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ABSTRACT 

 

In this work, the manufacturing of polysilazane-based fiber mats via electrospinning was 

investigated based on the gaps provided by a literature review. First, the electrospinning of 

polysilazane was optimized with a statistical approach to obtain thinner fibers. The reduction 

in Berry's number from 94 to 22 indicated the positive effect of adding organic polymer on the 

polysilazane chains to obtain homogeneous fibers. Fractional factorial design and Box-Behnken 

design enabled the establishment of the relationship between fiber diameter and operating 

parameters of electrospinning. The morphology of the fibers was analyzed by electron 

microscopy. After optimization, polysilazane and polysilazane/polyacrylonitrile fibers with a 

diameter of 1.79 ± 0.26 µm and 0.57 ± 0.04 µm were manufactured, respectively. The polymer 

to ceramic evolution at high temperature was evaluated by Fourier-transform infrared 

spectroscopy and thermal analyses. After pyrolysis, SiCN and SiCN/C fibers showed a diameter 

of 1.37 ± 0.19 µm and 0.15 ± 0.02 µm. The composition and structure of the materials were 

investigated by X-ray photoelectron spectroscopy, energy-dispersive X-ray spectroscopy, 

Raman spectroscopy, X-ray diffraction, and 29Si solid-state nuclear magnetic resonance 

spectroscopy. The electrospinning of polysilazane led to a higher degree of carbon ordering and 

improved oxidation resistance up to 600 °C in SiCN/C fiber mats compared to oligosilazane-

derived SiCN/C. The fiber mats containing polysilazane were tested in advanced applications. 

The C/SiCN fiber mats were pyrolyzed at 800 °C and exhibited enhanced electromagnetic 

reflection loss from 0.1 MHz to 4.5 GHz compared to carbon, including more than 80% 

electromagnetic field shielding of the 5G C-band attributed to appropriate electrical 

conductivity, high degree of carbon disorder, and presence of heterogeneous microstructure 

forming interfacial polarization. In Ku-band shielding (from 12.4 to 18 GHz), the SiCN/C fibers 

showed higher permittivity (ε’=5.8 and ε’’=2.1) compared to SiCN (ε’=3.2 and ε’’=0.15) at 

16.9 GHz. Moreover, the electromagnetic field absorption was increased by ~179% with the 

addition of carbon in the SiCN matrix. The influence of the atmosphere when electrospinning 

polysilazane was also evaluated. In lithium-ion battery, the SiCN/C electrode electrospun in air 

showed the highest charge capacity of 773 mA·h·g-1 due to higher oxygen content, while the 

SiCN/C electrospun in nitrogen demonstrated stable cycling with a charge capacity of               

299 mA·h·g-1 at 50 mA·g-1 due to enhanced free carbon content. These capacities are higher 

than SiCN and carbon electrodes, suggesting that hybrid materials were prepared with the 

synergetic contribution of SiCN as a pathway for Li+ transfer, and carbon, which improved the 

electronic conductivity and provided more active sites for Li+ ions. This work proved the 

advantages of using polymer-derived ceramics shaped via electrospinning by controlling the 

composition, molecular structure and morphology. Moreover, the applications of SiCN fiber 

mats will inspire future work in the field of advanced ceramics. 

 

Keywords: Electrostatic spinning. Non-oxide ceramics. Polymer-derived ceramic. Preceramic 

polymer. 
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RESUMO 

 

Neste trabalho, a fabricação de tecidos fibrosos por meio da eletrofiação de polissilazano foi 

investigada com base nas lacunas fornecidas por uma revisão da literatura. Primeiramente, a 

eletrofiação do polissilazano foi otimizada com uma abordagem estatística para a obtenção de 

fibras mais finas. A redução do número de Berry de 94 para 22 indicou o efeito positivo da 

adição de polímero orgânico nas cadeias do polissilazano para obter fibras homogêneas. O 

projeto fatorial fracionado e o projeto Box-Behnken permitiram o estabelecimento da relação 

entre o diâmetro das fibras e os parâmetros operacionais da eletrofiação. A morfologia das 

fibras foi analisada por microscopia eletrônica. Após a otimização, foram fabricadas fibras de 

polissilazano e polissilazano/poliacrilonitrila com diâmetro de 1,79 ± 0,26 µm e                          

0,57 ± 0,04 µm, respectivamente. A evolução do polímero para cerâmica a alta temperatura foi 

avaliada por espectroscopia de infravermelho de Fourier e análises térmicas. Após pirólise, as 

fibras SiCN e SiCN/C apresentaram um diâmetro de 1,37 ± 0,19 µm e 0,15 ± 0,02 µm. A 

composição e estrutura dos materiais foram investigadas por espectroscopia de fotoelétrons 

excitados por raios X, espectroscopia de raios X por dispersão em energia, espectroscopia 

Raman, difração de raios X e 29Si espectroscopia de ressonância magnética nuclear de estado 

sólido. A eletrofiação do polissilazano levou a um maior grau de ordenação do carbono e 

melhorou a resistência à oxidação até 600 °C em tecidos fibrosos SiCN/C em comparação com 

SiCN/C derivado de oligossilazano. Os tecidos fibrosos contendo polissilazano foram testados 

em aplicações avançadas. Os tecidos fibrosos C/SiCN foram pirolisados a 800 °C e exibiram 

perda por reflexão eletromagnética aumentada de 0,1 MHz a 4,5 GHz em comparação com o 

carbono, incluindo mais de 80% de blindagem do campo eletromagnético da banda C 5G 

atribuída à condutividade elétrica apropriada, alto grau de desordem de carbono e presença de 

microestrutura heterogênea formando uma polarização interfacial. Na blindagem da banda Ku 

(12,4 a 18 GHz), as fibras SiCN/C apresentaram maior permissividade (ε'=5,8 e ε''=2,1) em 

comparação com SiCN (ε'=3,2 e ε''=0,15) a 16,9 GHz. Além disso, a absorção do campo 

eletromagnético foi aumentada em ~179% com a adição de carbono na matriz de SiCN. 

Também foi avaliada a influência da atmosfera de eletrofiação do polissilazano. Na bateria de 

íons de lítio, o eletrodo SiCN/C eletrofiado em ar apresentou a maior capacidade de carga de         

773 mA·h·g-1 devido ao maior conteúdo de oxigênio, enquanto o SiCN/C eletrofiado em 

nitrogênio demonstrou ciclos estáveis com uma capacidade de carga de 299 mA·h·g-1 a              

50 mA·g-1 devido ao maior conteúdo de carbono livre. Estas capacidades são mais altas do que 

eletrodos de SiCN e de carbono, sugerindo que materiais híbridos foram preparados com a 

contribuição sinergética do SiCN como um caminho para a transferência de Li+, e carbono, que 

melhorou a condutividade eletrônica e forneceu locais mais ativos para íons Li+. Este trabalho 

provou as vantagens de utilizar cerâmicas derivadas de polímeros moldadas por eletrofiação, 

controlando a composição, a estrutura molecular e a morfologia. Além disso, as aplicações dos 

tapetes fibrosos de SiCN inspirarão o trabalho futuro no campo de cerâmicas avançadas. 

 

Palavras-chave: Cerâmica derivada de polímeros. Cerâmica não-óxida. Fiação eletrostática. 

Polímero pré-cerâmico. 
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 RESUMO EXPANDIDO 

 

TECIDO FIBROSO ELETROFIADO DE SiCN DERIVADO DE 

POLISILAZANO: CARACTERIZAÇÃO E APLICAÇÃO EM BLINDAGEM DE 

CAMPOS ELECTROMAGNÉTICOS E ARMAZENAMENTO DE ENERGIA 

ELETROQUÍMICA 

 

Introdução 

 

Os polímeros pré-cerâmicos (Preceramic Polymers – PCPs) à base de silício têm sido 

intensamente estudados há mais de 50 anos para produzir fibras cerâmicas, revestimentos, 

espumas, nanocompósitos e outros. Estes precursores representam sistemas 

inorgânicos/organometálicos que produzem cerâmicas derivadas de polímeros (Polymer-

derived Ceramics – PDCs) com composição química ajustada e uma organização nanoestrutural 

bem definida por meio do tratamento térmico adequado em atmosfera protetora. Em 

comparação com as cerâmicas tradicionais utilizando tecnologia de pó, os principais benefícios 

dos PDCs incluem maior controle de pureza/composição, redução significativa da temperatura 

de processamento, possibilidade de produzir materiais multicomponentes e híbridos (orgânico-

inorgânicos) e alta versatilidade em termos de processabilidade.  

Os campos de aplicação dos PDCs têm sido ampliados significativamente pelas 

recentes atividades de pesquisa e desenvolvimento utilizando a técnica de eletrofiação. Esta 

técnica de moldagem pode oferecer o desenvolvimento de materiais multifuncionais com uma 

microestrutura inovadora que atendem a vários objetivos por meio de uma estrutura. Entretanto, 

a eletrofiação também apresenta novos desafios em termos de controle de processo, uma vez 

que requer a adição de um auxiliar de fiação para a fabricação de fibras homogêneas contínuas. 

Os tapetes fibrosos/fibras de PDCs moldados por eletrofiação têm sido investigados 

em aplicações avançadas. Os metais são os materiais típicos de revestimento para bloquear a 

propagação da radiação de um campo eletromagnético. Porém a alta densidade, a fácil corrosão 

e o difícil processamento limitam sua ampla aplicação. Portanto, o desenvolvimento de novos 

materiais para blindagem de campo eletromagnético que possuem baixa densidade, 

flexibilidade e alta eficiência é um campo de pesquisa promissor. Atualmente, os eletrodos de 
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carbono são utilizados em baterias de íons de lítio devido a seu baixo custo, apesar de sua baixa 

capacidade. Estudos recentes investigaram cerâmicas à base de silício preparadas via processo 

PDC como eletrodos potenciais para baterias, porém a maioria está baseada em SiOC utilizando 

o método pasta-moldagem (slurry-casting), o que, no entanto, pode aumentar o peso total da 

bateria. Alguns progressos têm sido feitos com PDCs moldados por eletrofiação para produzir 

tapetes fibrosos sem suporte, mas pesquisas adicionais são necessárias. Fibras cerâmicas 

eletrofiadas a partir de PCPs à base de silício seguido pelo tratamento térmico adequado são 

promissores para o desenvolvimento de materiais que demonstram as propriedades desejadas 

na blindagem do campo eletromagnético e no armazenamento de energia eletroquímica. 

 

Objetivo 

 

Este trabalho tem como objetivo preparar tapetes fibrosos/fibras de cerâmica a partir 

de PCPs à base de silício, utilizando o polissilazano como um dos principais precursores e a 

eletrofiação como a técnica de moldagem para aplicações avançadas, incluindo a blindagem do 

campo eletromagnético e o armazenamento de energia eletroquímica. 

 

Metodologia 

 

A primeira etapa do trabalho envolveu a revisão do estado-da-arte sobre PDCs 

moldados por eletrofiação conforme base de dados disponíveis. Dessa forma foram 

identificadas as lacunas da literatura e os tópicos que necessitam maior pesquisa para a 

eletrofiação dos PCPs e produção dos respectivos PDCs. Iniciou-se pela investigação do 

comportamento reológico das soluções poliméricas e otimização estatística dos parâmetros 

operacionais da eletrofiação para produção de fibras mais finas como a segunda etapa da 

pesquisa. Primeiramente preparou-se o polissilazano a partir do oligosilazano por meio do 

processo de cura seletivo. Soluções de polissilazano e polissilazano + poliacrilonitrila foram 

preparadas em diferentes concentrações de polímero adicionando o agente de cura dicumila 

peróxido e os solventes dimetilformamida e tetrahidrofurano. As soluções foram eletrofiadas 

em ambiente inerte (N2) e a solução que produziu fibras homogêneas contínuas foi escolhida 

para os testes posteriores. Um projeto fatorial fracionário foi implementado para selecionar os 
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três fatores mais significativos que afetam o diâmetro das fibras. Em seguida, um modelo de 

superfície de resposta foi desenvolvido utilizando o projeto Box-Behnken para obter uma 

relação quantitativa entre os parâmetros operacionais e o diâmetro da fibra. Na terceira etapa, a 

influência da molécula de silazano (oligosilazano e polissilazano) na microestrutura da fibra foi 

investigada em termos de resistência à termo-oxidação. Foram preparadas soluções contendo 

60 wt.% ou 30 wt.% de silazano acrescido de poliacrilonitrila, que foram eletrofiadas em 

ambiente inerte (N2) e pirolisados a 1000 °C em atmosfera inerte (N2) para produzir tapetes 

fibrosos SiCN/carbono. A perda por reflexão eletromagnética na banda C 5G dos tapetes 

fibrosos carbono/SiCN e carbono foi investigada na quarta etapa deste trabalho utilizando um 

analisador de redes vetoriais de 1-porta de 0,1 MHz a 4,5 GHz. Soluções de poliacrilonitrila e 

poliacrilonitrila + polissilazano (7:3 wt.%) foram eletrofiadas em ambiente inerte (N2) e 

pirolisadas a 800 °C, 1000 °C ou 1200 °C em atmosfera inerte (N2). Como análise 

complementar, a condutividade elétrica de corrente contínua também foi avaliada pelo método 

de sonda de quatro pontos. As propriedades de absorção eletromagnética foram estudadas na 

quinta etapa. Soluções de polissilazano e polissilazano + poliacrilonitrila (3:2 wt.%) foram 

eletrofiadas em ambiente inerte (N2). Os tapetes fibrosos foram pirolisados a 1200 °C em 

atmosfera inerte (N2), macerados e as fibras foram misturadas com silicone para produzir 

amostras com diferentes espessuras. Os parâmetros de dispersão e perdas por reflexão foram 

avaliados em um analisador de redes vetoriais de 2-portas com ondas guiadas por banda Ku 

(12,4-18 GHz) e o método Nicolson-Ross-Weir. Também foram conduzidas simulações 

computacionais para avaliar o comportamento de seção transversal do radar em uma placa plana 

composta pelo material desenvolvido. Na sexta etapa os tapetes fibrosos foram utilizados como 

eletrodos de bateria de íons de lítio. Soluções contendo polissilazano ou polissilazano + 

poliacrilonitrila (3:2 wt.% e 3:7 wt.%) foram eletrofiadas em ambiente inerte (N2) ou em ar, 

seguido pela pirólise a 1200 °C em atmosfera inerte (N2). O eletrodo foi perfurado do tapete 

fibroso no diâmetro de 6,35 mm e montado em uma bateria de célula tipo moeda LIR-2032. 

 

Resultados 

 

A revisão do estado-da-arte sobre PDCs moldados por eletrofiação possibilitou a 

seleção das principais estratégias para obter fibras utilizando PCPs incluindo as propriedades 
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da solução, parâmetros operacionais, condições ambientais, procedimentos de cura e pirólise, e 

as aplicações e propriedades dos tapetes fibrosos/fibras eletrofiados.  

A redução do número de Berry de 94 para 22 indicou o efeito positivo da adição de 

polímero orgânico nas cadeias do polissilazano para obter fibras mais finas. Após a aplicação 

da abordagem estatística, os modelos foram utilizados para encontrar os parâmetros 

operacionais da eletrofiação que produzem fibras mais finas. Para o polissilazano, a taxa de 

alimentação de solução mostrou um efeito positivo, enquanto que para o polissilazano + 

poliacrilonitrila uma interação entre a taxa de alimentação e a distância entre ponta da agulha e 

coletor foi o fator mais significativo, com um efeito positivo. Sob parâmetros operacionais 

otimizados, foram fabricadas fibras de polissilazano com diâmetro de 1,79 ± 0,26 µm e fibras 

de polissilazano/poliacrilonitrila com diâmetro de 0,57 ± 0,04 µm. Embora o polissilazano 

apresente uma estrutura complexa para ser eletrofiado, os modelos propostos foram validados 

experimentalmente no nível de significância desejado de 95%.  

Em comparação com o oligossilazano, o polissilazano promoveu a elasticidade das 

fibras durante a eletrofiação atribuído a uma cadeia molecular mais homogênea e com maior 

massa molecular. As análises FTIR-ATR, XRD, Raman e 29Si-NMR confirmaram a 

transformação de polissilazano e poliacrilonitrila para respectivamente SiCN e carbono. As 

medições XPS mostraram que o sistema oligossilazano + poliacrilonitrila aumentou a 

concentração de oxigênio e carbono na cerâmica final devido aos locais reativos Si-H, o que 

também reduziu a perda de massa durante a pirólise devido a reações de cura entre ambos os 

componentes. No entanto, o uso do polissilazano no sistema levou a um maior grau de 

ordenação do carbono e melhorou a resistência à oxidação a 600 °C. Ao utilizar o 

oligossilazano, a separação de fases reduziu o efeito protetor proporcionado pela fase SiN4 

resistente à oxidação, devido à formação de regiões desprotegidas de carbono.  

A condutividade elétrica dos tapetes fibrosos de carbono/SiCN variou entre           

0,0028 S·cm-1 a 0,0120 S·cm-1 quando a temperatura de pirólise aumentou de 800 °C para     

1200 °C. O carbono/SiCN melhorou significativamente a perda por reflexão eletromagnética 

em comparação com o carbono puro. Particularmente, o tapete fibroso carbono/SiCN pirolizado 

a 800 °C exibiu uma ampla largura de banda de 0,1 MHz a 4,5 GHz com perda de reflexão               

menor do que - 7 dB, incluindo mais de 80% de blindagem da banda C 5G. Esta dissipação de 

energia foi atribuída à condutividade elétrica moderada, alto grau de desordem de carbono como 
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confirmado por análises de Raman e XRD, e presença de uma microestrutura heterogênea 

formando polarização interfacial. 

Em 16,9 GHz, as fibras SiCN/carbono apresentaram maior permissividade elétrica 

relativa complexa (ε'=5,8 e ε''=2,1) em comparação com SiCN (ε'=3,2 e ε''=0,15). A absorção 

eletromagnética foi aumentada em ~179% com a adição de carbono na matriz de SiCN. As 

simulações computacionais apresentaram o melhor efeito protetivo do SiCN/carbono contra o 

campo eletromagnético em comparação com o SiCN. A capacidade favorável de absorção de 

microondas foi atribuída a três aspectos, incluindo o aumento da perda por condução derivada 

da condutividade do carbono livre, perda por polarização dipolo e interfacial gerada por 

defeitos, e perda por reflexão múltipla aumentada por uma rede hierárquica formada a partir 

das fibras eletrofiadas. Além disso, a adição do precursor de carbono representou uma redução 

de peso de 17% para as fibras de SiCN/carbono em comparação com as fibras de SiCN, 

conforme medido por picnometria de hélio. 

A microscopia eletrônica mostrou que as fibras eletrofiadas em ambiente inerte (N2) 

são mais finas do que as amostras eletrofiadas convencionalmente em ar devido a uma descarga 

do jato de solução pelas moléculas de água presente no ar, reduzindo o alongamento do jato. 

As análises XPS confirmaram que as fibras eletrofiadas em ar incorporaram uma maior 

quantidade de oxigênio. A maior capacidade de carga de 773 mA·h·g-1 a 50 mA·g-1 foi obtida 

com o tapete fibroso SiCN/carbono eletrofiado em ar. O oxigênio aumentou a capacidade 

devido a seu alto caráter para atrair íons Li+, porém uma histerese de tensão foi observada. O 

tapete SiCN/carbono eletrofiado em nitrogênio demonstrou capacidade estável de                       

299 mA·h·g-1 devido ao aumento do conteúdo de carbono livre. Estas capacidades são maiores 

do que eletrodos SiCN e carbono processados em condições similares atribuído aos efeitos 

sinergéticos entre SiCN atuando como um caminho para a transferência de Li+, e carbono 

melhorando a condutividade elétrica e com mais locais ativos para íons Li+. Após 100 ciclos, o 

eletrodo SiCN/carbono eletrofiado em atmosfera inerte apresentou até 98% da capacidade 

inicial, uma vez que retornou ao ciclo de corrente mais baixa, mostrando uma melhor 

estabilidade e menores perdas de capacidade.  
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Conclusões 

 

Os resultados obtidos na primeira etapa mostraram que os PDCs moldados por 

eletrofiação têm sido cada vez mais estudados como materiais cerâmicos em aplicações 

avançadas. Na segunda etapa, a investigação da morfologia e da otimização estatística 

apresentaram resultados favoráveis para adequar a arquitetura das fibras, estabelecendo 

efetivamente uma base para estudos adicionais, nos quais o escopo está relacionado com a 

qualidade morfológica dos tapetes fibrosos/fibras eletrofiados de PCPs. O projeto de cerâmicas 

com propriedades feitas sob medida pode ser convenientemente ajustado por meio da 

manipulação da conformação molecular do precursor conforme investigado na terceira etapa. 

Devido à sua estabilidade a altas temperaturas e resistência à oxidação, o SiCN/carbono 

produzido neste trabalho pode ser usado como suporte catalítico. A quarta etapa demonstrou 

que o tapete flexível carbono/SiCN pode ser empregado como um novo material leve para 

proteção contra interferência eletromagnética. O ajuste da temperatura de pirólise e a adição de 

polissilazano variou o nível de defeitos presentes na estrutura do carbono e assim alterou a 

condutividade elétrica e as propriedades de blindagem eletromagnética dos tapetes fibrosos. 

Também a quinta etapa corroborou que as fibras SiCN/carbono são potenciais para serem 

usadas como materiais leves para aplicações de absorção eletromagnética sob ambientes 

agressivos. O desempenho eletroquímico dos eletrodos SiCN/carbono pode ser melhorado por 

meio da atmosfera de eletrofiação para controlar a estrutura e composição do material, como 

demonstrado na sexta etapa. Conclui-se que este trabalho mostrou que materiais à base de 

polissilazano podem ser preparados por eletrofiação convencional usando diferentes estratégias 

que estão disponíveis para serem totalmente exploradas, ou seja, adição de precursor orgânico, 

cura seletiva do oligossilazano e controle da atmosfera de eletrofiação, para adequar a 

microestrutura e composição final da cerâmica para aplicações avançadas. 

 

Palavras-chave: Cerâmica derivada de polímeros. Cerâmica não-óxida. Fiação eletrostática. 

Polímero pré-cerâmico. 
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1  INTRODUCTION 

 

Preceramic polymers (PCPs) have been intensively studied for more than 50 years to 

produce Si-based ceramic fibers, coatings, foams, nanocomposites and others [1]. These 

precursors represent inorganic/organometallic systems that provide polymer-derived ceramics 

(PDCs) with tailored chemical composition and a closely defined nanostructural organization 

by proper thermal treatment in a protective atmosphere [2]. Compared to traditional ceramics 

using powder technology, major benefits of PDCs rely on higher purity/composition control, 

significant reduction of the processing temperature, the possibility to produce multi-component 

and hybrid (organic-inorganic) materials, and high versatility in terms of processability [3]. The 

PDC route includes often four steps through the thermochemical conversion of PCPs: shaping 

(to produce a particular form), crosslinking (to obtain a thermoset polymer and avoid melting 

during pyrolysis), pyrolysis (to obtain an amorphous ceramic), and optionally annealing (to 

crystallize the amorphous ceramic) [4]. Properties, such as chemical and thermal stability, 

solubility, rheological behavior, and optical characteristics of PCPs, and the composition of 

final PDCs are strongly influenced by the backbone structure and the side groups, which is also 

critical to crosslinking and polymer to ceramic transformation [5]. 

The application fields of PDCs have been extended significantly by recent research 

and development activities using the electrospinning technique since the works of Sarkar et al. 

[6] and Shin et al. [7] in 2008. Shaping of PCPs by electrospinning offers innovative 

microstructure and mainly design possibilities for the manufacturing of multifunctional 

materials addressing several mission objectives with only one structure [8]. However, 

electrospinning also poses new challenges in terms of process control, since it requires the 

addition of a spinning aid to manufacturing homogeneous fibers. Despite the ongoing discovery 

of electrospun PDCs has shown outstanding results, research on electrospinning Si-based PCPs 

to produce advanced PDC fiber mats/fibers is still in the beginning. Exciting possibilities are 

emerging in the development of PDCs fiber mats/fibers including more studies on the intimate 

relationships between molecular architecture and microstructure and properties of the ceramic 

materials resulting from electrospun preceramic polymers and the application expansion of 

PDCs that are currently on the rise. With each new development, a greater understanding of the 

complex relationships between specific modifications and the changes they bring about is 

achieved. 
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Electrospun PDC fiber mats/fibers have been investigated in advanced applications. 

For the traditional electromagnetic field shielding material, metals are usually coated around 

electric equipment to block radiation propagation, however, the heavyweight, easy corrosion 

and difficult processing limit their broad application. Therefore, the development of new 

electromagnetic field shielding materials with light weight, flexibility and high shielding 

efficiency is a research hotspot. Currently, carbon electrodes are used in lithium-ion batteries 

(LIBs) due to their low price, despite low capacity. Recent studies have investigated Si-based 

ceramics prepared via the PDC route as potential LIB electrodes, mostly based on SiOC and 

using the slurry-casting method, which, however, increases the overall weight. Some progress 

has been made regarding PDCs shaped through electrospinning to produce freestanding fiber 

mats, but additional research is required. The development of electrospun ceramic fibers from 

Si-based PCPs that demonstrate desired properties in electromagnetic field shielding and 

electrochemical energy storage is promising. 

 

1.1 AIM OF THE WORK 

 

This work aims to prepare ceramic fiber mats/fibers from Si-based preceramic 

polymers while using polysilazane as one of the main precursors and electrospinning as the 

shaping technique for advanced applications including electromagnetic field shielding and 

electrochemical energy storage. 

 

1.2 STRUCTURE OF THE THESIS 

 

This thesis is divided into several Chapters, whose key points are provided hereafter. 

In the current Chapter 1, a general contextualization is displayed alongside the aim of 

this work. 

Chapter 2 is supposed to show the methodological sequence flowchart of this work by 

providing a picture overview of the separate steps in sequential order. 

Chapter 3 is intended to provide an overview of the state of the art of electrospun 

ceramic fibers from Si-based preceramic polymers to visualize the big picture where this thesis 

is framed. In this review, the different strategies to prepare ceramic fibers via electrospinning, 

including preceramic polymer e-spinnability and polymer-to-ceramic transformation, are 

discussed. Subsequently, the properties and applications of e-PDC fibers are demonstrated. 
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Chapters 4, 5, 6, 7 and 8 consist of the experimental results achieved during this Ph.D. 

work. In Chapter 4, the electrospinning of polysilazane-derived ceramic with and without 

organic polymer as a spinning aid was optimized using a statistical approach to manufacturing 

thinner fibers. Chapter 5 describes the influence of selective crosslinking of oligosilazane on 

electrospinning and thermo-oxidative resistance of SiCN/C fiber mats. In Chapter 6, the 

potentiality in electromagnetic reflection loss in 5G C-band and modification of electrical 

conductivity of C/SiCN fiber mats are demonstrated. The microwave absorption and 

electromagnetic field shielding properties of SiCN/C fibers in the Ku-band were investigated in 

Chapter 7. Chapter 8 reports the influence of electrospinning polysilazane in air or protective 

atmosphere and the electrochemical performance of SiCN and SiCN/C fiber mat electrodes for 

lithium-ion batteries. 

Chapter 9 presents a summary of the main conclusions from this Ph.D. work, putting 

into perspective the contributions derived from it. Moreover, the interconnection between the 

papers that originated from this work is evidenced as well. 

Chapter 10 extrapolates the horizon of possibilities for future works related to this 

topic, discussing some outlooks and remnant gaps in this matter. 
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3 ELECTROSPUN CERAMIC FIBERS FROM Si-BASED PRECERAMIC 

POLYMERS1 

 

This chapter aims to provide a literature review on the manufacturing of ceramic fibers 

from Si-based preceramic polymers via electrospinning. This chapter brings the description of 

the electrospinning technique, the main strategies to achieve fibers by this method using 

preceramic polymers, crosslinking and pyrolysis procedures, and the applications and 

properties of Si-based electrospun mats/fibers. 

 

3.1 INTRODUCTION 

 

The Si-based PCPs are inorganic/organometallic systems that provide polymer-

derived ceramics (PDCs) with tailored chemical composition and a closely defined 

nanostructure organization by proper thermal treatments in controlled atmospheres [1]. The 

technology of PDCs is based on the conversion of suitable molecular PCPs into ceramics 

through a series of thermally or chemically-induced processes. First, thermoset polymers are 

formed by crosslinking reactions and then converted into a ceramic due to eliminating non-

crosslinkable organic groups [2–4].  

Due to the simplified shaping process and lower temperatures (from about 800 ºC), 

high aspect ratio ceramic structures are more straightforward to produce from PCPs [5]. In 

contrast to oxide ceramics, ceramic fibers manufactured from PCPs may broaden the properties 

and applications of these advanced materials. Features such as high tensile strength, creep 

resistance, and oxidation resistance has boosted the research on ceramic fibers derived from 

PCPs [6–8]. 

Currently, two main manufacturing approaches exist to obtain PCP fibers, known as 

indirect and direct. In the indirect approach, the ceramic fibers are obtained by coating available 

template fibers. In chemical vapor deposition (CVD), the gas phase of ceramics is deposited on 

carrier fibers, while in the relic process, absorbent organic fiber materials are saturated with salt 

solutions or sols followed by burn off of the organic [9]. Contrariwise, the inorganic precursors 

are directly shaped as fibers using polymer-like processing techniques in the direct approach. 

In the preceramic polymer route, the spinning dope consists of either a solution of an inorganic 

_______________________________ 

1
Based on a paper to be submitted for publication. 
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polymer, which can be spun via electrospinning or meltable PCPs using melt-spinning. In the 

so-called solution process, soluble salts are used in the spinning dopes, while in the sol/gel 

process, colloidal inorganic components are used as precursors, which can be converted into 

ceramics during a ceramization step. In the slurry process, coarse ceramic particles are added 

to salt or sol-based spinning dopes to reduce the shrinkage during ceramization and increase 

ceramic yield.  

Electrospinning and melt-spinning are the most used to produce PCP fibers. The most 

remarkable difference between these polymer processing techniques lies in the diameter of the 

fibers, electrospinning commonly renders fibers with a diameter below 10 µm, while melt-

spinning yields higher-sized fiber diameter (Figure 3.1). 

 

Figure 3.1 – Green fiber diameter of Si-based PCP fibers manufactured through electrospinning and melt-

spinning. The diameter of polysilane, polysilazane, and polysilsesquioxane fibers available in the literature was 

considered [1,2,11–20,3,21–30,4,31–40,5,41–50,6,51–60,7,61–70,8,71–77,9,10] (the x-axis has no variation) 

 
 

Melt-spinning is currently preferred to manufacture PCP fibers [29,87]. Nevertheless, 

the stringent rheological requirements limit the minimum fiber size above the microscale range 

(>10 µm) [88]. Electrospinning generally produces fibrous mats onto static or rotating drum 

collectors, whereas melt spinning produces fibers onto winders. The e-spinning approach has 

proven to be a suitable shaping method for several Si-based PCPs, and the processing of fibers 

by combining the PDC route with electrospinning, hereafter called e-PDC fibers, has gained 

attention over the past decade (Figure 3.2). Nevertheless, research on e-PDCs is still scarce 

when compared to the number of publications on PDC fibers. 

The present work aims to seize the background, organize and provide a better 

understanding of electrospinning requirements, and fiber morphologies, establishing 

generalizations and guidelines in PCPs e-spinnability and morphology control, including 
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thermal treatment, applications, properties, and further research prospects in PDC fibers. 

 

Figure 3.2 – Number of publications about ‘PDCs and fibers’ and ‘PDCs and electrospinning’ until 2021 (stand: 

11/22/2021). The queries correspond to ‘PCPs, PDCs, and fibers’: ‘preceramic polymers’ OR ‘polymer-derived 

ceramics’ OR ‘PDCs’ AND ‘fibers’; ‘PCPs, PDCs, and melt-spinning’: ‘preceramic polymers’ OR ‘polymer-

derived ceramics’ OR ‘PDCs’ AND ‘melt-spinning’; and ‘PCPs, PDCs, and electrospinning’: ‘preceramic 

polymers’ OR ‘polymer-derived ceramics’ OR ‘PDCs’ AND ‘electrospinning’ (database: Scopus) 

 
 

3.2 ELECTROSPINNING 

 

Electrospinning, or still electrostatic spinning or e-spinning, is a standard process to 

manufacture non-woven mats, i.e., thin fibers between micrometer to nanometer dimensions. 

