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Kurzzusammenfassung 

Graphen-Nanostrukturen haben in den letzten zwei Jahrzehnten, aufgrund ihrer ausgezeichneten 

physikalischen, chemischen, optischen und elektronischen Eigenschaften, große Aufmerksamkeit bei den 

Forschern weltweit erregt. Das anhaltende Bestreben elektronische Geräte immer kleiner zu bauen hat den 

Bedarf an alternativen Materialien mit hohem Aspekt Verhältnis und verbesserten elektrischen 

Eigenschaften verstärkt. Im Vergleich zu Kohlenstofffasern dienen Kohlenstoff-Nanofasern mit 

Submikrometer-Durchmesser als Brückentechnologie, auf der die grundlegenden Graphen-Konzepte 

greifbar angewendet und gemessen werden können. Das Dissertationsprojekt basiert auf diesem Konzept. 

In diesem Zusammenhang konzentriert sich die vorliegende Forschungsarbeit auf die Realisierung von 

Graphen-Nanostrukturen durch Kohlenstoff-Nanofasern, graphische Struktur und elektrische 

Transporteigenschaften. 

Die Arbeit diskutiert systematisch die grundlegenden Prozessparameter und deren Einfluss auf die 

graphitische Struktur vom Elektrospinning über die Stabilisierung bis hin zur Carbonisierung. Die 

graphitische Struktur ist von großer Bedeutung, da sie die elektrischen, mechanischen und chemischen 

Eigenschaften bestimmt. Insbesondere werden zwei verschiedene Ansätze zur Modifizierung der 

graphitische Struktur von Kohlenstoff-Nanofasern verwendet, nämlich die kriechspannungsinduzierte 

Graphitisierung und die nanokohlenstoffschablonierte Graphitisierung. Sowohl die unabhängigen als auch 

die synergistischen Effekte dieser beiden Ansätze wurden erforscht. Zunächst auf die Polyacrylnitril-

Graphitisierung und dann auf die elektrischen Transporteigenschaften. In der zweiten und dritten Phase der 

Arbeit werden diese beiden Ansätze separat im Detail untersucht. Es wird gezeigt, dass Kriechspannung 

während der Stabilisierung die Menge an zyklisiertem PAN bei niedrigeren Temperaturen erhöht. Es wird 

aufgezeigt, dass bei gleichem Zyklisierungsgrad die graphitische Ordnung der Kohlenstoff-Nanofasern 

nach der Carbonisierung deutliche Unterschiede aufweist. Die Anwendung von Kriechspannungen 

vermeidet die Krümmung der Graphenebenen, die durch die in-situ Hepta- und Penta-Ringbildung 

stattfindet. Darüber hinaus verbessert die auf Nanokohlenstoffeinschlüssen basierende Templat-

Graphitisierung die graphitische Ordnung von PAN durch Senkung des ID/IG-Verhältnisses, Erhöhung der 

Kristallitgröße und Verbesserung der Orientierung der graphitischen Domänen. Die Verbesserung der 

graphitischen Ordnung wird auf die Verankerung der PAN-Ketten durch den Einschluss von 

Nanokohlenstoffen während der Stabilisierung zurückgeführt, die den Verlust der Ausrichtung der 

Polymerketten verhindert. Weiterhin wird der Nanokohlenstoff-Templating-Effekt für die Keimbildung 

und das Wachstum der Kohlenstoffkristalle beobachtet.  

In der letzten Phase des Projekts werden vielmehr die synergetischen Effekte dieser beiden Ansätze auf den 

Graphitisierungsgrad und den elektrischen Transport von PAN untersucht. Der sp2-Anteil und die 

Anordnung der graphitischen Domänen wird durch Nanokohlenstoffeinschlüsse (CNTs) beeinflusst.  Der 

kombinierte Effekt von CNTs und Kriechspannung erhöht zwar den sp2-Anteil, verschlechtert aber deren 

Ausrichtung. Durch die Untersuchung der kooperativen und individuellen Wirkung der oben genannten 

Ansätze konnte festgestellt werden, dass der elektrische Transport in Submikron-Kohlenstoff-Nanofasern 

hauptsächlich von der Ausrichtung der graphitischen Domänen (sp2-Cluster) abhängig ist. Der elektrische 

Transport könnte als kumulativer Effekt der bandbasierten Leitfähigkeit entlang der sp2-Einheiten und des 

Tunnelns zwischen sp2 und sp3-Clustern verstanden werden. Diese Erkenntnisse könnten den Weg für die 

Herstellung von Kohlenstofffasern mit maßgeschneiderter graphitischer Struktur und elektrischer 

Leitfähigkeit für Anwendungen in Kabeln, Energiespeichern und Sensorelektroden ebnen. 

Schlüsselwörter: Polyacrylnitril, Kohlenstoff, Nanofasern, Stabilisierung, Graphitisierung  
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Abstract 

Graphene nanostructures have got great attention of the researchers worldwide in the last two decades 

owing to their excellent physical, chemical, optical, and electronic properties. The continuing efforts to 

miniaturize the electronic devices have stirred the need for searching alternate materials with high aspect 

ratio and improved electrical properties. Carbon nanofibers having sub-micron diameter serve as a bridge 

where the fundamental graphene concepts could be tangibly applied and measured compared to carbon 

fibers. The thesis project stems from this concept. In this context, the present research work is focused on 

the realization of graphene nanostructures through carbon nanofiber, its graphitic structure and electrical 

transport properties. 

The thesis systematically discusses the basic process parameters and their impact on the graphitic structure 

from electrospinning to stabilization and carbonization. The graphitic structure is significant as it dictates 

the electrical, mechanical, and chemical properties. Particularly, two different approaches are used to 

modify the graphitic structure of carbon nanofibers, namely creep stress induced graphitization and 

nanocarbon templated graphitization. Both the independent and synergistic effects of these two approaches 

have been explored, first on the polyacrylonitrile graphitization and then on the electrical transport 

properties. We showed that creep stress during stabilization improves the degree of cyclization of PAN at 

lower temperatures. It was found that though the degree of cyclization may be the same, the graphitic order 

of carbon nanofibers after carbonization shows marked difference. The application of creep stress avoids 

the curving of graphene planes which takes places due to in-situ hepta- and penta-ring formation. Moreover, 

the nanocarbon inclusion based templated graphitization improves the PAN graphitic order by lowering of 

ID/IG ratio, increasing the crystallite size, and enhancing the orientation of graphitic domains. The 

improvement of graphitic order is attributed to the anchoring of PAN chains by nanocarbon inclusion during 

stabilization which prevents the loss of polymer chain alignment. Further, the nanocarbon templating effect 

for nucleation and growth of carbon crystal was observed.  

The last phase of the project explores rather the synergistic effects of these both approaches on 

graphitization degree and electrical transport of PAN. The sp2 fraction and ordering of graphitic domains is 

influenced by nanocarbon inclusion (CNTs).  However, the combined effect of CNTs and creep stress does 

increase the sp2 fraction but deteriorates their alignment. By investigating the mutual and individual effect 

of above approaches, we were able to conclude that the electrical transport in sub-micron carbon nanofiber 

is mainly dependent on the alignment of graphitic domains (sp2 clusters). The electrical transport could be 

understood as the cumulative effect of band-based conductivity along sp2 units and tunneling between sp2 

and sp3 clusters. These findings will pave a way for fabrication of carbon fibers with tailored graphitic 

structure and electrical conductivity for applications in cables, energy storage and sensing electrodes. 

Keywords: Polyacrylonitrile, carbon nanofibers, stabilization, graphitization 
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1 INTRODUCTION  

This chapter presents the background and motivation for the thesis project. Based on this, the objectives are 

delineated which are pursued in the form of phases. The scope of the phases is described and lately the 

organization of the thesis is presented at the end of this chapter for better understanding of the reader. 

1.1 Motivation and Description 

Carbon fibers and their derived nanomaterials/composites have been extensively studied over nearly half 

decade. They have been used for potential application in the chemical industry, material science, 

reinforcement of composites, and energy storage due to their outstanding physical and chemical properties 

[1, 2]. In fact, among the carbon allotropes, 1D carbon fiber is the most widely explored candidate as far as 

its commercialization and application volume is concerned. The carbon fiber market is expected to reach ~ 

3.7 billion $ by 2025, which reflects the high expectations of applications [3, 4]. 

With the advent of ‘Nanotechnology’, a new perspective of preparing nano-scale materials with improved 

mechanical, electrical and related properties has generated the need to fabricate submicron materials. 

Especially after the discovery of Graphene in 2004, often termed as ‘wonder-material’, tremendous amounts 

of research and development is focused to replicate and realize its extraordinary properties [5, 6]. Graphene 

serves as the central building block of all graphitic materials as it offers the possibility of wrapping up 

graphene into 0D fullerene structures, rolling it into 1D carbon nanotubes (CNTs) and stacking them in the 

forms of sheet [7, 8]. However due to high cost and problems with transfer and scalability, the properties 

of graphene are realized through its derivatives. Furthermore, on one hand carbon fibers gathered huge 

application volume. Henceforth, inspired by exploration of graphene nanostructures and bridging the 

fundamental science of graphene and application of carbon fibers, we have come across this dissertation 

work. Carbon fibers which have been around for a couple of decades are made through spinning-
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stabilization-carbonization, recognized as a conventional process for carbon fiber production. The size of 

these “Carbon fibers” is ~ 6 - 7 µm after the carbonization process [9]. We tend to invoke nanotechnology 

in perspective of scalable and tangible carbon fibers with submicron diameters, termed as carbon nanofibers 

(CNFs). Carbon nanofiber is the focus material in this project work for exploring the graphene 

nanostructures. Due to reduced diameter ~ 100 - 300 nm, the properties of carbon nanofibers are markedly 

different due to increased surface area and changing reaction kinetics during stabilization process which 

affects the end graphitic structure. The graphitic structure of carbon nanofibers; degree of graphitization, 

graphene edge to plane ratio, crystalline structure and arrangement/alignment of graphene planes dictate 

the  physical and chemical properties, especially the electrical transport properties [10]. Carbon nanofibers 

are tangible and can be spun into yarns and assembles of layer mats. The whole project revolves around 

exploration of graphene nanostructures in carbon nanofibers with characterization of each step in the carbon 

fiber traditional process. The structure-property relationships are studied from the perspective of further 

modifications/doping to carbon nanofibers and detailed investigations of electrical transport properties. 

1.2 Objectives: 

The doctoral research project is based on realization of ‘Graphene nanostructures’ through 1D carbon 

nanofibers. The aim is to explore the polyacrylonitrile (PAN) based carbon nanofiber’s basic structure and 

changes during the spinning-stabilization-carbonization process and investigate the graphitic structure and 

electrical transport properties. This theme is realized through following specific objectives: 

• Structural integration and characterization of PAN structure in spinning-stabilization-carbonization 

process 

• Investigate the physical/chemical process and stress induced chemical reactions in the stabilization 

stage. 
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• Study the effect of nanocarbon inclusions (carbon nanotubes and graphene nanoplatelets) on PAN 

graphitic structure 

• Investigating the effect of CNTs doping and stress induced stabilization on graphenic structure and 

electrical transport properties along with their synergistic effects 

• Studying and probing the electrical transport phenomena in these highly conductive 1D carbon 

nanofibers mats and exclusive measurements on single carbon nanofibers 

 

Figure 1- Schematic illustration of project focus and phases 

1.3 Project Phases: 

The initial part of project deals with the process window for the nanofiber fabrication, i.e., temperature for 

pyrolysis, electrospinning parameters, solvents, etc., to be systematically explored. Furthermore, different 

stages of carbon nanofiber development such as electrospinning, oxidative Stabilization and 

carbonization/graphitization are to be characterized in this stage. The overall process for carbon nanofiber 

development is a complex process and each stage has multiple parameters from spinning-voltages, flow-
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rate of precursor solution, polymer concentration, spinning distance to the parameters for the stabilized and 

carbonized products as atmosphere, heating rate and temperature [11]. The patented state of the art carbon 

fiber production process will be optimized for production of carbon nanofibers. The fundamental objective 

of this phase is to optimize the process parameters for spinning, stabilization, and carbonization process to 

achieve homogeneity and ensure repeatability. The findings of this phase setup the basis for the 

investigation to be made in the next phases by keeping the process parameter constant.  

