2 composite fibre mats prepared in this work all demonstrated high affinity 

to both water and oil (dichloromethane) in the air by showing extremely small contact angles, but 

both fibre mats were highly oleophobic underwater with an underwater OCA of 152° and 133°, 

respectively (Figure 6.18). This special underwater wettability could be possibly explained by the 

different adhesion work between the composites fibre mats and the water/oil phase.  

According to Young Dupre’s equation, the estimated adhesion work between dichloromethane 

and fibre mats is 46.0 mNm-1(NRs) and 45.5 mN m-1 (NSs), respectively, which is much smaller 

than that between fibre mats and water (144.0 mNm-1). Therefore, water could preferentially 

spread over the fibre mats surface and form a repulsive water-solid interface to prevent oil from 

directly contacting with the fibre mats [163].  

 

Figure 6.18 The wettability profile of (a-c) SiOC/TiO2 NRs and (c-f) SiOC/TiO2 NSs composites fibre 
mats. 

This special underwater wettability encouraged us to investigate the oil-water separation 

performance of the composites fibre mats in different surfactant-stabilised oil-water emulsion 
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systems.  

As shown in Figure 6.19, three types of oil-water emulsions were fed into a simple filtration setup, 

where the filtration process was solely driven by gravity. The optical microscope images of the 

emulsion and corresponding filtrate suggest the effective separation of the oil phase by both fibre 

mats as no obvious oil phase has been noticed in the filtrates. However, the light irradiation on 

the filtrate(left) and original emulsion(right) revealed apparent Tyndall effects on all the filtrate 

by SiOC/TiO2 NSs fibre mats, which implied a lower separation efficiency of the SiOC/TiO2 NSs. 

This is likely due to the less surface roughness presented by SiOC/TiO2 NSs as revealed by the SEM 

images.  

Despite of the different separation efficiency, the overall oil-water separation capability of the 

composite fibre mats should be attributed to the formation of the solid-water interface. Hence, 

the oil droplets were either held by the hierarchical TiO2 nanostructures with an intrusion 

pressure or floated on top of the emulsion due to its lower density [181].  

 

Figure 6.19 Oil-water separation by SiOC/TiO2 composites fibre mats. (a) the oil-water separation 
set-up, (b-g) optical microscope images of the oil-in-water emulsion before and after the 
separation, and the Tyndall effect on corresponding filtrate demonstrating the oil-water 
separation efficiency by different composites fibre mats. 
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6.4. Conclusion 

In summary, TiO2 hierarchical nanostructures have been successfully grown on the SiOC fibre 

mats, which serves as the free-standing and flexible substrate. The influence of a series of 

hydro/solvothermal parameters, including the addition of Ti-source, reaction time and 

temperature, as well as the addition of the morphology regulation agent (DETA) on the 

morphology and loading density of the TiO2 nanostructures, have been thoroughly investigated. 

The optimum hydrothermal parameter for the growth of TiO2 NRs was determined to be adding 

1.5 mL TTIP and heating the growth solution at 160℃ for 6 h, while heating the growth solution 

containing 2.0 mL TTIP and 20 μL DETA at 200 for 24 h was founded to be ideal for the growth of 

TiO2 NSs for our system. 

Characterisations of the crystallinity and microstructures of the composite fibre mats suggest the 

growth of TiO2 NRs via the hydrothermal reaction happened in a direct and slow homogeneous 

manner. Resulted TiO2 NRs were in the rutile phase with (110) facets constructed at the tetragonal 

lateral and (001) facets exposed at the top. However, the growth of TiO2 NSs through the 

solvothermal method was achieved by rapid seeding and consecutive development of the NSs 

structures with the aid of DETA. Resulted TiO2 NSs were in the anatase phase with a high exposure 

rate of its (001) facets.  

With the successful construction of hierarchical TiO2 nanostructures on SiOC fibres, the 

composites fibre mats have been used for different water purification process, namely, 

photodegradation of organic dyes and separation of an oil-in-water emulsion. SiOC/TiO2 NSs 

achieved the most effective photodegradation with a constant of k = 1.75 × 10-2 min-1, which is 

more than three times higher than the most effective reported SiOC/TiO2 composites system. 

Moreover, the TiO2 NSs demonstrated overall higher degradation efficiency as compared with the 

NRs structures, which was associated with the higher photocatalytic activity of the anatase phase 

and exposure of the highly active (001) facets. Meanwhile, the interesting underwater 

oleophobicity of the composites fibre mats allows effective separation of a surfactant-stabilised 

oil-in-water emulsion, where SiOC/TiO2 NRs demonstrated higher separation efficiency owing to 
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its higher surface roughness. 
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7.1. Conclusion 

This thesis reports the preparation of ultrafine SiOC fibre mats through the electrospinning/sol-

gel method, where specific works have been carried out on the elimination of the spinning-aid, 

compositional control, porosity control, and surface functionalisation of the fibre mats. The 

influence of preparation parameters on the morphology and composition of resulted SiOC fibre 

mats and its composites have been thoroughly studied, and their corresponding applicational 

performance has been investigated.  