Typically, an electrostatic force attracts an extruded polymer solution from a capillary spinneret 

to a suitable conductive collector [89]. The basic experimental setup consists of an extruder 

with a capillary spinneret, a high voltage supply, and a collector (Figure 3.3). The electrostatic 

charge of a solution drop held at the tip of the fine capillary overcomes the drop surface tension 

when a sufficiently high electric field is applied, causing the liquid ejection from the tip to the 

collector, resulting in the formation of drops or fibers, electrospraying or electrospinning, 

depending on process parameters. The syringe dosing pump with a control feed rate normally 

varies typically from 0.1 to 5 ml·h-1; the provided voltage supply must be able to generate a 

potential difference up to 30 kV; and the collector body consists of a conductor assembly, which 

can be static or rotating. 

Organic polymers are undoubtedly the most used to produce electrospun fibers (e-

fibers) [90]. Electrospinning-shaped ceramic fibers have been composed of simple oxides 

(alumina [91], silica [92], titania [93], and zirconia [94]) and complex oxides [95] (such as 
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CaCu3Ti4O12 and Li1.6Al0.6MnO4) since the initial reports in 2002 and 2003 [96]. Electrospun 

non-oxide ceramics have also shown a promising development since the pioneering work in 

2005 on boron carbide/carbon fibers from a polynorbornenyldecaborane [97]. Remarkably, the 

e-spinning of Si-based PCPs has presented an increasing interest in the fabrication of advanced 

ceramics since the works of Sarkar et al. [98] and Shin et al. [62] in 2008. 

 

Figure 3.3 – Schematic diagram of the electrospinning process 

 
 

Nowadays, thin fibers (<1 µm) can be obtained through different techniques such as 

electrospinning, melt blowing, self-assembly, sonochemical synthesis, and template-based 

synthesis. Emerging techniques have also been applied, such as solution blow spinning, 

centrifugal jet spinning, CO2 laser supersonic drawing, electrohydrodynamic direct writing, and 

plasma-induced synthesis [99]. Among those shaping-processing routes, electrospinning stands 

out, mainly due to its simplicity and versatility in producing thin fibers with controllable 

morphology from various polymers, including Si-based PCPs. 

Among ceramic spinning processes, electrospinning has the advantage of producing 

thin fibers from PCPs ranging from nano- to micrometers by adjusting the process parameters 

[100]. Lower fiber diameters result in enhanced fiber strength for the same material due to the 

reduction of possible defects generated during the manufacturing process. Furthermore, thin e-

fibers present a higher specific surface area, which broadens their application. First, the 

precursor system is usually prepared with the addition of PCP, an organic polymer, solvent, and 

other additives, and the solution is electrospun with the appropriate operating parameters. The 

electrospun fibers are then crosslinked and pyrolyzed with the possibility of crystallization to 

obtain amorphous or polycrystalline PDC fibers (Figure 3.4). 

Through electrospinning and thermal treatment, PDC fibers can be produced with a 

diameter from 10 nm to 2 µm [84], 700 to 1400 times smaller than fibers fabricated by melt-

spinning. For example, the diameter of silicon carbonitride (SiCN) fibers could achieve 50 nm 



26 

 

 

 

in electrospinning [101], whereas values of up to 35 µm are reported for melt-spinning [102]. 

Furthermore, silicon carbide (SiC) fibers derived from polycarbosilane (PCS) presented 

diameters of 10 nm when obtained by electrospinning [84], 14 µm by melt-spinning [6],          

100 µm by dry spinning [103], and 1800 µm by dry-wet spinning [104]. 

 

Figure 3.4 – Schematic depiction of the manufacturing of PDC fibers/fibrous mats through electrospinning and 

thermal treatment 

 
 

Although electrospinning is a mature technique, e-PDCs published research is 

incipient. The spinning of PCPs is only slightly referred to in the most cited review on PDCs 

[1]. Most of the reviews available on PDCs deal with only a subset of PCPs and ceramics fibers, 

e.g., polysilazanes, to produce SiCN-based ceramic fibers [105–107]. 

 

3.3 PRECERAMIC POLYMERS e-SPINNABILITY 

 

The term e-spinnability, i.e., electrospinnability, was coined to indicate polymer 

solutions suitable to electrospun allowing the production of homogenous fibers at different 

diameter scales, classified as microfibers (1 µm to 1 mm), ultrafine/submicrofibers (100 nm to 

1000 nm), and nanofibers (<100 nm). The resultant morphologies from electrospun PCPs range 

from single droplets (electrospraying) to seamless uniform fibers, with beads-on-string 

structures as a transition between both. This shape depends on the solution properties, process 

parameters, and environmental conditions that control the properties of the electrified jet during 

electrospinning. The e-spinnability can be categorized as excellent when no droplets and beads-
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on-string are observed in the collector and fibers, the latter known as seamless fibers. The 

factors are divided hereafter into three categories: solution properties, process parameters, and 

environmental conditions. 

 

3.3.1 Solution properties 

 

The interplay among the solvent, precursors, and concentration determines the 

properties of the solution. The PCPs are typically used in a blend with organic polymers, the 

latter component as an additive to meet the e-spinnability conditions to fulfill the process. 

 

3.3.1.1  Polymer properties 

 

To get seamless fibers is not a straightforward task; e-fibers manufacture requires a 

sufficient amount of chain entanglements in the polymer solution, which prevents the 

electrospun jet from breaking up, resulting in a steady formation of fibers. These entanglements 

mainly depend on the polymer molecular weight and the solution concentration [108]. When 

increasing the polymer concentration, the polymer chain entanglements strengthen, and the 

chain mobility declines, hardening the jet extension and reducing the disruptions during jet 

flying, thus favoring the formation of large-diameter fibers [109]. Therefore, the fiber diameter 

is proportional to the entanglement density [110]. Contrariwise, a low molecular weight 

polymer or low concentration solution produces electrospraying, droplets formation instead of 

fibers [83,111]. 

The main electrospinning challenge of PCPs is the entanglements mentioned above, 

which can be related to rheological requirements. Commercially available PCPs are composed 

of cyclic or linear units with a complex structure and low molecular weight, making the 

electrospinning procedure extremely difficult. For this reason, most of the current works on e-

PDCs are based on the mixture of PCPs with high molecular weight organic polymers, which 

provides the required viscoelasticity. Despite the improved manufacturability, organic 

polymers may compromise mechanical stability by generating undesirable macropores within 

the fibers during the pyrolysis step. 

Most of the works dealing with preceramic (silicon-based) and organic (carbon-based) 

polymer blends employed a concentration of 75 wt.% PCP and 25 wt.% organic polymers. 

Organic polymers mostly employed are polyvinylpyrrolidone (PVP), poly(methyl 
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methacrylate) (PMMA), polystyrene (PS), polyacrylonitrile (PAN), polycaprolactone (PCL), 

and polyethyleneoxide (PEO). The organic polymer used as an e-spinnability agent is chosen 

based on the inorganic-organic polymer blend compatibility with the solvent and its commercial 

availability. These polymers are also offered in several viscosity grades and a wide range of 

molecular weight and molecular structure. 

PVP is largely used as e-spinning agent for polyureasilazane (PUS), 

polymethylphenylsilsesquioxane (H44) and polymethylsilsesquioxane (MK). PVP binds these 

PCPs exceptionally well, a feature attributed to the polar character of these polymers. 

Furthermore, all the above-mentioned polymers solubilize in N,N-dimethylformamide (DMF), 

acetone, ethanol, and isopropanol. 

Another broadly used polymer is PMMA, reported as a sacrificial template for coaxial 

electrospinning due to its immiscibility with PCS/DMF/toluene solution but good solubility in 

DMF/toluene solvent. PMMA decomposition with negligible residues at around 400 °C and 

excellent e-spinnability make this e-spinning agent suitable for PCP blends [56]. As PMMA, 

the addition of PS into phenylsilsesquiazane (PhSSQZ)/DMF solution aided the formation of 

bead-free fibers through electrospinning by increasing the chain entanglements and viscosity 

[81]. 

As previously mentioned, PAN, PCL, and PEO are used to improve PCPs e-

spinnability, but less than PS and PMMA, which is attributed to their cost and availability. The 

former polymers are considered high quality, and the latter are commonly used as porous 

formers or as a template for burnout, even in conventional ceramics manufacture [112,113]. 

Nevertheless, PAN, PCL, PEO, and PCPs mixtures enhance the e-spinnability of the blend. For 

instance, the addition of PEO into polyaluminasilazane (AlPSZ)/chloroform/DMF solution 

improved the e-spinnability through hydrogen bonding, which increased the chain overlap of 

the polymers [98]. 

The diameter and morphology of e-fibers derived from PCPs are dependent on the 

polymer concentration and the nature of the solvent. In the case of blends, the diameter depends 

on both preceramic and organic polymer concentration. For example, electrospun 

PUS/PMMA/acetone fibers are slightly larger and more varied in size than PUS/PS/DMF fibers 

[69], since PMMA is more viscous than PS [114]. The diameter of SiC e-fibers derived from 

PUS/PVP/ethanol increased comparatively 2400%, just by using threefold PUS (from 12 to     

36 wt.%), as previously discussed, this attributed to higher chain entanglements [65]. The fiber 

diameter can be diminished by lowering the viscosity of the spinning solution. However, this 
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approach to control the fiber size corresponds to an equilibrium condition and cannot diminish 

indefinitely since lower viscosities induce bead formation or hinder fiber formation [115]. In 

addition to organic polymers, other additives such as crosslinking agents, surfactants, and 

conductivity modifiers have been reported to aid in controlling the fibers’ size, also serving as 

e-spinnability agents. 

Although the use of organic polymers and additives seems to be a common practice in 

the electrospinning of PDCs, some studies reporting the use of pure PCPs can be found in the 

literature. In general, PCPs electrospun without the aid of an organic result in larger ceramic 

fibers due to the required higher polymer concentration (Figure 3.5). For instance, the addition 

of PAN to polysilazane reduced fiber diameter from 1.79 μm to 0.57 μm due to a decrease in 

the degree of polymer chain entanglement i.e. more relaxation of the ceramic precursor 

molecular chains [116]. The viscosity of the precursor solution is usually proportional to the 

concentration and molecular weight of the spinning solution. Higher viscosity increases the 

chain entanglement among the polymer chains in the Taylor cone at the point of disruption, 

resulting in a pronounced effect on the electrospinning process. The chain entanglements of the 

polymer solution overcome the surface tension and ultimately result in uniform beadless 

electrospun fibers. 

 

Figure 3.5 – Ceramic fiber diameter as a function of the polymer concentration of the main PCPs available in the 

literature (PCS, PUS, MK, and H44) [45,47–49,51–54,58–60,62–65,67–71,78,80,101,117–139] 

 
 

Ribeiro et al. observed different polymer solution regimes (diluted, semi-diluted, and 

concentrated) for the resulting morphology of e-spun polysilazane synthesized by selective 

crosslinking of oligosilazane (spherical particles, beaded fibers, and seamless fibers) [72]. This 

transition was observed when the PCP concentration was increased from 50 to 65 wt.% of 
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polysilazane in tetrahydrofuran (THF). Furthermore, the rheological investigation showed that 

a pronounced shear-thinning behavior appeared for samples with polymer concentrations 

higher than 60 wt.% attributed to the polymer chain alignment in the applied shear stress 

direction and the switch of diluted to a semi-diluted regime in the range of 50 to 60 wt.% of 

polysilazane concentration. 

To produce e-PDC fibers from pure PCS is a difficult task for its low molecular weight, 

commonly lower than 2000 g·mol-1 [139]. Electrospun PCS without spinning additives has been 

previously reported [51,58,59,133]. However, the manufacturing window is challenging to 

achieve concerning the resultant morphology and the sensitive production parameters. When 

employing a 0.9 g·L-1 PCS concentration in DMF/toluene solution, large beads are found within 

the fibers, even when changing the electrospinning conditions [132]. A weak entanglement 

network of the polymer solution does not stabilize the charged jet, generating drops and fibers 

with beads [109]. By varying the PCS solution to 1.1 g·L-1, homogeneous fibers can be 

obtained, whereas, for 1.2 g·L-1 concentration, the solution was unspinnable.  

 

3.3.1.2 Solvent properties  

 

Beyond the rheological properties of the polymeric solution, the properties of the 

solvent and its interaction with the polymer also play an essential role in optimizing the 

electrospinning process [140]. The solvent can also support the control over the fibers’ size and 

morphology, as they can be used to adjust the properties of the polymer solution and process 

parameters [105]. In general, the solvent might meet some basic requirements: to solubilize the 

polymer; and have a moderate boiling point, which provides an idea about their volatility [89]. 

PCPs are usually modified to add functionalities and to promote manufacturability and, after 

this modification, the precursor is required to remain soluble in the solvent. To accurately 

electrospun PCPs, suspension stability is required to produce homogeneous fibers when present 

any insoluble material within the solution. The solvents used for this purpose are conventionally 

DMF, chloroform, xylene, ethanol, acetone, and THF. Within the electric field, the fiber jet 

from a high conductive solution is subjected to greater tensile forces, reducing the diameter of 

the fibers [141]. The Rayleigh equation, which relates the rate at which a viscous fluid thread 

is broken up into droplets, states that solvents with low surface tension produce smooth fibers, 

while solvents with high surface tension result in fluid thread breakup (instability), thus, 

impeding the fibers formation or promoting defects. Thus, the diameter of the fibers can be 



31 

 

 

 

reduced by decreasing the solution surface tension, diminishing the viscosity, increasing the 

solution dielectric constant, or the electrical conductivity [142,143].  

DMF is often used as an additive in the solvent system to prepare organic polymer 

fibers, and this is also a common practice in the electrospinning of PCPs. DMF influenced the 

fibers’ mat formation, fiber-size reduction, uniformity, and elimination of beads in PCS e-fibers 

[62]. The reduction of fiber diameter with DMF due to higher dielectric constant is also reported 

in the electrospinning of AlPSZ precursor [98]. The diameter of the SiOC e-fibers derived from 

H44/PVP/DMF is smaller than those formed from MK/PVP/isopropanol [71]. Despite that 

DMF possesses higher surface tension, the smaller diameter is determined by its higher 

dielectric constant when compared to isopropanol. 

The mixture of solvents is typically focused on controlling the dielectric constant and 

surface tension of the polymeric solutions. By adjusting the solvent properties, Luo et al. (2011) 

produced different fiber morphologies starting with the same polymeric precursor. Continuous 

smooth fibers with circular cross-sections were produced from MK in acetone; seamless fibers 

were produced from MK in a binary solvent system prepared by mixing methyl acetate and 

cyclohexanone at 1:1 volume ratio; short discontinuous fibers were produced from MK in 

methanol [82]. Therefore, the resultant morphology is related to the properties of each solvent: 

methanol has a much higher dielectric constant and lower surface tension values than acetone, 

methyl acetate, and cyclohexanone. The solvent properties resulted in different dynamic effects 

on the fluid jet of electrospinning. The high dielectric constant of methanol produced bending 

instabilities due to the available free charge in the solution. 

The removal of the solvent is a crucial part of the electrospinning process since the 

presence of residual solvent modifies the polymer properties, in particular, acting as a 

plasticizer. If the solvent is insufficiently volatile, the solvent cannot be removed during 

electrospinning, causing fibers to become fused when in contact. For a highly volatile solvent, 

the spinneret might become blocked by the accumulation of dry material. The amount of solvent 

is adjusted to achieve the equilibrium between the described scenarios and reach a suitable 

spinning solution viscosity.  

The evaporation rate of the solvent is related to the solution viscosity, charge density, 

ambient, and jet diameter. The solvent evaporation rate is not uniform and directly depends on 

the surface area [144]. Solvents with different evaporation rates induce phase separation, 

generating nanostructures on the e-fiber surfaces. The electrospinning of AlPSZ precursor 

solubilized in chloroform/DMF solution resulted in surface roughness [98]. Nevertheless, e-
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spinnability is primarily determined by polymer concentration [71]. The solvent system and the 

molecular weight of the PCP independently affected the e-fiber aspect ratio [82]. 

 

3.3.2 Process parameters 

 

Electric field strength, tip-to-collector distance, feed rate, and orifice diameter of the 

nozzle are the typical electrospinning process parameters. The electric field strength can be 

manipulated by changing the applied voltage or adjusting the distance between the tip and the 

collector. During electrospinning of PCS, PUS, MK, and H44 with an organic polymer, a higher 

polymer concentration requires a higher voltage/tip to collector distance ratio and lower feed 

rate (Figure 3.6a). Nevertheless, this trend is not followed for electrospun PCPs without an 

organic polymer; a ratio of ~1 kV·cm-1 and ~1-2 ml·h-1 as feed rate are often the chosen process 

parameters. In general, for several organic polymers, higher values of applied voltage increase 

the electrostatic repulsive forces on the ejected jet and therefore decrease the fiber diameter; 

whereas, a low feed rate reduces fiber diameter [90]. When considering the ceramic fiber 

diameter, the influence of voltage/tip to collector distance ratio is difficult to foresee for PCPs 

blended with an organic polymer; however, a lower feed rate leads to thinner fibers             

(Figure 3.6b). A higher voltage/tip-to-collector distance ratio contributes to thinner PCPs’ 

fibers, whereas feed rate does not show a clear tendency. The critical values of electric field 

strength, tip to collector distance, and feed rate vary from PCP to PCP. An interaction between 

process parameters of PCPs’ electrospinning cannot be neglected as well. 

Despite the fundamental relevance of process parameters in electrospinning, they are 

somehow neglected and little explored in the electrospun PCPs field. These parameters are 

optimized through a trial-error approach of heightened factors, barely mentioned in the e-PDCs 

literature. Only one work studied the voltage as a parameter, which ranged from 10-70 kV. As 

expected, the diameter of SiC e-fibers derived from PCS was smaller when increasing the 

applied voltage during the electrospinning [51]. Therefore, other factors widely studied in the 

electrospinning of organic polymers are expected to be applied to the PCPs field in the same 

way. 
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Figure 3.6 – Properties of e-PDC fibers regarding voltage/tip to collector distance ratio and feed rate with          

a) polymer concentration and b) ceramic fiber diameter [46–49,52,67,69–72,78,118,120–

129,133,135,138,139,145–149] 

 
 

3.3.3 Environmental conditions 

 

The environmental conditions in electrospinning include temperature, humidity, local 

atmosphere flow, atmospheric composition, and pressure. Constant temperature ensures the 

reproducibility of the electrospun PCPs due to constant viscosity. Small changes in temperature, 

pressure and relative humidity can have a significant effect on the e-PDC. It is also important 

to point out that some PCPs are sensitive to moisture. For example, polycobaltsilazane is 

electrospun in an argon atmosphere to control the effects of moisture and oxygen during 

electrospinning [74]. Furthermore, incorporating oxygen during electrospinning can result in 

different physical and chemical characteristics of the e-PDCs, such as observed with 

electrospun fibers from organic polymers [150]. 

Controlling the humidity is one of the simplest ways to modify the surface of 

electrospun fibers regarding pore frequency and size (diameter and depth) through the 

nonsolvent-induced phase separation method; water forms droplets on the surface, producing 

pores. The humidity is typically controlled in a protected atmosphere inside a closed chamber. 

For high relative humidity, above 70% in the electrospinning chamber, water worked as 

entrapment for the solvent leading to macropores formation on the PCS fiber surface [139]. 

This effect has been observed in DMF and acetone/DMF solvents, which are miscible in water, 

resulting in macropores on the electrospun fibers [133]. 
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3.4 PDC ELECTROSPUN FIBERS 

 

Controlled thermal treatment of electrospun PCPs provides ceramic fibers with 

nanostructures strongly influenced by the chemistry and architecture of the precursors and the 

parameters used for their pyrolysis (heating rate, reactive or inert atmosphere, and dwelling 

time). This section discusses the post-electrospinning processes of SiC, SiOC, and other PDCs, 

dividing into crosslinking and ceramization. Electrospun fibers of PCPs without further 

pyrolysis are also reported in the literature [73,100,151]. In these cases, the volume change of 

the organic polymer during ceramization could cause internal stresses, leading to a collapse of 

the structure of the e-fibers. 

 

3.4.1 Crosslinking 

 

Crosslinking is essential for maintaining the fibrous structure, avoiding fibers’ melting 

and loss of shape during high-temperature treatment. During crosslinking, the PCP fibers are 

converted into organic/inorganic materials at low temperatures. This transformation prevents 

the loss of low molecular weight components of the PCPs and fragmentation processes during 

ceramization and consequently leads to high ceramic yields [152]. Incorporating suitable 

functional groups (e.g., Si-H, Si-OH, or Si-vinyl functionalities) enables the formation of a 

thermoset via condensation or addition that occurs spontaneously [1].  

The crosslinking of PCP fibers is based on catalyst-assisted and thermal techniques. 

Typically, the PCP fibers are crosslinked in air at 210 °C for 2 h. The addition of a crosslinking 

catalyst is usually necessary to maintain the fiber shape during the polymer-to-ceramic 

transformation. There are various crosslinking catalyst agents reported in the literature: 

aluminum acetylacetonate [134], azobisisobutironitrile [72], dibutyltin dilaurate 

[70,71,126,127], dicumyl peroxide [153], palladium acetylacetonate [154], platinum 

divinyltetramethyldisiloxane [155], tin acetate [128], zinc acetylacetonate hydrate [135], and 

zirconium acetylacetonate [71,127,129]. The non-addition of a catalyst may increase the curing 

time of the e-fibers [130]. Furthermore, spontaneous crosslinking may occur in air during 

electrospinning; the extent of crosslinking strongly affects the rheological behavior of the PCP, 

and therefore it has to be carefully controlled. 

Alternative crosslinking methods of PCP e-fibers include photo-curing and e-beam 

irradiation. During electrospinning of acrylate-grafted PCS/xylene/acetone mixed with a photo-
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initiator, 400 W UV-light lamp illuminated directly onto the jet traveling from the syringe to 

the aluminum foil collector [78]. This induced photo-crosslinking by polymerizing the acrylate 

group on acrylate-grafted PCS. Polycarbomethylsilane was cured under a 254 nm wavelength 

UV lamp for 24 h [88]. The electrospun PCS mat was crosslinked by electron beam irradiation 

up to 10 MHz in an argon atmosphere and set on a water-cooled stainless-steel bed to prevent 

the temperature from rising [149]. This crosslinking resulted in the formation of the Si-Si bond 

from Si-H and Si-CH3. The e-beam crosslinked PCS mat was thermodynamically more stable 

than the PCS mat without crosslinking. The e-fibers cured by electron beam irradiation showed 

lower oxygen content in a nitrogen atmosphere and 1% oxygen because the crosslinking 

reaction mainly occurred between Si-C bonds [56]. Crosslinking in air at low temperatures is 

mostly the chosen method; however, oxidative crosslinking of PCS leads to SiC materials with 

oxygen contents [152]. 

 

3.4.2 Ceramization 

 

After obtaining the green non-woven mat by crosslinking, the polymer-to-ceramic 

transformation continues with pyrolysis (~400-1400 °C), where amorphous ceramic fibers are 

manufactured, or crystallization/annealing (~1000-2000 °C), where crystalline ceramic fibers 

are manufactured. Typically, the crosslinked PCP fibers are pyrolyzed/crystallized in argon at 

1000-1400 °C for 2 h. The microstructure and the composition of the e-PDC depend on the 

precursor and the parameters of thermal treatment, which are inherent to PDC technology. 

The e-PDC fibers are usually circular at the cross-section, but other morphologies are 

reported, such as ribbon-like [135], wrinkle-like [156], bamboo-like [69], and luffa-like [157]. 

The e-PDC fibers are mostly ultrafine/submicron and microfine/micro, while nanofibers are 

scarce, even though the electrospinning process is indicated for this purpose. The e-PDC fiber 

with the smallest diameter was reported with SiC derived from PCS/PS/chloroform solution 

through the technique of concentric electrospinning [84]. However, Liu et al. did not mention 

the stability-uniformity of the obtained mat. 

The ceramization of e-PDC fibers involves different mass losses according to the 

reaction mechanisms of each PDC class [152]. After crosslinking, the thermogravimetric 

analysis of polysilborazane fibers was divided into three stages from 30 to 2000 °C [158]. In 

the first stage, from room temperature to 500 °C, the fibers have about 5% mass loss due to the 

release of oligomers. The largest mass loss caused by the formation of CH4 and H2 during 
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polymer-to-ceramic transformation occurred in the second stage (500-860 °C). A slight mass 

loss was observed in the third stage (860-1000 °C), but from 1000 to 1500 °C, a total 12% mass 

loss was detected. The principal loss between 1500-1700 °C was caused by silicon nitride 

reaction with carbon to form silicon carbide and nitrogen and crystallization of the amorphous 

SiBCN fibers. The final mass loss of 5% (1800-2000 °C) was accounted for by the 

decomposition of silicon nitride into silicon and nitrogen. 

The diameter of SiC e-fibers derived from polyaluminocarbosilane (PACS) decreased 

by 22.2% when heating temperature from 100 °C to 1400 °C [146]. The reduction of fiber 

diameter with increased pyrolysis temperature occurs due to volume shrinkage and density 

variation inherent to PDC technology caused by the gas release of products. When the thermal 

treatment is properly conducted, the e-PDC fibers may relieve stress smoothly due to a suitable 

shape with small dimensions. For example, SiC/hafnium carbide [52] and SiOC [129] e-fibers 

were manufactured after pyrolysis with a reduction of, respectively, 86.6% and 87.0% in 

diameter.  

In the ceramization step, the organic polymer is converted into nanocrystalline 

graphite, while PCP is transformed into PDC. The SiC e-PDCs derived from PCS are the most 

studied material in this area, attributed to their versatility in several applications. The 

ceramization temperature and time influence the application of the e-PDC. High pyrolysis 

temperatures (˃1200 °C) applied to SiC derived from PCS/PCL caused high conductivity due 

to the formation of nanocrystalline graphite and increased crystallization degree; consequently, 

an impendence mismatch with free space led to a decline in the performance of electromagnetic 

(EM) field absorption [138]. The dwelling time may be specifically evaluated according to PCP; 

otherwise, for a too long time, the e-fibers can become brittle, starting to decompose [76].  

The manufacture of nanocrystalline SiC was conducted by combining conventional 

annealing and spark plasma sintering. After pyrolysis at 1150 °C, amorphous SiC was 

additionally annealed using the spark plasma sintering method at 1600 °C for 1 h under vacuum 

[48]. As a result, 3C-SiC e-fibers with a cubic structure were obtained. The final annealing step 

was performed in air at 700 °C for 1 h to remove the rest of the carbon. 

SiOC e-fibers are also extensively investigated in electrospinning followed by a 

thermal treatment approach. The SiOC/titanium dioxide e-fibers with wrinkle-like surfaces 

were produced by electrospinning Ti-modified polyhydromethylsiloxane [156]. The wrinkle-

like surface is related to the evaporation of the solvent, decomposition of the organic polymer, 

and the anisotropic volume shrinkage during pyrolysis. The fibers exhibited amorphous silicon 
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and titanium oxycarbide glass phase at 1000 °C, separated into cristobalite-SiO2, brookite-

titanium dioxide, and a trace of titanium carbide nanocrystals at 1300 °C. 

Other ceramic systems, including SiCN, are also investigated in manufacturing 

electrospun ceramic fibers from Si-based PCPs. Electrospun PUS/PVP fibers were pyrolyzed 

by microwave heating to prepare SiCNO fibers, reducing thus heating time and energy 

consumption compared to conventional pyrolysis [80]. The microwave-assisted pyrolysis with 

a temperature ranging from 600-1400 °C showed favorable morphology stability of the SiCNO 

fibers; however, e-PDCs obtained at 1400 °C showed the highest specific superficial area with 

an amorphous mesoporous morphology. A higher degree of graphitization under lower 

temperature microwave-assisted pyrolysis was also proved.  

Most of the electrospun PCP fibers are pyrolyzed with no further crystallization 

process. However, some studies reported crystalline e-PDC fibers. Electrospun fibers derived 

from PACS showed an amorphous structure at 1200 °C, a crystallization character at 1400 °C, 

and an increase in crystallization at 1600 °C [146]. The annealing at 1800 °C increased the SiC 

crystal by 1400% compared to 1300 °C; however, the pyrolysis at 1800 °C formed pores on the 

surface of SiC fibers due to oxygen evaporation generated during thermal curing [6]. Similar 

behavior was observed with the pyrolysis of UV-cured acrylate-grafted PCS electrospun mats 

at 1100 °C, which resulted in uniform fibers [78]. However, further heating (1500 °C), produces 

undesirable holes in the fiber, and the content of carbon and oxygen decreases due to the 

decomposition of the SiOxCy phase.  

 

3.5 PROPERTIES AND APPLICATIONS OF e-PDC FIBERS 

 

Electrospinning of PCPs offers a versatile and controllable approach to producing 

nanosized ceramic fibers that other methods cannot achieve. Well-designed synthesis of the 

precursors, materials processing, and characterization play a key role in producing e-PDCs with 

desired properties. Usually, e-PDCs are black-colored due to the generated free carbon from 

the decomposition of the PCP. Integrating other functional materials into the polymeric fibers 

introduces additional functionality and structure to the final ceramic fibers, providing new 

applications. The characteristics of e-PDCs can be thus varied by adding suitable fillers or 

modifying the process parameters. Adding some functionalities to the PDC fibers by including 

specific compounds confer them electrical, magnetic, or catalytic properties [105]. Fibers 
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produced by electrospinning combined with the PDC route present several potential 

applications.  

The current state-of-the-art shows that most of the publications are focused on 

developing the e-PDC rather than its practical application. Nevertheless, for large-scale e-

PDCs’ application, the starting material should be cheap and readily available, and the synthesis 

should be straightforward. The most studied applications of e-PDCs include EM field shielding, 

supercapacitor and lithium-ion battery electrodes, gas sensing, and filtration membrane in a 

harsh environment (Figure 3.7). The applications and properties of e-PDCs are discussed 

hereafter. Due to the high applicability of e-PDCs to EM field shielding and energy storage, the 

performance of these applications is detailed. 

 

Figure 3.7 – Applications of electrospun ceramic fibers from Si-based preceramic polymers 

 
 

3.5.1 Electromagnetic field shielding  

 

The growing popularity of handheld and wearable devices aggravates the hidden and 

harmful EM radiation on a large scale, directly affecting public health and the regular operation 

of electronic and telecommunication devices [117,118,159,160]. Therefore, exploring EM 

shielding materials with strong absorption, wide shielding bandwidth, small thickness, and 

lightweight using e-PDCs has recently received attention. These are mainly composed of the 

PCS/PVP or PCS/PCL systems (Table 3.1). The performance in EM-interference shielding is 

related to the precursor, addition of fillers, electrospinning procedure, and thermal treatment. 
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Table 3.1 – Electromagnetic field shielding performance of e-PDC materials 

Material Precursor 

Ceramic 

fiber 

diameter 

(nm) 

Minimum 

reflection 

loss 

Effective 

absorption 

bandwidth 

(GHz) 

Reference 

SiC PCS/PVP 200 
-61 dB at 

10.56 GHz 
7.04 [161] 

SiC PCS/PVP 100 
-41 dB at 

11 GHz 
5 [41] 

SiC PCS/PVP 150 
-57.8 dB at 

14.6 GHz 
5.5 [138] 

SiC PCS/PVP 200 
-19.4 dB at 

5.84 GHz 
14.8 [84] 

SiC PCS/PVP 150 
-36 dB  at 

6.8 GHz 
4.1 [80] 

SiC PCS/PCL/Zr(acac)4 330 
-18.9 dB at 

X band 
N/A [79] 

SiC/C PCS/PVP 150 
-57.8 dB at 

14.8 GHz 
7.3 [83] 

SiC/C 

coated with 

nickel 

PCS/PVP 300 
-32.3 dB at 

4.3 GHz 
4.5 [78] 

SiC/CNTs PCS/PCL/CNTs 700 
-61 dB at 

12.3 GHz 
2.9 [137] 

SiC/Fe PCS/PCL/Fe3O4 10000 
-46.3 dB at 

6.4 GHz 
5.6 [52] 

SiC/Fe PCS/PCL/Fe(acac)3 500 
-49 dB at 

8.6 GHz 
7.2 [86] 

SiC/Fe3Si PCS/PCL/Fe(acac)3 1000 
-22.5 dB at 

16.5 GHz 
8.5 [49] 

SiC/Fe3Si/C PCS/PVP/Fe(acac)3 230 
-46.1 at 

12.8 GHz 
11.5 [162] 

SiC fibrous 

aerogel 
PCS/PVP 600 

-21.4 dB at 

10.5 GHz 
2.5 [147] 

SiC/graphite PCS/PVP 300-500 
-22 dB at 

16.8 GHz 
4.7 [81] 

SiC/HfC PCS/PCL/Hf(acac)4 260 
-33.9 dB at 

12.8 GHz 
7.4 [48] 

SiC/Si3N4 PCS/PVP 100-500 
-57.8 dB at 

14.6 GHz 
6.4 [82] 

SiBCN PBSZ 300 
-56.9 dB at 

10.56 GHz 
3.45 [163] 

C-SiCN HTTS/PAN 420 
-7 dB at 

3.3 GHz 
0.5 [111] 

SiCN/Fe 
HTT1800/PVP/ 

Fe(acac)3 
250 

-47.6 dB at 

14.6 GHz 
4.3 [164] 

Fe-doped 

SiCN 

HTT1800/PVP/Fe2O3 

nanoparticles 
500 

-22.7 dB at 

14.4 GHz 
4.5 [113] 
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Table 3.1 – Electromagnetic field shielding performance of e-PDC materials (continuation) 

Material Precursor 

Ceramic 

fiber 

diameter 

(nm) 

Minimum 

reflection 

loss 

Effective 

absorption 

bandwidth 

Reference 

SiCN PCS/PVP 100-300 
-54.2 dB at 

17.8 GHz 
4 [166] 

SiCN HTT1800/PVP 350 
-31.1 dB at 

11 GHz 
4.6 [167] 

SiCN PCS/PVP 50-650 
-53.1 dB at 

11 GHz 
5.6 [100] 

The abbreviations correspond to PBSZ: polyborosilazane, Zr(acac)4: zirconium acetylacetone, CNTs: carbon 

nanotubes, HTTS: polysilazane, HTT1800: oligosilazane, Hf(acac)4: hafnium acetylacetonate, and Fe(acac)3: 

ferric acetylacetonate. 