The second stage is focused on creep stress induced graphitic structure with focus on stabilization and 

carbonization. The effect of mechanically driven chemical reactions during the oxidative stabilization stage 

are studied as they affect the end graphitic structure. The oxidative stabilization stage is the most crucial 

stage in CNFs fabrication, particularly because the ring scission and foundation of graphene like ribbon 

structures takes place during it [12, 13]. Stabilization is generally performed by 1) clamping the ends of 

fiber mats to cater the entropic shrinkage effects which otherwise would result in loss of nanofibers after 

carbonization and 2) application of tension/stress to PAN nanofibers. To observe the effect of stress induced 

stabilization, the stabilization is performed at various temperatures before complete cyclized structure is 

formed and the ring cyclization index of non-creep stress stabilized PAN nanofibers is compared with creep 

stress stabilized nanofibers. Moreover, the orientation factor for PAN in both cases of stabilization is 

analyzed. Later graphitic structure is compared for each case and conclusions are drawn for the role of creep 

stress in stabilization and graphitization.  

Third stage deals with doping of nanocarbons to carbon nanofibers. Nano-carbons (NCs) such as graphene 

nano-platelets (GNPs), carbon nanotubes (CNTs) and graphene nano-ribbons doping result in change in the 

graphitic structure of carbon lattice which impact the electrical transport properties and electron transfer. 

Both the transport properties of electrons in carbon lattice and electron transfer mainly depend on the 

orientation of carbon lattice planes and ratio of edge to basal planes [6-8]. Hence, the addition of 

nanocarbons help to tailor the intrinsic defects produced during the electrospinning-stabilization-
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carbonization process. Therefore, based on XRD, XPS, TEM and Raman of nanocarbon doped CNFs, the 

investigations of lattice structure (orientation, degree of graphitization, basal planes to edge plane ratio, 

crystallite size) are carried out in this phase. Graphene nanoplatelets are used as graphitic templates in this 

phase. Electrical transport properties of pristine PAN and GNPs reinforced PAN carbon nanofiber mats are 

characterized. Furthermore, electrical anisotropy for templated and pristine structures is also evaluated.  

The fourth and last phase of the project is related to the findings of the phase 2 and phase 3, focusing on 

detailed analysis of the synergistic effects of creep induced stabilization and nanocarbon inclusion effects 

on the graphitic growth and electrical transport properties. Hence, the two-fundamental conclusions from 

phase 2 and phase 3, i.e., creep stress induced stabilization effects on graphitic structure of carbon nanofiber 

and nanocarbon templated graphitization, are brought together and cummulative effect of each case is 

investigated. Electrical transport properties for pristine carbon nanofiber mats/assembles are measured and 

the anisotropy in electrical conductivity is evaluated. This phase of the thesis-work conclusively serves to 

summarize the concept of graphitization and electrical transport in carbon nanofibers. Electrical transport 

in sub-micron carbon nanofibers is relatively complex due to the presence of discontinuous domains unlike 

traditional carbon fibers. To investigate the dictating factor and in-general the phenomena for electrical 

transport, different cases are studied and compared in context of electrical transport properties of single 

filament of nanofibers (100 - 200 nm). Carbon nanotubes are used as nanocarbon inclusions for templated 

graphitization in this last phase. These nanostructures are smaller in dimensions and can be reinforced inside 

carbon nanofibers which effectively allows to systematically investigate the electrical transport in single 

nanofibers with nanoprobes.  

1.4 Organization of thesis: 

The thesis is divided into different chapters starting from chapter 1 which describes the motivation, 

objective, and the project phases of the whole research work. Chapter 2 deals with theoretical background 
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and overview of the topic of carbon nanofibers; structure, preparation methods and properties. This allows 

the novice readers to grasp the fundamental understanding of necessary concepts. Chapter 3 serves as 

materials and methods for the project work. It explains the basic method, materials, process parameters and 

techniques used in the investigation of each research phase. After this, chapter 4 is based on results and 

discussions. Within this chapter there are sub-chapter representing a project phase. Details of the first phase 

are included and for the rest of the three phases, respective three publications are included with a preface 

and summary. Subsequently, a conclusion is presented in chapter 5 which summarizes the findings of the 

thesis. Lastly, chapter 6 is the appendix and includes the information of publications and short vitae of 

candidate. 
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2 THEORETICAL BACKGROUND 

This chapter presents the theoretical background of the theme of the thesis project. This chapter covers the 

fundamental literature on carbon nanomaterials, state of the art carbon fiber production process and its 

comparison to carbon nanofiber structure and its properties.  

2.1 Carbon Nanostructures 

Carbon is the sixth most common element in the universe. Based on the ability of carbon orbitals to 

hybridize in sp, sp2 and sp3 configurations, it exists in number of allotropic form naturally occurring 

(diamond, amorphous carbon and graphite) and additional allotropes such as graphene, carbon nanotubes, 

fullerenes, and nano-diamonds [14]. Various allotropic forms of carbon are shown in figure 2. Graphite 

consists of carbon atom connected in hexagonal structure. They are sp2 orbital hybrids and the atoms form 

in planes with each bound to three nearest neighbors 120º apart. It is an excellent conductor of electricity 

due to the delocalization of π-electrons. The interest in carbon-based nanomaterials has increased 

exponentially in the past few decades (starting with the discovery of fullerenes in 1985), then with that of 

carbon nanotubes (CNTs) in 1991 and of graphene in 2004 [15, 16]. Fullerenes are assemblies of carbon 

atoms arranged in pentagonal and hexagonal rings forming a closed structure following the formula C20+m, 

where m is an integer. Graphene is one‐atom‐thick planar sheets of sp2‐bonded carbon atoms that are 

densely packed in a honeycomb crystal lattice. Carbon nanotubes (CNTs) are two assemblies of rolled 

graphene sheets of carbon atoms as single walled carbon nanotubes (SWCNTs) formed by a single sheet, 

double and multi-walled carbon nanotubes (MWCNTs) formed by two and more sheets of graphene. CNTs 

have a diameter in the range from few angstroms to tens of nanometers with a length of several micrometers 

up to centimeters having both ends of the tubes capped by fullerene like structures [7, 17-19]. 
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Graphene serves as a building block for carbon materials with various dimensionalities (0D Buckyballs, 

1D nanotubes, and 3D graphite). The properties of carbon nanomaterials make them widely used in many 

fields ranging from material science, energy production and storage, biology and medicine owing to 

exceptional tensile strength, electrical, optical and thermal properties [17]. Table 1 shows properties of 

various carbon nanomaterials. 

Table 1- Properties of Various Carbon Nanomaterials 

Carbon Material Hybridization Electrical 

conductivity (S/cm) 

Young modulus (GPa) 

Graphite (3D) sp2 104                        – 

Graphene (2D) sp2 106  856.4 ± 0.7  

964.0 ± 0.68 (a) 

SWCNTs (1D) Mostly sp2 105 1000 

MWCNTs (1D) Mostly sp2 103–105 1000 

Fullerene C60 (0D) sp2 10–5 – 

Diamond (0D) sp3 10−2-10−15 – 

Figure 2 Allotropes of Carbon 
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2.2 Carbon Fibers – Fundamentals and structure 

Among the carbon materials, carbon fiber (CF) is the most extensively researched material both in academia 

and industry. The basic units comprising CFs are hexagonal carbon crystalline planes, which resemble the 

structure of graphite (figure 3a). Each carbon is connected with four other carbons, three of them are sp2 

hybridizations (~ bond length is 1.415 Å), while the other forms the inter-lamellar stacking, inter-layer 

spacing is ~ 3.35 Å [3]. The sp2 carbon bonding possesses aromaticity, the electrons are highly delocalized 

and easy to transport between different hexagons. In perfect fibers, these layers are regular ABAB 

(graphitic) while in less perfect fibers the layers are random and turbulent. Figure 3b shows carbon 

crystallite in carbon fibers with La║ (parallel to fiber axis), La┴ (perpendicular to the fiber axis), Lc (depth 

of crystallite), and d002 (inter-layer/planar spacing) [1]. In disordered fibers, the graphene layers are twisted 

or bent and there are defects such as lattice gaps, imperfections, and dislocations. In general, the structure 

of carbon fibers is the stack of turbostratic layers. The proposed model for PAN based carbon fibers is 

shown in figure 4, illustrating typical core-shell structure [20, 21]. 

 

Figure 3- (a) Graphite crystallite structure with regular ABAB stacking, (b) Schematic illustration of carbon crystallite in carbon 

fiber showing different crystalline dimensions. 
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Figure 4- Proposed model for PAN derived carbon fiber, A and B represent the skin and core regions while C and D shows 

hairpin defect and wedge disclination 

2.3 Carbon fiber – history 

The first commercial carbon filament was produced in 1879. It was derived from the cellulose precursor 

and was used as an incandescent lamp filament. After this bamboo and cotton fibers were produced and 

pyrolyzed to produce carbon fiber. The first ever modern carbon fiber was produced from rayon precursor 

fibers [2, 21]. It was until 1940, when DuPont developed the Polyacrylonitrile (PAN) fiber, and its thermal 

stability was realized. The first extensive study of carbonization and graphitization of PAN fibers was done 

in 1961 by Shindo in Japan. Shindo recognized the importance of an oxidative heat treatment step prior to 

the carbonization and graphitization steps, resulting in marked increase in carbon yield [22-24]. The tensile 

modulus of 112 GPa was reported which was about three times that of produced from rayon precursor 

fibers. In the 1970s, petroleum pitch was used to make high modulus carbon fibers. However, processes to 

purify and spin pitch into fibers are expensive. Additionally, the compressive strength of the pitch-based 

carbon fibers is much lower than PAN-based carbon fibers. Now, more than 90 % of commercial carbon 

fibers are made from PAN precursors. PAN-based fibers are recognized as the most employed precursor to 

produce the high strength and conductive fibers carbon fibers [21].  
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2.4 Polyacrylonitrile (PAN) – Structure   

The chemical and physical structure of the PAN molecule is shown in figure 5. The molecules tend to form 

a rod-like helical structure due to the presence of dipole repulsion between intra-nitrile groups. Physical 

structure from the wide-angle x-ray diffraction (WAXD) shows hexagonal or orthorhombic geometry as 

shown in figure 6.  For hexagonal packing, a/b ratio is 31/2 while for orthorhombic packaging, it is either 

larger or less than 31/2. The two-phase theory used to describe the crystal structure of PAN shows that it 

consists of both the ordered regions (crystalline portion) and disordered regions (amorphous portion) with 

alternating sections [25, 26]. PAN molecules are stiffer, and it is difficult to form folded structures in PAN 

unlike other flexible thermoplastics such as polyethylene and polypropylene. Nevertheless, PAN dominates 

rayon and pitch precursors for developing high performance carbon fibers mainly due to: 

 

Figure 5 Schematic figure of PAN molecule. (a): chemical structure; (b): conformation – typical helical structure. 

• PAN’s structure allows higher production rate of pyrolysis maintaining its basic structure 

and preferred molecular orientation along the fiber axis. 

• PAN decomposes before it melts 
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• PAN has a high degree of molecular orientation, which can be harnessed during spinning. 

It has been reported that it can be stretched up to nearly 1300%. Moreover, the polymer 

molecular orientation can be done during the oxidative stabilization process through 

various post spinning treatments [27]. 

• PAN has high carbon yield (50 - 55%) when pyrolyzed to 1000 °C and above compared to 

ryan and pitch. 

 

Figure 6 - Illustration of hexagonal and orthorhombic packing of PAN molecule 

2.5 Carbon fiber – State of the art:  Manufacturing processes and routes 

Pyrolysis of polymer precursor fibers is the widely used process for carbon fiber development. The whole 

fabrication process involves following steps: 

- Spinning/drawing of polymer precursor to obtain fibers 

  - Oxidation and stabilization at 200 - 300 °C in air under tension  

- Carbonization at 1000 - 1500 °C in inert atmosphere  

- Graphitization at 2500 - 3000 °C   
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Figure 7- Carbon fiber production process 

2.5.1 Spinning of Polymer precursor fibers: 

The properties of carbon fibers are dictated by PAN precursor fibers. PAN undergoes cyclization reactions 

well before its melting point; hence it cannot be processed in melt-form with conventional spinning 

techniques. The melt spinning can be performed until aided by the various additives and plasticizers. The 

addition of such additives/plasticizers serve to diminish the nitrile-nitrile group interactions reducing the 

melting point range. Industrially, the most common precursor fiber spinning methods are wet spinning, dry 

spinning and melt spinning. However, it is now known that none of the processes reaches CF properties as 

obtained via wet spinning processes. Various techniques are available for spinning of acrylic fibers for 

carbon fiber manufacturing [28-30].  