Firstly, elimination of the spinning-aid was achieved by regulating the precursor sols’ spinnability 

from the concentration and molecular configuration aspects, respectively. Electrospray particles 

to smooth electrospun fibres were obtained from sols with increased concentration. Removing 

40 vol.% of the solvents was the optimum concentration to yield smooth fibres with an average 

diameter of ~ 560.0 nm. Based on this work, controlling the precursor’s configuration was further 

realised by adjusting the pH value in the sol-gel reactions. A mild acidity (pH = 4) was found to be 

the optimum condition to yield PSOs with suitable crosslinked configurations, which generated 

the thinnest SiOC fibres with an average diameter of ~256.7 nm.  

From the composition point of view, carbon-enrich SiOC fibre mats have been prepared through 

the electrospinning of a hybrid PSO/PAN system. The carbon content increased from 10.9 at% in 

pure PSO derived SiOC to 49.5 at% in SiOC-4/8, which was obtained from the precursor mixtures 

with the highest PAN ratios. The influence of carbon content on the electrochemical energy 

storage performance of the SiOC fibre mats has then been studied from the capacitance aspect. 

The carbon-enriched SiOC fibre mats reached a wider potential window and demonstrated higher 

capacitance as compared to the pure SiOC or carbon fibres. The highest specific capacitance of 

11.8 F/g was achieved by SiOC-4/8 with the highest carbon content. 

From the structure point of view, hollow and surface porous structures have been constructed on 

the electrospun SiOC fibre mats through polymer blending and KOH etching, respectively. The 

BET surface area of 54.4 m2/g was achieved in hollow SiOC fibre mats by blending 

PSO/PAN/PMMA = 6/3/3 in the spinning solution, whilst the highest BET surface area of 133.3 
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m2/g was established on porous SiOC fibre mats etched by 20 wt.% KOH.  

SiOC fibre mats with different porosities, i.e. solid, hollow, and surface porous, have been 

employed as adsorbents for organic dye removal, and porosity significantly affected the 

adsorption behaviours of SiOC fibre mats in terms of the capacity and kinetics. All the fibre mats 

presented excellent compositional and structural stability after four times thermal regenerations 

and retained their adsorption performance. 

Lastly, surface functionalisation of the SiOC fibres has been achieved by constructing hierarchical 

TiO2 NRs or NSs on electrospun SiOC fibre mats through hydro/thermal reactions. The influence 

of hydro/solvothermal conditions on the morphology, loading density, and crystallinity of the TiO2 

nanostructures have been thoroughly investigated.  

The hierarchical SiOC fibre mats demonstrated distinct water remediation performance owing to 

the different crystal phase and morphology of the TiO2 nanostructures. The SiOC/TiO2 NSs 

composites fibre mats demonstrated higher photodegradation efficiency towards MB due to the 

exposure of highly active anatase (001) facets, while the SiOC/TiO2 NRs composites exhibited 

good oil/water separation performance under the roughness-induced underwater oleophobicity.   

7.2. Future works 

(1) Precursor sols for the spinning-aid-free electrospinning was synthesised from the sol-gel 

reactions of two widely studied silicon alkoxides, namely TEOS and VTMS. However, regulating 

the spinnability of sols starting from other types of silicon alkoxides, especially with bi-

functionalities, remain worthwhile exploring because PSOs with more linear configuration might 

be synthesised from these silicon alkoxides. 

(2) The overall carbon content in electrospun SiOC fibre mats has been enriched by varying the 

precursor ratios, but the ordering state of the free carbon components remained to be further 

controlled for better fulfilling the application demands. Besides, due to the lack of a conducting 

agent, the SiOC fibre mats had to be grounded and mixed with carbon black to serve as an 

electrode, which compensated for the free-standing property of the fibre mats. Hence, further 
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work could be carried on the fabrication and application of SiOC/conducting agents composite 

fibre mats to bring the advantages of electrospun fibre mats into full play.  

(3) In this work, the application of the porous and TiO2 functionalised SiOC fibre mats have only 

been explored from the environmental-related aspect; however, broader and deeper application-

oriented studies can be further explored on SiOC-based ultrafine fibres with delicate porosity and 

functionalities. For example, the porous SiOC fibre mats could also be applied as air-filtration 

medium or gas sensor, the oil/water separation performance of SiOC/TiO2 composite fibre mats 

could be further quantified through precise detection of the oil residue in the filtrate, and its 

application could be expanded to the adsorption/recovery of metal ions.  
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