 

In this way, the EM absorption properties of e-PDCs are provided by the addition of a 

compound that takes up a photon’s energy and transforms EM energy into the internal energy 

of the absorber. For example, the addition of iron into SiC e-fibers increased the permittivity 

and the permeability for microwave absorption by acting as catalyst sites to facilitate the growth 

of 100 nm SiOC nanowires on the surface of the hybrid fibers after pyrolysis [57].  

The e-PDCs may form an interconnected network providing more conductive paths to 

improve the EM absorption property [168]. The performance of e-PDCs in EM absorption also 

appears from the interfacial polarization caused by large quantities of heterogeneous interfaces 

formed among phases, which accumulate free electrons, inducing interfacial dipoles [118]. As 

an example, SiC e-fibers, constituted mainly of abundant SiC nanocrystallites, a small quantity 

of turbostratic graphite on fibers surface and randomly distributed amorphous SiOxCy phase, 

showed excellent dielectric and EM absorption properties, which were tuned by adjusting the 

mass ratio of the organic polymer in the precursor solution [138]. The defect density of graphite 

structure increases with higher PCS concentration and determines impedance matching 

between SiC fibers and free space. A higher PCS mass ratio than 10 wt.% decreases the EM 

absorption of SiC fibers due to multi-reflection among SiC fibers gradually weakening the 

incident EM field. 

 

3.5.2 Supercapacitor and lithium-ion battery electrodes 

 

Nowadays, there is an increasing demand for optimizing the efficiency of energy 

design of several devices. In this way, supercapacitors and lithium-ion batteries are being 

developed for energy storage applications as backup power and high-surge demand 
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applications. Electrospun fibrous mats are attractive to be used as electrodes due to their 

operation at high charge/discharge rates without the addition of polymer binders and conductive 

compounds [128]. SiBCN electrospun fibers showed almost 7 times higher electrochemical 

capacity than SiBCN powder ceramics as anode materials for lithium-ion batteries after 30 

cycles [158]. The manufacture of e-PDC electrodes is based on various systems of PCP and 

organic polymer. However, it is focused on SiOC ceramics (Table 3.2). The differences in 

energy storage are also related to the precursor, addition of fillers, electrospinning procedure, 

and thermal treatment. 

 

Table 3.2 – Energy storage performance of reported e-PDC materials 

Material Precursor 

Ceramic 

fiber 

diameter 

(nm) 

Performance Reference 

SiBCN TDSB 470 

Electrical charge 

capacity: 348 mA·h·g-1 

(after 30 cycles at       

80 mA·g-1) 

[158] 

Carbon-

rich SiOC 

DTDS/PVP and 

TPTS/PVP 

1000 and 

200 

Electrical charge 

capacity: 700 mA·h·g-1 

(after 100 cycles at   

100 mA·g-1) (DTDS) 

Capacitance: 30 F·g-1 

(after 5000 cycles) 

(TPTS) 

[117] 

SiOC 

SiOC particles derived 

from PCS and 

TTCS/PAN 

190 

Electrical charge 

capacity: 595 mA·h·g-1 

(after 200 cycles at   

200 mA·g-1) 

[72] 

SiOC PHMS/D4Vi/PVP 2000 

Electrical charge 

capacity: 686 mA·h·g-1 

(after 500 cycles at     

50 mA·g-1) 

[118] 

SiOC MK, H44 or RSN/PVP 

1000 (MK 

and H44), 

2000 (RSN) 

Capacitance: 50 F·g-1 

(after 2000 cycles) 

Electrical charge 

capacity: 350 mA·h·g-1 

for H44-derived SiOC 

(after 50 cycles at      

100 mA·g-1) 

[70] 

SiOC H44/PVP/tin acetate 960 

Electrical charge 

capacity: 400-509 

mA·h·g-1 (after 100 

cycles at 70 mA·g-1) 

[89] 



42 

 

 

 

Table 3.2 – Energy storage performance of reported e-PDC materials (continuation) 

Material Precursor 

Ceramic 

fiber 

diameter 

(nm) 

Performance Reference 

SiOC H44 4976 Capacitance: 135 F·g-1 [97] 

SiOC TTCS/PAN 300 

Electrical discharge 

capacity: 669 mA·h·g-1 

(after 80 cycles at       

50 mA·g-1) 

[170] 

SiOC PPS/PAN 130 Capacitance: 165 F·g-1 [171] 

SiOC PHMS/PAN 100-250 
Capacitance:        

126.86 F·g-1 
[172] 

SiOC PUS/PAN 163 N/A [61] 

SiOC PCS/PS 500-1500 N/A [173] 

SiON and 

SiOC 
PPS/PAN 84 Capacitance: 107.6 F·g-1 [174] 

The abbreviations correspond to TDSB: tris(methyldichlorosilylethyl)borane, DTDS: 1,3-

divinyltetramethyldisiloxane, TPTS: 1,3,5-trivinyl-1,1,3,5,5-pentamethyltrisiloxane, TTCS: 1,3,5,7-tetramethyl-

1,3,5,7-tetravinylcyclotertrasiloxane, PHMS: polyhydromethylsiloxane, D4Vi: 

tetramethyltetravinylcycletetrasiloxane, RSN: phenyl-siloxane, and PPS: polyphenylsilane. 

 

Continuous SiOC e-fibers with tin nanoparticles were tested for lithium-ion batteries 

[128]. The hybrid electrodes showed very high initial reversible capacities (840-994 mA·h·g-1) 

at 35 mA·g-1 and retained 280-310 mA·h·g-1 at 350 mA·g-1. After 100 cycles at 70 mA·g-1, the 

hybrid fibers maintained 400-509 mA·h·g-1. Compared to the literature, the e-mats presented a 

high first cycle reversible capacity due to the mass of Sn/SiOC fiber mat without binder or 

conductive additives, which contributed to the lithium insertion, the presence of metallic tin, 

and the high conductivity of the continuous fiber network. A higher concentration of tin 

decreased the conductivity of the e-PDCs by removing the conductive carbon phase since a 

higher amount of carbon and a higher graphitization degree promote higher conductivity and 

stable electrochemical performance. Low concentration of tin aided in the crosslinking of the 

PCP, the reduction of electrochemically inactive silicon carbide domains within the e-fibers, 

and the formation of metallic tin clusters, which contributed to a higher Li+ insertion in the first 

cycles.  

 

3.5.3 Filtration membrane in harsh environments and gas sensing 

 

Water pollution is one of the current global challenges, and the development of e-PDC 

membranes for remediation of harsh solutions is reported in the literature as promissory 
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technology to aid in tackling this environmental concern. Due to their superior mechanical and 

functional characteristics, increasing demands for harsh environment applications have 

triggered intensive research on non-oxide ceramics, such as SiC, Si3N4, SiBN, and SiCN [133]. 

For example, the SiC and SiOC e-fibers were stable after applying to sulfuric acid, potassium 

hydroxide, and sodium hydroxide solutions, pointing to the potential use in complex media 

[54,56,123,124]. The SiOC membranes doped with palladium showed excellent chemical 

resistance, thermal stability at high temperatures, high emulsion separation efficiency, and 

highly cohesive force, which further extended their potential applications for intelligent filters 

and small droplets transferor [124]. The authors obtained a high hydrophobic e-PDC membrane 

(water contact angle>135°). Fibrous ceramic membranes achieve higher permeation than those 

produced from powder particles because ceramic membranes constructed with thin fibers lead 

to interconnected pores, high porosity, low tortuosity, and high surface area. Moreover, oxide-

type ceramic membrane performance is limited in harsh environments [175].  

Gas sensors, which can detect the presence and various concentrations of a specific 

gas in the ambient atmosphere, play a crucial role in many applications, such as environmental 

monitoring and industries, and have been studied with e-PDCs. For instance, the SiBNC e-mat 

was studied as a scaffold by depositing tin oxide nanowires with the CVD process, enhancing 

conductivity and specific surface area with even smaller pore sizes [115]. The gas sensing of 

SnO2@SiBNC e-mat was further tested by measuring the change in resistivity when the 

structure was exposed to ethanol, showing a direct and reversible response-recovery 

performance. The properties of e-PDC fibers in gas sensing are attributed to the more effective 

active sites generated by the hierarchically interconnected macro-mesoporous structure, 

facilitating thus the gas diffusion [47]. 

 

3.5.4 Other properties and possible applications 

 

The manufacturing of e-PDCs may find several other applications, such as conductors, 

dye absorbers, fibrous aerogels, pollutant removers, photochromic devices, thermal insulators, 

and photocatalysts. Moreover, some properties such as porosity, hierarchical structure, and 

hydrophobicity are evaluated in e-PDCs. 

The porosity can be engineered in electrospun PCPs controlling through the 

nonsolvent-induced phase separation method. Surface pore formation is believed to result from 

water vapor condensing on the fiber surface and spinodal decomposition, causing phase 
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separation. The hollow structure is formed due to skin formation on a micron-scale on the 

polymer fiber, trapping the solvent that evaporates and diffuses through the outer layer leaving 

behind voids within the fiber. For example, a significant influence of solvent in porosity was 

observed when electrospinning PCS, suggesting an ideal concentration of a solvent mixture 

[139]. Xylene dissolved PS, acetone enhanced the e-spinnability of PCS solution, and DMF 

originated the pore formation on the fiber surface due to vapor-induced phase separation. Since 

DMF is nonsolvent for PCS, DMF might be expelled out to the fiber surface when PCS jets are 

elongated and stretched to form a fiber shape during electrospinning. The porosity formed 

during electrospinning enables several applications such as filtration, absorption, membrane 

supports, separation membranes, lightweight structural materials, porous bioimplants, sensors, 

etc. [176]. 

Hierarchically structured e-mats were studied using the PDC route for improving some 

properties, such as strength and toughness. The existence of nanostructures on the fiber surface 

may partially improve the functional efficiency of the original matrix, especially for catalysis, 

filtration, and separation applications. Macro, meso, and microporous SiC e-fibers were 

prepared by adjusting the spinning solution’s PCS concentration and solvent composition [139]. 

The SiOC e-fibers with the hierarchical structure were synthesized using cobalt acetate as the 

catalyst precursor, which generated nanowires at 1300 °C [129]. Hierarchically structured fiber 

mats possessed a ~231% higher specific surface area than a sample produced without the cobalt 

catalyst.  

The superhydrophobicity requires not only low surface energy but also hierarchical 

surface roughness. The e-fibers themselves naturally provide one level of roughness because of 

the small fiber size. On the other hand, the dry skin model describes the faster evaporation of 

the solvent on the surface than in the core of the liquid jet during electrospinning, leading to the 

formation of a dry polymer skin around the still liquid core, resulting in surface roughness. 

When the solvent in the core evaporates, the core shrinks to cause the dry polymer skin to 

collapse to wrap the core, wrinkling the surface [98]. Superhydrophobic SiC e-fibers with a 

water contact angle of 149.05° were reported due to their rough surface and functional groups 

such as C-C and C=C on the surface [123]. The pyrolysis temperature at 1200 °C of SiC e-

fibers increased their hydrophobic behavior. 
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3.6 FINAL REMARKS AND FUTURE PROSPECTS 

 

The manufacturing of Si-based ceramic electrospun fibers offers excellent control of 

their mechanical and chemical properties by manipulating the composition and physical 

properties of the precursor and the parameters of electrospinning. Merely 1D PDC fibers or 

their 2D PDC non-woven mats can be formed via electrospinning. The major limitation of 

electrospinning is that the process requires high molecular weight PCPs and high viscosity 

solutions. Otherwise, there arises an inability to spin. Therefore, further studies on rheology 

and the appropriate solvent/curing conditions that provide the minimum ratio of polymer chain 

entanglements for electrospinning are required. 

During the electrospinning of PCPs, several parameters need to be tightly controlled 

to obtain high-quality, reproducible results. These include solution properties, process 

parameters, curing temperatures, and environmental conditions. Different crosslinking/curing 

and ceramization processes provide e-PDCs with various nanostructures. Crosslinking PCP 

fibers by photo-curing/electron beam concomitant to electrospinning in inert conditions seems 

to be an easy method to obtain ceramic fibers with less contamination of oxygen. The 

fabrication of fibers with controlled nanosized structures and more functionalities will be the 

goal of future research. 

The preparation of electrospun ceramic fibers may significantly increase their 

performance in the existing products and open the doors to new applications. Thanks to the 

combination of PDC processing and electrospinning, high yield of fiber production with desired 

properties such as high specific surface area, high porosity, high hydrophobicity, mechanical 

properties, thermal stability, or with the desired functionalization via modification of precursor 

with suitable metals is also possible. Thus far, there is still plenty of room for developing 

electrospun fibers for several applications. The combination of well-designed chemical 

synthesis, materials processing, and characterization will offer numerous opportunities for new 

PDCs. Proper understanding and new avenues of PDC fibers introduced in this review will 

hopefully shed light on forthcoming electrospun ceramic fiber products. 
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4 STATISTICAL OPTIMIZATION OF POLYSILAZANE-DERIVED CERAMIC: 

ELECTROSPINNING WITH AND WITHOUT ORGANIC POLYMER AS A 

SPINNING AID FOR MANUFACTURING THINNER FIBERS2 

 

The manufacturing of electrospun mats from preceramic polymers is complex due to 

low and disperse molecular chain entanglements and a large number of operating parameters. 

Here, the electrospinning of polysilazane and polysilazane/PAN solutions was evaluated and 

optimized. The reduction in Berry’s number from 94 to 22 indicated the positive effect of 

adding organic polymer on the polysilazane chains to obtain homogeneous fibers. A fractional 

factorial design was first implemented to screen out the three most significant factors affecting 

fiber diameter. Then, a response surface model was developed using the Box-Behnken design 

to obtain a quantitative relationship between operating parameters and fiber diameter. Finally, 

the models were used to find the optimal conditions that yield the thinnest fiber. For 

polysilazane, the feed rate showed a positive effect, while for polysilazane/PAN an interaction 

between the feed rate and the tip-to-collector distance was the most significant factor, with a 

positive effect. The verification of the models was accomplished through model validation. 

 

4.1 INTRODUCTION 

 

The manufacturing of electrospun PDC fibers with optimized design may significantly 

increase their performance in the existing products and/or open the doors to new applications. 

Statistical optimization has been proven to be a powerful tool for understanding the 

electrospinnability of various polymers [1–3]. The response surface methodology is a simple 

and efficient optimization method to construct an approximation model for describing the 

relationship between a response and a set of predictor variables [4]. Box-Behnken design is the 

most commonly used method employing response surface methodology and optimization 

processes [5,6], which is gathered to obtain maximum outputs from minimum inputs [7]. This 

method is derived from factorial design with an incomplete block in the shape of a box, where 

its internal structure is fixed by a wireframe composed under the edges of the box [8]. The Box-

Behnken design provides a mathematical relationship between factors and the response that can 

_______________________________ 

2
Based on a paper published in the Chemical Engineering Journal Advances (DOI: 10.1016/j.ceja.2021.100220). 
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be fitted to a second-order polynomial model [9]. This methodology has been successfully 

adopted to optimize the diameter of electrospun fibers [10–12]. 

Although great advances have been made in preparing electrospun PDC fibers, the 

electrospinning of preceramic polymers is still conducted by trial and error. This methodology 

could be considered an elementary process in science to knowledge; however, it is necessary 

for a statistical investigation arising from a hypothesis being confronted with conflicting 

observations. Also, there is a lack of statistical evaluation of operating parameters affecting the 

electrospinning of preceramic polymers in previous studies. The requirements and guidelines 

of preceramic polymer electrospinnability may be established by systematically studying the 

electrospinning requirements of ceramic precursors. Preceramic polymers are composed of 

cyclic and/or linear units with complex structures and low molecular weight [13]. This 

characteristic challenges the electrospinning of these materials due to low molecular chain 

entanglements. Therefore, the available literature regarding the electrospinning of Si-based 

preceramic polymers is based on the use of spinning aids, i.e., organic polymers. The necessity 

to predict the electrospinnability conditions from properties assessment might offer a tool to 

control the manufacture and the material morphology. The present work aims to evaluate and 

optimize the electrospinning of polysilazane with and without organic polymer as a spinning 

aid using a statistical approach. 

 

4.2 EXPERIMENTAL 

 

The oligosilazane HTT1800 (commercially available as Durazane 1800, Merck 

KGaA, Germany) was selected as the polysilazane precursor. Tetra-n butylammonium fluoride 

(TBAF) (1 M in THF) (Sigma-Aldrich Co. LLC., Germany) was used as the catalyst, and 

calcium borohydride bis(tetrahydrofuran) (Ca(BH4)2.2THF) (Sigma-Aldrich Co. LLC., 

Germany) was used as a reaction inhibitor. THF 99.5% (Fischer Chemical, USA) and DMF 

99.5% (Fischer Chemical, USA) were used for synthesis and electrospinning experiments. PAN 

with a mass ponderal weight of 200 kDa (Polysciences, USA) was used as the organic polymer. 

Dicumyl peroxide (DCP) 98% (Sigma-Aldrich Co. LLC., Germany) was used as a curing 

initiator of polysilazane. 

HTT1800 was first crosslinked via the reactions between N-H and Si-H groups 

available in the precursor to increase the molecular weight [14]. The implementation of this 

strategy should lead to tailored polysilazane with the required properties for the spinning 
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process. The tunable rheology of preceramic polymers pre-crosslinking is useful for 

electrospinning due to the increase of molecular chain entanglements, producing more uniform 

fibers with thinner diameters. Briefly, 50 g of the oligosilazane HTT1800 was dissolved under 

vigorous magnetic stirring in 140 mL of THF inside a glass flask. Then 0.25 wt.% of the catalyst 

TBAF concerning HTT1800 was added dropwise to the reaction. The reaction was carried out 

for 120 min and then stopped with an excess of the inhibitor calcium borohydride 

bis(tetrahydrofuran). The mixture was stirred for another 5 min, and afterward, the solution was 

filtered with a qualitative filter paper. Finally, the solvent was removed under vacuum, resulting 

in a colorless solid polysilazane (HTTS). 

The solutions of HTTS were prepared with the desired amounts of polysilazane by 

entirely dissolving in THF:DMF 9:1 wt.% and 3 wt.% of DCP inside a laboratory glass bottle 

by magnetic stirring for 12 h at room temperature. PAN was dried at 110 °C for 24 h before use 

and then dissolved in DMF at 100 °C for 3 h. The solutions HTTS_PAN were prepared by 

dissolving the appropriate amount of HTTS in the solution inside a laboratory glass bottle to 

obtain a concentration of polysilazane:PAN equal to 3:2 wt.% and 3 wt.% of DCP followed by 

magnetic stirring for 12 h at room temperature. The electrospinnability of the solutions HTTS 

and HTTS_PAN was investigated according to different polymer concentrations (Table 4.1). A 

lab-scale electrospinning device with a parallel collector inside a glove box (to avoid the 

influence of environmental conditions on the process) was used to electrospun the solutions. 

 

Table 4.1 – HTTS and HTTS_PAN solutions used to investigate the electrospinnability of the preceramic 

precursor 

Sample 
Total polymer concentration 

(wt.%) 
Name 

HTTS solution 

45 HTTS_45 

50 HTTS_50 

55 HTTS_55 

60 HTTS_60 

65 HTTS_65 

HTTS_PAN solution 

7.5 HTTS_PAN_7.5 

10.0 HTTS_PAN_10 

12.5 HTTS_PAN_12.5 

15.0 HTTS_PAN_15.0 

17.5 HTTS_PAN_17.5 

 

The selection of meaningful ranges for each operating parameter was defined based 

on preliminary experiments. The operating parameters selected were: positive voltage, negative 
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voltage, feed rate, tip-to-collector distance, and needle diameter, and center points were 

established. A positive voltage was applied to the electrode fastened on the electrospinning 

needle, whereas a negative voltage was applied to the electrode in contact with the collector. 

Needle diameters correspond to 27G (0.4 mm), 21G (0.8 mm), and 18G (1.2 mm). 

The rheological properties of the solutions were determined using a MCR 702 

rotational rheometer (Anton Paar, Austria) in parallel plate configuration according to 

calculation method DIN 53018 R2/3. The upper moving plate has a diameter of 25 mm and the 

lower Peltier plate was adjusted to the temperature of 28 °C, which was the same during 

electrospinning inside the glove box. Viscosity was measured at shear rates in a logarithmic 

ramp increased from 0.1 to 1000 s-1. Sixty-five points were initially measured for 20 s gradually 

increased to 1s of measurement time. The reported viscosities are the averages of two replicates. 

The behavior of shear rate and shear stress diagrams was adjusted according to the power-law 

model. The power-law index (n), flow rate (Q), and needle radius (a) were employed to 

calculate the shear rate (γ) according to steady-state flow in a straight circular pipe (Equation 

4.1) [15]. The needle radius was here considered since it is difficult to evaluate the elongational 

strain rate applied to fiber processing that would best apply to electrospinning. 

 

3

Q 1
3

a n

 
    

  
                                                                                                               (4.1) 

 

The viscosity of each solution was calculated according to the shear rate specific to the 

electrospinning process conducted in the average values of the operating parameters. The 

specific viscosity (ηsp) and the reduced viscosity (ηred) were subsequently determined. Specific 

viscosity expresses the incremental viscosity due to the presence of the polymer in the solution. 

Likewise, reduced viscosity is the ratio of the specific viscosity to the mass concentration of 

the polymer species. Intrinsic viscosity (ηint) was determined as an extrapolation of reduced 

viscosity measured for various concentrations to the polymer concentration equal to zero. 

Intrinsic viscosity was related to Berry’s number to measure the degree of molecular chain 

entanglement of polymer in solution regarding polymer molecular weight, polymer 

concentration, and polymer/solvent solubility parameter. Berry’s number (Be) was calculated 

by multiplying the intrinsic viscosity (ηint) by the polymer concentration (c) (Equation 4.2) [16]. 
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intBe = η  × c                                                                                                                          (4.2) 

 

The critical chain overlap concentration (c*) marks the onset of significant polymer 

overlap in solution and was estimated to be inversely proportional to intrinsic viscosity (ηint) 

(Equation 4.3) [17,18]. 

 

*

int

1
c 


                                                                                                                                (4.3) 

 

Surface tension measurements were conducted through a hanging-drop approach         

(~ 4 μL per drop) using a DSA25E drop shape analyzer (Krüss, Germany). The conductivity of 

the solutions was measured by a conductivimeter SevenCompact S230-Basic (Mettler Toledo, 

EUA) at room temperature. Three measurements were done and the average is given. A Zeiss 

Gemini Sigma 300 VP scanning electron microscope (SEM) with an acceleration voltage of      

3 kV and magnification of ×1000 (HTTS) and ×3000 (HTTS_PAN) was used to observe the 

morphology of the electrospun mats. The samples were previously sputter-coated with gold 

(thickness of about 280 Å) using a sputtering device Sputter Coater 108auto (Cressington, 

England). The fiber diameter was evaluated from four different SEM images measuring 

randomly 100 fibers of each sample using open-source ImageJ software. 

The statistical optimization of HTTS_60 and HTTS_PAN_17.5 solutions was 

conducted using a Design of Experiment approach. Statistica software (TIBCO Statistica, 

StatSoft Europe GmbH) was used to perform the experimental design and data manipulation. 

Independent factors were defined as the operating parameters such as positive voltage (from 9 

to 15 kV), negative voltage (from -15 to -9 kV), feed rate (from 0.8 to 3.0 ml·h-1), tip-to-

collector distance (from 13.5 to 23.5 cm), and needle diameter (from 0.4 to 1.2 mm). The mean 

diameter of electrospun fibers was defined as the dependent factor (response).  

The ranges of the investigated factors were tested at three levels of each factor (Table 

4.2). First, the screening using a fractional factorial 2(5-2) design (resolution III) was conducted 

to identify the three factors with the higher effects on electrospinning. Subsequent experiments 

were used to define the levels of critical values previously identified, which resulted in better 

process performance. The employed Box-Behnken design was an incomplete three-level 

factorial design. 
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Table 4.2 – Experimental levels of independent factors 

   Level (actual) 

 Factor Unit Lower (-1) Center (0) Upper (+1) 

H
T

T
S

_
6
0

 

Positive voltage (needle) kV 10.00 12.50 15.00 

Negative voltage (collector) kV -10.00 -12.50 -15.00 

Feed rate ml·h-1 1.0 2.0 3.0 

Tip-to-collector distance cm 13.50 18.50 23.50 

Needle diameter mm 0.4 0.8 1.2 

H
T

T
S

_
P

A
N

_
1
7
.5

 

Positive voltage kV 9.00 10.00 11.00 

Negative voltage kV -9.00 -10.00 -11.00 

Feed rate ml·h-1 0.8 1.0 1.2 

Tip-to-collector distance cm 13.50 18.50 23.50 

Needle diameter mm 0.4 0.8 1.2 

 

The most significant independent factors were mathematically related to fiber diameter 

by quadratic polynomial models. The quality of the proposed models was determined based on 

the coefficient of determination (R-sqr) and the adjusted coefficient of determination (R-adj). 

Analysis of variance (ANOVA) followed by Fisher’s exact test was carried out by modeling 

the results of the Box-Behnken design, where the critical probability level (p-value) of 0.05 was 

considered to reflect the statistical significance of the parameters of the proposed model. The 

optimized critical values were predicted by response surface methodology. The experimental 

error was assumed to be random and was estimated through three replicates at the design center 

points. The pure error option was selected to analyze the experimental error. The experiments 

were performed randomly to avoid any systematic bias in the outcomes. The plots of the normal 

distribution of the residuals and the actual values versus predicted values were analyzed. 

Solutions prepared in the same batch were used for screening design and Box-Behnken design. 

 

4.3 RESULTS AND DISCUSSION 

 

4.3.1 Electrospinnability 

 

Electrospinnability of HTTS and HTTS_PAN solutions was observed with an increase 

in polymer concentration by the transition from beads to fibers. Homogeneous fibers without 
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beads were observed with HTTS_60 (Figure 4.1) and HTTS_PAN_17.5 (Figure 4.2). The mean 

fiber diameter and the respective histogram for each concentration tested are also provided in 

the supplementary material. Under the same operating parameters, a larger fiber diameter was 

produced with HTTS_65. In contrast, the solution was unspinnable for concentrations ˃ 65wt.%, 

which can be attributed to high surface tension that prevented the fibers from being drawn out 

by the electrical force. The beads formation observed for both solutions was attributed to low 

polymer chain entanglements resulting from low extensional viscosity, as will be eventually 

corroborated with Be number. 

The viscoelasticity of the solution was increased by adding more polymer once the 

surface tension and conductivity of the solutions did not differ/increase with increasing polymer 

concentration (Figure 4.3a and Figure 4.3b), which suppressed the Rayleigh instability during 

electrospinning. The molecular chain entanglement results from the polymer concentration and 

the molecular weight, which is linked to the solutions’ viscosity. The relationship between 

polymer concentration and viscosity is highly dependent on the nature of the polymer, such as 

molecular structure and molecular weight, and the intermolecular interactions within the 

polymer solution, such as polymer-polymer and polymer-solvent. The samples showed a 

pseudoplastic rheological behavior with a shear-thinning (n<1) due to the alignment of the 

polymer chains in the direction of the applied shear stress and reduction of the solution viscosity 

(Figure 4.3c and Figure 4.3d).  

The profiles of shear stress versus shear rate for HTTS and HTTS_PAN solutions 

presented a good data adjustment according to the power-law model. The shear rate was 

calculated according to each obtained power-law index and further used to calculate the reduced 

viscosity. For HTTS_PAN solutions, when the polymer concentration was low (˂12.5wt.%), 

the solution viscosity increased slightly by adding more polymer. As the polymer concentration 

increases (˃15wt.%), the viscosity increases gradually until the concentration reaches a specific 

value, after which the viscosity increases considerably. On the other hand, the solution viscosity 

increased slightly by adding more polymer for HTTS solutions. Both solutions presented a good 

data fit for an exponential model. The relationship between the solution viscosity and the 

polymer concentration is highly dependent on the nature of the polymer: structure, 

polydispersity, molecular weight, and intermolecular interactions. Specifically, HTTS has a 

high polydispersity and a low molecular weight when compared to organic polymers [14]. Thus, 

the increase in HTTS concentration did not notably increase the reduced viscosity since small 

molecules of different sizes do not provide the entanglement necessary to enhance viscosity. 
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The intrinsic viscosity, representing the volume occupied by the swollen polymer in solution, 

resulted in 70 mL·g-1 for HTTS solutions and 109 mL·g-1 for HTTS_PAN solutions. 

 

Figure 4.1 – Electrospinnability results of HTTS according to polymer concentration (12.50 kV positive voltage, 

-12.50 kV negative voltage, 2 ml·h-1 feed rate, 18.50 cm tip-to-collector distance, and 0.8 mm needle diameter) 
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Figure 4.2 – Electrospinnability results of HTTS_PAN according to polymer concentration (10.00 kV positive 

voltage, -10.00 kV negative voltage, 1 ml·h-1 feed rate, 18.50 cm tip-to-collector distance, and 0.8 mm needle 

diameter) 
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Figure 4.3 – a) Surface tension, b) conductivity, c) viscoelasticity behavior of HTTS solutions, and d) 

viscoelasticity behavior of HTTS_PAN solutions 

 
 

Berry’s numbers ranged from 51 to 116 for HTTS solutions and 8 to 22 for 

HTTS_PAN solutions (Figure 4.4). Beads or beads on string were observed in HTTS and 

HTTS_PAN, respectively, with Be<94 and Be<22. The high-concentrated solution of the low 

molecular weight HTTS resulted in a reasonable Berry number exhibiting high viscosity; 

however, preceramic polymer chains could not form entanglements due to their short length 

[19]. Berry’s number was related to the largest fiber diameter obtained with each concentration. 

For HTTS solutions, the fiber diameter increased by about 16% when Berry's number increased 

from 94 to 116 (HTTS_60 to HTTS_65). Homogeneous PAN fibers with Be>3.9 [20] and Be>5 

[19] are observed in the literature; however, adding large amounts of polysilazane to the PAN 

solution raised requirements for the system to be electrospun, increasing Berry's number to 22. 

The electrospun fiber diameter was reduced by adding PAN to HTTS on the electrospun fiber 

diameter. This diameter reduction was explained by the reduction in Berry’s number, i.e., 

degree of polymer chain entanglement, from 94 to 22. This result indicated the organic 

polymer's positive effect on the HTTS molecular chain entanglement in a solvent. The addition 

of PAN resulted in more relaxation for the HTTS molecular chains reducing the electrospun 
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fiber diameter. In diluted solutions, when Be<1, the polymer molecules are sparsely distributed 

in the solution. Increasing concentration, i.e., Berry’s number, some chains overlap, turning the 

unentangled semi-dilute regime with insufficient entanglement degree (Be<63 for HTTS and 

Be<8 for HTTS_PAN). As the concentration increases, chain entanglements induced by the 

larger occupied fraction of polymer molecules result in an entangled semi-dilute regime (Be>94 

for HTTS and Be>22 HTTS_PAN). Moreover, the higher conductivity observed with 

HTTS_PAN solutions resulted in higher elongation forces and greater bending instability, 

contributing to thinner fibers.  