Melt spinning has comparatively higher spinning speeds. Since PAN degrades before melting, the process 

involves mixing the polymer with polyethylene glycol (PEG) and water. This results in decreasing the 

melting point of the precursor (plasticizing effect), thus preventing polymer degradation [31].  

In Dry spinning, the fibers are extruded into an evaporation chamber with hot gas to evaporate them. The 

extruded fibers are further stretched in boiling water to obtain higher molecular orientation.  The extrusion 

of spinning dope is performed into the air gap of ~ 100 - 300 mm where the filament undergoes stretching, 

producing a high degree of molecular orientation. 
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Wet spinning consists of spinning the fibers in liquid-gel state into a coagulation bath containing higher 

concentration of solvent. The spinneret is immersed in the coagulation bath where fibers are spun.  The 

fibers are drawn during spinning and by optimizing the conditions of drawing and coagulation bath, the 

properties of fiber can be modified. The polymer solutions are spun through a spinneret with a variety of 

holes each having a diameter in the range of ~ 50 - 100 µm. The composition and conditions in the coagulant 

bath are crucial for optimizing the precursor fiber morphological structure. Specifically, the coagulation 

rate is chosen with care since it affects the formation of skin on the surface of precursor fibers and cross 

section of fibers [29]. 

Further processing steps of wet spinning include washing, drawing and application drying. To remove the 

excess solvent from the fibers, the coagulated fiber bundles are washed with hot water and/or water steam 

in conjunction with the fiber drawing process. Fibers are drawn at elevated temperature, typically in the 

range of 120 ºC - 160 ºC, using ethylene or glycerol as a drawing medium. These processes are significant 

to improve the molecular structure with increased crystallite size and degree of crystallinity [32]. 

 

Figure 8- (a) Wet and (b) dry spinning process for PAN precursor fibers 



15 

 

2.5.2 Stabilization process: 

The most significant step in carbon fiber production is the stabilization and it has been studied extensively 

over half a century. The process of stabilization is performed at 200 - 300 °C with a heating rate of 1-2 ° 

C/min. The normal duration of stabilization varies from 30 min to 12 h depending on the requisite structure. 

During stabilization various reactions take place such as cyclization, oxidation, dehydration and 

intermolecular cross-linking [13, 33]. The high conversion temperature in the oxidation step coupled with 

highly exothermic reaction kinetics results in the evolution of heat, producing defects inside the fiber and 

on the surface of the filaments, This is predominant in larger fiber tows [34]. 

Cyclization is the most important reaction in stabilization, during cyclization, the nitrile groups in precursor 

fibers form a stable ladder polymer with adjacent groups. Oxidation has been reported to initiate the 

cyclization by diffusion of oxygen, first in the amorphous region of PAN. Moreover, the primary reaction 

caused by heating was cyclization and the cyclized ladder polymer serves as the foundation for oxidation 

reaction. Oxidation happens after cyclization, and afterwards dehydration takes place. However, it is 

impossible to separate the dehydration and oxidation reactions. Dehydration results in the formation of 

C=C double bonds which improve thermal stability and reduce chain scission. It is important to mention 

that the cyclization does not occur along the whole PAN chains and the typical cyclized segment length is 

around 3 ~ 5 nitrile groups. It has been proposed that the transfer reaction occurs leading to the propagation 

of further cross-linking [35, 36] . 

All these reactions convert the linear PAN molecules into hexagonal ring structure containing carbon-

nitrogen double bonds via generation of C=C bonds, hydroxyl (-OH) and carbonyl groups (-CO). The 

structure of stabilized PAN during different reactions in stabilization are shown in figure 9.  The formation 

of ladder structure provides thermal stability and PAN can withstand the high temperature carbonization 

and graphitization process. Skipping the oxidative stabilization process results in fusion of precursor fibers 

and loss of material during carbonization. The stabilization process is performed via externally applied 
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tension which caters the loss of molecular orientation due to shrinkage. Two types of shrinkage processes 

take place during the oxidation process: physical shrinkage and chemical shrinkage. Physical shrinkage is 

due to the entropic relaxation and recoiling of polymer chains during the glass transition range whereas the 

chemical shrinkage is linked to the stabilization reactions, cyclization and chain-scission [37, 38]. During 

this stage, the density of PAN fiber increases from 1.18 to 1.36 g/cm3, the oxidized fibers then contain 62 - 

70 wt. % carbon, 20 - 24 wt. % nitrogen, 5 - 10 wt. % oxygen, and ~ 4 wt. % hydrogen [12, 39]. 

 

Figure 9- Cyclization, dehydrogenation, and chain scission reactions during stabilization 

2.5.3 Carbonization and Graphitization process: 

Stabilization proceeds the carbonization process where the PAN fibers are heated at high temperatures 

usually till 1500 ºC in an inert atmosphere (argon, nitrogen, or other non-oxidizing media). Heating rates 

of ~ 5 ºC /min or 3 ºC /min are used as further higher rates lead to enhanced pore formation causing surface 

in-homogeneities due to diffusion of gases. Typical carbonization process is divided into 2 stages, the first 

Cyclization
Dehydrogenation

Cyclization
Dehydrogenation

- H2O

- H2O
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stage involves heating up to 600 ºC - 700 ºC with a relatively lower heating rate and the second stage, up 

to 1500 ºC where the higher heating rate doesn’t damage the surface of fiber. The evolution of elements 

such as N2, H2 and HCN take place. Overall reduction in fiber diameter is observed and compared to the 

precursor PAN fibers the diameter is reduced to half. At this stage, these CFs contain > 98 wt. % carbon, 

1-2 wt. % nitrogen, and 0.5 wt. % hydrogen [34, 40]. The ribbon-like polymer structure forms crosslinks 

in the low temperature regime, and subsequently additional condensation reactions follow up till 1600 ºC, 

forming a turbostratic carbon phase. The proposed mechanism of carbonization by Watt et. al [35] is shown 

in figure 10. Nitrogen is removed as N2 from the stabilized PAN structure as neighboring graphene sheets 

are linked to each other by substituting the N atoms located at graphene edge. The primary structure of CF 

is composed of crystallites of bent layers of preferably sp2-hybridized carbon atoms (turbostratic carbon). 

The carbon layers are disordered in stacking compared to a highly crystalline graphite.  

During carbonization, there is formation of small crystallites and size of these crystallites increases and 

stacking of graphene planes take place. The heating of fibers above 1500 ºC results in growth of crystallite 

size and long-range ordering of graphene planes occur. This process is termed as graphitization and is 

generally performed above 1500 ºC till temperature as high as 3000 ºC. By modifying the PAN precursor 

structure and optimization of stabilization and carbonization process parameters, control of graphitic 

structure can be achieved [27, 41]. For almost a century, optimization in these process parameters and 

spinning of precursor material had been worked on to produce high quality carbon fibers, high modulus 

carbon fiber and high strength carbon fibers with excellent electrical conductivities [28, 42]. 
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Figure 10- Mechanism of Carbonization process 

2.6 Carbon nanofibers (CNFs) 

2.6.1 CNF structure: 

Presently, the carbon fiber production majorly relies on wet and solution spinning process to produce 

precursor fibers having size in order of tens of micron. The carbonized fibers after stabilization, 

carbonization, salinization, and sizing treatment have size of ~ 7 µm. With the advent of nanotechnology, 

materials with properties in sub-micron level are extensively explored. Reducing the fiber diameter results 

in not only enormous increase in the surface area but also diminishes the possibility of defect inclusion and 

typical skin-core fiber morphology. Basically, carbon nanofiber (CNF) is a quasi-one-dimensional carbon 

material between carbon nanotube and carbon fiber [3, 43]. Depending upon the methods, various structures 

of carbon nanofibers are possible with stacking manner of graphene layers such as tubular, platelets, 

herringbone and stacked cup as shown in figure 12. Carbon nanofibers (CNFs) prepared by electrospinning 

have orientation of graphene layers parallel to the fiber axis with a turbostratic structure. Increase in 

graphitization temperatures results in the improvement of holistic graphitic structure [10]. Figure 11 shows 

carbon fiber (produced by Teijin, 6 µm) and carbon nanofibers produced in the present work 

(electrospinning-stabilization-carbonization process, 100 - 300 nm).  
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Figure 11 (a, b) Carbon Fibers and (c, d) Carbon Nanofibers 

Carbon nanofibers and carbon nanotubes both have hexagonal crystalline planes, resembling the graphite 

structure. Both have sp2 carbon bonding in hexagonal rings and possess aromaticity [44], the electrons are 

highly delocalized and easy to transport between different hexagons, this makes CNTs and CNFs good 

conductor for electricity. CNTs can be either single, double and multi-walled with diameter between 0.6 – 

50 nm [45]. CNFs on the other hand have comparatively large diameter in the range of 50 - 300 nm. The 

properties of both are highly dependent on the structure and size. For CNTs, depending on the rolling 

direction of graphene cylinders/planes relative to tube axis. CNTs are classified as zigzag, armchair, and 

chiral respectively. CNFs have rolled graphene sheets which are majorly canted along fiber axis or have 

tubular or platelets arrangement with turbostratic structure. This gives CNFs more active open edges that 

can be chemically functionalized, enabling facile charge transfer. CNTs on the other hand are chemically 

inert and are chemically functionalized by destroying the end-caps. Intrinsically, CNFs possess more 

structural defects compared to CNTs, which reflects in their better physical properties [7, 46]. 
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Figure 12  Structure of (a) multi-walled CNTs. Different types of structures of carbon nanofibers ;(b) graphene platelets, (c) 

graphene fishbones, (d) graphene ribbons  and (e) stacked-cup [15, 47, 48] 

2.6.2 Synthesis of Carbon nanofibers – Fabrication routes 

The following section discusses different synthesis processes for carbon nanofibers such as chemical vapor 

deposition, templating method, drawing and phase separation. There are several techniques for producing 

nanofibers such as vapor evaporation method, template method and electrostatic spinning process [15, 44, 

49, 50]. In chemical vapor deposition (CVD), carbon nanofibers (CNFs) are produced in a quartz tube with 

C2H2 as carbon source and metals such as iron, nickel, cobalt, and chromium to dissolve carbon to form 

metal carbide. The process involves heating the catalyst powder in a ceramic crucible inside the quartz tube 

to nearly 200 ºC. Subsequently the carbon source is introduced and temperature is raised to 700 ºC - 800 

ºC to produce CNFs [51, 52]. Later they are cooled and washed several times. The process is expensive, 

and rather produces short carbon nanofibers that are difficult to align, reinforce and assemble in composites 

for applications. Phase separation involves dissolution, gelation and extraction using different solvent 

freezing and drying methods which result in formation of porous foam [53]. Template based synthesis is 

used to make solid and hollow nanofibers [54, 55]. However the defects introduced by template and 

production of one-by-one continuous nanofiber are not feasible using this technique [50]. Among these 
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methods, electrospinning of polymer solution is a facile method for producing the fibers with submicron 

diameter. For all the thrust areas investigated in this thesis, electrospinning is used as a method to produce 

precursor nanofibers. These subsequently stabilized in air and carbonized in inert atmosphere to produce 

the carbon nanofibers. The stabilization and carbonization nearly follow the same process as done for 

fabrication of traditional carbon fibers in industry.  