 

Figure 4.4 – Correlation of Berry’s number with solution concentration according to the morphology of a) HTTS 

and b) HTTS_PAN 

 

 

The critical chain overlap concentration value (c*) of HTTS_PAN solutions was about 

half of HTTS solutions (0.009 g·ml-1 and 0.014 g·ml-1, respectively). This result indicates that 

molecular chains started to overlap with a lower concentration of polymer when PAN was 

added to the solution, anticipating the regime’s transition from dilute to an entangled solution. 

HTTS is supposed to be trapped in the voids formed by the non-linear and complex structure 

of the PAN due to the presence of nitrile (-C≡N). The entanglement concentration was 1.34 

g·ml-1 (HTTS) and 0.20 g·ml-1  (HTTS_PAN). The change in the slope of plot c·c*-1 versus 

relative viscosity also indicated the transition from unentangled to the entangled semi-dilute 

regime (Figure 4.5). 
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Figure 4.5 – HTTS and HTTS_PAN concentration versus reduced viscosity 

 
 

4.3.2 Screening design of HTTS_60 and HTTS_PAN_17.5 solutions 

 

The screening design was carried out to identify the factors that most influence the 

fiber diameter during electrospinning. Fibers of HTTS_60 ranging from 1.53 to 3.56 μm and 

fibers of HTTS_PAN_17.5 ranging from 0.50 to 0.88 μm were observed (SEM images not 

provided, please refer to the supplementary material of the published paper). Pareto charts 

demonstrate that the studied factors were statistically insignificant once all parameters 

presented p-value>0.05. However, it was possible to identify the three key influence factors: 

feed rate, tip-to-collector-distance, and negative voltage for HTTS_60 and tip-to-collector-

distance, feed rate, and positive voltage for HTTS_PAN_17.5. The needle diameter (0.4, 0.8, 

or 1.2 mm) was irrelevant for fiber diameter in solution electrospinning, compared to melt 

spinning of preceramic polymers [21]. Fluid velocity increased with a smaller needle diameter, 

resulting in different sizes of drops at the tip. The size and shape of the drop supported at the 

needle tip, i.e., Taylor cone during electrospinning, depended more on feed rate than needle 

diameter due to a mass balance between what was fed by the pump and what was ejected from 

the needle. When the applied potential reached the same critical value required to overcome the 

surface tension of the solution, a jet was ejected from the Taylor cone regardless of needle 

diameter. Higher voltage accelerated the stretching of the solution jet due to the greater 

Coulombic forces as well as a stronger electrostatic field. The negative voltage was the factor 

that least influenced the electrospinning of HTTS_PAN_17.5, possibly due to the already 

inherent high conductivity of this solution.  

ANOVA results show that R-sqr was 0.72 for HTTS_60 and 0.86 for 

HTTS_PAN_17.5, whereas the lack of fit was insignificant, meaning that there is a random 
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variation around the fitted curve. These R-sqr are considered good values since most of the 

variability between predicted and experimental is due to pure error. Thus, quantitatively, the 

linear response models obtained by the low-resolution fractional factorial design analysis are 

not accurate enough to explore the design space without further experimentation. Nevertheless, 

this qualitative information was integral in choosing the variable ranges for the subsequent Box-

Behnken design. 

 

4.3.3 Optimization of HTTS_60 and HTTS_PAN_17.5 solutions 

 

A Box-Behnken design was carried out to optimize the electrospinning process and 

obtain the thinner fiber diameter for HTTS_60 and HTTS_PAN_17.5. From the results of the 

screening design, a positive voltage of 12.50 kV, a needle diameter of 0.8 mm (HTTS_60), a 

negative voltage of -10.00 kV, and a needle diameter of 0.8 mm (HTTS_PAN_17.5) were 

controlled during the experiments. The obtained fibers of HTTS_60 ranged from 1.70 to        

3.62 μm and of HTTS_PAN_17.5 from 0.58 to 0.85 μm. 

The experimental data obtained from the Box-Behnken design was validated by 

ANOVA (Table 4.3). The F-values, sum of the squares, and p-values were the criteria to 

determine the significant factors. Significant parameters with a p-value<0.05 were obtained, 

which shows the statistical significance at >95% confidence interval, indicating that the 

experimental data can adequately describe the proposed models obtained by response surface 

methodology [22]. For these parameters, the calculated F-value was higher than the tabulated 

one; therefore, it is valid with the 95% confidence level studied. 

The model terms with p-value>0.05 are insignificant; therefore, these terms were 

excluded from the model to enhance fitting [23]. For HTTS_60, the statistical analysis resulted 

in two models: one with no interaction and the other with two-way interactions. Although, as 

in the two-way interaction model, the misfit was significant (p=0.04), the model with no 

interaction was chosen since a good data adjustment was achieved (R-sqr=0.86) with most of 

the variability between predicted and experimental attributed to the pure error. The R-sqr value 

indicates the accuracy of the fitting of the model and a good correlation between predicted and 

experimental. According to ANOVA, feed rate and negative voltage were statistically 

significant to be included in the model since the p-value was respectively 0.014 and 0.004. The 

ANOVA table showed that the misfit was not significant (p=0.051), meaning that 5% of lack 

of fit is possible due to noise. 
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Table 4.3 – ANOVA according to Box-Behnken design (A is positive voltage in kV, B is negative voltage in kV, 

C is feed rate in ml·h-1, D is tip-to-collector distance in cm, and E is needle diameter in mm) 

 Source 
Sum of 

squares 
df 

Mean 

square 
F-value p-value 

H
T

T
S

_
6
0

 

B (linear+quadratic) 0.621 2 0.310 72.162 0.014 

C (linear+quadratic) 2.196 2 1.098 255.405 0.004 

D (linear +quadratic) 0.138 2 0.069 16.007 0.059 

Lack of fit 0.485 6 0.081 18.779 0.051 

Pure error 0.009 2 0.004 - - 

Total 3.418 14 - - - 

R-sqr 0.86 - - - - 

R-adj 0.75 - - - - 

H
T

T
S

_
P

A
N

_
1
7
.5

 

A (linear+quadratic) 
 

0.0030 2 0.0015 6.4073 0..1350 

C (linear+quadratic) 
 

0.0089 2 0.0044 19.0501 0.0499 

D (linear+quadratic) 
 

0.0075 2 0.0037 15.9986 0.0588 

AC (linear) 
 

0.0056 1 0.0056 24.1071 0.0391 

AD (linear) 
 

 

0.0009 1 0.0009 3.8571 0.1885 

CD (linear) 
 

0.0144 1 0.0144 61.7143 0.0158 

Lack of fit 0.0075 3 0.0025 10.6786 0.0868 

Pure error 0.0005 2 0.0002 - - 

Total 0.0486 14 - - - 

R-sqr 0.84 - - - - 

R-adj 0.54 - - - - 

 

For HTTS_PAN_17.5, the statistical analysis presented one model: two-way 

interactions (linear x linear). According to ANOVA, feed rate, tip-to-collector distance, an 

interaction between feed rate and positive voltage, and interaction between feed rate and tip-to-

collector distance were statistically significant to be included in the model. The Pareto chart 

also showed these factors’ significant influence on the electrospinning of the HTTS_PAN_17.5 

solution. Also, an important result of this study was the observation that the interaction effects 

between feed rate and tip-to-colletor distance are significant. In this case, to determine the 

optimum conditions in the process, these variables should not be analyzed in isolation because 

the effect of one depends on the level of the other; that is, it cannot change one factor without 

affecting the other. Likewise, higher F-values were observed for the most significant factors, 

for instance, 61.7143 for the interaction between feed rate and tip-to-collector distance, 24.1071 

for the interaction between positive voltage and feed rate, and 19.0501 for feed rate; moreover, 

the misfit was insignificant (p=0.0868). Additionally, the overall predictability of the model 

and its statistical significance were expressed by the coefficient of determination (R-sqr). 
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Reasonably high values of R-sqr value were determined (R-sqr=0.86 for HTTS_60 and R-

sqr=0.84 for HTTS_PAN_17.5), indicating the accuracy of the model fitting and good 

correlation between predicted and experimental values.  

The gap between R-sqr and R-adj should be as small as possible and not exceed 0.2 

[24]. This was observed for HTTS_60 (0.11) but not for HTTS_PAN_17.5 (0.3) due to the more 

complex solution involving low molecular weight polydispersive and high molecular weight 

polymers. The HTTS short chains are trapped between the long polymer chains of the organic 

polymer. Therefore, depending on the random structure formed during the electrospinning, 

different fibers are produced. Nonetheless, the mean square pure error was low, which shows 

that the variation is within the expected error. The low standard deviation showed that the 

quadratic model is the best option to represent the response. 

The graphical method was used to validate and characterize the nature of the 

distribution of the residuals of the models [23]. The verification of experimental results can be 

achieved by analyzing the plots from the model, such as actual versus predicted, normal 

probability of the residuals, and externally studentized residuals versus predicted. In this case, 

the ANOVA results were in good agreement with the normal probability plots. Data points 

reasonably overlap the straight line, meaning that the errors are normally distributed, i.e., all 

points are normally distributed around the straight line, showing the independence of the 

residuals. Furthermore, the normal distributions of the residuals indicated the accuracy of the 

assumptions and the independence of the residuals. So, the statistical analysis showed that the 

model could predict and optimize the process. 

Three-dimensional response surfaces are important graphical plots to explain the 

interaction effects of the operating parameters on fiber diameter [22]. Also, the graphical 

interpretation of the models obtained for the mean diameter of electrospun fibers can be seen 

in the 3D graphics of the response surface. Interactions of variables and their value for a 

maximum response value are examined. The absence of interaction between the variables is 

observed if the shape is circular or parallel. On the other hand, an elliptical or curved shape 

indicates the presence of an interaction between the variables. The interactions of the 

independent variables in fiber diameter response are represented by two independent variables, 

the third of which was maintained at level 0 (central point value). 

The critical values of optimized factors that result in thinner fibers for HTTS_60 are -

14.6 kV, 1 ml·h-1, and 19.5 cm. The response surface was obtained at 19.5 cm as tip-to-collector 

distance (Figure 4.6a), which showed that the optimized fiber diameter value was located at a 
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low feed rate and negative voltage values. By elimination of insignificant variables, the 

electrospinning process was modeled by multiple regression. The critical values of optimized 

factors that result in thinner fibers for HTTS_PAN_17.5 are: +11.00 kV, 0.8 ml·h-1, and          

23.5 cm. At 23.5 cm as tip-to-collector distance, the response surface was obtained (Figure 

4.6b). 

 

Figure 4.6 – Surface responses according to Box-Behnken design for a) HTTS_60 at 19.5 cm as tip-to-collector 

distance, +12.50 kV as positive voltage, and 0.8 mm as needle diameter; and b) HTTS_PAN_17.5 at 23.5 cm as 

tip-to-collector distance, -10.00kV as negative voltage, and 0.8 mm as needle diameter 

 
 

In contrast to HTTS_60, the HTTS_PAN_17.5 solution showed a transition of 

optimized critical values when decreasing the tip-to-collector distance from 23.5 cm to           

21.5 cm, 18.5 cm, and 13.5 cm. This is related to the interaction effect of feed rate and tip-to-

collector distance. The models are the same except for the last term, which represents the 

residual. The smallest fiber diameter was observed at 13.5 cm and 23.5 cm, i.e., low and high 

tip-to-collector distance. For low tip-to-collector distance, the fiber diameter decreased for a 

higher feed rate and lower positive voltage. In the case of high tip-to-collector distance, the 

fiber diameter decreased for a lower feed rate and higher positive voltage. Despite that both 

critical values resulted in similar predicted values, 23.5 cm was chosen as tip-to-collector 

distance due to the results of critical values given by the software. Moreover, higher tip-to-

collector distance avoided fiber fusion during electrospinning due to the low volatility of DMF.  

The feed rate showed an influence on the two systems of solutions studied in this work. 

For the ceramic precursor solution, the feed rate had the most significant effect. In contrast, for 

the organic polymer and ceramic precursor solution, an interaction between the feed rate and 

the tip-to-collector distance had the most significant effect. This result suggests that future work 
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on electrospinning of ceramic precursors may begin by varying the feed rate to improve the 

process and decrease the fiber diameter. In addition, the surface responses showed that a lower 

feed rate resulted in thinner fibers in high voltage module values. 

The experimental relationship between fiber diameter and the operating parameters 

was correlated by the quadratic polynomial model [25]. The model in terms of coded variables 

for HTTS_60 is available (Equation 4.4), where d is fiber diameter (μm) and x and y are coded 

values of negative voltage and feed rate, respectively. It was seen that the feed rate was the 

most significant parameter. The model in terms of actual variables for HTTS_60 is also 

available (Equation 4.5), where d is fiber diameter (μm), NV is negative voltage (kV), and FR 

is feed rate (ml·h-1). The model explains 86% of the variance. 

 

2 22.21000 0.2575 0.1563 0.5188 0.1088 0.006d x x y y                                    (4.4) 

 

29.3473 0.7280 0.0250 0.0838

20.1088 2.5521

d NV NV FR

FR

      

  

                                                    (4.5) 

 

The model in terms of coded variables for HTTS_PAN_17.5 is available (Equation 

4.6), where d is fiber diameter (μm) and x, y and z are coded values of positive voltage, feed 

rate, and tip-to-collector distance, respectively. It was seen that an interaction between the feed 

rate and the tip-to-collector distance was the most significant parameter. The model in terms of 

actual variables for HTTS_PAN_17.5 is also available (Equation 4.7), where d is fiber diameter 

(μm), PV is positive voltage (kV), and FR is feed rate (ml·h-1). The model explains 84% of the 

variance. 

 

2 20.6533 0.0038 0.0279 0.0313 0.0171

0.0375 0.0150 0.06 0.0079

d x x y y

x y x z y z

        

         
                                               (4.6) 

 

2 21.2073 0.4300 0.0279 3.9954 0.4271

0.1875 0.0030 0.0600 1.0828

d PV PV FR FR

PV FR PV TD FR TD

        

         
                             (4.7) 

 

The predicted value of fiber diameter in the optimized conditions was 1.69 ± 0.34 μm 

for HTTS_60 (deviation of prediction equal to 19.8%) and 0.56 ± 0.10 μm for 
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HTTS_PAN_17.5 (deviation of prediction equal to 18.3%). As can be seen, the model shows 

good agreement with the experimental data and, therefore, can be considered for the 

determination of optimum conditions. 

 

4.3.4 Model validation 

 

The optimized factors, together with the central points were tested experimentally to 

validate the developed models. Homogeneous fibers with narrow distribution were obtained 

with a mean diameter of 1.79 ± 0.26 μm for HTTS_60 (Figure 4.7a) and 0.57 ± 0.04 μm for 

HTTS_PAN_17.5 (Figure 4.7b). These values are very close to the predicted values                

(1.69 ± 0.34 μm for HTTS_60 and 0.56 ± 0.10 μm for HTTS_PAN_17.5). The errors between 

experimental and predicted values for fiber diameter were within 5.9% and 1.8%, respectively 

for HTTS_60 and HTTS_PAN_17.5, confirming the developed models. Interestingly, the 

electrospinning of preceramic polymers using PAN as a spinning aid resulted in fibers with an 

ultrathin diameter ranging from 0.1 to 0.66 μm as also observed in the present work [26–28]. It 

is highlighted that 46 experiments were required to model the electrospinning process of 

polysilazane with and without organic polymer instead of 486 if a full factorial design was 

employed. It is also worth noting that the models are only valid for the ranges of operating 

parameters employed here. 

 

Figure 4.7 – Fibers resulting from optimization of a) HTTS_60 and b) HTTS_PAN_17.5 

 
 

Although the electrospinning of preceramic polymers is common to be conducted with 

an organic polymer, some electrospun PDCs were developed to avoid defects by the 

decomposition of the spinning aid. The literature shows that electrospun preceramic polymer 

fibers usually have a larger diameter due to the requirement for higher precursor concentration, 
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as investigated here (Table 4.4). Additionally, the optimized operating parameters in the present 

work are relatively similar to some values reported in the literature. However, it should be noted 

that the experimental optimization through a Design of Experiments conducted in this work 

allowed finding the optimal points for the electrospinning of preceramic polymers, which had 

not yet been evaluated in the literature. 

Although the addition of organic polymer can generate some defects such as pores 

after the pyrolysis of ceramic precursors, they provide the electrospinnability necessary to 

produce ultrathin fibers, thus increasing the surface area of the material. Furthermore, the 

organic polymer can be used to develop carbon-rich PDCs, which may broaden some material 

properties, such as electromagnetic shielding [29–31]. 

 

4.4 CONCLUSIONS 

 

This work evaluated and optimized the electrospinning of polysilazane with and 

without organic polymer as a spinning aid using a statistical approach. Even though the ceramic 

precursor polysilazane presents a complex structure to be electrospun, mathematical models 

related to the most significant factors were developed at the desired significance level of 95%. 

A combination of the fractional factorial and Box-Behnken design was relatively accurate with 

high regression coefficients as well as a maximum 19.8% deviation of prediction. It provided 

the optimum conditions for polysilazane 60 wt.%: negative voltage (-14.6 kV), feed rate             

(1 ml·h-1), and tip-to-collector distance (19.5 cm); and for polysilazane/organic polymer        

17.5 wt.%: positive voltage (11.00 kV), feed rate (0.8 ml·h-1), and tip-tp-collector distance   

(23.5 cm). Under these optimal conditions, polysilazane fibers with a diameter of                       

1.79 ± 0.26 µm and polysilazane/polyacrylonitrile fibers with a diameter of 0.57 ± 0.04 µm 

were manufactured. The mathematical models can be used to predict the mean fiber diameter 

and its standard deviation as well as to optimize the assigned electrospinning parameters within 

the specified regions. The overall investigation of the morphology showed outstanding results 

to tailor the architecture of the fibers. This particular research work will effectively set up a 

foundation for further studies, in which the scope is related to the morphology quality of 

electrospun preceramic precursors. 
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Table 4.4 – Comparison of electrospun preceramic polymers electrospun with/without organic polymer 

(1pyrolysed to ceramic) 
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5 THERMO-OXIDATIVE RESISTANCE OF C-RICH SiCN FIBER MATS 

INFLUENCED BY SELECTIVE CROSSLINKING OF OLIGOSILAZANE3 

 

Here, C-rich SiCN fiber mats with thermo-oxidation resistance up to 600 °C were 

developed from electrospinning silazane and PAN with further pyrolysis. While PAN is used 

as a typical precursor of carbon, silazane-derived SiCN ceramic should lead to improved 

thermo-oxidation resistance. The influence of selective crosslinking of oligosilazane i.e. 

polysilazane on final ceramic was evaluated. Polysilazane promoted the stretchability of fibers 

during electrospinning assigned to a more homogeneous molecular chain compared to 

oligosilazane. FTIR-ATR, XRD, Raman and 29Si-NMR analyses confirmed the transformation 

of polymer mats to C-rich SiCN mats. XPS measurements showed that blending of 

oligosilazane with PAN increased oxygen and carbon content in the final ceramic due to Si-H 

reactive sites. By combining oligosilazane and PAN, the weight loss during pyrolysis was 

reduced due to crosslinking reactions between both components. The tests demonstrated that 

depending on preceramic conformation, selective crosslinking of oligosilazane increased by 

~10% the thermo-oxidative resistance. When using oligosilazane, the phase separation reduced 

the protective effect provided by the oxidation-resistant SiN4 phase due to the formation of 

increased unprotected free carbon regions. Selective crosslinking of Si-based precursor before 

electrospinning led to a higher degree of carbon ordering and improved oxidation resistance. 

 

5.1 INTRODUCTION 

 

Carbon materials are well known as catalyst support due to their high porosity and 

excellent electron conductivity, however, the low stability in high-temperature and atmospheres 

containing oxygen are limiting factors [1,2]. The applications of carbon can be broadened when 

the surface area of the material is increased by using electrospinning [3]. While increasing 

surface area leads to improved catalytic activity, the challenges of avoiding thermo-oxidative 

issues also increase. To solve this problem, different alternatives have been investigated such 

as Si(B)CN-doped carbon nanofibers prepared through the PDC process [4].  

PDCs have been developed to fulfill the growing demand for lightweight and thermo-

_______________________________ 

3
Based on a paper to be submitted for publication. 



82 

 

 

 

oxidative resistant materials and for precise control over their composition and microstructure 

as well as their shaping as specific forms [5–12]. Coating carbon fibers with preceramic 

polysilazane with further pyrolysis is also one solution to increase the high-temperature stability 

and resistance to oxidation [13]. However, this can lead to cracks in the ceramic layer 

facilitating the access of oxygen to carbon, and sacrificing the material stability as the oxidative 

resistance was only guaranteed up to 500 °C.  

A viable solution would be to ensure homogeneity between the phases by combining 

carbon precursors and preceramic polymers. The so-called C-rich PDCs represent an excellent 

alternative to get benefit from the properties of the two phases. By combining polysilazane-

derived ceramic and carbon in one single system and using electrospinning as shaping, C-rich 

SiCN with increased surface area can be developed as materials for catalyst supports in a 

thermo-oxidative environment. 

The development of C-rich PDCs follows three strategies: i) synthesis of preceramic 

polymers with a high content of suitable organic groups; ii) addition of carbon powder to a 

preceramic polymer, and iii) use of carbon precursors in combination with preceramic 

polymers. Carbon-rich ceramics can be defined as materials in which the content of carbon is 

exceeding 20 wt.% [14], and are normally derived from the substituents bonded at silicon in the 

preceramic polymer [15]. In the electrospinning of preceramic polymers, the use of carbon 

precursors is common due to the affordable electrospinnability provided by the organic 

polymer. The investigation of C-rich SiCN fiber mats as thermo-oxidative resistant materials is 

still incipient.  

The chemical and physical properties of PDCs depend on the initial molecular 

arrangement of polymer precursor and processing conditions [14,16–18]. Specifically, the 

precipitation of carbon depends on the molecular structure of the preceramic polymer [19], and 

thus, the thermo-oxidative resistance properties of the PDCs can be modified [20].  

This work aims to study the influence of selective crosslinking of oligosilazane on the 

thermo-oxidative resistance of C-rich SiCN electrospun fiber mats. The effect of employing 

oligosilazane or polysilazane in electrospinning and pyrolysis was evaluated. As-spun silazane/ 

PAN fiber mats were obtained, which transformed to C-rich SiCN fiber mats after pyrolysis. 

The contribution of this work is also to investigate how the structure of the PDC fiber mat 

behaves in terms of oxidation resistance in high-temperature to explore new applications. 

Thermo-oxidation resistance experiments were conducted in air up to 600 °C and the influence 
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of free carbon and SiCN microstructure was discussed. The potential of C-rich SiCN fiber mats 

as catalyst support with thermo-oxidation resistance has not been discovered yet. 

 

5.2 EXPERIMENTAL 

 

Polysilazane was prepared by selective crosslinking of oligosilazane (HTT1800) to 

obtain solid polysilazane (HTTS) [20]. Different solutions were prepared inside a laboratory 

glass bottle by first stirring PAN in DMF at 100 °C for 3 h. After cooling to room temperature, 

oligosilazane or polysilazane and 3 wt.% DCP in relation to silazane were added and stirred for 

12 h at room temperature. The solutions were electrospun in nitrogen atmosphere using a lab-

scale electrospinning device. The needle diameter corresponded to 21G (0.8 mm). The 

concentrations were established based on the electrospinnability of each solution defined 

according to preliminary experiments (Table 5.1). The samples were denoted as 

HTT1800_PAN and PAN_HTT1800 for oligosilazane, and HTTS_PAN and PAN_HTTS for 

polysilazane.  

 

Table 5.1 – Solutions’ characteristics and operating conditions of electrospinning according to samples 

containing oligosilazane or polysilazane 

Name 

Solutions’ characteristics 
Operating conditions of 

electrospinning 

Polymer 

concentration 

in DMF 

(wt.%) 

Oligosilazane:

PAN ratio 

(wt.%) 

Polysilazane

:PAN ratio 

(wt.%) 

Voltage 

(kV) 

Need rate 

(ml·h-1) 

Tip-to-

collector-

distance 

(cm) 

HTT1800_PAN 17.5 3:2 - 21 0.8 23.5 

HTTS_PAN 17.5 - 3:2 21 0.8 23.5 

PAN_HTT1800 15 3:7 - 21 0.2 23.5 

PAN_HTTS 13 - 3:7 21 0.2 23.5 

 

The polymer mats were pyrolyzed in nitrogen atmosphere from 20 to 1000 °C                

(5 °C·min-1), kept at 1000 °C for 1 h, and allowed to cool naturally to room temperature. 

Ultimately, C-rich SiCN fiber mats were obtained and denoted as HTT1800_PAN_1000, 

HTTS_PAN_1000, PAN_HTT1800_1000, and PAN_HTTS_1000. The scheme of the 

experiments is presented (Figure 5.1). 
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Figure 5.1 – Scheme presenting the general preparation of C-rich SiCN fiber mats 

 
 

SEM was used to observe the morphology of the electrospun mat with an acceleration 

voltage of 3 kV and magnification of ×3000 s (Gemini Sigma 300 VP, Zeiss, Germany). The 

samples were previously sputter-coated with gold (thickness of 280 Å) (Sputter Coater 108auto, 

Cressington, England). The fiber diameter was evaluated from four different SEM images 

measuring randomly 100 fibers of each sample with open-source ImageJ software. Normalized 

IR-spectra were collected using an attenuated total reflection (ATR) sampling unit (Tensor 27, 

Bruker Corporation, USA). Spectra were min-max normalized for comparison to overcome the 

confounding effect of varying sample thickness on the band intensity. Carbon structure was 

analyzed through Raman spectroscopy with 532 nm wavelength laser (Senterra II, Bruker, 

USA) and X-ray powder diffraction (XRD) using flat-sample transmission geometry with 

monochromatic CuKa radiation (λ = 1.5418 Å, 40 mA, and 40 kV) (D8 Advance, Bruker AXS, 

Germany). The Raman curves were fitted using Lorentzian function and Origin 2021b software. 

The ID/IG and ID/ID” ratios were calculated based on the height of each peak after curve fitting. 

The crystallite size (La) was determined according to the TK-correlation [19]. Solid-state      

29Si-nuclear magnetic resonance (NMR) spectra were recorded using 4 mm Bruker probes      

(B0 = 7.05 T, ν0(
29Si) = 59.66 MHz) and spinning frequency of 10 kHz (Bruker AVANCE II 

300, Bruker Corporation, USA). The 29Si-NMR spectra were [0,1] normalized for comparison. 

X-ray photoelectron spectroscopy (XPS) was conducted using Al Kα+ ion beam with an energy 

of 1486.6 eV and a spot size of 400 µm (Thermo Scientific, Chanhassen, USA). Surface 
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contamination was removed by surface sputtering with argon at 3.0 keV for 2 min. The mat 

density was determined by helium picnometry (AccuPyc II 1340, Micromeritics, USA). The 

surface area was determined via krypton adsorption using Brunauer-Emmett-Teller theory 

(ASAP 2010, Micrometrics, USA). Thermal gravimetric analysis (TGA) and differential 

scanning calorimetry (DSC) were performed heating from 20 to 1000 °C (5 °C·min-1) in a 

flowing nitrogen atmosphere (~5 mg of sample) (STA 449 F5 Jupiter, Netzsch GmbH, 

Germany). For thermo-oxidation tests, the same procedure was employed with synthetic air as 

the carrier gas. The performance of the fiber mats was also evaluated by static oxidation at     

600 °C for 1 h (5 °C·min-1) in an industrial furnace. 

 

5.3 RESULTS AND DISCUSSION 

 

Pseudoplastic behavior was observed with the silazane/PAN solutions whose viscosity 

decreased under shear rate (Figure 5.2a). As expected, the solutions containing polysilazane 

(HTTS) resulted in higher viscosities compared to the solutions containing oligosilazane 

(HTT1800) due to the higher molecular weight resulting from the intermolecular condensation 

of the oligosilazane rings and chains after selective crosslinking [23]. Despite the higher 

molecular weight of PAN, the HTTS_PAN solution resulted in the highest viscosity due to the 

higher polymer concentration of 17.5 wt.% required for the solution to be electrospun. In 

contrast, the viscosity of PAN_HTT1800 is higher than HTT1800_PAN at a low shear rate, 

suggesting that the oligomer has a small contribution to the solution viscosity due to very low 

molecular weight. From approximately 400 s-1, most PAN molecules in PAN_HTT1800 

solution are aligned due to the more linear entanglement of this polymer, further lowering the 

viscosity. The HTT1800_PAN solution has a higher concentration of oligosilazane which is 

composed of a mixture of cyclic and/or linear units with complex structures and low molecular 

weight [8], making it difficult to align the molecular chains at a high shear rate. The surface 

tension and conductivity of the solutions varied from 28.03 to 21.20 mN·m-1 and 13.87 to    

54.30 µS·cm-1, respectively (Figure 5.2b). Solutions of PAN_HTT1800 and PAN_HTTS 

showed a greater ability to conduct electric current coming from PAN, which has a higher 

ability to conduct electrons in solution than silazane. The presence of silazane decreased the 

surface tension of the solution when compared to pure DMF (35 mN·m-1 at 20 °C) [24]. 

Nevertheless, the solutions showed no noteworthy difference in surface tension and these values 

are very similar to pure solutions of silazane and PAN [22]. 
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Figure 5.2 – a) Viscosity as a function of shear rate and b) conductivity and surface tension of the solutions 

 
 

After electrospinning, ultrathin fibers ranging from 0.32 µm to 0.62 µm were obtained 

(Figure 5.3). The solutions containing polysilazane resulted in more uniform fibers (lower 

dispersion) when compared to the solutions containing oligosilazane. No relationship was 

observed between fiber diameter and conductivity or surface tension of solutions. The 

electrospinning of silazane solutions blended with PAN was therefore mainly dependent on 

rheological properties. Normally higher solution viscosity increases the relaxation time and 

hinders the elongation of the jets, increasing fiber diameter, however, the results observed here 

are related to the entanglement of the molecular chains with different conformations. During 

electrospinning, the HTT1800 precursor might interact with PAN by intercalating among the 

polymeric chains and thus impeding the translational movements and stretching capacity. The 

oligomer has a smaller structure when compared to polysilazane, therefore, a higher quantity of 

oligosilazane molecules was necessary to entangle the PAN chains, increasing fiber diameter 

by 51% for HTT1800_PAN and 78% for PAN_HTT1800 when compared respectively to the 
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HTTS_PAN and PAN_HTTS, i.e. polysilazane promoted the stretchability of fibers during 

electrospinning due to more homogeneous molecular chain. 

 

Figure 5.3 – SEM images showing mean fiber diameter, respective histogram, and sample photo of                    

a) HTT1800_PAN, b) HTT1800_PAN_1000, c) HTTS_PAN, d) HTTS_PAN_1000, e) PAN_HTT1800, f) 

PAN_HTT1800_1000, g) PAN_HTTS, and h) PAN_HTTS_1000 

 
 

After pyrolysis, the ceramic fibers derived from polysilazane shrunk in diameter size 

by 22% (HTTS_PAN_1000) and 19% (PAN_HTTS_1000) (Figure 5.3). In contrast, the 

ceramic fibers derived from the oligomer did not change in fiber size. The final product yield 

are 65% (HTT1800_PAN_1000), 61% (HTTS_PAN_1000), 48% (PAN_HTT18000_1000), 

and 44% (PAN_HTTS_1000) (Figure 5.4a). The largest weight change occurred between  

~200-400 °C associated with the loss of oligomers by degradation of organic substituents for 

silazane and the release of mainly methane, other volatile hydrocarbons, volatile silicon-

containing products, hydrogen, and small quantities of ammonia for both precursors. The 

crosslinking reactions to form the ceramic materials may occur between Si-H groups from the 

silazane with N-functionalities from PAN leading to new Si-N bonds and preventing the release 

of nitrogen derived from PAN [25,26]. Therefore, the mass loss was lower with fibers 

containing HTT1800, as more Si-H groups were available to react with PAN. This effect was 

related to the reaction between silazane and PAN, which can produce a percolation network 

preventing PAN chains from evaporation. During carbonization and cyclization of PAN, 

dehydrogenation occurred and aromatic structures were obtained [27]. Between 400-1000 °C, 

the main products released from PAN are hydrogen, cyanide, ammonia, and nitrogen [28]. The 

precursors have two main exothermic peaks at 250-300 °C and 500-700 °C, which correspond 

respectively to the cyclization and decomposition of PAN (Figure 5.4b). The smaller peak at 

~600 °C observed for HTT1800_PAN suggests the greater reaction between functional groups 

of these two precursors. The small exothermic peak at ~125 °C is attributed to the 
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polymerization initiated by DCP, mainly for HTT1800_PAN sample containing Si-H and vinyl 

groups via vinyl polymerization and hydrosilylation reactions. Another possible mass loss in 

this range (~125 °C) is the boiling of some DMF adhered to the fibers. 