2.6.3 Electrospinning - the process: 

Electrospinning technology is a widely used method to produce polymer fibers ranging from 2 nm to several 

micron from solutions of synthetic and natural polymers. The technique has gained much attention in the 

last decade due to its versatility in spinning a wide variety of polymers and its ability to consistently produce 

fibers in the submicron range which otherwise is hard to achieve, using standard mechanical fiber-spinning 

technologies [56, 57]. The electrospinning process involves employing a high electrical field to generate 

electrostatic forces inducing formation of a jet from a polymer solution. Higher voltage is applied to the 

polymer solution, an electric field is generated between the needle of syringe containing the spinning dope 

and the grounded collector. Fundamentally, the electrospinning system consists of three major parts: a high 

voltage power supply, a spinneret, and a grounded collector plate (usually a metal screen, plate, or rotating 

mandrel). The spinning solution drops from a needle forming a ‘Taylor cone’, named after Sir Geoffrey 

Taylor, who explained the effect of electric field on the liquid droplet [58, 59]. Polymer solution held by 

surface tension at the end of a capillary tube is subjected to an electric field and as the electric field reaches 

a critical value, the repulsive electrical forces overcome the surface tension. Eventually, a charged fiber jet 

erupts from the droplet which undergoes series of bending instability and ultra-stretching during this course. 

This all is accompanied by rapid evaporation of solvent and the nanofibers are deposited on the collector. 

A typical schematic of the electrospinning process is shown in figure 13. The first patent on electrospinning 

technology was issued in 1934, however it didn’t gain much intention until 1969 when Sir Geoffrey Taylor 

published his work on regarding “Electrically Driven Jets”, discussing the effect of electric field on the 
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geometry of the suspended liquid droplets [60]. In early 1970, Baumgarten reported spinning of acrylic 

resin in dimethyl formide (DMF) for various concentrations and viscosities to produce sub-micron fibers 

[58]. The findings showed that the solution viscosity is increased as the fiber diameter is increased. 

Following equation is used to predict the relation between the fiber diameter and solution viscosity by the 

following equation: 

𝑑 = η0.5 

Where d is the diameter of the fiber and η is the viscosity of solution in poise. The electrospinning process 

can be adjusted to control the fiber morphology and diameters by varying, solution flow rate, 

electrospinning voltage, polymer solution concentration, solution conductivity and needle to collector 

distance.  

 

Figure 13- (a) Schematic illustration and (b) digital image of electrospinning process 

Various studies have been conducted over the years to investigate different parameters that influence the 

nanofiber. Moreover, it is now established that the diameter of the fiber produced by electrospinning is 

influenced not only by the concentration of the polymer but also by its molecular conformation [56, 61]. A 
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dimensionless parameter, Berry number (Be), is used by numerous researchers as a working index for 

controlling the diameter of fibers. 

𝐵𝑒 = ηC 

The degree of polymer chains entanglements in a solution can be described by 𝐵𝑒, where the η is the 

polymer intrinsic viscosity defined as the ratio of specific viscosity to the concentration at an infinite 

dilution and C is the concentration of the polymer solution [59]. Lot of studies discussing the Berry number, 

it is established to be an effective way to classify the spin ability of polymers. The intrinsic viscosity of a 

polymer is highly dependent on its molecular weight. The fibers diameter is influenced by the electrical 

voltage applied, higher electrical voltage results in increased stretching forces on Taylor cone and fiber jet 

is more stretched leading to decrease in fiber diameter. Similarly, conductivity of polymer solution has a 

great influence on formation of stable jets. The effect of distance between the capillary tip and the grounded 

target has also been studied by various groups. In general, the smaller the distance between the tip of needle 

and collector/target, the larger the diameter of fibers produced as there is insufficient time for the fiber-jet 

elongation. Nevertheless, all these factors affect the final morphology and diameter of produced nanofibers. 

The relations of each cannot be strictly exclusive since one parameter influences the other and the 

morphology of the nanofiber is highly objective for each influencing parameter and type of polymer 

solution used as a spinning dope. [56, 62]. The table 2 shows the main process parameters involved in the 

electrospinning process.  

Presently, the electrospun nanofibers with smaller pores and higher surface area are successfully employed 

in various fields, such as nano-catalysis, tissue engineering scaffolds, protective clothing, filtration, 

biomedical, pharmaceutical, optical- electronics, biotechnology, defense, and security. Further this 

technology is now exclusively studied for layer-by-layer printing, near-field electro-printing, electro-

writing and 3D printing techniques using various modifications to the electrospinning setups and 

parameters. 
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Table 2 Various parameters for electrospinning process 

Operation Parameters Solution Parameters Physical Parameters 

Voltage Viscosity  Humidity 

Flow rate Dielectric constant Temperature 

Needle to collector distance Polymer molecular weight  

 Conductivity of Polymer solution  

 Polymer concentration  

2.7 Properties of Carbon nanofibers:  

2.7.1 Mechanical properties 

Carbon fibers possess excellent mechanical, electrical and thermal properties. Mechanical properties such 

as modulus, tensile strength, toughness are dependent on the processing conditions, graphitic 

microstructure, and fiber diameter. The tensile strength of electrospun based carbon nanofibers is reported 

to be ~ 600 MPa with modulus of 60 GPa [63, 64]. Joseph et al. [65] reported that elastic modulus of CNFs 

ranged from 6 to 207 GPa using three-point bend test with carbon nanofiber mounted on copper grid and 

the AFM cantilever. It was concluded that tensile strength is dependent on the aligned graphite layers of 

the outer wall that were closest to the inner wall. Moreover, it was observed that the elastic modulus seemed 

to be independent of wall thickness for CNFs wall thickness of greater than 80 nm. It is worth mentioning 

here that the properties are highly dependent on the heat treatment temperature. Carbon nanofiber 

composites reinforced with carbon nanotubes (CNTs) have been reported to have increased mechanical 

properties in terms of tensile strength and elastic modulus by 38 % and 84 %. Similarly, reinforcing with 

graphene oxide and graphene platelets have shown marked increase in mechanical properties [66]. 

Compared to conventional carbon fibers, the mechanical properties of carbon nanofibers are difficult to 

evaluate. Most of the reported measurements are aided with assumptions and simplification due to complex 
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structural complexity of CNFs derived from variations in inner and outer wall thickness, cone angle, 

orientation of graphite planes the determination of their mechanical properties had posted considerable 

difficulties. 

2.7.2 Thermal Properties 

Thermal conductivity of carbon nanofibers is ~ 2000 W mK-1 (reported value for parent class of carbon 

nanofibers and vapor grown nanofibers). Compared to CNFs, the thermal conductivity of CNTs is estimated 

to be around 6000 W m-1 K-1, twice higher than diamond. The thermal conductivity (K) follows; K =

 ∑ C 𝑟v2τ, where C is the specific heat contribution from electron (Cel) and phonon (Cph), v is the group 

velocity of phonons and τ is the phonon relaxation time. The findings from Benedict and Hone suggest that 

phonon excitations dictate the thermal properties of CNFs [67]. Most studies focused on thermal 

conductivity for CNFs are related to reinforcing them in polymer matrices, since the polymers have poor 

thermal conductivity. Due to their small size and high aspect ratio, they have extremely large surface area 

to volume ratio, which improves the interaction with the polymer matrix. Various studies have been made 

for CNFs reinforced in thermoplastic matrices such as poly-lactic acid, polyethylene (high density and low 

density) and polystyrene [68-70].  

2.7.3 Electrical Properties 

Electrical conductivity of CNFs is estimated to be 1 x 104 – 1 x 105 S/m. The electrical properties of CNFs 

are also highly dependent on graphitic structure and processing conditions. Very earlier studies by Endo et 

al. [71] reported conductivity of vapor grown carbon nanofibers to be around 1.8 x 104 S/m. Typical 

electrical conductivity for commercially produced carbon fiber ranges from 1 x 103 - 1 x 104 [72][73]. 

Carbon nanofibers possess higher electrical conductivity than micron sized carbon fibers, however the 

mechanical integrity and strength is inferior to that of carbon fibers. Very few production plants all around 

the globe exist focusing on sub-micron sized carbon fibers due to challenges with its higher cost. CNTs 
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comparatively have very high electrical conductivity of than CNFs (~ 1 x 107 S/m) [74]. Carbon nanotubes 

and carbon nanofibers are ballistic transporters for electron conduction when their structure is perfectly 

crystalline. The movement of electron is reduced due to defects in the crystalline structure that hinder the 

electron transport, leading to reduced mean path of electrons and lower electrical conductivity [75]. The 

interlayer interaction of CNFs also facilitates the electron transport. Resistance occurs only when electrons 

collide with defects in the crystalline structure. The amorphous structure and intrinsic defects impact the 

electron transport, reduce the mean free path of electrons, resulting in lower the electrical conductivity. In 

3D conductors, electrons are free to scatter in any direction and each scattering event leads to electrical 

resistance; while in 1D conductors like CNFs, electrons can only travel back and forward along the fiber 

axis, where there is a significant reduction of scattering. Therefore, CNFs with high aspect ratio have high 

electrical conductivity. The study by Hermann et al. [76] showed that the electrical resistivity of CNFs 

graphitized at 2900 ºC can reach  up to 6.8 × 10-5 Ω.cm.  

2.8  Applications of Carbon nanofibers  

The light weight, high strength and stiffness accompanied with improved fatigue resistance, high thermal 

and electrical conductivity has enabled carbon fibers and derived composites to be used in a large number 

of structural application form aerospace, wind turbine blade, sports equipment, and transportation to 

pressure vessels and microelectronic device [77, 78]. The huge application volume of carbonized PAN 

fibers is increasing every year and the carbon fiber market is expected to reach ~ 4 billion $ by 2025 [79]. 

Both in pristine form and as reinforcement in polymer matrices, carbon fiber has targeted nearly every field 

of our life today [22, 80]. 

PAN stabilized fiber mats are also used in many areas where heat resistance textiles and yarns are required. 

One of its kinds is PAN-OX produced by SGL Carbon group. It has been typically used as fire resistance 

textile in aircraft, train and cars seating, protective clothing for firefighter and racing drives. Similarly, the 
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oxidative stabilized PAN fiber produced by Zoltek is PYRON, which are used to replace asbestos in 

automotive brakes and clutches [81]. Carbon nanofibers are used as filler agents for different synthetic 

materials due to their excellent mechanical properties. In comparison with macroscopic fibers, a much 

lower quantity of nanofibers is required to achieve the same reinforcement. Additionally, their large specific 

surface area promotes relaxation processes in the matrix, resulting in improved interfacial strength [82].  

In the medical sector, the application of carbon fiber includes Thermocomp-RC. Carbon fiber reinforced 

nylon 6/6 composite are used as the exoskeleton structure of a prosthetic arm and the Omni carbon-heart 

valve (a valve with a single hinge less pivoting disk). Carbon nanofibers offer promising potential to 

fabricate electrochemical sensors and biosensors [83, 84]. Vamvakaki et al. [85] reported CNFs for glucose 

sensing with high sensitivity, stability and reproducibility. CNFs based biosensors showed better response 

in comparison with SWCNTs and graphite powder. This is due to higher surface area and more active sites 

for adsorption of enzymes. Moreover, carbon fiber-reinforced fluoro-polymers and composites are used in 

pump wear rings, throat bushings, line shaft bearings, valve seats and washers. These parts require hot 

hardness, inherent strength, chemical resistance and dimensional stability; hence carbon fibers and derived 

composites serve the purpose [86]. Due to outstanding mechanical properties such as compressive strength 

with extremely light weight, carbon fibers are also used in pressure vessels for hydrogen and compressed 

natural gas storage tanks. PX35 tow bv Zoltek, manufactured via filament winding of resin impregnated 

carbon fibers is used as key component in pressure vessel applications [87, 88].  

The large surface area of a porous nanofibrous material is significant for energy conversion and storage. 

The automotive sector is working on employing carbon fibers not only as structural element but also as a 

storage electrode for next generation electric vehicle [89]. Carbon nanofibers with well interconnected 

pores offer good mechanical strength and electrochemical stability for porous separators [90]. They sustain 

a substantial uptake of electrolyte solution and enable high ion conduction. In catalysis, carbon nanofibers 
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loaded with metallic nanoparticles (Rh, Pt, Pd, etc.) are appropriate catalyst-carriers for hydrogenation 

reactions [91, 92]. 