 

Figure 5.4 – Curves of a) TGA and b) DSC of as-spun fiber mats pyrolyzed in nitrogen atmosphere 

 
 

To further understand the influence of polysilazane structure on polymer to ceramic 

transformation, Fourier transform infrared spectroscopy (FTIR) analyses were conducted. The 

expected absorption bands were in general agreement with the literature (Figure 5.5a and Figure 

5.5b) [21,23,29,30]. The spectra of as-spun samples exhibited bands at ~3390 and ~1150 cm-1 

from respectively N-H stretching [νs(NH)] and N-H bending [δs(NH)] (Figure 5.5a). The 

symmetric C-H stretching at ~2950 cm-1 [νs(CH3)] and the symmetric C-H deformation band at 

~1450 and 1250 cm-1 [δs(CH3)] were also identified. The band at ~2100 cm-1 was assigned to 

the symmetric Si-H stretching [νs(SiH)]. The vinyl group, Si-C, and Si-N bending bands were 

determined between 750-950 cm-1. The C≡N stretching band derived from PAN was identified 

at ~2245 cm-1. The conversion of polymer to ceramic at 1000 °C was confirmed by the 
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disappearance of the N-H and Si-H absorption bands as well as methyl and vinyl groups (Figure 

5.5b). Likewise, conversion of PAN to ladder structure carbon was observed by the 

disappearance of the C≡N absorption band. The wide peak between 700 and 1200 cm-1 in 

pyrolyzed samples is attributed to the formation of SiCN structure derived from the inorganic 

polymer [δs(SiC) and δs(SiN)], while the band at ~1544 cm-1 is attributed to C=C and C=N 

bands [νs(C=C) and νs(C=N)]. Characteristic peaks at ~442 cm-1 and ~1060 cm-1 for Si-O 

stretching [δs(Si-O)] were observed mainly for HTT1800-derived samples, which is attributed 

to oxygen incorporation during the experiments [25,31,32]. A significant difference in peak 

relative to Si-C and Si-N bands was not observed for HTT1800- and HTTS-derived samples. 

However, the peak related to C=N and C=C absorption bands is 5.5 times higher in area for 

HTT1800_PAN_1000, suggesting that oligosilazane promoted carbon cyclization (Table 5.2). 

The carbon structure was further evaluated through XRD and Raman analyses.   

 

Figure 5.5 – a) FTIR-ATR spectra of as-spun samples, b) FTIR-ATR spectra of pyrolyzed samples, c) XRD 

patterns, and d) Raman spectra 
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Table 5.2 – Absorption bands and respectively height intensity according to FTIR-ATR spectra of C-rich SiCN 

fiber mats 

Sample Mode Ceramic 

phase/carbon phase 

ratio 

νs(Si-O-Si) δs(Si-C) and 

δs(Si-N) 

νs(C=C) and 

νs(C=N) 

HTT1800_PAN_1000 ~444 cm-1 ~982 cm-1 ~1543 cm-1 5.04 

HTTS_PAN_1000 ~447 cm-1 ~941 cm-1 ~1553 cm-1 27.81 

PAN_HTT1800_1000 ~440 cm-1 ~1016 cm-1 ~1530 cm-1 5.49 

PAN_HTTS_1000 ~442 cm-1 ~1018 cm-1 ~1548 cm-1 5.00 

 

Broad diffraction peaks displayed in the XRD patterns are indexed to free carbon 

ascribed to (0 1 0) plane of graphite (peak at 17°), (0 0 2) lattice of typical graphite (peak at 

25°) and (1 0 0) plane from arbitrary diffraction related to graphene sheets (peak at 44°) [33–

35]. According to XRD patterns, the C-rich SiCN samples are composed of an amorphous 

structure since diffraction peaks showed a diffuse scattering state, and no crystalline peaks were 

observed (Figure 5.5c). The two small peaks observed at 25° in PAN_HTTS_1000 sample are 

probably from some noise during the measurement, since the material is expected to be 

amorphous. Following XRD results, Raman spectroscopy also indicated the existence of a free 

amorphous carbon phase (Figure 5.5d). The characteristic carbon vibrations appeared in all 

spectra: the D band at ~1326 cm-1, the D” band at ~1458 cm-1 and the G band at ~1575 cm-1. 

The D peak results from disorder and defect-induced vibration modes of graphene layers in the 

carbon phase, linked to the breathing motion of sp2-rings, the D” peak arises from amorphous 

carbon, and the G mode from an in-plane bond stretching of sp2-hybridized carbon atoms 

[36,37]. For samples containing a higher content of silazane, the D-band is the strongest band 

revealing the presence of a disordered graphitic. In addition, 2D, D + G and 2D′ bands appeared 

in the second-order Raman spectra at respectively around 2645 cm-1, 2947 cm-1 and 3475 cm-1, 

which are related to overtones and combinations of the known lattice vibration modes [19]. The 

results indicated that both defective amorphous carbon and ordered crystalline carbon existed 

in the C-rich SiCN. The presence of the G band in the Raman spectra but the absence of a 

characteristic graphitic layer peak in the XRD patterns indicated that each of the graphene 

carbon layers was embedded into the amorphous SiCN phase and amorphous carbon region 

[38]. The comparative indication of the peak intensities showed that the samples containing 

oligosilazane presented a higher amount of carbon. The ID/IG ratios were very similar for all 

samples and the lateral cluster sizes (La) ranged from 2.97 to 4.84 nm, indicating the 

nanostructured nature of the ceramics (Table 5.3) [39]. The ID/ID” values increased when 

polysilazane was used, indicating a beginning of an ongoing graphitization process resulting in 
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a higher degree of organization. Thus, Raman showed that the samples contain a free disordered 

carbon phase which tends to order with the addition of polysilazane. 

 

Table 5.3 – Raman features of C-rich SiCN fiber mats 

Sample ID/IG 
La 

(nm) 
 ID/ID” 

D intensity 

(a.u.) 

D” 

intensity 

(a.u.) 

G  intensity   

(a.u.) 

HTT1800_PAN_1000 1.29 3.85  3.26 1330 1481 1578 

HTTS_PAN_1000 1.67 2.97  4.91 1330 1481 1570 

PAN_HTT1800_1000 1.02 4.84  2.09 1330 1481 1582 

PAN_HTTS_1000 1.20 4.14  2.86 1319 1481 1578 

 

To evaluate the molecular structure of the obtained C-rich SiCN, 29Si-NMR was 

conducted (Figure 5.6). Broad resonances dominated at -48 ppm assigned to silicon bonds in 

SiN4 [25]. The formation of SiN3C environments is more intense in HTT1800_PAN_1000. The 

possibility of the existence of a small amount of other mixed bonding environments, such as 

SiC4 and SiC2N2, cannot be ruled out. As mentioned before, the pyrolysis between silazane and 

PAN led to the formation of additional Si-N bonding, which favored the formation of SiN4 sites 

[25,40]. This finding is strong evidence that a hybrid structure instead of a simple mixture of 

compounds was obtained. The 29Si-NMR spectra showed a -65 ppm peak assigned to SiN3O 

environments [41]. 

 

Figure 5.6 – Solid-state 29Si-NMR of samples heat-treated at 1000 °C in nitrogen atmosphere 

 
 

XPS can measure elemental composition as well as the chemical and electronic state 

of the atoms within a material. According to the molecular composition determined by XPS, all 

the electrospun mats manufactured here are definitively C-rich PDCs (Table 5.4). A greater 
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oxygen uptake occurred with samples derived from oligosilazane due to the greater amount of 

active sites to react with oxygen, following the results detected by FTIR-ATR and 29Si-NMR 

measurements. The higher content of free carbon was obtained with oligosilazane samples due 

to the more reactive structure with PAN, confirming TGA/DSC and Raman results. 

Furthermore, XPS analysis suggested that a higher content of Si is obtained in samples with 

polysilazane. High-resolution XPS spectra under the Si 2p band indicated the presence of Si-N 

(101.9 eV), Si-C (102.7 eV), and Si-O (103.5 eV) peaks [42,43]; under C 1s band with C-Si 

(284.0 eV), C-C (284.9 eV), and C=O (286.0 eV) peaks; under N 1s band with N-Si (397.3 eV) 

and N-C (400.4 eV) peaks [44,45]; and under O 1s band with O-Si (532.4 eV) and C=O (534.0 

eV) peaks (Figure 5.7) [46]. The Si 2p XPS spectra are in good agreement with the 29Si-NMR 

results, in which different silicon environments were observed. The N 1s XPS spectrum 

suggests a higher concentration of N-Si chemical bonds in HTTS_PAN_1000 than in 

HTT1800_PAN_1000. The increased amount of carbon in the fiber mats derived from 

oligosilazane led to higher intensity of the C-C peak. 

 

Table 5.4 – Elemental compositions of C-rich SiCN fiber mats according to XPS analyses 

Sample 
Composition (at. %) 

Si C N O 

HTT1800_PAN_1000 19.6 52.1 5.4 22.9 

HTTS_PAN_1000 28.6 39.7 18.5 13.2 

PAN_HTT1800_1000 15.2 55.2 4.9 24.7 

PAN_HTTS_1000 16.3 54.3 9.5 19.9 
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Figure 5.7 – High-resolution XPS spectra of the (a) HTT1800_PAN_1000, (b) HTTS_PAN_1000, (c) 

PAN_HTT1800_1000 and (d) PAN_HTTS_1000 fiber mats 

 
 

The elemental composition is also displayed in the ternary SiCN diagram with the 

molar compositions of the pyrolyzed samples (Figure 5.8). All the samples tended to lie inside 

the triangle of thermodynamically stable phases SiC, SiN4, and carbon except for 

PAN_HTTS_1000, which could be considered mostly as carbon (the XPS analysis of this 

sample is currently being repeated). The selective crosslinking of oligosilazane allowed for 

tailoring Si-N and Si-C content in the fiber mats as it is closer to the tie-line between SiN4 and 

SiC. By electrospinning oligosilazane and PAN, the resulting ceramic compositions tend to 

have more free carbon in their structure. 
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Figure 5.8 – Ternary SiCN phase diagram of C-rich SiCN fiber mats. Hydrogen and oxygen were neglected 

 
 

TGA and DSC measurements were performed in flowing synthetic air to ascertain the 

thermo-oxidative resistance of the fiber mats (Figure 5.10). For comparison, carbon fiber mats 

were produced from PAN under similar conditions. An increase in thermo-oxidative resistance 

was observed with HTTS_PAN_1000 (ca. 627 °C), PAN_HTTS_1000 (ca. 546 °C), 

HTT1800_PAN_1000 (ca. 572 °C) and PAN_HTT1800_1000 (ca. 528 °C) when compared to 

carbon fiber mats (ca. 500 °C). This oxidation temperature of carbon was also reported in 

another work [25]. If there were no interaction between polysilazane and PAN, the weight 

change at 600 °C should be equal to 78% instead of the measured 100% (HTTS_PAN_1000) 

and 61% instead of the measured 87% (PAN_HTTS_1000). This fact was also observed 

elsewhere with polyureasilazane and PAN electrospun fibers [47]. At respectively 600 °C and 

700 °C in air, carbon fibers dip-coated with polysilazane showed a weight loss of 2% and 17% 

[13], while the C-rich SiCN fibers of the present work showed a weight loss of 0 and 12%. 

Introducing the free carbon phase sacrificed the high-temperature thermal stability of SiCN. At 

1000 °C, the samples derived from polysilazane and PAN showed a lower weight loss: 80% for 

HTTS_PAN_1000, 77% for HTT1800_PAN_1000, 55% for PAN_HTTS_1000, and 43% for 

PAN_HTT1800_1000. The weight change is due to the formation of non-volatile oxides and 

the evolution of CO and N2 as observed in DSC analysis [48]. The thermo-oxidative resistance 

of HTTS_PAN_1000 fiber mat is mainly attributed to the chemical composition, molecular 

structure, and homogeneously distributed free carbon phase within the SiCN matrix. The carbon 
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phase is protected by the SiCN ceramic due to the formation of passivation layers, which 

reduced the oxygen permeation and hindered carbon oxidation. In PAN_HTTS_1000, the high 

quantity of carbon decreased the thermo-oxidation resistance because the amount of ceramic 

phase is too small to protect the material completely from oxidation. 

 

Figure 5.9 – Curves of a) TGA and b) DSC of C-rich SiCN fiber mats for thermo-oxidation resistance evaluation 

(heating rate: 5 °C·min-1; atmosphere: synthetic air) 

 
 

In the case of SiCN ceramics, the parabolic oxidation rates strongly depend on the 

content of segregated carbon present within the microstructure. Generally, the thermal stability 

of PDCs and their exceptional crystallization resistance are due to the kinetic stabilization 

generated by free carbon and the thermodynamical stability when compared to their crystalline 

binary counterparts [49]. Free carbon acts as a diffusion barrier hindering or retarding the 

formation of crystalline phases [50]. Nevertheless, the samples prepared here showed an excess 

of free carbon in the fibers’ microstructure, which limited the thermo-oxidative resistance of  

C-rich SiCN. Under this condition, oxygen can percolate through the SiCN matrix, leading to 

a catastrophic loss of thermo-oxidation resistance when compared to SiCN. Thus, ceramics with 

high free carbon content oxidize consequently faster. The high free carbon content in 

PAN_HTT1800_1000 and PAN_HTTS_1000 reduced the thermo-oxidative resistance due to 
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the exposition of free carbon directly to oxidation, which is the main drawback in high-

temperature applications of carbonaceous materials.  

Recently, C-rich SiCN derived from in situ radical polymerization of acrylonitrile with 

HTT1800 using initiators with similar concentrations of this work has experienced oxidation 

from about 800 °C (60 wt.% of silazane) and 650 °C (70 wt.% of acrylonitrile) [25]. The hybrid 

polymer fibers were produced by wet spinning with a diameter of 200 µm i.e. 62,400% higher 

compared to HTTS_PAN_1000 fibers of this work. The higher thermo-oxidative resistance of 

hybrid polymer can be associated with a better phase distribution resulting from in situ reaction 

between the polymers, but also to lower specific surface in comparison to electrospun fibers. 

Possible phase separation during electrospinning (solvent evaporation) due to the high 

molecular mass of PAN cannot be ruled out. However, the low solubilization of the hybrid 

polymer in solvent limits its shaping in electrospinning.  

After furnace oxidative testing up to 600 °C, SEM analyses showed that the fibers 

remained almost unchanged and no signs of pores or cracks due to oxidation reactions were 

noticed (Figure 5.10). However, fiber size reduction, change in sample color, reduction in 

sample weight, and high brittleness were observed for HTT1800_PAN_1000, 

PAN_HTT1800_1000, and PAN_HTTS_1000 samples. In contrast, the HTTS_PAN_1000 

sample showed to be intact and with a similar fiber diameter, indicating its potentiality as           

C-rich SiCN catalyst support for applications requiring thermo-oxidative resistance up to        

600 °C. XPS analyses showed an increase in oxygen content for oxidized HTTS_PAN_1000 

(Figure 5.11). When the amount of segregated carbon is relatively low, the SiCN is a continuous 

phase, and during the oxidation process, a dense and continuous SiO2 scale is formed on the 

surface of the SiCN phase protecting further oxidation of both free carbon and SiCN phases. 

The carbothermal reduction of SiO2 from free carbon in the structure started at 600 °C with the 

release of carbon oxides and nitrogen. Nevertheless, the formation of a double Si2N2O/SiO2 

layer in the C-rich SiCN acted as an additional diffusion barrier, which could improve oxidation 

protection [25,51]. The silicon phase also improved the oxidation resistance of ZrB2-ZrC-SiC 

fibers up to 587 °C [52]. 
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Figure 5.10 – SEM images containing respective histogram, mean fiber diameter, and sample photo after 

thermo-oxidation test at 600 °C for 1 h of a) HTT1800_PAN_1000, b) HTTS_PAN_1000, c) 

PAN_HTT1800_1000, and d) PAN_HTTS_1000 

 
 

Figure 5.11 – High-resolution XPS spectra of oxidized HTTS_PAN_1000 fiber mats 

 
 

In this work, C-rich SiCN fiber mat derived from polysilazane/PAN was developed 

with thermo-oxidation resistance up to 600°C, expanding the application of PDCs. The results 

suggested that SiCN and free carbon are highly dispersed within the fibers and that this material 

has the advantages of hybrid material with the potential application as catalyst support in high-

temperature and oxidative environments. The surface area varied between 2.7-6.1 m2·g-1 with 

4.9 m2·g-1 for HTTS_PAN_1000 fiber mat. Despite that PDCs present low bulk density, the 

electrospun PDCs from the present work showed even lower density (~1.8-2.1 g·cm-3) with a 

reduction of 18% for HTTS_PAN_1000 when compared to bulk SiCN pyrolyzed at 1000 °C 

[53] and 6.6% for HTTS_PAN_1000 when compared to SiCN matrix [54], suggesting the 

application of C-rich SiCN as a lightweight material. 

 

5.4 CONCLUSIONS 

 

The selective crosslinking of oligosilazane was evaluated here to investigate the 

thermo-oxidative resistance of C-rich SiCN fiber mats. The following conclusions and remarks 

can be made. 

o The viscosity of solutions containing polysilazane and blending with an organic 

polymer influenced the material processing to improve the features of electrospun mats namely 

decreasing the fiber diameter and density.  
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o The pyrolysis up to 1000 °C caused the growth of SiCN, SiN4 and free carbon phases 

converting silazane/PAN into amorphous covalent ceramics. The incorporation and dispersion 

of high excess free carbon content were governed by the initial conformation of oligosilazane. 

Selective crosslinking of silazane before electrospinning led to a higher degree of carbon order. 

The oxygen contamination is evident, especially for oligosilazane-derived fibers as a 

consequence of the higher content of moisture-sensitive Si-H groups. 

o The chemical composition, the molecular structure, and the homogeneity of carbon 

phase within the SiCN matrix achievable in polysilazane-derived ceramic favored high-

temperature oxidation, whereas oligosilazane ceramics promoted some decomposition at        

600 °C. When using oligosilazane, the phase separation reduced the protective effect provided 

by the oxidation-resistant SiCN phase due to the formation of increased unprotected free carbon 

regions. 

This work demonstrated the advantage of PDCs that can be conveniently adjusted by 

manipulating the molecular conformation of the precursor, which allows for designing ceramics 

with tailor-made properties. The strategy of electrospinning preceramic and organic precursors 

followed by pyrolysis would be an interesting alternative to designing PDCs with a controlled 

amount of free carbon. Due to its high-temperature stability and oxidation resistance, the C-rich 

SiCN produced here can be used as catalyst supports. 
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6  LIGHTWEIGHT AND FLEXIBLE NANOSTRUCTURED C/SiCN NANOFIBER 

MAT FOR ELECTROMAGNETIC REFLECTION SHIELDING OF 5G C-BAND 

FREQUENCIES4 

 

Conventional metal-based materials are the reflection-dominant shielding materials to 

block EM radiation due to remarkable electric conductivity, however, they show heavyweight. 

Carbon materials are well-known as lightweight materials, but their poor impedance matching 

between material surface and EM waves limits their application to shielding. Here, lightweight 

and flexible C/SiCN nanofiber mats derived from PAN/polysilazane were manufactured 

through electrospinning and PDC route using different pyrolysis temperatures. Thermal 

analysis suggested that SiCN positively interacted with PAN by increasing the ceramic yield. 

The carbon matrix containing SiCN nanodomains was confirmed through FTIR and EDS. 

Fibers ranging from 150-250 nm were observed through SEM. XRD and Raman showed the 

nanostructured carbon phase as a disordered graphitic lattice with some degree of carbon order. 

Using the four-point method, C/SiCN mats showed a tunable electrical conductivity from 

0.0028 S cm-1 to 0.0120 S cm-1. The C/SiCN nanofiber mats significantly enhanced the 

reflection shielding effectiveness compared to pure carbon. Particularly, PAN:HTTS mat 

pyrolyzed at 800 °C exhibited a RL < -10 dB in the 5G C-band (90% of EM shielding). The 

absorption coefficient was A(ω) = 0.68 with a reflection shielding effectiveness                           

SER = 10.42 dB. If the bandwidth is defined as the frequency range where S11 < -10 dB, then 

the bandwidth of PAN:HTTS pyrolyzed at 800 °C would be approximately 4 GHz. 

Additionally, the impedance was modulated by adding SiCN to the carbon matrix and evaluated 

by the voltage standing-wave ratio (VSWR = 1.94:1 for PAN:HTTS pyrolyzed at 800 °C with 

the best impedance matching). This energy dissipation was attributed to the appropriate 

electrical conductivity, a high degree of carbon disorder, and the presence of a heterogeneous 

nanostructure forming interfacial polarization. 

 

6.1 INTRODUCTION 

 

The C-band refers to the EM field operating in a mid-band spectrum frequency  (3.7-

4 GHz) and is considered the global frequency for 5G worldwide due to more bandwidth with       

_______________________________ 

4
Based on a paper to be submitted for publication. 



104 

 

 

 

higher system capacity at higher data speeds. With the latest significant progress in 

technologies, severe EM field problems have received extensive research [1]. The EM field 

shielding can be achieved by reflection, with electrically conductive materials, and absorption, 

which is highly dependent on the magnetic and dielectric nature of the material [2]. 

Conventional metal-based materials with remarkable electric conductivity have high reflection 

loss, enabling them as representative reflection-dominant shielding materials to block 

electromagnetic radiation. However, metal-based materials show heavyweight, limiting their 

application. 

Electrospinning has been used as a facile manufacturing technique to produce 

lightweight, ultrathin, and flexible fiber mats for EM field shielding [3,4]. Carbon fiber mats 

are important among communication devices and EM field shielding materials over a wide 

range of frequencies. However, the high relative permittivity and very high electrical 

conductivity of pure carbon fibers render them poor impedance matching [5–7]. High 

conductivity can cause more impedance mismatch and dielectric loss of the EM field [8]. 

Usually, carbon fibers are modified to meet the requirements of microwave (frequencies 

ranging from 300 MHz to          300 GHz) shielding materials in commercial microwave devices 

(frequencies ranging from    0.5 GHz to 40 GHz) by modulating the characteristic impedance 

[9]. However, the performance of carbon fibers at frequencies ranging from 0.1-4.5 GHz has 

been based on only some works [10,11].  

Emerging nanomaterials can be used effectively for EM field shielding. Combining 

materials with hierarchical porous structure and multiphasic nanostructured materials could 

reduce density, enhance attenuation capacity and satisfy impedance matching [12]. PAN is the 

most widely investigated precursor for carbon fibers with good spinnability and simple thermal 

treatment [6]. For carbon materials, the dielectric loss capacity is mainly affected by thickness, 

defects, surface functionalization, and heteroatomic doping, which must be properly adjusted 

to achieve impedance matching. PDCs using carbon fillers have been reported as potential 

materials for EM field shielding [14–16]. These are usually bulk/monolith materials produced 

by cold/warm pressing. Also, it is difficult to ensure the homogeneous dispersion of carbon 

nanomaterials, such as CNTs, in preceramic polymers. The preceramic precursor and carbon 

precursor can be shaped by electrospinning and together be converted to a C/SiCN 

nanocomposite by high-temperature treatment producing a more lightweight, flexible and 

porous material. Materials with nanosized porosity, nanosized, conductive/semi-conductive 

secondary material, and insulating matrix are preferred for EM shielding [17]. The pyrolysis 
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temperature of precursors has been identified as an essential factor in developing the desired 

nanostructure and controlling the dielectric behavior/conductivity [18]. The heat-treatment 

temperature and the designing of a complex nanostructure necessary to create more interfaces 

and scattering the EM field to broaden the frequency band provide valuable development of 

new shielding materials [19]. For instance, adding polysilazane-derived SiCN to PVDF 

exhibited superior EM shielding frequency from 0.1 Hz to 1 MHz [20]. Considering the tunable 

electrical conductivity and dielectric permittivity of carbon [21,22], the EM shielding 

performance of C/SiCN mats would be considerably improved compared with its constituents 

individually. 

This work aims to investigate the effectiveness of EM reflection shielding in the 5G 

C-band of C/SiCN flexible electrospun mats pyrolyzed at different temperatures. The direct 

current (DC) conductivity properties of the fiber mats were also tested. Compared to the 

literature [23,24], the main advantage presented in this work is the development of a lightweight 

and flexible nanofiber mat using the precursor approach to produce a conductive carbon matrix 

with semiconductive SiCN nanodomains, and the low-cost electrospinning technique to 

produce a porous material. When using SiCN, usually magnetic loss is introduced by adding 

metallic compounds, which in turn can result in heavyweight and limit advanced applications. 

The lightweight and flexible C/SiCN nanofiber mat could find applications in the military and 

aerospace industry that require EM shielding of 5G C-band frequencies, which is fundamental 

for communication security. 

 

6.2 EXPERIMENTAL 

 

For the carbon mats, a solution containing 1 g PAN in 9.53 ml DMF was prepared, 

stirred for 3 h at 100 °C and stirred for more 9 h at room temperature (PAN samples). For the 

PAN/HTTS samples, 0.889 g PAN was first solubilized in 9.25 ml DMF at 100 °C for 3h. After 

this time, 0.381 g HTTS [25] and 0.0305 g DCP were added to the solution and further stirred 

for 12 h at room temperature (PAN:HTTS 7:3 wt.%). Well-dissolved polymer solutions after 

the preparation were obtained with a light yellow-colored PAN solution. The color gradually 

became darker and intensified with the addition of polysilazane. 

The electrospinning was conducted in a lab-scale electrospinning device. The solution 

was transferred into a syringe with a 21 gauge needle (needle diameter of 0.8 mm), and the 
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distance between the needle tip and collector was set to 23.5 cm. The applied voltage was           

21 kV, and the feed rate of the precursor solution was kept at ~0.2-0.8 mL min-1.  

The electrospun mats, PAN and PAN/HTTS samples, were then pyrolyzed in a 

programmed tube furnace in nitrogen atmosphere at a heating rate of 5 °C min-1 up to 800, 1000 

and 1200ºC. The samples were kept at the defined pyrolysis temperature for 1 h and allowed to 

cool to room temperature. Sample labels are defined by the polymer system used followed by 

the pyrolysis temperature employed. The mean thickness of the fiber mats was about 0.04 mm 

after electrospinning for about 3 h. The major parts of the setup are illustrated in Figure 6.1. 

 

Figure 6.1 – Fabrication of C/SiCN nanofiber mats via precursor approach and electrospinning technique 

 
 

The oscillatory shear rheology of the solutions was investigated with an MCR 702 

rotational rheometer (Anton Paar, Austria) in a parallel plate configuration [26]. Surface tension 

measurements were conducted through the hanging-drop method (~4 μL each drop) using a 

DSA25E drop shape analyzer (Krüss, Germany). The conductivity of the solutions was 

measured by a conductivimeter SevenCompact S230-Basic (Mettler Toledo, EUA) at room 

temperature. Three measurements were acquired to calculate the average value. 

TGA and DSC of the electrospun samples were performed with STA 449 F5 Jupiter 

equipment (Netzsch, Germany) with ~5 mg of sample heating from 20 to 1200 °C at a heating 

rate of 5°C min-1 in nitrogen atmosphere.  
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The Zeiss Gemini Sigma 300 VP (Zeiss, Germany) SEM was used to examine the 

golden-sputtered electrospun samples, and fiber diameter was evaluated from four different 

SEM images measuring randomly 100 fibers of each sample with open-source ImageJ software. 

The carbon and silicon content were measured with energy-dispersive X-ray spectroscopy 

(EDS) Octane Elect EDS System EDAX (Ametek, USA). The IR transmissivity of the fibers 

was tested on a FTIR Tensor 27 equipped with an ATR sampling unit (Bruker, USA). The 

carbon structure was analyzed by Raman spectroscopy and XRD. XRD was carried out using a 

flat-sample transmission geometry using monochromatic CuKa radiation (λ = 1.5418 Å,            

40 mA, and 40 kV) with D8 Advance (Bruker AXS, Germany). The Raman curves obtained at 

532 nm with Senterra II (Bruker, USA) were fitted using the Lorentz function with Origin 2022 

software (adjusted R2≥0.88). The ID/IG and ID/ID” ratios were calculated based on the height 

intensity of each peak after curve fitting. The porosity of the nanofiber mats was estimated 

using the apparent density and the true density was determined with helium pycnometer 

(AccuPyc II 1340, Micromeritics, USA) [27]. 

The DC electrical conductivity of the nonwoven mats was examined using a B2912A 

precision source measure unit (SMU) (Keysight, USA) via the conventional four-probe method. 

The average results obtained from at least three measurements were reported. The voltage was 

measured by fixing the current according to each sample. This current was swept from                    

-0.0001 A to 0.001 A for PAN:HTTS pyrolyzed at 800 °C and 1000 °C samples, and -0.009 A 

to 0.0009 A for PAN:HTTS pyrolyzed at 1200 °C. The current was swept from -10 A to 10 A 

for all three PAN samples. The measurement was acquired with a quiet time of 0.0005 s and a 

total scan time between 4 s and 5 s. The data were then subjected to each sample’s correction 

factors according to its boundary conditions [28]. The geometric factor was considered for the 

calculation, while porosity was not considered due to the complexity of the calculations. 

The EM reflection loss was characterized using a ZNB4 1-port VNA (Rohde & 

Schwarz, Germany) in the range of 100 MHz to 4.5 GHz. The calibration without a metal panel 

was first conducted, followed by the sample measurement. The S11 scattering parameter was 

measured, which represents the response to incident radiation from port 1, along with any 

subsequent signals emitted via internal reflections caused by the impedance match of the 

material concerning free space [29]. The diagram of DC electrical conductivity and S11 

scattering parameter analyses is illustrated (Figure 6.2). 
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Figure 6.2 – Diagram of DC electrical conductivity and S11 scattering parameter analyses. 

 
 

The S11 scattering parameter is the amplitudes ratio of the incident (V1
+) and reflected 

(V1ˉ) voltage waves. If S11=0, then all the power is reflected from the material and nothing is 

radiated or absorbed. Equation 6.1 shows the calculation of S11, where Γ11 is the reflection 

coefficient [30]. Since VNA was first calibrated without the sample and the analyzer is 

configurated in 1-port, V2
+ = 0. 

 

S11 =
V1

−

V1
+|

V2
+=0

= Γ11                                                                                                              (6.1) 

 

The return loss (RL = -S11, frequently presented with the negative value in materials 

engineering) is the attenuation of the reflected signal compared to the input signal and is 

expressed in terms of impedance where Zin(ω) is the load impedance and Z0 is the source 

impedance as shown by Equation 6.2 [31].  

 

RLdB(ω) = 20log10 |
Zin(ω)−Z0

Zin(ω)+Z0
|                                                                                            (6.2) 

 

The VSWR represents the degree to which the impedance of a load matches the 

characteristic impedance of a transmission line carrying electromagnetic frequency signals. A 

matched load would mean a VSWR of 1:1 implying no reflected wave. An infinite VSWR 

represents complete reflection with all the incident power reflected toward the source. An EM 
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wave in a transmission line is partly reflected when the line is terminated with an impedance 

unequal to its characteristic impedance. The VSWR was calculated according to Equation 6.3. 

 

VSWR =
1+Γ11

1−Γ11
                                                                                                                       (6.3) 

 

The equation for shielding effectiveness (SE) is related to the scattering parameters as 

given by Equation 6.4 with SET(ω), SER(ω), and SEA(ω) representing total shielding 

effectiveness, reflection shielding effectiveness, and absorption shielding effectiveness, 

respectively [32].  

 

SET(ω) = SER(ω) + SEA(ω)                                                                                               (6.4) 

 

The SER(ω) was calculated using S11 parameter as shown by Equation 6.5. 

 

SERdB(ω) = 10log10 (
1

1−|S11(ω)|2
)                                                                                        (6.5) 

 

The absorption coefficient is expressed by Equation 6.6, where R(ω) and T(ω) are the 

reflection and transmission coefficients respectively. VNA was first calibrated without the 

sample, so there was no electromagnetic transmission during the measurement i.e. T(ω)=0, and 

the absorption coefficient was determined. 