In automotive sector, carbon fiber usage is increasing year by year to replace the traditional metal parts 

with light weight material with similar strength. Carbon fiber epoxy body panels are developed for 

Lamborghini Murcielago and hood pannel for Chervorlet Corvette Z06 [89, 93]. Replacing the body panels, 

truck chassis assemblies and space frames with carbon fibers reinforced composites reduce fuel cost. Very 

recently, AEVRO has launched first ever 3D printed all carbon fiber bike. Now a days, spring elements of 

car suspension system are being made by Polyether-ether ketone (PEEK) and polycarbonate (PC) based 

carbon fiber composites. The major parts of formula 1 racing car such as chassis, interior, and suspension 

components are made of CF-based epoxy composites. Starting from bicycle up to racing bikes, parts used 

in sports are also manufactured by CF-reinforced epoxy composites [94]. 

Aerospace sector has covered the most application volume as far as carbon fiber and carbon fiber 

composites are concerned. Both military and commercial-use helicopters have almost two-third part made 

of carbon fiber epoxy-based composites [95]. Generally, for aerospace, high-modulus carbon fiber 

(modulus 350 GPa) along with multifunctional epoxy resin is used. Pioneer in this sector, USA made a 

space shuttle having payload bay door, remote manipulator arm, and solid rocket motor cases from epoxy 

carbon fiber- composites. Carbon fibers are also used for EMI shielding, sensor, antistatic agent, and 

conductors. Exploiting excellent electrical conductivity of carbon fibers, they are also used in micro-

electronic devices. Nevertheless, the demand for carbon fibers and their composites is increasing every day 

and it has already impacted the major and minor living applications [96]. 

2.9 Recapping the Objective 

In summary, the application volume of carbon fibers and derived composites is at the rise. Due to the 

technological drive of e-mobility, energy harvesting and sustainability, the graphene based light weight 
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nanostructures with improved electrical properties is the fore-front of latest scientific research. As 

mentioned in chapter 1, the focus of the present work is encompassing the realization and investigation of 

graphene nanostructures using tangible carbon nanofibers for improved graphitic structure, targeting the 

electrical transport properties. Carbon nanofiber is relatively novel compared to carbon fiber and the details 

of its microstructure and structure-property relationship needs further exploration. The upcoming chapters 

sequentially describe different phases of the thesis. 
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3 METHODOLOGY AND TECHNIQUES 

This chapter presents the properties of precursors and materials used, basic fabrication procedure adopted, 

and analytical/characterization tools employed in thesis work. 

3.1 Materials 

Polyacrylonitrile (PAN) was used as precursor material and mixed with Dimethyl formamide (DMF) to 

produce spinning dope (spinning solution). Carbon nanotubes (CNTs) and graphene nanoplatelets (GNPs) 

were used as nanocarbon inclusions to fabricate nanocarbon doped carbon nanofibers. These were the basic 

materials used for different investigations and for the project phases of the present research work. The table 

3 shown below shows the list of chemicals used along with necessary details and their suppliers.  

Table 3 Utilized chemicals, their details, and suppliers 

Chemicals Avg. Mw / Molar Mass (g/mol), 

density (ρ, g/cm3) 

 

Supplier: Grade/Purity 

Polyacrylonitrile (PAN) Mw: 150,000 Sigma Aldrich 

N, N-Dimethylformamide 

(DMF) 

73.10 g/mol, 0.95 g/cm3 Carl Roth, Germany 99.8 % 

Multi-walled Carbon 

Nanotubes (MWCNTs) 

12.01 g/mol, 1.800 g/ml ABCR chemicals 

Graphene Nanoplatelets 

(GNPs 

12.01 g/mol, 6-8 nm thick x 5 

microns wide 

ABCR chemicals 

3.2 Fundamental Procedure – State of Art 

As mentioned in section 1.3, there are different phases of the whole project based on which modifications 

are done to the basic fabrication process. The details of fabrication modification for each phase are 
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described in their respective chapters. The basic process which serves as state of art for fabrication of the 

‘carbon nanofibers’ is described below and kept as a fundamental procedure for all investigations. 

PAN spinning-dope was prepared by mixing required quantities in DMF solvent overnight for nearly a 

duration of 12 h at room temperature. The homogenous solution of PAN/DMF was electrospun using a 

tower electrospinning setup with needle and rotating collector. The spinning dope was loaded into the 

syringe and the solution was electrospun with accelerating voltage of 16 KV, distance of needle to collector 

of ~ 18 cm, collector speed of 8 m/s, solution flow rate of ~ 1 ml/h and the fiber mats were collected on 

rotating collector covered with aluminum foil. In the second stage, stabilization was performed in the air at 

250 ºC for a duration of 10 h at a hearing rate of 1 ºC /min. The stabilization is performed in different 

physical ways w.r.t to respective project phases. The stabilized nanofiber mats were carbonized 

subsequently with a heating rate of 5 ºC /min with a various temperature from 800 ºC to 1700 ºC, with a 

dwell time (1, 5, 10 h) depending upon the desired microstructure. The parameters employed in the carbon 

nanofiber fundamental fabrication process are also described below in Table 4. 

Table 4 Process parameters used in fundamental carbon nanofiber fabrication process 

Electrospinning  

Parameters 

Stabilization 

Parameters 

Carbonization 

Parameters 
 

 

 

Voltage: 16 KV Heating rate: 1 ºC/min  Heating rate: 5 ºC/min 

Flow rate: 1.8 ml/h Dwell time: 2 - 10 h Dwell time: 1 - 10 h 

Source to collector distance: 18 cm Temperature: 230 - 250 ºC Temperature: 800 - 1700 ºC 
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3.3 Techniques and Analysis 

This section presents all the characterization tools and techniques used for the analysis and testing of the 

prepared samples. For each project phase different techniques were used to characterize the morphology, 

molecular structure, graphitic structure, and electrical transport properties. 

3.3.1 Scanning Electron Microscope (SEM) 

Morphology of spun nanofibers, stabilization and carbonized fibers were analyzed using morphology 

scanning electron microscope (SEM) (Zeiss Leo VP, 1455, Germany). The basic principle of the technique 

relies on the raster electron scanning in which electrons are either reflected from the very surface (back 

scattered electron) and the bulk (secondary electrons), carrying information about the samples analyzed. 

An electron beam is generated by a filament in a vacuum chamber and is focused by electromagnetic lenses 

to form a beam point. When the primary electron beam impinges on the specimen surface, secondary 

electrons are emitted and collected by a detector to generate an image [97, 98]. The non-conductive samples 

are coated (SC7620 Mini Sputter Coater, Quorum Technologies) before the analysis, since the high 

radiation density of the electron beam leads to static charges, which can affect the measurements due to 

electron accumulation at the measuring spot.  

3.3.2 FTIR and polarized FTIR spectroscopy 

For the analysis of the molecular structure of the as spun and the stabilized polyacrylonitrile mats, Fourier 

transform infrared spectroscopy (FTIR, Perkin Elmer 2) was used. The technique measures the infrared 

region of the electromagnetic radiation spectrum. Unlike the dispersive IR spectroscopy, FTIR 

spectroscopy irradiates a sample with many frequencies of IR light at once by means of an interferometer 

and post-processing of the transmitted light. In a typical procedure, beam source of various IR wavelength 

light is sent through a beam splitter. These two split beams are then reflected and recombined (with a path 
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difference between the beams) to construct an interference pattern, reflecting the constructive and 

destructive interference of the recombination. Subsequently, this interference pattern (interferogram) is sent 

to the sample, and the transmitted portion of the interferogram is sent to a detector. By comparing this with 

a reference sample beam spectrum in the detector, a Fourier transform is performed to obtain the full 

spectrum as a function of wavenumber [99]. 

The most prominent change occurring during the stabilization process in the PAN structure is the 

conversion of C≡N groups to C=N groups, which indicates cyclization process. The ring cyclization index 

(RCI) was calculated by measuring the integral intensity of absorbed IR, C≡N (2240 cm-1) and C=N (1600 

cm-1) peaks, using the following equation: 

RCI =
IC=N 

IC≡N+IC=N  

       (1) 

In addition, molecular orientation was evaluated using Hermann Orientation factor (f), which depends on 

the principle that the dichroic ratio of nitrile peak (2240 cm-1) intensity is calculated when the plane of 

polarization was parallel (‖, A0) and perpendicular (ꓕ, A90) to the fiber axis. The orientation factor (f) is then 

given by the following expression: 

𝑓 =
2

3 2Cos2θ
 
D-1

D+2
 With 𝐷 =  

A0

A90
     (2)  

D is the dichroic ratio of polarized absorbance intensity of the nitrile peak (2240 cm-1). 𝜃 is an angle between 

polymer chain backbone and nitrile group (this method makes use of this fixed angle (70°) between the 

backbone of polymer chain and the (C≡N) nitrile group. In a typical procedure, the potassium bromide 

(KBr) pellets were prepared. Afterwards, KBr and fiber mats were pressed, and direction of fiber alignment 

was marked. 
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3.3.3 X-ray Diffraction 

X-ray diffraction technique (Bruker, D2 Phaser) was employed to have insight regarding interplanar 

spacing and crystallite size for as spun and specifically the carbonized polyacrylonitrile fiber mats. In this 

technique, X-rays are generated from an X-ray tube and a monochromator filter, so that it has a single 

wavelength frequency. The atoms in the crystal refract the X-rays and are elastically scattered onto a 

detector. Because they are elastically scattered, they have the same energy as the incident X-rays, generating 

a 2D diffraction pattern of the crystal. The scanning ranges from 10° - 80° with a step size of 0.03° using 

Cu- Kα (λ = 1.5406 Å) was employed to characterize the samples. The interlayer spacing, d (002) was 

evaluated using Bragg law (d = (λ / 2 sinθ), where λ is the wavelength of the x-ray source and θ is the Bragg 

angle) while for calculating the crystallite size, Scherrer equation (Lc = (K λ / β cosθ) was employed, where 

K is the shape factor (0.89 for Lc) and β is the full width at half maximum (FWHM) in radians) [100]. 

3.3.4 Transmission Electron Microscope 

Transmission electron microscopy (TEM, FEI Tecnai G2 F20) was carried to characterize graphitic 

structure and alignment/orientation of carbon planes. Electrons are injected at the top of the column, 

accelerated down, passed through a combination of lenses and apertures to produce a focused beam of 

electrons. In TEM, the transmission of electron beam is highly dependent on the properties of material 

under examination. TEM uses transmitted electrons (electrons that are passing through the sample) to create 

an image compared to SEM. Henceforth, the details are finer with improved resolution to visualize atomic 

planes [101]. Imaging was carried out using field emission gun at accelerating voltage of 200 KV in bright 

field mode. Prior to that, sample preparation was done in facile way by ultrasonicating small pieces of the 

fiber mats in 500 µl of ethanol for 15 min. Most of the solvent was removed in an air flow and ethanol 

solution containing the fibers was drop-casted onto a carbon coated copper grid (Quantifoil, 300 mesh) for 
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imaging to be performed. Based on the sample matrix, information regarding the orientation of graphene 

layers, curling and tortuosity in carbon planes was investigated.  

3.3.5 Raman Spectroscopy  

Raman spectroscopy (DXR2 Thermo Fisher Scientific) was employed extensively to characterize the 

graphitic structure, disorder and defects in carbon nanofiber end structure. The Raman-effect is based on 

scattering of light, which includes both elastic (Rayleigh) scattering at the same wavelength as the incident 

light, and inelastic (Raman) scattering at different wavelengths, due to molecular vibrations. Most of the 

scattered light is of the same wavelength as the laser source and there is no useful information – this is 

called Rayleigh scattering. However, a small amount of light (~ 0.0000001%) is scattered at different 

wavelengths, characteristic of the chemical structure of the analyte under study, this is termed Raman 

Scatter [102]. A Raman spectrum features several peaks with intensity and specific wavelength.  For 

carbon-based nanomaterials, it is widely recognized to extract the information regarding the order/disorder 

in graphitic crystals, graphitization degree and graphene layer count to distinguish between single-, bi- and 

multi-layer graphene. 

For all investigation in the present study, laser wavelength of 532 nm was used as an excitation source. 