 

A(ω) = 1 − R(ω) − T(ω)                                                                                                    (6.6) 

 

6.3 RESULTS AND DISCUSSION 

 

Despite electrospinning is a well-established technique for producing organic fibers, 

investigations on solutions containing preceramic polymers are very limited. It is well-known 

that fiber morphology depends on polymer and solvent properties beyond process parameters 

and environmental conditions. Therefore, both solutions were characterized to establish the 

properties in which it is possible to electrospun and to investigate the influence of adding 

preceramic polymer to PAN. Oscillatory rheology was used to establish the flow properties of 

the precursor solutions related to the electrospinning process, which can be considered an 
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extrusion process with a medium to high shear rate (10-1000 s-1). Both PAN:HTTS and PAN 

solutions showed pseudoplastic properties with shear-thinning in which the more shear stress 

is applied, the more freely the solution flows (Figure 6.3). Under low shear rates, the PAN 

solution showed a higher viscosity compared to that of PAN:HTTS solution and the rheological 

behaviors were very similar under high shear rates. Although PAN:HTTS has a higher polymer 

concentration, the viscosity decreased for a low shear rate, probably because of the low-

molecular-weight of polysilazane facilitating the mobility of the molecular chains. 

 

Figure 6.3 – Properties of PAN:HTTS (7:3 wt.% and 13 wt.% polymer concentration) and PAN solutions         

(10 wt.% polymer concentration). The viscosity is presented according to shear rate, solution appearance, 

respective electrical conductivity (in μS cm-1), and surface tension (in mN m-1) 

 
 

The electrical conductivity of the solutions was tested before electrospinning. 

Compared to PAN:HTTS, the PAN solution showed a greater ability to conduct electrical 

current (inset of Figure 6.3). However, this difference is not expressive. The surface tension of 

both solutions was very similar around 26 mN m-1. The values of viscosity, electrical 

conductivity and surface tension of the solutions are within the expected ranges [26]. A 

pseudoplastic behavior was obtained for PAN and PAN:HTTS solutions, which was a key 

property for producing seamless fibers in electrospinning. Similar properties of the solutions 

resulted in fiber diameters of ~280-290 nm for both samples (Figure 6.4). Since the solutions 

of both systems had similar characteristics for electrospinning, no significant change in green 

fiber diameter was noticed. After pyrolysis, the mats had different fiber diameters related to the 

carbonization of PAN and polymer-to-ceramic conversion of polysilazane. 
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Figure 6.4 – As-spun and pyrolyzed electrospun PAN:HTTS (7:3 wt.%) and PAN mats with corresponding mean 

fiber diameter (Ø) and sample photo 

 
 

The samples showed similar weight changes, however after pyrolysis, the PAN:HTTS-

derived samples presented thinner diameters attributed to the denser ceramic phase than the 

carbon phase, leading to greater shrinkage during pyrolysis. The polymer to ceramic 

transformation involved the elimination of organic groups and the rearrangement of carbon 

atoms from PAN and polysilazane (generally those attached to the Si/N structure). Thermal 

analysis (Figure 6.5) showed the different pyrolysis stages of carbon and polysilazane. At 200-

400 °C the carbonization of PAN occurred and cyclized carbon structures were formed with the 

release of mainly HCN, NH3, CH4, and H2 [33]. The exothermic peak observed in the DSC 

curve was due to the uncontrolled thermal polymerization of the nitrile group with the release 

of the heat of polymerization [34]. Denitrogenation occurred as the temperature increased, 

transforming carbon ribbons into thin, sheet-like structures and bonding adjacent sheets, which 

contain numerous vacancy imperfections and were folded to enclose voids, forming graphite-

like structures or turbostratic carbon. The basic structural units (BSUs) of carbon consisted of 

stacked conductive turbostratic or graphite layers. From 800-1200 °C, carbon clusters grew via 

edge-to-edge linkage of BSUs. At 1200° C, PAN showed only 36% weight retention, with a 

decomposition beginning at ~280˚C and more than 45% evaporating above 800˚C. For 

PAN:HTTS sample, the first weight change at low temperature (< 200 °C) was probably a loss 

of low-molecular-weight oligomers that were volatilizing. First, hydrosilylation and 

dehydrocoupling reactions occurred between ~100-400 °C for polysilazane forming Si-C, Si-

N, and Si-Si bonds. At ~300 °C, transamination began with the formation of Si-N bonds [25,35]. 

PAN:HTTS exhibited weight retention of 48% at 800 °C and 40% at 1200 °C. This weight 

retention suggested that the ceramic positively interacted with PAN by enhancing the thermal 

stability of the polymer network. The enhanced thermal stability of PAN:HTTS was also 
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observed through a shift of the DSC peaks to higher temperatures. In fact, at temperatures above 

200 °C, the Si-H group can react with PAN, indicating a crosslinking between both precursors, 

which was also observed elsewhere with a hybrid polymer made up of acrylonitrile and 

oligosilazane [36]. Within the matrix of polysilazane-derived SiCN, tetrahedral coordinated Si 

atoms are bonded to either N or C or a mixture of C and N (that is, SiCxNy), forming SiC4, SiN4, 

or SiCxNy units, while graphene-like sp2-carbon is located at the boundary of tetrahedral 

nanodomains of silicon. 

 

Figure 6.5 – TGA and DSC thermograms of PAN:HTTS (7:3 wt.%) and PAN 

 
 

FTIR-ATR spectra in Figure 6.6 show the carbonization of PAN and the polymer-to-

ceramic transformation of polysilazane at different temperatures. The expected absorption 

bands were observed (Table 6.1). The spectra of as-spun samples exhibited bands 

corresponding to N-H, C-H, Si-H, vinyl group, Si-C, and Si-N for the polysilazane-containing 

samples and C≡N and C=O for PAN. The conversion of polymer to ceramic at 800 °C was 

confirmed by the absence of the N-H and Si-H absorption bands, and the absence of methyl and 

vinyl groups. On the carbonized PAN fibers, the nitrile band was not observed, suggesting the 

cyclization of the structure. The wide peak, between 800 and 1260 cm-1, is attributed to the 

formation of SiCN structure in the carbon matrix, while the band at ~1540 cm-1 is attributed to 

C=C and C=N bands.  
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Figure 6.6 – FTIR-ATR spectra of as-spun and pyrolyzed (a) PAN:HTTS and (b) PAN samples 

 
 

Table 6.1 – FTIR peak assignments of as-spun and pyrolyzed PAN:HTTS and PAN samples 

Wavenumber (cm-1) Group Ref. 

~3390 νs(NH) [37,38] 

~2930 νs(CH3) [25,39] 

~2245 δs(C≡N) [40,41] 

~2130 νs(SiH) [42,43] 

~1666 νs(C=O) [40,41] 

~1260 and ~1460 δs(CH3) [25,39] 

~1160 δs(NH) [25,42] 

~640-1074 
vinyl group, δs(Si-C) and 

δs(Si-N) 
[44,45] 

~1540 δs(C=C) and δs(C=N) [40,46] 

~440 and 1060 δs(Si-O) [45,47] 

 

Figure 6.7 shows the weight content of C and C/Si ratio for pyrolyzed PAN:HTTS 

samples based on EDS results. In PAN:HTTS, the weight content of carbon remained stable 

between 50.3-61.7 wt% as shown by the error range. This is attributed to carbon coming mainly 

from the carbonization of PAN and also from the organic backbone structures of HTTS (methyl 

and vinyl groups), thus preserving the carbon content in the material. The carbonization of PAN 

leads to the evolution of higher-order structures with pure C=C bonds which are very infra-red 

inactive [48]. Therefore, XRD and Raman analyses were conducted hereafter to evaluate the 

carbon nanostructure. 
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Figure 6.7 – Weight content of C and C/Si ratio for pyrolyzed PAN:HTTS samples based on EDS results 

 
 

The XRD patterns of the electrospun mats (Figure 6.8a1 and Figure 6.8a2) exhibit 

peaks at 17°, 25° and 43° corresponding respectively to (0 1 0) plane of graphite (d = 0.53 nm), 

(0 0 2) lattice of typical graphite (d = 0.34 nm) and (1 0 0) plane from arbitrary diffraction 

related to graphene sheets (d = 0.17 nm), which is in accordance with the literature [49–51]. 

The peak at 25° is the (0 0 2) carbon Bragg peak, which gives information about the amount of 

single, bilayer and trilayer graphene sheets arranged at arbitrary angles [52]. The (0 0 2) peak 

became weaker for pyrolyzed PAN:HTTS samples, suggesting that the carbon is predominantly 

of amorphous and disordered nature. This indicated that the inclusion of polysilazane disrupted 

the crystalline structure and enhanced the amorphousness of carbon as also observed by Smith 

et al. [38]. The 25° peak shows a more pronounced decrease in intensity than the 43° peak with 

the addition of polysilazane; thus, the preceramic interfered more with the layer stacking than 

the lateral extent of the layers. With higher pyrolysis temperature, only the peak centered at 17° 

increased remarkably for PAN-derived samples due to the evolution of graphite. 
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Figure 6.8 – (a) XRD spectra, (b) first-order Raman spectra and (c) second-order Raman spectra of PAN:HTTS 

and PAN pyrolyzed at different temperatures 

 
 

Typical carbon signals in the first-order Raman spectra were identified as disorder-

induced D-band at ~1342 cm-1 and the G-band at ~1579 cm-1 due to in-plane bond stretching 

of sp2 carbon (Figure 6.8b1 and Figure 6.8b2) [53]. The so-called minor bands were included 



116 

 

 

 

to improve the quality of the fitting curves. The T-band at ~1206 cm−1 corresponds to sp2-sp3 

bonds of δs(C-C) and δs(C=C) vibrations of polyene-like structures, and D’’-band at ~1499 cm−1 

corresponds to amorphous carbon contained in the samples [54,55]. The intensities of D- and 

G-bands were similar for all samples, revealing a disordered graphitic lattice and some degree 

of carbon order. In contrast to XRD, Raman peak positions and intensities remained almost 

unchanged after each thermal treatment, suggesting that neither a lateral growth nor a 

pronounced ordering process of the existing carbon domains occurs from 800 °C to 1200 °C. 

The ratio of D- and G-bands amplitudes (ID/IG) is often used to indirectly reflect the degree of 

graphitization of carbon materials. The similar intensity ratios of D- and G-bands (ID/IG ≈ 1.13) 

for increasing temperature indicated a stable size of sp2 domains and defects in the graphitic 

lattice. Nevertheless, with increasing pyrolysis temperature, the D- and G-bands got more 

narrow and distinct due to a decreasing number of intrinsic defect sites, the disappearance of 

residual C-H bonds, and the vanishing of dangling bonds [56]. According to the Tuinstra-

Koenig-correlation theoretically acceptable to estimate the size of carbon clusters along the 

sixfold ring plane (La ˃ 2.2 nm when λ = 514.5 nm) [54], the lateral crystallite size La is          

~3.7-5.1 nm for the samples prepared here indicating the nanostructured nature of the materials 

(Table 6.2). Additionally, the ID/ID” values increased from 800 °C to 1200 °C, suggesting a 

higher degree of carbon organization. 

Different bands were identified in the second-order Raman spectra of PAN:HTTS-

derived samples, including 2D (or G’), D + G, and 2D′ respectively at ~2559 cm-1, 2783 cm-1, 

and 3540 cm-1 attributed to overtones and combinations of the known lattice vibration modes 

(Figure 6.8c1 and Figure 6.8c2). Accordingly, the 2D-band is an overtone of the D-band usually 

found in defect-free graphite samples [54]. The more intense 2D-band identified in the spectra 

of PAN:HTTS/1200 °C is associated with a higher ordering of the graphene sheets in terms of 

stacking of the layers along the axis [52,57]. In contrast, the 2D-band of PAN:HTTS pyrolyzed 

at 800 °C and 1000 °C  is less pronounced indicating a random graphene sheet distribution. In 

parallel, the G-band width of PAN:HTTS/1200 °C is diminished, implying that the carbon 

ordering increases with increasing pyrolysis temperature (Table 6.2) [57,58]. XRD- and Raman 

measurements confirmed the presence of carbon as a mixture of disordered carbon, 

nanocrystalline graphite, and graphene sheets. The presence of the ceramic consisting of Si 

mixed bond tetrahedral with C and N along with carbon could be confirmed based on the FTIR 

data presented here and previous work on similar systems [42,44]. 
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Table 6.2 – Raman peak assignments with corresponding full width at half maximum (FWHM) of pyrolyzed 

PAN:HTTS and PAN samples 

Sample 

Pyrolysis 

temperature 

(°C) 

T-band 

intensity 

(cm-1) 

D-band 

intensity 

(cm-1) 

FWHMD 

(cm-1) 

D’’-

band 

intensity 

(cm-1) 

G-band 

intensity 

(cm-1) 

FWHMG 

(cm-1) 

La of 

graphite 

(nm) 

PAN:HTTS 

800 1223 1342 161 1501 1583 99 4.9 

1000 - 1320 146 1502 1584 71 3.7 

1200 - 1336 179 1501 1579 78 4.1 

PAN 

800 1201 1343 272 1501 1573 113 4.1 

1000 1201 1351 217 1497 1581 92 4.6 

1200 1201 1357 209 1494 1575 95 5.1 

 

Figure 6.9 shows the absorption coefficient A(ω), reflection shielding effectiveness 

SER, and the reflection loss RL highlighted in the 5G C-band of PAN:HTTS and PAN 

pyrolyzed at different temperatures. In the 5G C-band, the A(ω) was about 0.68, 0.17, and 0.35 

for PAN:HTTS pyrolyzed respectively at 800 °C, 1000 °C, and 1200 °C; in contrast, 0.07, 0.10, 

and 0.11 for PAN pyrolyzed respectively at 800 °C, 1000 °C, and 1200 °C (Figure 6.9a and 

Figure 6.9b). Therefore, the introduction of defects with the SiCN ceramic constructs small 

nanodomains in the carbon matrix that significantly enhanced the absorption mechanism. 

Compared to carbon fibers, the SiCN-containing samples had a higher reflection shielding 

effectiveness (Figure 6.9c and Figure 6.9d) i.e. lower reflection loss, (Figure 6.9e and Figure 

6.9f). Carbon nanofiber mats radiate virtually nothing since S11 i.e. RL is close to 0, so almost 

all the power was reflected. The non-effective dissipation of EM field of pyrolyzed PAN 

samples was mainly caused by the uncoordinated EM parameters and impedance mismatch 

[59,60]. 
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Figure 6.9 – Electromagnetic characterization of PAN:HTTS and PAN pyrolyzed at different temperatures 

highlighted in the 5G C-band. (a) absorption coefficient A(ω), (b) reflection shielding effectiveness SER, and (c) 

reflection loss RL. The photo inset shows the flexibility of the PAN:HTTS/800 °C sample. The flexibility of the 

mats was very similar, i.e. the addition of SiCN into the carbon did not change the flexibility because it is present 

in a low content and is well distributed throughout the carbon matrix 

 
 

Figure 6.10a shows the VSWR in the 5G C-band of PAN:HTTS and PAN pyrolyzed 

at different temperatures. When SiCN nanodomains are scattered in the carbon matrix, the 

VSWR is drastically reduced compared to that of pure carbon relating to a lower impedance 

mismatch. Specifically, the PAN:HTTS nanofiber mat pyrolyzed at 800 °C is approximately 

1.94 in the 5G C-band, which means approximately 11% reflected energy. For PAN:HTTS 
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nanofiber mats pyrolyzed at 1000 °C and 1200 °C, the RL ˃ -5 dB and the impedance was also 

mismatched. The acceptable level of mismatch depends on the application. In materials 

engineering and EM shielding, a good general agreement is RL < -10 dB (VSWR ≈ 2), and the 

PAN:HTTS nanofiber mat pyrolyzed at 800 °C showed a lower level of impedance mismatch. 

If the bandwidth is defined as the frequency range where S11 is to be less than -10 dB, then the 

bandwidth of PAN:HTTS pyrolyzed at 800 °C would be roughly 4 GHz. Figure 6.10b shows 

the DC electrical conductivity of PAN:HTTS and PAN pyrolyzed at different temperatures. For 

PAN-derived materials, the higher DC electrical conductivity with an increase in pyrolysis 

temperature translated into a lower impedance mismatch. In contrast, the impedance matching 

of PAN:HTTS-derived materials depended not only on DC electrical conductivity provided by 

carbon but also on the dielectric properties i.e. permittivity of SiCN.  

 

Figure 6.10 – (a) VSWR in 5G C-band and (b) DC electrical conductivity of PAN:HTTS and PAN pyrolyzed at 

different temperatures

 
 

The pyrolyzed samples derived from PAN:HTTS and PAN showed a medium DC 

electrical conductivity, suggesting that carbon is a primary active substance and SiCN acts as a 

material to modify the conductivity. The conductivity of PAN:HTTS samples pyrolyzed at    

800 °C, 1000 °C, or 1200 °C is respectively 0.0028 ± 0.0008 S cm-1, 0.0076 ± 0.0009 S cm-1, 

and 0.0120 ± 0.0016 S cm-1, which follows the literature about PDC containing high-content of 

carbon [61]. Likewise, PAN samples are 0.0005 ± 0.00003 S cm-1, 0.0045 ± 0.0001 S cm-1, and     

0.1248 ± 0.0027 S cm-1, which is in accordance with the literature on electrospun carbon fibers 

[62]. For 800 °C and 1000 °C, the conductivity is similar. It is supposed that at 800 °C and  

1000 °C, the oriented BSUs are isolated due to heteroatoms (mainly hydrogen) and the voids 

between them, forming loosely lapped graphene sheet structures and limiting the DC electrical 
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conductivity. In this case, the electrical conductivity could result from a hopping process 

occurring between these more-or-less complete-and-interconnected cages of carbon. However, 

the conductivity increased sharply for PAN pyrolyzed at 1200 °C due to carbon concentration 

and structural evolution [63]. In the composition of the fibers, amorphous carbon and 

amorphous SiCN are semiconductors, whereas turbostratic carbon and graphite have 

significantly higher conductivity [64]. This explains the lower conductivity of 

PAN:HTTS/1200 °C sample due to the presence of SiCN. These results agree with XRD and 

Raman results, i.e., the addition of polysilazane and adjustment of pyrolysis temperature varied 

the defect level and graphitization degree, directly influencing the DC electrical conductivity. 

Here, graphite provided good electrical conductivity and conduction loss, while amorphous 

carbon was used as a defect-rich region to provide polarization loss [65].  

The PAN:HTTS/800°C showed a reflection loss of about -10 dB in the 5G C-band, 

which is comparable to SiCN pyrolyzed at 1200 °C with a reflection loss of about -10 dB in the 

same frequency range [66]. The reflection loss of PAN:HTTS/1000°C and PAN:HTTS/1200°C 

was around -2 dB and -4 dB, respectively. The enhancement in the EM field shielding 

performance of PAN:HTTS/800 °C is attributed to three points: (1) appropriate electrical 

conductivity, (2) high degree of carbon disorder, and (3) heterojunction structures due to the 

accumulation of charges at the interfaces as well as the formation of dipoles on carbon and 

SiCN [67]. The higher pyrolysis temperature contributed to the EM shielding of SiBCN with 

higher permittivity and dielectric loss [68]. However, due to the abundant amount of carbon 

present in the samples prepared in this work, the evolution of carbon with higher pyrolysis 

temperature decreased the heterojunction interfaces, decreasing EM shielding ability. 

Moreover, the increased dipole polarization caused by defects of carbon and SiCN contributed 

to EM shielding performance. The abundance of dangling Si bonds for the 800 °C sample as 

compared to the 1000 °C specimen resulted in higher reflection loss in a broad bandwidth. 

Voids or gaps exist at the interface of SiCN and free carbon as the result of bonding mismatches, 

contributing to EM field shielding.  The DC electrical conductivity of 0.0028 S cm-1 for     

PAN:HTTS/800 °C was similar to polycarbonate/polypropylene nanomaterials with dispersed 

multiwall carbon nanotubes (MWCNT), which showed a conductivity of 0.03 S cm-1 with a 

reflection loss of -7 dB in 5G C-band [69]. Likewise, MWCNT/graphene foam with a 

conductivity of 1 S cm-1 showed a reflection loss in C-band of -10 dB for lower thermal 

treatment [70]. Polyaniline film was found to have a conductivity of 5300 S cm-1 with a 

reflection loss of -9 dB in higher frequency [71]. In another work, the incorporation of SiC into 
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spherical graphite-AlN contributed to a slightly decreasing electrical conductivity and enhanced 

polarization relaxation [72]. The electromagnetic shielding effectiveness of graphene-based 

composite film with a conductivity of 1720 S cm-1 was attributed to conduction loss and 

multiple reflections caused by the special structure of the material [73]. 

The proposed mechanisms of the C/SiCN nanofiber mats are represented in Figure 

6.11. The dielectric loss contains conductivity loss and polarization loss [74]. The multiple 

polarization relaxation processes are due to (1) interfacial polarization originating from 

interfaces between carbon and SiCN causing differences in conductivity and permittivity and 

accumulating space charges, (2) dipole polarization from defects and vacancies of carbon 

mainly observed in PAN:HTTS/800°C samples according to XRD and Raman results. In the 

literature, it is reported that the interfacial Si-C and N-C bonds of SiCN PDCs are destroyed 

with concomitant hydrogen loss upon increasing the pyrolysis temperature from 800 °C to   

1100 °C [75]. Hence, PAN:HTTS/800°C can simultaneously improve the polarization and 

conductivity loss. The interfacial polarization mechanism existing between complex 

nanostructural interfaces resulting in charge unbalance is believed to be responsible for the high 

reflection loss values observed with PAN:HTTS/800°C sample. Besides the intrinsic electric 

dipole polarization of Si-C-N, interface loss including charge accumulation, interface 

polarization, dielectric dissipation, and resonance relaxation contributed to EM absorption 

[7,76]. 

The structure of the SiCN material is amorphous 3D networks consisting of nano-

clusters and free dangling bonds of silicon and carbon [77]. The introduction of SiCN in the 

carbon matrix may generate structural defects, which form interfacial and dipole polarization 

and carrier channels under the action of an external electromagnetic field, and then promote the 

shielding performance of the fibers under broad electromagnetic bandwidth [78]. Specifically, 

the PAN:HTTS/800°C was a suitable EM shielding material due to its wide bandgap, tunable 

electrical conductivity, and dielectric properties. The thin, flexible PAN:HTTS/800°C mat 

prepared here has a continuous conductive network and an abundant porous structure with a 

porosity of ~80%, achieving interior scattering and multi-reflection among fibers with a low 

density of about 1.83 g cm-3 [79]. Likewise, graphene foams with lower annealing temperatures 

showed more substantial shielding peaks at low frequencies (2-4 GHz) [60]. The return loss 

lower than -10 dB in the 5G C-band frequencies indicated that the carbon/SiCN pyrolyzed at 

800 °C can dissipate more than 90% of the EM field achieving a balance between impedance 

matching and EM field attenuation. The multiscale in nano- and micro design of the materials 
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enabled the optimization of impedance matching, larger heterointerfaces for inducing 

polarization loss, extra conduction networks for enhancing conduction loss and increased low-

dimensional structural units for promoting geometrical effects, thus improving the EM field 

absorption capacity. 

 

Figure 6.11 – Schematic illustration of EM field shielding mechanisms based on the C/SiCN nanofiber mat 

 

 

6.4 CONCLUSIONS 

 

Simultaneously integrating polymer-derived ceramic into carbonaceous material by 

engineering the nanostructure of the material is a promising method to achieve excellent EM 

shielding performance. The adjustment of pyrolysis temperature and addition of polysilazane 

varied the defect level and graphitization degree of PAN at the nanoscale. The DC electrical 

conductivity and reflection shielding properties of PAN:HTTS materials were tuned by 

controlling the defects, morphology, and structure with the pyrolysis temperature. The 

introduction of a Si-based ceramic in carbon may generate structural defects, which form 

interfacial and dipole polarization and carrier channels under the action of the external EM 

field. Appropriate electrical conductivity, high degree of carbon disorder, and presence of 

heterojunction structures played a crucial role in the EM field shielding performance of 

lightweight and flexible C/SiCN nanofiber mat pyrolyzed at 800°C, which could be employed 

as a novel material for low-frequency EM shielding. In conclusion, this work showed that defect 
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engineering (dopants and atom vacancies) in carbon-based materials is an exciting research 

direction for the development of EM shielding nanomaterials. Our findings might shed insight 

on the design of novel carbon-based materials with strong reflection loss, wide absorption 

frequency range, and thin thickness for applications in the military and aerospace industry 

requiring EM shielding of the 5G C-band frequencies, which is fundamental for communication 

security. 
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7 LIGHTWEIGHT SiCN/C FIBERS FOR MICROWAVE ABSORPTION AND 

ELECTROMAGNETIC FIELD SHIELDING IN KU-BAND5 

 

SiCN ceramics have been increasingly researched as electromagnetic field (EMF) 

absorbing materials for application in harsh environments, but studies on the role of carbon in 

SiCN ceramics for excellent EMF absorbing properties are still lacking. Here, SiCN fibers 

containing in-situ generated nanosized carbon structures (SiCN/C) were prepared by 

electrospinning polysilazane and polyacrylonitrile with subsequent pyrolysis in nitrogen 

atmosphere. The phases and microstructures of SiCN and SiCN/C fibers were characterized 

and their influences on EMF shielding properties in Ku-band (12.4-18 GHz) were investigated 

using 2-port VNA rectangular waveguide aperture and Nicolson-Ross-Weir (NRW) method. 

At 16.9 GHz, the SiCN/C fibers showed higher relative complex electrical permittivity (ε’=5.8 

and ε’’=2.1) compared to SiCN (ε’=3.2 and ε’’=0.15). The EMF absorption was increased by 

~179% with the addition of carbon in the SiCN matrix. Computational simulations clarified the 

better features of SiCN/C in electromagnetic shielding compared to SiCN. The favorable 

microwave absorption ability was ascribed to three aspects including enhanced conduction loss 

derived from the conductivity of free carbon, dipole and interfacial polarization loss generated 

by defects, and multiple reflection loss enhanced by a hierarchical network from the electrospun 

fibers. Moreover, the addition of carbon precursor represented a weight decrease of 17% for 

SiCN/C fibers compared to SiCN fibers. This research will afford an alternative solution for the 

manufacturing of SiCN/C fibers with EMF absorption properties that can be used as lightweight 

materials for stealth applications under harsh environments or also for electromagnetic absorber 

materials used in electromagnetic compatibility and immunity test applications. 

 

7.1 INTRODUCTION 

 

With the accelerated development in electronic and information technology devices, 

research on materials that can attenuate EMF interference has received a lot of effort [1,2]. 

Among the Si-based PDCs, SiCN ceramics have attracted considerable attention in the last few 

decades due to their higher temperature and oxidation stability compared respectively to SiCO 

and SiC ceramics [3–5]. There are at present two strategies adopted to improve the EMF 

_______________________________ 

5
Based on a paper to be submitted for publication. 
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shielding capabilities of PDC materials: combining dielectric and magnetic components or 

designing their microstructures [6]. Some progress of polysilazane-derived ceramics as EMF 

absorbing materials include SiCN [7–9], SiCN/Co [10], SiCN/Fe [11,12], SiCN/Ni [13], 

SiCN/reduced graphene oxide [14], SiC/graphitic carbon/SiCN [15], SiCN/CNTs [15], and 

PVDF/SiCN particles [16]. The manufacturing of SiCN fibers could broaden their application 

as lightweight materials with higher surface area for stealth applications under harsh 

environments. 

The manufacturing of SiCN fibers could broaden their application as lightweight 

materials with higher surface area for stealth applications under harsh environments. Most of 

the published research is focused on SiC fibers [17–22], while studies on polysilazane-derived 

SiCN fibers with EMF absorption properties are scarce. Moreover, the magnetic loss is usually 

introduced in SiCN fibers by adding ferric and nickel compounds [23–27], which in turn can 

result in high weight density, easy corrosion, difficult treatment, and high cost [28]. The effects 

of carbon on SiCN fibers remain to be addressed to provide a new way to design high-efficiency 

EMF absorbers. 

Although there are many contributions in the literature of studies exploring materials 

applied to electromagnetic field shielding, there is a limitation of the method itself that will only 

work in practical situations if the conditions are replicated. The insertion of the metal panel in 

the measurement setup allows some simplifications in Maxwell's equations [29], thus leading 

to analytical calculations that are easy to implement but of little practical use. In such cases, 

computer simulation studies are best suited to evaluate the material's behavior in more real-life 

situations using the measured characteristics. 

This work aims to investigate the microwave absorption and EMF shielding of SiCN/C 

electrospun fibers. Combining electrospinning and the PDC route, SiCN fibers containing in-

situ generated nanosized carbon structures were prepared and tested for microwave absorption 

and EMF shielding in Ku-band (12.4-18 GHz). For comparison, SiCN fibers were also 

manufactured. Polysilazane was used as the precursor of SiCN and PAN was added to the 

solution to improve the electrospinnability of the preceramic polymer and also as a carbon 

source. The fibers were investigated according to their relative complex electrical permittivity, 

total shielding effectiveness (SE) absorption, and reflection loss, and the improved performance 

of SiCN/C fibers was related to the material microstructure. 
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7.2 EXPERIMENTAL 

 

The solutions were prepared by dissolving polysilazane, PAN, and 3 wt.% DCP in 

DMF, which were further electrospun in inert atmosphere. The precursor mats were pyrolyzed 

in a tube furnace from 20 °C to 1200 °C with a heating rate of 5 °C min-1 for 1 h in nitrogen 

atmosphere. The details of solutions and electrospinning for the manufacturing of SiCN and 

SiCN/C fiber mats are presented (Table 7.1). After pyrolysis, the mats were macerated to obtain 

SiCN and SiCN/C fibers. 

  

Table 7.1 – Details of solution characteristics and operating conditions of electrospinning for manufacturing 

SiCN and SiCN/C fibers 

Name 

Solution characteristics 
Operating conditions of 

electrospinning 

Polymer 

concentration in 

DMF (wt.%) 

PAN 

concentration 

(wt.%) 

Voltage 

(kV) 

Feed rate 

(ml h-1) 

Tip-to-

collector-

distance (cm) 

SiCN 60 0 27 1 19.5 

SiCN/C 17.5 40 21 0.8 23.5 

 

The thermal stability of the as-spun fibers was measured with TGA equipment (STA 

449 F5 Jupiter, Netzsch GmbH, Germany). The IR transmissivity of the fibers was tested on 

FTIR equipped with an ATR unit (Tensor 27, Bruker, USA). The morphology of the fibers was 

characterized by transmission electron microscopy (TEM) with an acceleration voltage of         

80 kV (JEM-1011, JEOL, Germany). The elemental composition was analyzed with EDS 

(Octane Elect EDS System EDAX, Ametek, USA). The density of the fibers was determined 

by helium picnometry (AccuPyc II 1340, Micromeritics, USA). The surface area was 

determined via krypton adsorption using Brunauer-Emmett-Teller theory (ASAP 2010, 

Micrometrics, USA). The carbon structure phases were identified through XRD (D8 Advance, 

Bruker, USA) using monochromatic CuKa radiation (λ = 1.5418 Å, 40 mA and 40 kV) and 

Raman spectroscopy with a 532 nm wavelength laser (Senterra II, Bruker, USA). The Raman 

curves were shaped according to Lorentzian fitting (adjusted R2≥0.9) and the crystallite size 

(La) was determined according to the Tuinstra-Koenig-correlation [30]. The ID/IG and ID/ID” 

ratios were calculated based on the height of each peak after curve fitting. The phases present 

in the SiCN fibers were evaluated by solid-state 29Si-NMR (Bruker AVANCE II 300, Bruker, 

USA) and the spectra were [0,1] normalized for comparison. 
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The SiCN and SiCN/C fibers were mixed with silicone (5 wt.% fibers) and molded 

into rectangular samples (10.16-22.86 mm) with different thicknesses ranging from 2 mm to 

4.5 mm (Figure 7.1). Silicone is an insulating material that is transparent to the electromagnetic 

field. The scattering parameters (S-parameters) and reflection losses were collected in a vector 

network analyzer (VNA) (N5230C-PNA-L, Agilent Technologies, USA) employing the 

rectangular waveguide propagation setup in Ku-band (Figure 7.2). 

 

Figure 7.1 – Schematic diagram of preparing SiCN and SiCN/C samples to be tested for microwave absorption 

and EMF shielding 

 
 

Figure 7.2 – Images of the N5230C-PNA-L VNA and accessories for electromagnetic measurements in Ku-band 

guided wave testing. (a) Equipment overview, (b) picture of samples, (c) picture of the coaxial cable connected 

at the coaxial to waveguide transition. Two metal panels are shown, the offset plate, which is cast in rectangular 

form with the dimensions for guided Ku-band testing (10.16 mm high by 22.86 mm wide) and the metal panel, 

(d) exploded view of the experimental setup for reflection loss testing, and (e) exploded view of the setup 

applied for NRW testing. 
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The transmission/reflection measurement techniques evaluated through a rectangular 

waveguide is a non-resonant method using a 2-port measurement, which has a radiation/sensing 

area much greater than that of a coaxial probe [31]. Based on the S-parameters measurements, 

the NRW method was used to calculate the relative complex permittivity and electrical loss 

tangent. The VNA equipment was calibrated according to the transmission reflection-line 

method provided by the equipment supplier. The impedance matching condition of the 

instrument ports was defined with a reference value set at 50 Ω. The equations related to data 

conversion are available in the supplementary material of this work. To diminish the influence 

of possible air gap spaces and to mitigate positioning misalignment influence, three samples for 

each measurement were prepared and the corresponding errors are reported. The reflection 

losses were obtained using the 1-port reflection loss setup, commonly used in the literature for 

both rectangular and coaxial waveguide cross-sections. 

Computational electromagnetic calculations were developed using FEKO® software 

(Altair, USA) based on the materials’ properties obtained experimentally. Introductory 

electromagnetic scattering calculations in free space including the radar cross-section (RCS) 

study were computed [32]. The complex electrical permittivity (ε)  in a dispersive, 

homogeneous, and isotropic material medium is expressed (Equation 7.1), 

 

𝜀(𝜔)  = 𝜀0𝜀𝑟(𝜔) = 𝜀0[𝜀𝑟
′(𝜔) −  𝑗𝜀𝑟

′′(𝜔)] = 𝜀0𝜀𝑟
′(𝜔)[1 − 𝑗𝑡𝑎𝑛(𝛿𝑒(𝜔))]                          (7.1) 

 

where ε0 is the electric permittivity in vacuum, εr is the relative complex electrical 

permittivity, εr’ and εr’’ are respectively the real and imaginary parts of the relative complex 

electrical permittivity. The electrical tangent loss term, tan[δe(ω)]=εr’’(ω)/εr’(ω), directly relates 

the imaginary and real components of the permittivity and measures the inherent dissipation 

energy due to electrical losses. The term ω = 2πf is the angular frequency (rad·s-1) with f being 

the frequency in Hz. The reflection loss considering the slab ended by a conduction plane in dB 

is given (Equation 7.2), where S11 is the scattering parameter obtained from VNA 

measurements (observed from port 1 of the waveguide), zin is the input impedance, and z0 is 

the reference to the impedance load. 

 

RLdB(ω) = 20log10[S11(ω)] = 20log10 [
zin(ω)−Z0

zin(ω)+Z0
]                           (7.2) 
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The equation for SE related directly to the scattering parameters in dispersive and reciprocal 

media is given (Equation 7.3)[124], 

 

SETdB(ω) = 10log10 [
1

1−|S11(ω)|2
] + 10log10 [

1−|S11(ω)|2

|S12(ω)|2
]  

SETdB(ω) = SERdB(ω) + SEAdB(ω)                           (7.3) 

 

where SET(ω), SER(ω), and SEA(ω) represent respectively total, reflected, and 

absorbed shielding effectiveness and the scattering term S12 = S21 in reciprocal media. The 

RCS is a far-field parameter employed to characterize the scattering properties of a radar target. 

For three-dimensional objects, the RCS can be calculated considering the spherical coordinate 

system (Equation 7.4), 

 

σRCS(r, θ, ϕ) = lim
r→∞

[4πr2 S⃗ e(r,θ,ϕ)

S⃗ i(r,θ,ϕ)
] = lim

r→∞
[4πr2 |E⃗⃗ e(r,θ,ϕ)|

2

|E⃗⃗ i(r,θ,ϕ)|
2]                          (7.4) 

 

where r is the distance between the target object and the observer, S⃗ e(r, θ, ϕ) is the 

scattered power spectral density, S⃗ i(r, θ, ϕ) is the incident power spectral density (or the 

incident Poynting vector), E⃗⃗ e(r, θ, ϕ) is the scattered electric field intensity vector, and 

E⃗⃗ i(r, θ, ϕ) is the incident electric field intensity vector. The unit of σRCS(r, θ, ϕ) is m2, although 

the RCS is also commonly presented in dBsm (decibel squared milliwatt) (Equation 7.5), 

 

σRCSdBsm
(r, θ, ∅) = 10 log10[σRCS(r, θ, ∅)]                           (7.5) 

 

7.3 RESULTS AND DISCUSSION 

 

After electrospinning, the polymer fiber mats were pyrolyzed and SiCN and SiCN/C 

fibers were manufactured. Figure 7.3(a) shows that during pyrolysis, the polysilazane and PAN 

suffered respectively crosslinking/ceramization and carbonization with mass loss. The TGA 

curves mainly included two parts: the first part is ~200-500°C corresponding to cyclization of 

PAN and the removal of organic side groups of the preceramic polymer, and the second part is 

~500-800°C owing to pyrolysis of polysilazane and decomposition of PAN. At 1200°C, the 

final ceramic yield of SiCN and SiCN/C was 79% and 59%. The addition of PAN reduced the 
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final material yield with the largest weight change occurring between ~200-600°C associated 

with the self-crosslinking process that occurred between Si-H groups from the polysilazane 

with N-functionalities from PAN, the cyclization and decomposition of PAN (at 273°C and 

609°C according to DSC curve), and the escape of hydrogen [33,34]. After the cyclization of 

PAN, it is supposed that aromatic structures are obtained, forming carbon domains inside the 

SiCN matrix. For the SiCN sample, the largest weight change occurred between ~500-650°C, 

as also observed by the broad peak in the DSC curve, when the preceramic changed to 

amorphous SiCN ceramic characterized by degradation of organic substituents and release of 

volatile hydrocarbons, volatile silicon products, hydrogen, and small quantities of ammonia 

[35]. The ceramization was also observed for the SiCN/C sample in this temperature range 

(~500-650°C). The initial weight change is attributed to the loss of low-molecular-weight 

oligomers from polysilazane and DMF volatilization that did not evaporate during 

electrospinning and adhered to the fibers. 

  

Figure 7.3 – (a) Curves of TGA and DSC, (b) FTIR-ATR spectra, and TEM images with respective SAED and 

elemental composition according to EDS results of (c) SiCN and (d) SiCN/C fibers 
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The polymer-to-ceramic transformation and carbonization were confirmed through 

FTIR-ATR spectra (Figure 7.3(b)). The wide peak observed between ~770-1058 cm-1 was 

attributed to the formation of SiCN structure derived from the polysilazane [36]. For SiCN/C 

fibers, the band at ~1550 cm-1 was ascribed to C=C and C=N derived from PAN [34,37]. The 

appearance of the peak ~446 cm-1 was assigned to the formation of Si-O caused probably by 

the reaction of polysilazane to oxygen contamination during solution preparation [38,39]. 

According to a previous work of the authors, electrospun fibers in the range of 500-1500 nm 

are produced [40]. After macerating, very thin fibers with a diameter up to 242 nm were 

obtained according to TEM images exhibited in Figure 7.3(c) and Figure 7.3(d). The 

corresponding selected area electron diffraction (SAED) patterns exhibited a diffuse ring 

characteristic for an amorphous material. The fibers can be considered lightweight materials 

with 2.58 ± 0.08 and 2.14 ± 0.04 g cm-3 respectively for SiCN and SiCN/C. The addition of 

carbon precursor represented a weight decrease of 17% for SiCN/C fibers compared to SiCN 

fibers. Furthermore, the surface area was increased by 84%, which was determined as 2.66 m2 

g-1 and 4.91 m2 g-1 respectively for SiCN and SiCN/C. EDS results indicated the presence of 

SiCN with some oxygen contamination, as already suggested by FTIR-ATR analyses. The 

addition of carbon precursor reduced the silicon and nitrogen contents, however, the carbon 

amount was increased. As expected, the SiCN/C showed a higher carbon content with 48 at.% 

compared to 27 at.% of SiCN fibers.  

According to Figure 7.4, the 29Si-NMR spectra displayed five peaks at chemical shifts 

of -14, -19, -31, -48, and -65 ppm corresponding respectively to SiN2C2, SiC4, SiN3C, SiN4, and 

SiN3O units. In contrast to SiCN which is composed of different silicon environments due to a 

lower amount of carbon, SiCN/C fibers showed a preferential formation of amorphous SiN4 

environments due to the additional formation of Si-N bonding resulting from the reaction 

between polysilazane and PAN as discussed previously. 

The XRD peaks of SiCN and SiCN/C fibers showed diffuse scattering indicating an 

amorphous material (Figure 7.5a), which is in accordance with TEM results. The XRD pattern 

of SiCN/C displayed two peaks at ~24° and ~43° which correspond respectively to the 

reflections of the (0 0 2) and (1 0 0) peaks related to carbon segregations within the SiCN 

microstructure [41]. According to Bragg’s equation, the signal at 24° corresponds to the 

interlayer distance of graphite with some carbon phase composed of graphitic carbon [42]. The 

peak at 43° originated from arbitrary diffraction related to graphene sheets, a characteristic of 

amorphous and disordered carbons [43]. The XRD pattern of SiCN showed a very weak signal 
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at 24°, indicating that no noticeable amount of graphitic carbon was formed. Moreover, the 

diffraction peaks are broad, also suggesting a more amorphous structure than SiCN/C fibers, 

which corresponds with the SiCN structure in previous research [44–46]. In SiCN/C, the 

graphite peak at ~24° covered the amorphous peak of SiCN material. Since the intensity of the 

graphitic signal is not sharp, the free carbon phase is predominantly composed of a mixture of 

disordered carbon, nano-crystalline graphite, and graphene sheets. 

 

Figure 7.4 – Solid-state Si-NMR of SiCN and SiCN/C fibers 

 
 

Figure 7.5 – (a) XRD patterns and (b) Raman spectra of SiCN and SiCN/C fibers 

 
 

In the Raman spectra of the fibers, some bands were identified including the D-band 

(~1330 cm-1, representing carbon defects and disorder), D’’-band (~1482 cm-1, representing 

amorphous carbon) and G-band (~1568 cm-1, representing the graphitic structure), along with 

another two second-order bands corresponding to the 2D- (~2700 cm-1 representing the degree 

of organization of the graphene layers), D+G (~2945 cm-1 representing the disturbed graphitic 

structures) and 2D’-bands (~3460 cm-1 representing the disordered graphitic lattice) (Figure 

7.5b) [42,47]. These indicated that both defective amorphous and ordered carbon existed in the 
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fibers. The existence of segregated free carbon is outlined by the presence of more intense D- 

and G-bands in the Raman spectra of SiCN/C. These were also identified in SiCN to a lesser 

extent due to free carbon forming from methyl and vinyl groups present in polysilazane. The 

intensity ratio of the D- to the G-band (ID/IG) was respectively 1.35 and 1.38 for SiCN and 

SiCN/C. The low values of ID/IG indicated that the graphitization degree of carbon was low and 

the degree of the disordered amorphous state of carbon is high, which is consistent with the 

XRD data. Another work also reported that the thermal evolution of disordered carbon into 

higher organized derivatives is slowed down with the addition of graphite to oligosilazane [48]. 

According to the TK-correlation, the crystallite size was calculated as 3.67 nm and 3.58 nm 

respectively for SiCN and SiCN/C indicating the nanostructured nature of the ceramics. This 

indicated that the SiCN/C fibers have a lower degree of microstructural order compared to SiCN 

fibers [49]. This was also observed with the increase of D-band width with the addition of 

carbon precursor (from 134 cm-1 to 166 cm-1). Additionally, the ID/ID” ratios were similar i.e. 

2.17 for SiCN and 2.23 for SiCN/C, suggesting carbon amorphousness at the edge and the 

surface of graphitic crystallites [30].  

The EMF shielding mechanisms of a conductive shielding material include reflection, 

absorption, and multiple reflections. Multiple reflections are the reflections between the internal 

surfaces of the shielding material. The absorption of EMF radiation is how matter, typically 

electrons bound in atoms, takes up a photon’s energy and so transforms electromagnetic energy 

into internal energy. The SiCN/C fibers increased the microwave absorption in the whole Ku-

band compared to SiCN fibers (Figure 7.6). With a 4.5 mm thickness, the SE absorption of the 

SiCN/C fibers ranged from 1 dB to 1.5 dB, while the SiCN fibers ranged from 0.41 dB to       

0.47 dB. This represents an increase of about 179% in microwave absorption of SiCN/C 

compared to SiCN fibers. 

 

Figure 7.6 – SE absorption of (a) SiCN and (b) SiCN/C fibers in Ku-band (include experimental error range) 
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The EMF shielding of a material is highly dependent on its relative complex electrical 

permittivity (εr = εr’ – jεr’’) and relative complex magnetic permeability (μr = μr’ – jμr’’). Since 

magnetic shielding is not present in the fibers, the values of the real and imaginary part of 

permeability are approximately 1 and 0 respectively [50]. Therefore, the EMF shielding 

performance of the fibers is mainly determined by the permittivity. According to the Debye 

theory, the real part of the permittivity (ε’ = ε0εr’) is related to dielectric storage and the 

imaginary part of the electrical permittivity (ε″= ε0εr”) represents the dielectric loss [51]. The 

presence of free carbon in SiCN/C fibers enhanced the permittivity of fibers when compared to 

SiCN fibers, mainly for dielectric storage (Figure 7.7a and Figure 7.7b). The εr’ and εr’’ values 

of SiCN fibers remained constant at respectively ~3 and ~0.13 over frequency and sample 

thickness. On the other hand, the εr’ values of SiCN/C fibers increased with the thickness from 

3.38 (2 mm) to 5.15 (4.5 mm) at 15 GHz. Similarly, the εr’’ values of SiCN/C fibers also 

increased with the thickness with a maximum value of 3.26 (4.5 mm). The εr’’ curve of SiCN/C 

fibers with 4.5 mm showed a broad error, however, the curve follows the trend observed in SE 

absorption, confirming that the mean values are correct and the broad error is attributed to a 

limitation of the NRW method [52]. 

The losses of a microwave absorber come mainly from dielectric loss and magnetic 

loss mechanisms. The dielectric loss is derived from the hysteresis effect which occurs due to 

the electrical polarization and conduction processes in the presence of alternating 

electromagnetic fields.  Upon increasing the EM frequency, the polarizability cannot be 

maintained and some corresponding hysteresis phenomena occur during this process, called 

polarization relaxation [53]. Thus, the plot of εr’ versus εr’’ would be a single semicircle, 

denoted as the Cole-Cole semicircle corresponding to one Debye relaxation process [54]. The 

dielectric loss is associated with both conductive loss dependent on electrical conductivity, and 

polarization loss originating from the ionic, electronic, dipole, and interfacial polarizations [28]. 

Since ionic and electronic polarizations occur at much higher frequencies (103-106 GHz) [6,56], 

dipole and interfacial polarization influenced the electrical permittivity. 
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Figure 7.7 – (a) Real (εr’), (b) imaginary (εr″) components of the complex permittivity obtained experimentally 

by the NRW method (include experimental error range) and (c) Cole-Cole curves of SiCN and SiCN/C fibers 

(4.5 mm) in the Ku-band frequency range 

 
 

The polarization loss and conduction loss promoted the dielectric loss together. Under 

the action of the external alternating electric field, the SiCN/C fibers generated an induced 

current due to the formation of a continuous conductive network, which converts the EMF 

energy into heat energy by conduction loss mechanism. No semicircle was identified for SiCN 

(Figure 7.7c1), however, the SiCN/C had one Cole-Cole complete semicircle (Figure 7.7c2), 
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indicating that there is one polarization center. The defect density in the carbon structure present 

in SiCN/C fibers restricted the transmission of free electrons, leading to asymmetric charge 

distribution, which induced dipole and interfacial polarization due to lower crystallite size under 

the electromagnetic field [17,18,56,57]. Recently, the Cole-Cole plot also indicated that carbon 

nanofibers-SiBCN ceramics showed strong polarization capability due to the defect-rich 

structure of carbon [59]. The free carbon as a class of high conductive phase determined fibers’ 

conductivity, which has an important influence on impedance matching. Carbon transformed 

part of electromagnetic field energy into heat energy through dipole orientation polarization 

occurring at carbon defects and consuming electromagnetic energy. Since SixNy is transparent 

to electromagnetism, its incorporation increased interfaces and enhanced impedance matching 

of SiCN/C fibers [53]. Multiple reflection loss resulting from a hierarchical network built by 

the fibers also enhanced the loss mechanisms. 

The tan(α) values provided a measure of EMF energy lost compared with total EMF 

energy stored. The higher tan(α) values in the SiCN/C fibers indicated that more 

electromagnetic energy is consumed suggesting better EMF dissipation ability than SiCN fibers 

(Figure 7.8). 

  

Figure 7.8 – Tangent of electrical losses of SiCN and SiCN/C fibers (4.5 mm) obtained experimentally by the 

NRW method in the Ku-band frequency range 

 
 

The reflection loss was calculated from the permittivity and samples’ thickness to 

evaluate the EMF shielding of absorbers. A minimum reflection loss of -1.97 dB is observed 

for SiCN/C fibers with a thickness of 4.5 mm at 18 GHz (Figure 7.9). Furthermore, the SiCN/C 

fibers with a thickness of 2 mm showed a broad EMF shielding bandwidth with a reflection 

loss ranging from -0.96 dB to -1.6 dB. In contrast, SiCN fibers showed a minimum reflection 

loss of -1.13 dB at 12.4 GHz. The SiCN/C is thus a promising candidate as an EMF shielding 
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material, due to the electrically conductive phase (graphite carbon) scattered in an amorphous 

SiCN matrix. Free carbon in polymer-derived SiCN played a dominating role in the improved 

dielectric properties, which is in accordance with the literature [7]. The conductive network 

formed by the free carbon dispersed in the SiCN matrix provided a transmission channel for 

electrons, which significantly improved the attenuation of electromagnetic waves. Moreover, 

the addition of carbon precursor in the ceramic introduced more defects into the material, which 

increased the distribution of dipoles and enhanced the dipole polarization under the 

electromagnetic field. 

Regarding the dielectric behavior, the SiCN/C achieved both the enhancement of the 

polarization effect and the introduction of conduction loss. Firstly, the combination of SiCN 

and carbon enabled the material with improved polarization loss, which is ascribed to the dipole 

and interfacial polarization caused by the residual bonds and defects in free carbon. Secondly, 

the introduction of carbon provided conduction loss. Thirdly, the interlaced network created by 

the fibers provided platforms for multiple scattering of the incident electromagnetic field, which 

increased the transmission process within the material.  

 

Figure 7.9 – Reflection loss of (a) SiCN and (b) SiCN/C fibers in Ku-band (include experimental error range) 

 
 

In the literature, the reflection loss properties are normally calculated according to the 

metal backup panel model (see the 1-port reflection loss setup in Figure 7.2(d)) to predict the 

EMF shielding for an idealized measurement with masked effects, i.e. reflection loss as a 

combined effect of material, thickness, and geometry. The metal backplane allows the total 

reflection of the EMF incident into the material which passes through the multiple reflections, 

absorption and loss inside the material. This phenomenon implies in the EMF phase destructive 

cancelation at some specific frequency and finally, the vanishing value of the input reflection 
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coefficient occurs. Thus, a kind of ‘destructive interferometric EMF effect’ can be seen inside 

the material from the point of view of the input reflection coefficient. This effect does not 

necessarily depend on the absorbent characteristics of the material but on the ability to engineer 

the actual real component of electrical permittivity to cause a null value at the input reflection 

coefficient at some specific frequency in a given thickness of a slab material media. Such an 

analogous effect is referred to as the quarter-wavelength transformer that is popular in 

transmission line design. It is important to highlight that the quarter-wavelength transformer 

approach can also be applied for multilayer slab material media including loss and lossless 

dielectric materials [59].  

The high reflection losses commonly reported in the literature are thus the outcome of 

an approach of theoretical analysis with narrow practical applications. The evaluation of 

reflection loss with a metal panel is valid for scientific purposes, but will not work in most 

practical applications unless one replicates the same conditions including the metal panel that 

promotes the total reflection of the electromagnetic waves, which in turn is limited and 

impractical for example in applications that consider the reduction of the total weight of the 

system. A numerical simulation study is hereafter performed to fill this gap and contribute to 

the literature for new discussions on ceramic fibers applied to EMF shielding. 

The free space scattering radiation performance of an object describes how energy is 

scattered when an object is exposed to a plane wave electromagnetic incident field [32]. One 

approach to verify it is based on scattered RCS analysis that is related to the electromagnetic 

scattering reflected from some particular object (see the supplementary information for details). 

The three-dimensional (3D half sphere) RCS simulated results using experimental 

electromagnetic properties from SiCN/C were calculated assuming the frequencies of                     

f = 12.4 GHz, f = 15.2 GHz, and f = 18.0 GHz (Figure 7.10). At the normal EMF incidence 

angle, the maximum RCS values obtained were 13.69 dBsm, 15.74 dBsm and 17.12 dBsm at 

frequency values of f = 12.4 GHz, f = 15.2 GHz and f = 18.0 GHz, respectively. The main RCS 

lobe amplitude is enhanced when the electromagnetic wave frequency increases as well the 

number of lateral RCS side lobes also increase due to the increments in the frequency of the 

wave excitation. 
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Figure 7.10 – Computational results of RCS scattering study in free space. a) Numerical computation of the far-

field spectral diagram of radiation scattering RCS from SiCN/C at the frequency of 12.4 GHz, b) 15.2 GHz, and 

c) 18.0 GHz. d) Computational setup illustration for the far-field spectral diagram of radiation scattering 

 
 

Figure 7.10(d) shows the simulated target applied to the computational scattering 

study. The computational target was defined with a thickness of 4.5 mm and 200 mm of side 

length. In the picture, the green arrow represents its polarization vector direction (i.e. the 

incident electric intensity field vector �⃗� 𝑖) defined in -x axis direction, whereas its amplitude 

value was set as unitary. The blue arrow represents the direction of the electromagnetic wave 

propagation (i.e. the incident Poynting vector, 𝑆 𝑖) as normal orientation (-z axis direction) 

assuming the x-y target plane. The free space electromagnetic scattering of SiCN/C defined 

with arbitrary frequency (f = 18.0 GHz) showed better features when compared to SiCN 

simulations at the same frequency (Figure 7.11). Because the propagation of the incident wave 

is normal to the surface, the maximum amplitudes are expected to be normal since the 

computational body is flat. The maximum RCS values are 16.34 dBsm for SiCN and              

17.12 dBsm for SiCN/C. The highest RCS value obtained for SiCN/C is associated with the 

highest values of the electrical loss tangent (Figure 7.8), which in turn can be associated with 

the highest values obtained in the imaginary component of electrical permittivity (Figure 

7.7(b2)) in f = 18 GHz. 
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Figure 7.11 – Radiation diagram according to observation angle (θ) from -90° to 90° of SiCN and SiCN/C at the 

frequency of 18 GHz 

 
 

Nanomaterials based on electrically conducting percolative networks consisting of 

carbon secondary phase dispersed within a PDC matrix are attractive for applications operating 

in harsh conditions such as high temperatures and corrosive environments [60]. Under the joint 

action of the above mechanisms, the SiCN/C fibers showed potential as lightweight microwave 

absorbers and EMF shielders for stealth applications under harsh environments. 

 

7.4 CONCLUSIONS 

 

The SiCN/C fibers showed to be promising for microwave absorption and EMF 

shielding. The 2-port VNA rectangular waveguide aperture and NRW method were effective 

to determine the electromagnetic properties of the materials prepared here. The absorption and 

complex permittivity of SiCN/C fibers was improved compared to SiCN fibers by simply 

adjusting the carbon content through the PDC route. The enhancement of electromagnetic 

properties of SiCN/C fibers was attributed to the dipole and interfacial polarization caused by 

residual bonds and defects in free carbon, conduction loss provided by conductive carbon, and 

multiple reflection loss from a hierarchical network of electrospun fibers. The SiCN/C fibers 

are potential to be used as lightweight materials for stealth applications under harsh 

environments. Additionally, SiCN/C fibers present potential characteristics for electromagnetic 

absorber materials used in electromagnetic compatibility and immunity test applications, which 

are essential tools for the development of next-generation of electromagnetic devices, for 

automotive, aerospace and space applications. 
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8 ELECTROCHEMICAL PERFORMANCE OF SiCN FIBER MAT ELECTRODES 

FOR LITHIUM-ION BATTERY: ELECTROSPINNING POLYSILAZANE IN AIR OR 

PROTECTIVE ATMOSPHERE6 

 

Electrodes prepared through electrospinning and PDC route have been researched 

lately, however, investigations on polysilazane-derived SiCN are still scarce. This study 

describes the electrospinning in air or protective atmosphere (nitrogen) for the manufacturing 

of polysilazane/polyacrylonitrile fiber mats. After pyrolysis, SiCN containing in-situ 

synthesized carbon (SiCN-C) was tested as LIB electrodes. Electron microscopy showed that 

fibers electrospun in nitrogen are found to be thinner than samples manufactured by 

conventional electrospinning performed in air due to the slower solidification of the flying jet. 

XPS analyses confirmed that fibers electrospun in air incorporated a great oxygen content 

during shaping. The highest charge capacity of 773 mA h g-1 at 50 mA g-1 was recovered for 

SiCN-C electrospun in air. Oxygen increased the capacity due to its high character to attract Li+ 

ions, but SiCN-C electrospun in air suffered voltage hysteresis. Contrariwise, the SiCN-C 

electrospun in nitrogen demonstrated stable cycling with a charge capacity of 299 mA h g-1 due 

to enhanced free carbon content. This capacity was higher than SiCN and carbon electrodes 

processed under similar conditions. Improved performance of SiCN-C is attributed to 

synergetic effects between SiCN (a pathway for Li+ transfer) and carbon (improved electronic 

conductivity and more active sites for Li+ ions). After 100 cycles, the SiCN-C electrode 

electrospun in nitrogen atmosphere exhibited up to 98% of the initial capacity once it returned 

to lower current cycling showing improved cycling stability and significantly lower capacity 

losses. These findings make electrospinning very promising for the highly controlled 

production of SiCN fiber mat electrodes. 

 

8.1 INTRODUCTION 

 

Efficient utilization of future electronic devices will require increased storage 

capacities, long-term safety, and stability of rechargeable batteries. Among various 

rechargeable batteries technologies, the LIB continues to dominate mainly because of consistent 

specific energies of approximately 120 W h kg-1, low reduction potentials, and the small ionic 

_______________________________ 

6
Based on a paper to be submitted for publication. 
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size of a Li+ ion (0.76 Å) which facilitates smooth intercalation and fast electrochemical kinetics 

[1].  

Recent studies have investigated silicon-based covalent ceramics (such as SiCO and 

SiCN) prepared via the PDC process as potential electrode materials for LIB because of 

favorable electrochemical properties [2], such as reversible accommodation of Li+ ions in a 

potential range of 0-2.5 V with high electrochemical capacities up to 900 mAh g-1 (despite that 

low capacities are also reported) and Coulombic efficiencies over 99% [3]. Particularly, PDCs 

with excess carbon such as C-rich SiCN have been shown to improve the electrochemical 

performance as LIB anode significantly due to sufficient nanocarbon clusters and free dangling 

bonds of silicon and carbon, which are active sites for the intercalating/de-intercalating of Li+ 

ions, and the presence of nanoholes or nanochannels in the SiCN network, which improve 

electrochemical dynamic properties [4–9]. Although Dahn et al. filed a patent in 1996 for 

polysilazane-derived SiCN electrodes for LIBs [10], minimal research has been conducted 

compared to the application of SiCO in LIBs. 

Silicon-based PDCs are generally poor conductors of electronic/ionic current and the 

electrode preparation often requires the incorporation of conducting agents and binders on a 

metal current collector, thereby increasing the weight of the energy storage device [11]. 

However, future electrochemical energy storage devices must be lightweight to accommodate 

advances in wearable, flexible electronics [12]. Moreover, the addition of a conductive agent 

(considered a non-active phase for Li-ion storage) masks the real electrochemical performance 

of the electrode material [13]. Engineering electrode structures to enhance their ionic and 

electronic conductivity can significantly improve the electrochemical properties [14] and as a 

result, electrodes that are free of binder, conducting agents, and current collectors are desirable. 

For example, free-standing fiber electrodes are advantageous due to their higher overall 

gravimetric energy density [15–17].  

Non-woven fiber mats prepared via electrospinning and the PDC process have recently 

been considered electrode materials [18–22]. Electrospinning creates freestanding fiber mats 

that may be used as binder-free working electrodes. Since initial research published in 2007 

[23,24], some progress has been made regarding PDC fiber mats shaped through 

electrospinning, but additional research is required, such as investigating the influence of the 

electrospinning atmosphere on PDC composition, especially for oxygen-sensitive polysilazanes 

typically electrospun in air [25–28]. Additional studies are required to understand the effect of 
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nitrogen and oxygen and the structure-property relationship of SiCN on Li+ ions’ 

electrochemical energy storage to design effective polymer-derived SiCN fiber mat electrodes. 

This work aims to investigate the electrochemical performance of SiCN fiber mats 

electrospun in air or protected nitrogen atmosphere and applied as LIB electrodes. Solutions 

containing polysilazane as the preceramic polymer and PAN as the carbon source were shaped 

via electrospinning performed in air or in nitrogen (inert atmosphere). After pyrolysis, SiCN 

fiber mats with in situ synthesized carbon derived from PAN were manufactured, and a single 

material was obtained. To the best of our knowledge, this is the first known report that proposes 

SiCN electrospun fiber mats as electrodes for LIBs. The results of this work will provide a 

reference for designing the optimal composition of PDC-based fiber mat electrodes 

manufactured via the electrospinning process. Here we show that the atmosphere of the 

electrospinning process may influence the fiber mats regarding their morphology as 

demonstrated by electron microscopy, and composition as confirmed through XPS analysis. 

The fiber mats shaped in air showed a high electrochemical capacity as LIB electrodes due to 

the oxygen incorporation during electrospinning. Nevertheless, the fiber mats shaped in 

nitrogen showed excellent electrochemical stability and recovery of the initial reversible 

capacity after fast-cycling attributed to their high content of free carbon. 

  

8.2 EXPERIMENTAL 

 

Solutions containing different amounts of HTTS and PAN were prepared (Table 8.1 

and Figure 8.1a). The solution was placed in a syringe coupled with a 21 G metallic needle 

clamped to a high-voltage power supply that applied approximately 24 kV and was fixed 

approximately 23.5 cm from the collector. The sample was extruded at a flow rate of 

approximately 0.9 mL h-1 controlled by a pump. The polymer solutions were electrospun in two 

different devices: one device was in air with a relative humidity of approximately 60%, and the 

other device was inside a glove box with a protective atmosphere (i.e. nitrogen atmosphere) 

(Figure 8.1b). As-spun mats were prepared for pyrolysis (Figure 8.1c), placed in a tubular 

furnace, and heated up to 1200 °C for 1 h with a heating rate of 5 °C min-1 in a nitrogen 

atmosphere. Ceramic fiber mats were obtained (Figure 8.1d). For comparison, SiCN 

(electrospun in inert atmosphere) and carbon (electrospun in air) fiber mats were also 

manufactured under similar conditions. 
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Table 8.1 – Denomination of the samples investigated in this work 

Sample 

name 

Polymer concentration in 

solution for electrospinning 

(wt.%) 

Polysilazane:PAN

concentration 

(wt.%) 

Electrospinning 

atmosphere 

SiCN-40C-a 17.5 60:40 Air 

SiCN-40C-i 17.5 60:40 Inert (nitrogen) 

SiCN-70C-a 13 30:70 Air 

SiCN-70C-i 13 30:70 Inert (nitrogen) 

 

Figure 8.1 – Schematic diagram of the experimental process of this work including (a) precursor solution 

preparation, (b) electrospinning in air or protective atmosphere (nitrogen), (c) preparation of as-spun fiber mats 

for pyrolysis, (d) pyrolyzed fiber mats, and (e) punching of fiber mat electrode 

 
 

Using EVO MA10 SEM (Zeiss, Germany) with an acceleration voltage of 5 kV, the 

fiber diameter was evaluated from four SEM images that randomly measured 100 fibers of each 

sample using open-source ImageJ software. XPS was performed to analyze the composition of 

the electrospun mats. The XPS spectra were obtained with a Thermo Scientific Al Kα+ ion beam 

with an energy of 1486.6 eV and a spot size of 400 µm (Chanhassen, USA). Surface 

contamination of the ceramic fiber mats was removed via surface sputtering with argon at        

3.0 keV for 2 min. 