Carbon nanofiber in the form of assembles were directly placed on the glass slide and spectra were acquired 

in the range of 500 – 3500 cm-1. Initially in the optimization phase, different laser powers were used, 

however, to avoid heating of the samples and false signals for all different phases studied in the present 

project, 1 mW of laser intensity was used. Mainly the confocal geometry 25 µm pinhole aperture geometry 

was employed. Nearly for all the measurements done, 10 exposures were made with exposure time of 3 

seconds. The most significant D- and G-bands in carbon materials were deduced and evaluated. The R-

value, i.e. the ID/IG intensity ratio, depends on the concentration of defects including grain boundaries and 

graphite edge planes, the alignment of the graphitic planes and the graphitization degree [103, 104]. The 

spectra were deconvoluted using Gaussian fitting after a baseline subtraction via Origin lab pro software 
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and ID and IG rations (integral intensity of D- and G-band were evaluated. Moreover, the crystal size along 

the basal plane (La) was calculated (La (nm) = (2.4 × 10-10) λ4laser (ID / IG)-1). For the sample graphitized at 

1500 ºC or more, the high wavenumber 2D-band was observed which is active due to double resonance 

mechanism. 

3.3.6 X-ray Photoelectron Spectroscopy (XPS) 

X-ray Photoelectron spectroscopy (XPS, SPECS) was used to obtain the graphitic structure of the surface 

in-terms of sp2 and sp3 hybridized bonding in carbon structure. Al Kα emission source and recorded with 

Phoibos 100 spectrometer equipped with an MCD-5 detector at a pass energy of 20 eV. X-ray photoelectron 

spectroscopy is more surface sensitive compared to Raman spectroscopy, and the information depth is 

limited to ~ 10 nm. This makes it an interesting characterization tool as far as the structure and properties 

of surface and sub-surface of carbon nanofiber is concerned. The technique relies on the basic principle of 

Photoelectric effect to identify the elemental composition, chemical state, and electronic structure. 

Elemental composition as well as the bonding elemental composition, both can be determined using this 

technique. Material is irradiated with x-ray of known wavelength and the emitted electron kinetic energies 

are measured. A photoelectron spectrum is recorded by counting ejected electrons. Each element has a 

characteristic binding energy associated with its core electron levels [105, 106]. The measured kinetic 

energy of the ejected photoelectron is determined by the incoming energy of the incident X-ray photon, hν 

(typically Al Kα radiation are used). The binding energy (BE) of the photoelectron is calculated by the 

relationship (K.E = hν – B.E). In the present study, XPS was performed to evaluate the sp2 fraction and 

sp2/sp3 ratio via deconvolution of C1s spectra. The C1s-spectra were deconvoluted considering 3 major 

contributions, namely the shake-up emission at 290.7 eV, sp2 hybridized carbon atoms at 284.4 eV and sp3 

hybridized carbon at 285.2 eV. The C1s spectra were fitted using symmetric Gaussian-Lorentzian functions 

including the Shirley background, under a limitation that the energy difference between the sp2- and the 

sp3-peak is ~ 0.8 eV [107]. 
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3.3.7 4PP STM/SEM Setup  

A four-point measurement technique was used to investigate the electrical transport properties of carbon 

nanofibers. As the name suggests, the current is passed via two measuring tips and the voltage drop is 

measured with the other two tips. The easiest approach to measure the resistance (R) of a conductor is to 

use the two-point probe (2PP) setup. In this geometry, both probes serve as current injectors as well as 

voltage probe simultaneously, henceforth the total resistance is the sum of resistance of the sample and the 

probes. In turn, the resistance of the probe consists of the actual contact resistance and the resistance of the 

lead. Hence, 2PP method depends on the value of probe resistance to evaluate the sample resistance. R2PP 

= Rs + Rp, and Rs= Rc + Rl (where Rs and Rp denote the resistance of the sample and the probes and Rc and 

Rl denotes contact resistance and the resistance of the leads. However, in the four-point probe (4PP) 

geometry, the current is injected through the outer probes while the voltage is measured between the inner 

probes, as shown in figure 14. Therefore, the probe resistance is negligible owing to the higher input 

impedance of the voltmeter.  

 

Figure 14- Two point and Four-point probe geometry 

4PP-STM/SEM is a four-point probe arrangement technique, which is a combination of a four-point 

scanning tunneling microscope (STM) and a scanning electron microscope (SEM). All measurements of 

the electronic transport were carried out in an ultrahigh-vacuum chamber from Omicron Nanotechnology. 
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The setup consists of two sub-chambers, each with an arrangement for introducing samples into the vacuum 

system. These chambers are separated from each other by a valve. It has the advantage that both chambers 

can be equipped with samples independently of each other. The samples can be placed on the manipulator 

arm with a filament or with direct current or they can be heated on a cooling platform by using the cooling 

liquid nitrogen. A pyrometer for temperature control has a range between 300 °C and 2100 °C. The second 

area includes the 4PP-STM and the SEM [108]. A structure of the scanning unit of the four-point STM is 

shown in Figure 15a. There are four tip holders under the SEM. Three standard scanners and one high-

resolution scanner, which allows an atomic resolution measurement on a surface. All scanners can be 

operated independently of each other by means of piezo motors controlling the spatial directions. In-situ 

rotational square measurements were performed on nanofiber mat to investigate the anisotropy in electrical 

conductivity based on nanofiber preferred orientation in the mat/bundle. Electrochemically etched tungsten 

tips with apex radii 20 - 70 nm were used to carry out the measurements (figure 15b). Carbonized bundles 

were placed on silicon substrate for measurements on fiber mats while to perform the measurements on 

single nanofibers, the mats were ultra-sonicated in acetone for a couple of minutes and then droplet-casted 

on Si substrate. This resulted in isolation of individual nanofibers from the fiber mat to carry out the 

measurements. 

 

Figure 15 Schematic of 4pp STM scanning head with 4 probes, (b) Rotational sq. measurements in 4 tip arrangements on carbon 

nanofiber mat 
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4 RESULTS 

This chapter describes the results of all the research phases as mentioned in chapter 1. Each research phase 

is entitled to a sub-chapter in the following chapter. Specific study is published under each research phase. 

Preface and summary are included for each published study. For the first sub-chapter, the results are 

described in detail to develop the basic understanding; however, for the next sub-chapters, respective 

publication, preface, and summary is included. 
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4.1 Development and Characterization of Carbon Nanofiber – Optimization 

and Structure (Phase 1) 

4.1.1 Preface 

In the first phase of doctoral work, the carbon nanofiber fabrication process (electrospinning-stabilization-

carbonization) is optimized, and the characterization of the basic as-spun, stabilized, and carbonized 

structure was performed. These process parameters were set as benchmark for all further studies. Similarly, 

stabilization and carbonization conditions are also explored. This deals with the investigation of structure 

and morphology of as-spun, stabilized, and carbonized of carbon nanofibers. SEM and FTIR are performed 

on spun and stabilized structure to observe fiber morphology, diameter, and molecular structure of PAN 

and stabilized PAN. Afterwards, carbonization was performed in an inert atmosphere (Ar/H2) at various 

temperatures (800 °C, 1000 °C, 1200 °C, 1500 °C). The growth of graphitic structure and healing of 

intrinsic defects during carbonization at different temperatures is characterized by XRD and Raman. The 

study was presented at 23rd International Conference on Nanomaterials and Nanotechnology, March 15-16, 

2018, as an invited talk and the later proceedings were published.  

4.1.2 Optimization for electrospinning parameters: 

The parameter optimization for the electrospinning process was carried out to produce uniform precursor 

nanofibers. Among the various process parameters in electrospinning, the polymer solution concentration 

has a primary effect on the bead formation and diameter of the fibers. PAN solutions were prepared from 8 

- 20 wt.% (w.r.t PAN/DMF solution) with 3 wt. % concentration succession and diameter as-spun fibers 

were investigated. From figure 16a, it can be observed that as the concentration of the PAN in DMF solution 

is increased, the diameter of the fibers is also increased. Spinning below 7% resulted in nearly no stable 

fibers and rather an electrospraying of the PAN solution was observed. The beads were formed at lower 

polymer concentration, since at lower concentration of PAN there are higher numbers of solvent molecules 
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and fewer chain entanglements. This implies that the surface tension will have a dominating effect on the 

electrospinning process, resulting in bead formation. Contrary to this, at higher PAN concentration, there 

are higher numbers of chain entanglements in solution. The charges on the jet can stretch the solution with 

solvent molecules distributed among the PAN chains, resulting in bead-free fibers. At very higher 

concentration (above 20 wt.%) the solution was impossible to spin, due to increased viscosity and extensive 

chain entanglements resisting formation of the jet. Our findings showed that ~ 12 - 15 wt.% of PAN 

concentration is suitable for producing stable and bead-free nanofibers. 

 

 

 

 

 

 

 

 

 

 

Figure 16 - Spinning process parameters: (a) effect of PAN concentration on fiber diameter (voltage: 16 KV, spinning 

distance:15 cm), (b) effect of applied voltage on fiber diameter (PAN concentration wt.%: 14 wt. %, spinning distance: 15 cm), 

(c) effect of spinning distance on fiber diameter (PAN concentration wt.%: 14 wt.%, Voltage: 16 KV) 
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The effect of applied voltage on the fiber diameter is shown in figures 16b. The PAN concentration and 

spinning distance was kept constant to 14 wt.% and 15 cm. The voltage was varied from 10 KV to 25 KV 

with 3KV increment. The voltage of 10 KV resulted in disruption and discontinuous fiber jet with lot of 

solution dropping. Contrary to this, the applied voltage of 23 KV or more resulted in fibers flying off and 

haphazard fiber deposition. In-between this range, the fiber diameter was decreased as the applied voltage 

increases (figure 16b). Increase in voltage results in increased electric field strength and consequential 

greater stretching of PAN solution. This leads to reduction in fiber diameter. Some studies have reported 

an increase in fiber diameter with higher voltages. In principle, there are two factors which dictate the fiber 

diameter in this regard: 1) the strength of an electric field and 2) flight-time of the jet.  Increase in voltage 

also resulted in increased jet acceleration, decreasing the flight time of fiber jet. This allows less time for 

fibers stretching before their deposition on collector, resulting in larger diameter of fibers. Therefore, these 

two factors were the reasons for different findings.  

The spinning distance (needle to collector) also affects the electrospinning process and resulting fiber 

diameter. Variation of spinning distance affects the electric field strength and flight time. The PAN 

concentration of 14 wt.% and spinning voltage of 16KV was kept constant. The effect of spinning distance 

was examined every 5 cm, from 5 to 20 cm. With increasing distance, the reduction in diameter was 

observed till 15 cm after which a slight increase in diameter was observed (figure 16c). This could be 

attributed to the higher flight time of the fiber jet in the first phase till the fiber diameter is increased. A 

slight increase in fiber diameter for 20 cm indicates reduction in electric field strength due to increased 

distance. This causes less stretching of fiber jet which in turn results in increase in fiber diameter. 

Based on this optimization, PAN solution concentration of 14 wt. %, spinning distance of 15 cm and 16-17 

KV applied voltage was used as standard for investigations in further project phases. Figure 17 shows SEM 

micrographs for PAN based nanofibers at each of the three stage processes. The diameter for spun fibers 

was 330 ± 22 nm, with stabilized fibers around 314 ± 40 nm. Decrease in diameter was observed for 
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carbonized fibers (nanofiber carbonized at 1500 °C) with 188 ± 39 nm. The decrease in diameter is 

attributed to shrinkage accompanied by densification of CNF at elevated temperatures during stabilization 

and carbonization stages. The nanofibers observed are uniform and continuous with no apparent porosity. 

 

Figure 17 - SEM images: (a, b) as spun PAN, (c, d) stabilized PAN at 230 °C for 10h, (e, f) carbonized PAN at 1500 °C for 10 h 

4.1.3 Molecular structure for as spun, stabilized, and carbonized PAN nanofibers 

After the electrospinning process, stabilization of PAN nanofiber was performed by heating in air at 250 

°C for 10 h using a low heating rate of 1°C/min under tension. Subsequently, PAN nanofibers were 

carbonized at heating rate of 5 ºC/min with dwell time of 1h from 800 °C to 1500 °C. FTIR results (figure 

18), for as-spun fibers shows sharp peaks at 2940 cm-1, 2240 cm-1 and 1452 cm-1, attributed to the C-H 

stretching, -C≡N stretching and CH2 bending. As the PAN nanofibers went through stabilization, an 

evolution of -C=N peak is observed at 1600 cm-1 and the peak for -C≡N disappears (figure 17). 
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Transformation of -C≡N to -C=N- in the PAN backbone is most crucial step in stabilization process leading 

to formation of ladder-like structure. The processes reported to take place during the stabilization process 

are oxidation, cross-linking, dehydrogenation (to eliminate hydrogen and form -C=C- in PAN back bone) 

and cyclization (as shown in section 2.5.2). Cyclization is vital for fibers to last during the high temperature 

carbonization process. The process is an exothermic involving evolution of gaseous products and aids in 

holding the molecule together. FTIR results after the carbonization process (figure 18c) show absence of 

all above indicated peaks corresponding to -C=N and C-H, pointing out that the elimination of non-carbon 

elements as nitrogen and hydrogen has taken place.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18- FTIR for (a) as spun, (b) stabilized and (c) carbonized PAN 
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4.1.4 Crystallography and structural analysis of carbonized PAN nanofibers: 

The effect of heat treatment on the crystallite size of stabilized PAN nanofibers at different temperatures is 

shown in figure 19(a). The stabilized PAN nanofibers were carbonized at various temperatures for a 

duration of 1h. With increase in carbonization temperature from 800 °C to 1500 °C, an increase in crystallite 

size (Lc, basal plane) was observed from 10.71 Å to 13.20 Å.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19- (a) Crystallite size Lc and FWHM for (002) peak as function of carbonization temperature, (b ID/IG and FWHM for G-

band peak as function of carbonization temperature 
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Along with an increase in crystallite size, a decrease in the FWHM was observed for the (002) signature 

peak. FWHM decreased with increase in heat treatment temperature indicating that amorphous carbon was 

transformed into ordered carbon and the degree of crystallinity has increased. A decrease in the interlayer 

spacing (table 2) from 3.61 Å to 3.49 Å was observed. Structural characterization was further explored 

using Raman spectroscopic analysis. Typical Raman spectra for carbon materials show D- and G-bands at 

1332 cm-1 to 1360 cm-1 and 1500 to 1630 cm-1 approximately, ascribed to defects in the graphitic structure 

and ordered graphitic structure. The R ratio is the measure of defects in graphite/graphene systems, defined 

as the integral intensity ratio of D- and G-band (R=ID/IG). Figure 19(b) shows a decrease in R ratio as the 

carbonization temperature was increased. R decreases from 3.72 to 1.46 as temperature was increased from 

800 °C to 1500 °C. Increased annealing temperature for CNFs lead to ordering of graphene domains and 

reduction in graphitic defects.  

 

Figure 20 - Typical Raman spectra for PAN carbonized at different temperatures 
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Table 5- Interlayer spacing, FWHM (002) peak, crystallite size of PAN nanofibers carbonized at various temperatures 

SAMPLE 2 θ (002) d-spacing (002)/ (Å) Crystallite size / (Å) FWHM (002) 

CF-800 °C-1hr 24.61 3.6159 10.71 7.93 

CF-1000 °C-1hr 24.525 3.6282 11.68 7.27 

CF-1200 °C-1hr 24.734 3.598 12.5 6.8 

CF-1500 °C-1hr 24.856 3.5793 13.2 6.44 

CF-1500 °C-10hr 25.433 3.4993 16.15 5.27 

The author performed, investigated, and wrote all the work. This was later reviewed and analyzed by DR. 

FRANZ RENZ, DR. CHRISTOPH TEGENKAMP AND DR. RALF SINDELAR. The basic work was 

planned and executed at University of Applied Sciences Hannover together with reviews and discussions 

with involved partners (Institute of Inorganic Chemistry and Institute of Solid-state Physics, Leibniz 

University Hannover). 

 

4.2 Creep stress induced stabilization and graphitization in polyacrylonitrile 

carbon nanofibers  

4.2.1 Preface & Summary 

After optimization and characterization of carbon nanofibers production process, the next stage dealt with 

a focus on the stabilization process, to understand the formation of graphene like ribbon structures from 

PAN. These ribbon-like structures are crucial for high temperature carbonization hence the stabilization 

was the focus of this phase. Any changes during the stabilization fundamentally impact the end graphitic 

structure after carbonization. Improvement in graphitic structure serves as fundamental for dictating the 

properties of carbon nanofibers. The mechanical, thermal, and electrical properties are dependent on the 

nucleation and growth of graphene layers, orientation, and long-range order. Owing to this, investigations 

were made on how the application of creep stress influences the chemical reactions during stabilization 
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which in turn impacts the graphitization of PAN. The work has been published in Journal of Materials 

Science and Engineering (DOI: https://doi.org/10.4172/2169-0022.1000493).  

In general, the stabilization process is assisted by tension to cater the loss of molecular orientation due to 

the shrinkage and to further enhance the molecular orientation of PAN. Hence to study the impact of 

mechanically assisted chemical reactions, the stabilization was performed in two ways; 1) creep load 

applied to PAN nanofibers (PAN - T) and 2) clamping of PAN nanofibers (PAN - S). In the latter case, 

there was no external stress rather only innate shrinkage stress present due to entropic changes. Ring 

cyclization index (RCI) was calculated to evaluate the amount of the cyclized structure. The polarized FTIR 

spectroscopy was used to calculate the Herman orientation factor to determine the molecular orientation of 

PAN. The ring cyclization index (RCI) was evaluated for PAN - T and PAN - S stabilized samples at 

different temperatures 180 °C, 210 °C, 230 °C. RCI for PAN - T fibers and PAN - S showed different values 

at lower temperatures (190 °C and 210 °C) however at higher temperatures, both the PAN - T and PAN - S 

samples showed similar RCI values. This showed that creep stress influences the chain conformations and 

brings the PAN chains in suitable positions to form conjugated nitrile groups, resulting in higher degree of 

cyclization. However, at high temperatures (230 °C), the internal energy for PAN - S is high enough and 

dipole-dipole repulsions between the C≡N are reduced, therefore the difference of RCI between PAN - T 

and PAN - S nanofibers were reduced. Both PAN - S and PAN - T were also stabilized at 230 °C for 10 h 

and RCI showed RCI values reaching ~ 95 %. Interestingly, even though the RCI was the same for the 

nanofibers cyclized at 230 °C - 10 h with and without application of creep stress, a difference in the degree 

of graphitization was observed. Increased graphitization was observed for PAN nanofibers stabilized with 

creep stress as evidenced from reduced ID/IG and FWHM for G-band peak, increased Lc and La as evaluated 

from XRD and Raman analysis. The difference in degree of graphitization was attributed to the formation 

of relatively more curved and fullerene structures which resulted in reduced degree of graphitization for the 

pyrolysis of PAN - S precursor, whereas PAN - T nanofibers with high molecular orientation formed more 

ordered carbon planes. Even though the amount of cyclized material was the same, the application of creep 
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stress resulted in more sp2 hybridized carbon. Creep stress during the stabilization assisted in sp3 to sp2 

transformation which was reflected in a higher degree of graphitization. 

The author conducted and investigated all the work from development to characterization and analysis. The 

results are reviewed and analyzed by DR. FRANZ RENZ, DR. CHRISTOPH TEGENKAMP AND DR. 

RALF SINDELAR.  

The author wrote the manuscript on his own and it was edited and reviewed by the respective names above. 
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4.3 Carbon nanofiber reinforced with graphene nanoplatelets – Nano-carbons 

templated graphitization and electrical transport  

4.3.1 Preface and Summary 

The conclusions from Phase 2 showed that application of creep stress results in improving the graphitic 

structure of carbon nanofibers. Another approach to improve the graphitic structure of carbon nanofibers is 

rather by introduction of nanocarbons inclusions (nanotubes, graphene platelets, nanoparticles) to the 

carbon films and fibers. These nanocarbons have been used as reinforcements in various polymer matrices 

resulting in improving the polymer crystallinity. In the third stage of the project, this approach was explored, 

and graphene nano-platelets (GNPs) were used as nanocarbon inclusion. GNPs were introduced into the 

PAN precursor solution and electrospun-stabilized-carbonized to obtain carbon nanofibers doped with 

GNPs. Similar routes were followed to perform stabilization (fixation based, creep stress based) and 

subsequent carbonization. Graphitic structure was investigated and along with that electrical conductivity 

of nanofiber mats was also evaluated. This work has been published in Nanomaterials – MDPI (DOI: 

https://doi.org/10.3390/nano10020351).   

The findings showed that addition of GNPs to PAN improves the crystallinity of carbonized PAN 

nanofibers. Raman spectroscopy shows reduction in the ID/IG ratio and FWHM of G-band peak for 

PAN/GNPs composite nanofibers compared to pristine PAN nanofibers. For both cases of stabilization, the 

PAN/GNPs showed increased degree of graphitization as evaluated from XRD and Raman for samples 

carbonized at various temperatures. Both the crystallite size along the basal plane (Lc) and lateral plane was 

increased (La). This indicated that stacking of graphene layers is taking place and transformation of 

amorphous carbon to ordered crystallite takes place. The results showed that GNPs is instrumental in 

supporting bi-fold functions: 1) They serve as nucleation agents for growth of graphene crystallite by 

templating effect of nanocarbons due to its highly crystalline structure, 2) They act as in-situ micro fixations 

in PAN matrix, anchoring the PAN chains resulting in evading the loss of alignment during stabilization. 
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The electrical conductivity measurements on nanofiber mats (3D) revealed highly anisotropic behavior, 

which was expected due the fact that nanofibers are aligned in one direction and there are fewer current 

paths for electron flow across the fiber direction. However, in comparison to pristine PAN, the anisotropy 

in electrical conductivity was reduced. We found out that GNPs engraved in the nanofiber mats act as a 

bridge for nanofibers to orient across the fiber alignment direction, which is facilitated due to the 2D 

geometry of graphene nano-platelets. This forms a conductive network across nanofiber alignment direction 

offering current paths across the conductive fiber as well. In general, the electrical conductivity along the 

nanofiber preferred orientation direction was increased due to improved graphitization. 

The author performed all the synthesis, XRD, Raman, FTIR and SEM analysis was also conducted by the 

author himself. XPS experiments were conducted by JULIAN KOCHE from solid state physics department, 

LUH. The analysis and results were analyzed by author together with DR. FRANZ RENZ, DR. 

CHRISTOPH TEGENKAMP and DR. RALF SINDELAR.  

The author wrote the manuscript on his own and it was edited and reviewed by the DR. FRANZ RENZ, 

DR. CHRISTOPH TEGENKAMP and DR. RALF SINDELAR. 
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4.4 Synergistic effect of nanocarbon inclusion (CNTs) and creep assisted 

stabilization on 1) graphitization in PAN and 2) electrical transport in low 

dimensional carbon - Cumulative and independent effect of approach 1 

and 2 

4.4.1 Preface and Summary 

In the 2nd and 3rd phase of the project, the effect of creep stress induced cyclization and carbonization and 

the effect of graphene platelet as nanocarbon reinforcement on the graphitic growth and electrical transport 

in PAN nanofibers was investigated. Up to this point, both the effect of creep stress (hot drawing assisted 

stabilization of PAN precursor) was explored, and findings showed that application of creep stress and 

nanocarbon inclusion (GNPs) improve the degree of graphitization of PAN. It was found that the degree of 

graphitization was influenced by both the factors and previous literature had also reported findings of 

nanocarbons doped templated graphitic structure in carbon fibers / carbon nanofibers. However, the basic 

research question of the limiting factor for electrical transport in carbon nanofibers remained unanswered. 

Henceforth, in the last phase of project, the synergistic effect of both the nanocarbon doping and the 

application of creep stress was explored on 1) graphitic structure of PAN and 2) electrical transport in PAN 

based carbon nanofibers. Multi-walled carbon nanotubes (CNTs) were used as nanocarbon inclusion. 