The electrospun mats were used as freestanding electrodes in LIB half-cells, in which a 

lithium metal electrode (14.3 mm diameter and 75 µm thick) was utilized as both the counter 

and reference electrode. This configuration provides a stable reference potential with a large 

specific capacity, affording a very large reservoir of capacity so that the reactions at the working 

electrode are not limited by the capacity available at the counter electrode [31]. A disk electrode 

with an approximate diameter of 6.35 mm was punched out from the pyrolyzed mat and used 

as the working electrode (Figure 8.1e). The electrolyte solution was a mixture of 1 M lithium 
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hexafluorophosphate (LiPF6) in 1:1 dimethyl carbonate:ethylene carbonate vol% (Sigma 

Aldrich, USA). A glass fiber separator (19 mm diameter, 25 µm thick) separated the two 

electrodes as they were pre-soaked with the electrolyte. The batteries were assembled in LIR-

2032 coin cells in a glove box filled with argon 99.9% and tested using a multichannel BT 2000 

Arbin test unit (College Station, USA) between 10 mV and 2.5 V vs. Li/Li+. The cells were 

subjected to symmetric cycling at current densities of 50, 100, 200, 400, 600, and 800 mA g-1 

for 10 cycles each followed by a current density of 50 mA g-1 for 40 cycles. The capacity was 

represented in mAh g-1 considering the anode mass, and the Coulombic efficiency (%) was 

calculated as the ratio of discharge capacity after full charge and charge capacity of the same 

cycle. 

 

8.3 RESULTS AND DISCUSSION 

 

SEM images of the pyrolyzed samples showed the morphology of the resulting SiCN 

fiber mats after electrospinning and polymer to ceramic transformation. The fiber diameter was 

937±235 nm for SiCN-40C-a, 153±20 nm for SiCN-40C-i, 833±237 nm for SiCN-70C-a, and 

150±26 nm for SiCN-70C-i (Figure 8.2). The fibers electrospun in nitrogen atmosphere had a 

much thinner diameter (approx. 83%) when compared to the fibers electrospun in air, attributed 

to the influence of 60% relative humidity in the air. Despite that electrospinning is a very fast 

process, the influence of air moisture is not limited. The presence of water molecules in the air 

discharges the electrospinning jet due to molecular polarization; the jet is less vigorously 

subjected to whipping instabilities and less elongated. For a system composed of hydrophobic 

PAN, the high humidity in the air led to early solidification resulting in thicker diameters and 

the suppression of bead-on-string morphologies. The fibers electrospun in a protective 

atmosphere were uniform and smoother than fibers obtained by electrospinning performed in 

air, as also reported in a previous study that investigated the electrospinning of organic fibers 

[29]. However, the presence of solvent molecules inside the electrospinning chamber delayed 

the solidification of the fibers due to some solvent absorption into the jet and polymer 

plasticizing, and, consequently, favoring the apparition of bead-on-string fibers. The histogram 

of the fiber diameter was better normally distributed compared to the histogram of fiber 

diameter electrospun in the air, which showed some fiber diameter difference. This was not 

observed with polysilazane-derived SiCN fibers, which showed a homogeneous morphology 

when electrospun in nitrogen atmosphere attributed to the high polymer concentration hindering 
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further jet elongation (Figure 8.3a). In contrast, carbon fibers electrospun in air also showed 

some irregularities due to the high moisture content in the air during electrospinning (Figure 

8.3b). 

  

Figure 8.2 – SEM images, respective fiber diameter (Φ) and histogram of pyrolyzed fiber mats electrospun in air 

(SiCN-40C-a and SiCN-70C-a) or protective atmosphere (SiCN-40C-i and SiCN-70C-i) 

 
 

Figure 8.3 – SEM images, respective fiber diameter (Φ) and histogram of pyrolyzed SiCN fiber mat electrospun 

in inert atmosphere and carbon fiber mat electrospun in air 
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Later, the as-prepared polymer-derived SiCN fiber mats were used as the working 

electrodes in LIBs coin cell in half-cell configuration. The porous structure and microstructure 

provided by the electrospinning and PDC approach allowed the liquid electrolyte to fully 

penetrate the electrode thereby providing a shorter path for solvated ions to be transported onto 

the surface of the fibers [11]. The voltage plots of the first and second cycles at a current density 

of 50 mA g-1 are presented (Figure 8.4). Ideally, the discharge/charge curves should be identical 

in opposite directions, but the voltage profiles showed that the first cycle had experienced 

irreversible capacity decay primarily for the mats electrospun in air since the increased voltage 

is needed for the discharge of the same capacity. Irreversibility in these materials typically 

occurs because of the formation of poorly reversible structures of solvated lithium (e.g. Li2O3 

due to the presence of oxygen) and solid electrolyte interphase (SEI) formation related to the 

surface area [30–32]. 

 

Figure 8.4 – Voltage profiles with 1st and 2nd charge-discharge cycles of the (a-d) SiCN-40C-a, SiCN-40C-i, 

SiCN-70C-a, and SiCN-70C-i fiber mat electrodes 
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Different charge-discharge profiles were observed for fiber mat electrodes depending 

on the electrospinning atmosphere in which they were processed. For example, a pronounced 

voltage hysteresis was detected for SiCN-40C-a and SiCN-70C-a samples, with a higher 

voltage being required for Li+ extraction than for Li+ insertion due to electrochemical 

polarization arising from the internal resistance of the electrode materials [33]. Despite the low 

current, pronounced voltage hysteresis of up to 2.5 V was observed for the electrospinning 

conducted in air, which results in low energy efficiency. However, for the electrospinning 

conducted in a protective atmosphere, the voltage hysteresis of SiCN-40C-i and SiCN-70C-i 

was suppressed and the major part of the charge was recovered at a potential below 1 V. This 

is most likely due to the existence of different potential states for Li-ion insertion [31,34]. For 

SiCO electrodes, which have structures similar to SiCN, voltage hysteresis was attributed to a 

difference in the electrochemical potential of the Li+ ions at the SiCO-electrolyte interface, and 

the electrochemical potential of the Li+ ions within the electrolyte that is in equilibrium with 

the lithium metal counter electrode [35]. The voltage profile of the SiCN electrode also 

exhibited some voltage hysteresis (Figure 8.5a) as contrasted with the carbon electrode     

(Figure 8.5b), which did not show significant hysteresis due to its structural uniformity during 

Li-ion charging and discharging [34,36]. The fiber mats electrospun in air showed a higher 

capacity compared to fiber mats electrospun in a protective atmosphere due to the higher 

content of oxygen as explained hereafter. 

 

Figure 8.5 – Voltage profiles with 1st and 2nd charge-discharge cycles of the (a) SiCN and (b) carbon fiber mat 

electrodes 

 
 

Despite that XPS is a surface analysis, the fibers prepared here are ultrathin materials 

and, therefore this technique can be considered as appropriate for the identification and 

quantification of the elements present in the fiber as has been conducted in other studies on 
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ultrathin PDC fibers [20, 37]. The XPS survey scan (Figure 8.6) confirmed the presence of 

silicon, carbon, nitrogen, and oxygen in SiCN fiber mat materials. XPS spectra of the 

electrospun fiber mats also clearly showed distinct Si 2p, C 1s, N 1s, and O 1s peaks according 

to the electrospinning atmosphere. The XPS elemental composition for various specimens is 

summarized (Table 8.2). High-resolution XPS spectra show the bonding of the pyrolyzed fiber 

mats after the curve fitting of peaks (Figure 8.7). Spectra under the Si 2p band indicated the 

presence of Si-N (101.9 eV), Si-C (102.7 eV), and Si-O (103.5 eV) peaks [11,38]. In addition, 

C-Si (284.0 eV), C-C (284.9 eV), and C=O (286.0 eV) peaks were observed in the C 1s band 

and N-Si (398.1 eV) in the N 1s band [39]. The increased amount of carbon in the fiber mats 

electrospun in the protective atmosphere leads to higher intensity of the C-C peak, suggesting 

an increased possibility of a free carbon phase. Indeed, PAN-derived carbon fibers showed 

mostly the presence of sp2-carbon (84.13 at%) (Figure 8.8b). The O 1s band was fitted with two 

peaks at 532.4 eV and 534.0 eV corresponding to O-Si and C=O, respectively [3]. The fiber 

mats electrospun in air showed a significant increase in oxygen content (i.e., 45.61 at% and 

12.60 at% for SiCN-40C-a and SiCN-40C-i, respectively; 31.14 at% and 19.91 at% for SiCN-

70C-a and SiCN-70C-i, respectively). Oxygen replaced nitrogen in the SiCN structure, 

particularly nitrogen present on the fiber surface after electrospinning in air, since the surface 

atoms are more easily detected by XPS analysis. However, it is here highlighted that the fiber 

core when electrospun in air can be different from the fiber surface and oxygen was probably 

concentrated only on the fiber surface. The increased amount of oxygen in samples electrospun 

in air (more than 30 at%), correlated to a decreased amount of carbon. During pyrolysis at 1200 

°C, the reaction of oxygen with carbon formed evaporable CO, which subsequently reduced the 

carbon content in the SiCN fibers electrospun in air. Additionally, the irreversible capacity and 

voltage hysteresis observed in the voltage profiles of the SiCN-C electrodes electrospun in air 

(Figure 8.4) may be due to the high oxygen content present in these samples [40]. 
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Figure 8.6 – XPS spectra of the fiber mat electrodes 

 
 

Table 8.2 – Elemental composition by XPS analyses 

 Element composition (at.%) 

Sample Si C N O 

SiCN-40C-a 28.85 22.32 3.22 45.61 

SiCN-40C-i 14.70 64.11 8.59 12.60 

SiCN-70C-a 19.11 47.27 2.48 31.14 

SiCN-70C-i 16.24 54.32 9.53 19.91 

SiCN 33.42 34.99 21.56 10.03 

Carbon - 84.13 1.37 14.5 
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Figure 8.7 – High-resolution XPS spectra of the (a) SiCN-40C-a, (b) SiCN-40C-i, (c) SiCN-70C-a, and (d) 

SiCN-70C-i fiber mats 

 
 

Figure 8.8 – High-resolution XPS spectra of the (a) SiCN and (b) carbon fiber mats 
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For SiCN-40C-a, SiCN-40C-i, SiCN-70C-a, and SiCN-70C-i fiber mats, an initial 

charge of 773 mAh g-1, 299 mAh g-1, 690 mAh g-1, and 285 mAh g-1 was obtained with 

Coulombic efficiency of 51%, 55%, 63%, and 58%, respectively (Table 8.3). The 

electronegativity values of oxygen and nitrogen are 3.5 and 3.0, respectively. The SiCN-40C-a 

and SiCN-70C-a electrodes showed increased levels of oxygen coming from the air during 

electrospinning since silicon more readily reacts with electronegative oxygen than nitrogen. 

High lithiation capacities observed here for SiCN-40C-a and SiCN-70C-a are due to the 

increased attraction of Li+ by oxygen in the Si-C-O network because of the pronounced ionic 

character of Si-O bonds with high electron density on the oxygen atom. A previous study has 

shown that when oxygen is replaced by nitrogen (e.g., high N/O ratio in SiCNO), the ceramic 

becomes less attractive for Li+ ions due to the more covalent character of Si-N bonds and lower 

electron density on the nitrogen atom resulting in less capture of Li+ in the ceramic matrix [41], 

as confirmed by the decreased electrochemical performance of the LIB electrodes in the current 

study. Similarly, the high capacity of C-rich SiCN prepared in air has been previously attributed 

to the presence of high content of disordered carbon and the presence of oxygen in the SiCN 

phase [6]. Here, when oxygen was introduced to the SiCN system and the O/N ratio was 14.2 

and 12.6 respectively for SiCN-40C-a and SiCN-70C-a, the reversible capacity of the anodes 

was increased and initial capacities higher than 600 mA h g-1 were obtained [42]. The O/N ratio 

of SiCN-40C-i and SiCN-70C-i was respectively 1.5 and 2.1. 

 

Table 8.3 – Charge and discharge capacities with respective Coulombic efficiency of 1st and 2nd cycles of fiber 

mat electrodes 

Sample 
Cycle 

index 

Charge capacity 

(mAh g-1) 

Discharge capacity 

(mAh g-1) 

Coulombic 

efficiency (%) 

SiCN-40C-a 
1 773 1519 51 

2 679 782 87 

SiCN-40C-i 
1 299 546 55 

2 298 332 90 

SiCN-70C-a 
1 690 1088 63 

2 667 698 96 

SiCN-70C-i 
1 285 489 58 

2 291 307 95 

SiCN 
1 6 14 39 

2 7 9 75 

Carbon 
1 176 244 72 

2 177 184 96 
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Previous research focused more on SiCO fiber mat electrodes than SiCN systems for 

LIBs. For example, polysiloxane-derived SiCO electrodes shaped through electrospinning have 

shown a first-cycle charge capacity ranging from 400 to 924 mA h g-1 [3,18,21,22,43]. In 

another work, a SiCN/graphite ceramic composite was fabricated by pyrolyzing a mixture of 

commercial-grade graphite powder (75 wt%) with a crosslinked polysilazane (25 wt%). This 

material had a charge capacity of 266 mA h g−1 and Coulombic efficiency of 62% [31], which 

is very similar to the SiCN-70C-i electrode prepared in this work (285 mAh g-1 and 58%).  

In terms of Li+ insertion/extraction, the materials exhibited higher capacity than that of 

the sum of components SiCN and carbon. Free carbon domains in the SiCN-C materials, 

derived from PAN and some amount from polysilazane, are supposed to be active sites for Li+ 

insertion [44], while the amorphous structure of SiCN provides a pathway for Li+ transfer, 

resulting in a synergistic effect of the SiCN-C electrodes. It is supposed that Li+ insertion is 

firstly absorbed in the nanovoid sites, and then it is accommodated by the Si-C-N tetrahedral 

units, free carbon, and topological defects at the edge of or within the segregated carbon 

network [45]. Moreover, as already mentioned, the nano-holes or nano-channels in the SiCN 

network provide many smooth Li+ transfer channels, which improved the electrochemical 

dynamic properties. 

For SiCN-C samples, the free carbon phase played likely a dominant role in bringing 1st 

cycle irreversible capacities due to Li+ capturing in some pores and voids between carbon layers 

[41]. The relationship between the charge capacity and the carbon content is observed through 

diminishing 1st cycle irreversible capacity with higher carbon precursor content (Table 8.3). 

Carbon electrodes such as graphite have a low theoretical capacity of 372 mAh g-1 [46], as also 

observed for the carbon electrode prepared here with a charge capacity of 176 mAh g-1 in the 

1st cycle. Thus, a certain equilibrium between the ceramic and carbon has to be maintained to 

achieve high capacity and stable performance concerning continuous Li+ insertion/extraction. 

The SiCN anode showed very low charge capacities (6 mAh g-1) with Coulombic efficiency 

lower than 80% due to its low electrical conductivity resulting from low free carbon content 

(C-C) (Figure 8.8a), which is in accordance with the literature [47,48]. Thus, it is supposed that 

the major portion of the electrochemical capacity in SiCN is due to reversible Li+ adsorption in 

the disordered carbon phase through intercalation and not the conventional alloying reaction 

with Si, which involves the breakage/distortion of Si-Si bonds to generate new Si-Li bonds. 

The alloying occurring in Si-based anodes may result in material delamination, particle 

cracking, recurrent dynamic creation of SEI layers, and ineffective electron transfer [49], 
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however, these drawbacks are not expected to occur with the SiCN-C anodes prepared here. 

The charge capacity in 1st cycle of SiCN electrodes is usually based on electrodes prepared 

through the screen-printing method with values of 313 mA h g-1 for 3D-CNT SiCN [48],          

447 mA h g-1 for C-rich SiCN [8], and 900 mA h g-1 for NaOH-treated SiCN [50]. These values 

are higher than observed in the present work, however, the elimination of conducting agents, 

collector, binder, and solvents obtained with free-standing mats could provide positive 

environmental impacts and cost reduction. 

In the second cycle, the electrodes showed a Coulombic efficiency of 87%               

(SiCN-40C-a), 90% (SiCN-40C-i), 96% (SiCN-70C-a), and 95% (SiCN-70C-i). The lower 

Coulombic efficiency observed for SiCN-40C-a is attributed to lithium reacting with oxygen 

present in their structure generating Li2O3, as mentioned previously, and also to lower free 

carbon content. For SiCN-70C-a and SiCN-70C-i, the efficiency was very similar due to the 

high carbon content present in these samples. 

Differential capacity plots (Figure 8.9), showed Li+ ions diffusing in or out of the   

SiCN-C electrodes at a given voltage with distinct regions: a sharp cathodic peak around 0.02-

0.15 V, corresponding to Li+ insertion into disordered carbon [5,11,46,51]; a sharp cathodic 

peak at 0.2 V, reflecting SiOC/SiOx lithiation since this is observed for SiCN-40C-a and SiCN-

70C-a containing high oxygen content [52,53]; and a broad cathodic peak at 0.7–0.8 V, 

indicating the availability of multiple Li-ion intercalation phases in the ceramic materials and 

SEI formation [54]. The broad anodic region at 0.07–0.95 V is ascribed to the interaction 

between Li+ and the Si-N and Si-O network [55]. Moreover, the materials electrospun in 

nitrogen, (i.e., SiCN-40C-i and SiCN-70C-i), demonstrated a broad cathodic peak at              

0.42–0.5 V due to the lithiation and delithiation of Li+ in the amorphous SiCN structure (Figure 

8.9b and Figure 8.9d), since it was also observed in the SiCN electrode (Figure 8.10a). Various 

peaks ranging from 0.67 to 1.07 V were also observed in the carbon fiber mat (Figure 8.10b), 

due to the decomposition of the electrolyte and SEI formation [56,57]. The oxidation peak at 

0.1 V observed in the carbon electrode, not observed in the SiCN-C electrodes, corresponds to 

Li+ deintercalation from graphitic carbon [58]. In the second cycle, no peak was found in the 

profile of the SiCN-C electrodes, suggesting that no new phases were formed toward lithium 

intercalation and that a stable SEI was formed. 
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Figure 8.9 – Differential capacity (Q) and V (voltage) curves of the (a-d) SiCN-40C-a, SiCN-40C-i, SiCN-70C-

a, and SiCN-70C-i electrodes 

 
 

Figure 8.10 – Differential capacity (Q) and V (voltage) curves of the (a) SiCN and (b) carbon electrodes 

 
 

This study also tested the long-term stability and rate capability of the SiCN-C fiber 

mats as electrode materials for LIBs. The charge capacities of the samples were tested at 
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different current densities (Figure 8.11). When tested for cycling stability after 10 cycles at          

50 mA g-1, the SiCN-40C-a electrode showed decreased performance, and the charge capacity 

dropped to 521 mA h g-1 with Coulombic efficiency of 98% compared to the SiCN-70C-a 

electrode with 629 mA h g-1 and Coulombic efficiency of 100%. In contrast, the samples 

electrospun in nitrogen showed similar capacities (i.e., 289 mA h g-1 and Coulombic efficiency 

of 94% for SiCN-40C-i; 288 mA h g-1 and Coulombic efficiency of 100% for SiCN-70C-a). 

These results demonstrate the influence of the Si-O network on the cycling stability of the PDC 

electrodes. Compared to fiber mats electrospun in protective atmosphere, the SiCN-40C-a and 

SiCN-70C-a electrodes showed a high capacity loss in the initial cycles due to excessive 

oxygen, which is considered a source of high irreversible capacity and significant voltage 

hysteresis [30]. Furthermore, the Coulombic efficiency of SiCN-70C-i was greater than SiCN-

40C-a due to the increased free carbon content. 

Increasing the current rate decreased the capacity of the SiCN-C electrodes, although 

most of their original capacity could be regained when the current density decreased back to  

50 mA g−1, proving that the materials have sufficient capacity recovery capabilities. Once the 

electrodes returned to lower current cycling, SiCN-40C-a, SiCN-40C-i, SiCN-70C-a, and 

SiCN-70C-i exhibited respectively 85%, 90%, 86%, and 98% of the initial capacity. Recovery 

of the initial reversible capacity after fast cycling showed that the materials were not damaged 

under the conditions of fast charge/discharge rates.  
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Figure 8.11 – Long-term stability and rate capability data of the SiCN-C for 100 cycles at different current 

densities. The cells were subjected to symmetric cycling at current densities of 50, 100, 200, 400, 600, and     

800 mA g-1 for 10 cycles each followed by a current density of 50 mA g-1 for 40 cycles 

 
 

The SiCN electrode showed a capacity increase during the initial 10 cycles due to a 

structural reorganization (i.e., microstructure opening of the material during lithium 

intercalation/extraction to form new conducting paths) (Figure 8.12a). However, the Coulombic 

efficiency decreased to 46% after seven cycles, meaning that more lithium ions were trapped, 

but not discharged by the SiCN matrix. After 10 cycles, the capacity of the SiCN electrode 

remained steady with no capacity decay because the active materials became stable and 

electrochemically reversible. There are two models proposed in the literature to explain the 
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lithium storage mechanism in polymer-derived SiCO ceramics: mixed Si-C-O tetrahedra as 

active sites for Li+ storage [59]; and interstitial spaces or edges between the graphene layers as 

the primary storing sites, the Si-O-C phase and the micropores [60]. Since the SiCN has a 

similar structure to the SiCO, the reversible capacity measured during the first discharge has 

been ascribed to the low content of free carbon (C-C) as presented in the XPS spectrum. 

Additionally, the carbon electrode exhibited steady capacity, but with low charge capacities at 

various current densities (Figure 8.12b), which is in accordance with the literature on carbon-

based anodes [49]. 

 

Figure 8.12 – Long-term stability and rate capability data of the SiCN and carbon for 100 cycles at different 

current densities. The cells were subjected to symmetric cycling at current densities of 50, 100, 200, 400, 600, 

and 800 mA g-1 for 10 cycles each followed by a current density of 50 mA g-1 for 40 cycles 

 
 

Of all the samples in this study, the SiCN-70C-a anode exhibited the highest 

performance, delivering the highest capacity of about 518, 402, 320, 254, and 214 mA h g-1 at 

each of the applied current densities of 100, 200, 400, 600, and 800 mA g-1, respectively. Carbon 

and oxygen contents in the SiCN-70C-a fiber mat provided additional Li-ion storage sites and 

improved the electrochemical properties of SiCN as already explained before. After 100 cycles, 

the SiCN-70C-a fiber mat electrode recovered most of the capacity with 538 mA h g-1 at             

50 mA g-1. This value is comparable to or even higher than SiCO fiber mat electrodes (e.g.,  

281 mA h g-1 after 100 cycles at 35 mA g-1 [15], 500 mA h g-1 after 10 cycles at 50 mA g-1 [22], 

543 mA h g-1 after 200 cycles at 50 mA g-1 [18], and 669 mA h g-1 after 80 cycles at 50 mA g-1 
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[43]). Compared to SiCN electrodes prepared through the screen printing method, the SiCN-

70C-a electrode showed higher charge capacity, (e.g., 326 mA h g-1 at 100 mA g-1 after 30 

cycles for 3D-CNT SiCN [48], 458 mA h g-1 at 20 mA g-1 after 134 cycles for C-rich SiCN [9], 

and 534 mA h g-1 at 72 mA g-1 after 100 cycles for C-rich SiCN [8]). Despite the irreversible 

capacity and voltage hysteresis, the SiCN-70C-a demonstrated attractive values of recovered 

capacity and outstanding cyclability for 100 cycles even at high current rates, making this 

material a promising anode material for energy devices. 

In summary, we have demonstrated the manufacturing of SiCN-C freestanding fiber 

mats as stable and durable battery electrodes. The synergistic effect of the SiCN-C electrodes 

enhanced the electrochemical performance of LIBs, and the SiCN provided a pathway for Li+ 

transfer, while free carbon improved electronic conductivity and the availability of active sites 

for Li+. Nevertheless, a certain equilibrium between SiCN and carbon must be maintained to 

achieve high capacity and stable performance for continuous Li+ insertion/extraction. In 

addition, the electrospinning atmosphere influenced the composition of the fiber mats. 

Electrospinning in air increase oxygen content in the polysilazane-derived SiCN, generating 

thus SiCNO ceramics. The SiCN-C-a fiber mat electrodes exhibited higher capacities at 

different current densities due to oxygen attracting the Li-ions to the materials. However, a 

correlation was observed between both the irreversible capacity and voltage hysteresis with the 

oxygen content of the SiCN-C electrodes shaped in air. The SiCN-C-i electrodes electrospun in 

protective atmosphere demonstrated improved cycling stability and significantly lower losses 

with increasing cycling current rates, which may be attributed to the presence of free carbon. 

These findings support electrospinning for the highly controlled production of SiCN fiber mat 

electrodes and even for other advanced applications and will prompt further research on PDC 

fibers. 

 

8.4 CONCLUSIONS 

 

This study explored the influence of the electrospinning atmosphere conducted in air or 

a protective atmosphere on SiCN fiber mats applied as LIB electrodes. Electron microscopy 

characterization revealed the morphology of smoother, more uniform, and thinner fibers when 

polysilazane was electrospun in nitrogen. In addition, various compositions in the SiCN-C fiber 

mats were obtained, as confirmed through XPS analysis. The SiCN-C materials showed 

promising electrochemical results for capacity and stability when compared to SiCN and carbon 
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electrodes processed under similar conditions. The main reasons may be as follows: first, the 

improvement of capacity is due to the increasing free carbon content in the SiCN materials 

which are Li+ ion active sites, and SiCN with smooth transfer channels for Li+ mobility to attain 

a high charge current improving the electrochemical dynamic properties. Second, the SiCN 

fiber mats electrospun in air contained oxygen that is easy to link with Li+ ions, leading to the 

high capacity. Third, the improvement of cycle stability is due to the stable mechanical structure 

of SiCN-C fiber mats without breaking/disintegrating.  

The strong dependence of the polymer-derived SiCN materials on their compositions 

and structures suggests the potential to enhance the electrochemical performance of these 

materials through molecular design and/or the control of material structure including the 

electrospinning atmosphere, as demonstrated in this work. The atmosphere in which the 

polymers are electrospun has a great influence on the morphology and composition of the 

ceramic fibers. The electrospinning and PDC processes could beneficially impact the 

preparation of Si-based fiber mat electrodes by controlling carbon, nitrogen, and oxygen content 

for electrochemical energy storage devices. Therefore, PDCs with enhanced Li-ion storage 

capacity, long-term safety, and stability may be developed as freestanding and binder-free fiber 

mats to meet the requirements of LIB electrodes. 
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9 CONCLUSIONS 

 

The main contributions of this Ph.D. thesis are here highlighted to the scientific 

community. Hereby, not only the novelty is emphasized but rather why this work should be 

considered valuable. 

The relevance of the literature review presented in Chapter 3 contributed to the core 

topic of this thesis. Compiling and critically discussing the efforts and gaps in the literature 

suggested that much more work on electrospun-based PDC fibers is needed, mainly on 

processing SiCN e-fibers and their application. In addition, this review work will be a reference 

for the scientific community in discussing the strategies involved in the preparation of 

preceramic polymers shaped via electrospinning and converted to PDC fibers. 

The rheological characterization of precursor solutions conducted in Chapter 4 is 

critical in producing identical fiber products from run to run of electrospinning. This is a key 

characterization technique for developing PDC fibers/fiber mats with the desired physical 

properties and for controlling the manufacturing process to ensure product quality, especially 

in the case of advanced ceramics. In addition, the electrospinning optimization using a statistical 

approach was successfully first applied to preceramic polymer solutions. This leads to working 

more efficiently by reducing errors and avoiding duplicate work. The precise control of fiber 

diameter during electrospinning is very crucial for many applications. 

The versatility of SiCN precursor and electrospinning was successfully explored in 

Chapter 5. The influence of precursor molecular conformation highlighted the importance of 

the PDC route for controlling the desired composition/microstructure of the resulting ceramics. 

The precipitation of in-situ formed carbon depended on the molecular structure of the 

preceramic polymer and significantly affected the composition, microstructural evolution as 

well as thermo-oxidative resistance of the fiber mats. Even though the thermo-oxidative 

resistance of SiCN/C (~600 °C) is lower than SiCN (˃ 1000 °C, not reported in this work), the 

results will serve as a basis for future work during the choice of precursor to manufacturing 

advanced ceramics. 

The applicability of the fiber mats prepared in this thesis was ultimately evaluated for 

advanced applications. Manufacturing new materials for electromagnetic field shielding has 

become increasingly important due to the rapid development of electronic and information 

technology. Current electromagnetic field shielding materials mainly include metals and their 

alloy materials, intrinsic conductive polymer materials and carbon materials. Chapter 6 
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demonstrated that the incorporation of SiCN into carbon improved the electromagnetic 

reflection loss in comparison to carbon fiber mats by adjusting the pyrolysis temperature. The 

pyrolysis temperature also influenced the direct current conductivity of the fiber mats, 

corroborating its effect on the material structure when employing the PDC process. In Chapter 

7, further investigation of ceramic fibers that can effectively shield and even absorb the 

interference of electromagnetic field is a contribution to the literature with great practical 

significance. Particularly, this is the first work that investigated in deep the role of carbon in 

electromagnetic field shielding of SiCN fibers. 

In Chapter 8, the influence of the electrospinning atmosphere was proven, which will 

not only be a fundamental work for processing preceramic polymers fibers, but also other 

compounds that are sensitive to moisture. The atmosphere choice demonstrated the advantages 

of PDCs by controlling the composition and structure of the material. It is also highlighted that 

the electrochemical properties of SiCN fiber mats were first investigated in this thesis. 

Moreover, this work will encourage more research into Si-based PDC fiber mat electrodes. 

In summary, this thesis showed that polysilazane-based materials can be prepared by 

conventional electrospinning using different strategies that are available to be fully explored, 

i.e. addition of organic precursor, selective crosslinking of oligosilazane and controlling the 

electrospinning atmosphere, to tailor the final microstructure of the ceramic. The versatility of 

preceramic polymers and the feasibility of manufacturing advanced ceramic materials via 

electrospinning with practical applications were here demonstrated. The novelty of this work is 

the development of SiCN fiber mats/fibers via electrospinning with further advanced 

applications, since these materials are still little explored in the literature. This thesis is expected 

not only to fulfill some of the current gaps within the literature but more importantly, expand 

the universe of possibilities yet to be unraveled in the development of electrospun ceramic fibers 

from Si-based preceramic polymers. 
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10 OUTLOOK 

 

In this thesis, the characterization and application of polysilazane-derived SiCN fiber 

mats shaped via electrospinning were addressed. Despite the advances obtained here, 

continuous work is needed for progress in the development of electrospun PDCs. Thus, some 

ideas for future research are suggested hereafter. 

The SiCN fiber mats were successfully manufactured via the electrospinning technique 

and PDC route, however, they were still quite brittle. This brittleness is attributed to the fibers 

sticking to each other as Griffith's criterion, thus the crosslinking step needs more research to 

avoid this issue. Adding the fibers in aerogel and hierarchically structured fiber mats (e.g. 

nanorods, nanotubes and nanowires) are attractive possibilities to produce ceramics with 

complex structures. In addition, co-electrospinning to produce core-shell fibers and 

embedding/doping compounds into the fibers are also interesting research topics to bring new 

functionalities to PDC materials.  

Another important aspect is the production velocity of preceramic polymers via 

electrospinning, which is a pivotal factor in the incorporation of this developing technology 

into the industry. The productivity of fibers may be enhanced by improving needleless 

electrospinning and the use multi-jet system, which can be tested on a laboratory scale. 

The electromagnetic field shielding of SiCN fiber mats can be improved by tailoring 

the carbon content or incorporating magnetic compounds in the ceramic. In addition, 

computational studies are tools for better evaluation of the electromagnetic properties of the 

PDC fiber mats in applications with geometries of commercial interest. The development of 

heat-resistant absorbers is a very exciting research topic for applications in the aerospace 

industry and nuclear reactors industries. In lithium-ion batteries, the synergistic effect of SiCN 

and carbon in the electrode was demonstrated. However, high and stable charge capacity will 

be obtained with an optimized concentration between polysilazane and organic polymer before 

electrospinning and pyrolysis, which still needs to be investigated.  

The SiCN fiber mats exhibited potential properties in electromagnetic field shielding 

and electrochemical energy storage, but other potential applications of electrospun PDCs 

deserving more research include membranes in harsh environments, gas sensors and 

photoactive membranes. 
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