Additionally, as CNTs are smaller in dimensions compared to graphene platelets, they were positioned 

inside a carbon nanofiber (100 - 300 nm). To holistically explore the electrical transport properties, the 

electrical transport properties of single carbon nanofiber/nanofilament were investigated for each case, i.e., 

1) creep stress stabilized and 2) CNTs doped and their respective synergistic effects. Based on these findings 

from each case, the transport phenomena in carbon nanofibers were proposed. Presently, this is the only 

work as per author’s knowledge that reported the electrical transport properties of single carbon nanofibers 
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and discussed in detail about the dictating factor in transport. The work has been recently published in 

Carbon – Elsevier (DOI: https://doi.org/10.1016/j.carbon.2020.10.033). 

Nanofiber mats stabilized with creep stress applied during the cyclization process were denoted with suffix 

T (e.g., PAN - T and PAN/CNT - T) while the other stabilized without creep stress were denoted as PAN 

and PAN/CNT.  

The findings revealed that doping of CNTs improve the degree of graphitization and crystalline structure 

of PAN as evidenced with decrease in ID/IG ratio, increase in La, Lc and sp2 fraction and decrease in FWHM. 

Characterization of graphitic structure from TEM showed that doping of CNTs to PAN for non-creep stress 

cyclized samples resulted in avoiding the formation of curved carbon planes and random orientation of 

graphene layers. The pristine PAN showed nearly no preferable alignment of graphene layers and curled 

graphene planes were observed. However, for the PAN cyclized with creep stress (PAN - T), highly aligned 

graphitic domains were observed. For PAN/CNTs stabilized with creep stress (PAN/CNTs - T), the 

graphene layers lost the preferential alignment along the fiber axis. Electrical transport probed via 4PP 

STM/SEM on fiber mats showed an increased anisotropy for samples cyclized with creep stress. 

Measurement on the isolated single nanofibers showed that CNTs doping to PAN decreases the resistivity 

of PAN for non-creep cyclized systems. The resistivity was further reduced for creep stress cyclized PAN 

(PAN - T), however for CNTs doped samples with creep stress (PAN/CNT - T), the resistivity showed an 

increased value compared to PAN - T. Our findings disclosed that the transport properties in 1D CNF 

structures were strongly dependent on the size, interaction, and alignment of the local graphitic domains 

(sp2-sp2 cluster). The structural and electronic properties of PAN-based CNFs can be tuned by the addition 

of CNTs and the application of creep stress. However, the addition of other nanostructures feedback to the 

structure and influence mutually hopping and band mobilities. The electrical transport properties of these 

1D nanostructures could be understood as a cumulative effect of electron hopping and band-based transport 
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along different crystalline and sub crystalline units along the surface. The electron path along the surface 

was hindered with disruption in graphene planes alignment.  

The author performed all the fabrication work for PAN and PAN/CNT nanofiber mats and single nanofiber 

isolation. Moreover, the conceptualization of the research-theme was performed by the author himself.  

XRD, Raman, FTIR and SEM analysis was also conducted by the author himself. XPS experiments were 

conducted by JULIAN KOCHE from the solid-state physics department, LUH. TEM was conducted by 

ANJA SCHLOSSER. However, the investigations and analysis on TEM were made by the author. The 4pp 

STM/SEM measurements were carried out by DAINA SLAWIG. All the analysis and results were analyzed 

by the author together with DR. FRANZ RENZ, DR. CHRISTOPH TEGENKAMP and DR. RALF 

SINDELAR.  

The author wrote the manuscript on his own and it was edited and reviewed by the DR. FRANZ RENZ, 

DR. CHRISTOPH TEGENKAMP and DR. RALF SINDELAR. 
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5 Conclusion and Outlook 

In this work, graphene nanostructures were explored and realized via tangible carbon nanofibers. The aim 

of the thesis was to investigate the graphene nanostructures along carbon nanofibers, their 

nucleation/growth and electrical transport properties. Therefore, the project was designated with project 

phases as described in Chapter 1 which were accomplished.  

Firstly, the carbon nanofiber fabrication process was optimized for each sub-processes, electrospinning, 

stabilization, and carbonization. Electrospinning of polyacrylonitrile (PAN) was optimized to ensure the 

repeatability for investigation of carbon nanofibers in next stages.  It was found that ~ 12 - 15 wt.% of PAN 

was suitable to produce nanofibers with diameter of ~ 200 - 400 nm. Increased weight percentages lead to 

enhanced viscosity of PAN/DMF solution, which was impossible to spin, while decreased weight 

percentage than 8 wt.% resulted in fibers with beads and non-uniform morphology. The solution was spun 

with 16 KV (applied voltage), 15 cm (needle to rotating collector distance) and 1.0 ml/h (flow rate of 

PAN/DMF solution). These parameters were found to be appropriate to produce nanofibers with uniform 

morphology. Stabilization was performed at 250 ºC for 5 hours at heating rate of 1 ºC/min. Carbonization 

was performed with temperatures from 800 ºC - 1700 ºC, resulting in different graphitic structures. The 

graphitization degree was highly dependent on the carbonization temperature and it was found that more of 

the amorphous carbons get ordered to form crystallites and it grows with increasing temperature (as 

evidenced from Raman, XRD and TEM investigations). The heating rate during the carbonization was kept 

constant to 5 ºC/min for the rest of project phases. At least these parametric optimizations were kept 

constant for all the next phase investigations. 

In the next stage the stabilization process was explored in detail. Stabilized structure of PAN serves as the 

basis for graphene like ribbon structure, hence investigation in this phase was focused on the mechano-

chemical reactions. An experimental matrix was designed, whereby the stabilization was performed via; 1) 
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fixing the ends of spun nanofiber mats on both ends and 2) application of constant load (creep stress) during 

the duration of stabilization (heating-dwell-cooling). The progress of the stabilization was monitored by 

evaluating ring cyclization index (RCI) at different temperatures from 170 ºC – 230 ºC for both above cases 

using FTIR. We were able to show that RCI was increased with application of creep stress during the 

stabilization process, especially at lower temperatures, below 230 ºC. At higher temperatures and for 

increased time, the RCI showed nearly similar values. RCI of ~ 95% was achieved by stabilizing at 250 ºC 

for 10 hrs. These both differently stabilized structures were carbonized using the same conditions, however 

the graphitic structure observed for both carbon nanofibers were quite different. An increase in 

graphitization degree (increased crystallite size and decreased interplanar spacing) was observed from 

Raman and XRD for the case where PAN nanofibers were stabilized with creep stress. We concluded that 

though the amount of cyclized materials as estimated from RCI may show similar values, the degree of 

graphitization could be different which is attributed to application of stress, instrumental in avoiding the 

bending of carbon planes. Hence the long-range stacking of carbon planes occurred, resulting in increased 

graphitization degree. 

Leading from this, the graphene nanostructures were explored by using the concept of templated 

graphitization. Thereby employing nanosized reinforcements having high surface area and graphitic order 

in PAN to improve the PAN chain alignment during precursor spinning, stabilization and to serves as 

templates for formation of ordered crystallite. This concept was explored using graphene nanoplatelets 

(GNPs) and carbon nanotubes (CNTs) as reinforcement. In the first phase, GNPs were introduced to PAN 

and spinning-stabilization-carbonization was performed. From the investigations of graphitic structure 

(using XPS, XRD and Raman), we were able to show that the crystallite size along lateral and basal planes 

(Lc and La) and sp2 fraction increased while the concentration of defects were reduced (decreased ID/IG 

ratio) for CNFs reinforced with graphene nanoplatelets. The improved degree of graphitization was 

reflected in the enhancement of electrical conductivity of carbon nanofiber mats. e.g., the electrical 

conductivity of CNFs along fiber alignment direction in 1700 ºC was increased from 470 S/cm to 590 S/cm 
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upon reinforcement with GNPs. Also, we were able to show that the percentage increase in electrical 

conductivity was higher for CNFs graphitized at lower temperatures of 1000 ºC and 1200 ºC. It was also 

concluded that anisotropy in electrical conductivity was reduced for CNFs reinforced with GNPs. The CNFs 

bridge across the nanofiber directions in the presence of GNPs, forming a conductive network, resulting in 

increased conductivity across the nanofiber alignment direction. It was found that for both cases of 

stabilization, the introduction of GNPs improve the graphitic order of carbon nanofibers and the electrical 

conductivity in and across the fiber direction.  

In the last stage, the synergistic effect of creep stress (hot drawing) and nanocarbon inclusion was explored 

on the graphitic structure and electrical transport to quantify the effect of individual and combined effects. 

To quantify the electrical transport and understand the possible transport-mechanism in carbon nanofibers, 

single nanofibers were isolated, and evaluations were made on single filament. Instead of GNPs, CNTs 

were used as reinforcement since they are smaller in dimensions to CNFs, hence can be spun inside 1D 

CNFs as 1D reinforcement. This scheme allowed the investigation of templated graphitic structure and its 

impact on electrical transport. We concluded that addition of CNTs increased sp2 fraction and crystallite 

size. However, the electrical transport didn’t follow the same trend, electrical conductivity was increased 

upon reinforcing CNFs with CNTs for the case where no creep stress was applied, however, the electrical 

conductivity was reduced with introducing CNTs for the case where creep stress was applied. It was 

concluded that electrical transport properties are dependent mainly by the alignment of graphene planes, it 

may be the case that sp2 fraction is lower, but the orientation of graphene planes appeared to be a limiting 

factor for the electrical transport in carbon nanofibers. Based on all this analysis, we were able to conclude 

that electrical transport in 1D carbon nanofibers should be defined as the cumulative effect of band-based 

conductivity along sp2 units and tunneling/hopping of electrons across sp2 to sp3 units.  
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5.1 How does it serve – Future takeaway 

In the present thesis work, the investigation on the carbon nanofiber structure and electrical transport has 

been thoroughly worked out. In my opinion, the conclusions will pave the way for future investigations in 

the following ways.  

1) The fundamental investigations on 1D carbon nanostructures and templates should be extended to 

production and characterization of 2D large area graphene nanostructures by using PAN. As in the present 

work, detailed investigations were carried out on graphitization and stabilization of PAN. In this regard this 

work will serve as the basis for producing a range of carbon nanostructures for next generation application 

in energy and electronics. Modifications to PAN with controlled polymerization techniques and 

carbonization chemistry would allow to transform this unique polymer into carbon nanostructures with 

tailored morphology including films, nanoparticles, and porous carbon. 

2) The templated graphitization and hot drawing assisted stabilization would be interesting to replicate on 

2D carbon structures. In this project, we have come-up with the ideas to tailor the PAN stabilized structure 

using hot rolling, hence extending the uniaxial stress assisted stabilization to shear stress assisted 

stabilization. Since the conclusions showed that orientation of graphene nanostructures can be harnessed 

during application of stress in the stabilization process, it would be significant to employ hot rolling during 

the stabilization process on 2D thin films on PAN, to produce carbon films with tailored orientation of 

graphene planes. This will open further questions in carbon nanostructures using polymer routes with 

different types of stresses to produce different kinds of graphene structures. Especially on nanoscale, it 

would be interesting to investigate the effect of highly localized stresses in thin PAN films (if possible).  

3) From the findings of the electrical transport properties, we were able to propose the electrical transport 

phenomena of carbon nanofibers which is quite different from the traditional carbon fibers. We have 

investigated different combinations and concluded how electrical transport possibly takes place in CNFs. 
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The electrical transport phenomena in commercial CF is different from CNF, due to the presence of 

continuous domains in CF. For CNF, there are discontinuous graphitic domains and our studies have shown 

that local orientation of graphene planes is very significant for dictating the electrical transport and charge 

transfer. In my view, this can be tailored for 2 different approaches, 1) improving the electrical transport 

(charge flow) for producing highly conductive carbon nanofibers and 2) improving the charge transfer for 

harnessing the sensor characteristics. For both these approaches, different structures are curial. This is what 

exactly makes CNFs unique. The in-situ structure of PAN thermodynamics during stabilization and 

carbonization offers range of structures to be produced from sensors to highly conductive materials by 

tailoring the graphene planes orientation. That’s why the low temperature CNFs with turbostratic structure 

have excellent piezoelectric properties compared to traditional CF. The electrical conductivity of CNFs is 

nearly 1-2 orders higher than CFs subjected to same processing conditions. The conclusion from the last 

phase of the work serves as a step to the approach of using carbon nanofibers mats/yarns for electrical 

cables or sensor materials based on structure-property relationship. 
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