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Abstract

:

Carbon nanofibers (CNFs) are the most basic structure of one-dimensional nanometer-scale sp2 carbon. The CNF’s structure provides fast current transfer and a large surface area and it is widely used as an energy storage material and as a sensor electrode material. Electrospinning is a well-known technology that enables the production of a large number of uniform nanofibers and it is the easiest way to mass-produce CNFs of a specific diameter. In this review article, we introduce an electrospinning method capable of manufacturing CNFs using a polymer precursor, thereafter, we present the technologies for manufacturing CNFs that have a porous and hollow structure by modifying existing electrospinning technology. This paper also discusses research on the applications of CNFs with various structures that have recently been developed for sensor electrode materials and energy storage materials.
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1. Introduction


The sp2 carbon structure is often used in research due to its excellent electrical and mechanical properties. Among them, carbon nanofibers (CNFs) are the most popular materials because they can be mass-produced with a simple manufacturing process and have excellent chemical stability. In addition, the electrical and mechanical properties of CNFs can be adjusted by varying the heat-treatment temperature. This means that heat treatment at a very high temperature of up to 2500 °C may be required to induce the high crystallinity of sp2 carbon and maximize the electrical properties, but amorphous CNFs can be obtained even at a low temperature of below 800 °C [1,2,3,4,5,6,7,8,9,10]. Also, by modifying the type of precursor molecule, which is converted to carbon during the heating process, components other than carbon can be easily introduced into the structure, thus changing the chemical properties [11,12,13].



The most common method used to prepare CNFs is the vapor-deposition method, in which a mixture of hydrocarbon molecules (such as methane and ethylene) having a small molecular weight grows carbon by reacting with a metal catalyst. By using this method, CNFs with uniform performance can be obtained. In addition, the performance of CNFs can be diversified by using different mixtures of various hydrocarbon molecules and metal catalysts [14,15,16]. However, this method has a disadvantage in that it is difficult to obtain a large number of CNFs inexpensively. The other method is to reshape the carbon precursor polymer (such as polyacrylonitrile (PAN) and polyvinyl alcohol (PVA)) by using a spinning method such as melt-spinning, wet-spinning, and electrospinning [17]. The advantage of the spinning methods is that they can easily produce large amounts of carbon fiber both on a laboratory and industrial scale. Among them, the electrospinning method, which generates uniform polymer nanofibers from polymer solutions using electromagnetic force, has been widely used [18]. The prepared polymer nanofibers were changed into sp2 carbon material after a carbonization process to generate CNFs. Recently, research has been actively conducted to improve the electrical and chemical performance of CNFs by introducing metal and metal-oxide components into the carbon and changing the structure of CNFs using an electrospinning method [19,20]. In particular, a carbon nanostructure with a maximized surface area was prepared by introducing pores and multi-channel structures to CNFs [21].



CNFs are widely used as sensor-electrode materials because they not only have a high surface-to-volume ratio but also enable rapid electron transfer due to their one-dimensional structure [22]. In particular, using a simple functional group introduction process, molecules that can easily detect the analyte can be introduced onto the surface, which can be applied as a sensor electrode material [23,24]. In addition, CNFs are also widely used as an energy storage material because metal and metal oxides can be easily incorporated into CNFs and micropores can be formed [25,26]. Recently, active attempts have been made to manufacture CNFs with a maximized surface area using a simple chemical treatment method and they are applied in a variety of energy storage systems [27,28,29].



The aim of this paper is to present various CNFs synthesized based on the electrospinning method and introduce them to applications in sensors and as energy storage materials. First, various types of polymer carbon precursors used in electrospinning are introduced and their modification into a carbon structure is described. After that, various types of electrospinning methods are suggested, and the structural deformation of CNFs generated by these methods is mentioned. Common electrospinning can produce a large number of uniform polymer fibers that act as the precursor for carbon. The combination of different materials can greatly alter the structure of CNTs and their properties for the desired applications. Finally, the detailed application of CNFs with different structures as sensor electrodes and energy storage materials is explained.




2. Electrospinning of Carbon Precursor Polymer


2.1. Setup and Conditions for Electrospinning


The electrospinning machine consists of three main components: a syringe pump, a high-voltage power supplier, and a collector (Figure 1). Depending on the used material, the collector can be a simple planar-type metal plate or rump-type equipment. The setup of basic electrospinning is so simple that it has become available to almost everyone [30]. It has been found that both a direct-current and an alternating-current power supply can be used in the electrospinning system. During the operation of the device, the solution at the needle outlet was pulled towards the collector by an electrohydrodynamic process [31]. The polymer solution is then electrified, in which the solution vaporized while the polymer was stretching and generating fibers. The difference in the surface area of the needle outlet compared to the collector can cause the fiber to be split into many smaller fibers. There are many known factors that can affect the shape of the collected fibers, such as the viscosity of the polymer solution, needle size, distance between the needle and the collector, used voltage, flow rate, and the environment’s humidity [32]. To improve the shape of the fibers, a lamp can be installed into the system. The lamp can provide heat to speed up the vaporization of the solvent, as well as the stabilization of the fibers before a new layer of fibers was put over the top. It is noted that the vaporized solvent will be released into the surrounding environment. Though it may cause air pollution, the spinning speed is so slow that it became an inconsiderable factor. However, the electrospinning system can be installed in a fume hood, which can further reduce the impact of electrospinning on the environment. Nowadays, the voltage used for an electrospinning machine can vary from 8 kV to 35 kV and the current is maintained at a constant 0 A. The used voltage is known to be the most important factor that can significantly affect the quality of the collected fibers [33,34]. Electrospinning can create a large number of precursor fibers for the fabrication of CNFs with high uniformity. There exist advanced modifications of the electrospinning technique that allows the user the manually create a pore, hole, or channel, or decorate the metal/metal oxide in the nanostructure of the CNFs.



In addition, the electrospinning system’s working temperature is not high, hence it does not require a cooling system.




2.2. Polymer Nanofibers for Carbon Nanofibers


2.2.1. Polyacrylonitrile-Based Carbon Nanofibers


Polyacrylonitrile (PAN) has been used as a precursor for many carbon materials because of its unique properties including hardness, relative insolubility, and high melting temperature [35]. The high-performance properties of PAN make it an ideal candidate for electrospinning and fiber fabrication. In fact, it has been proven that the carbon fabricated from PAN has a higher melting point and carbon yield than some of the well-known precursors such as pitch or crayon [36,37]. The most commented solution used in the case of PAN is dimethylformamide (DMF). The change of PAN to carbon consists of a three-step heating process, that is, stabilization, carbonization, and orientation improvements (graphitization) [38]. During the carbonization step, an inert gas (such as argon or nitrogen) flows to protect the decomposition of the polymer chain (Figure 2) [10,11]. In most research, the stabilized PAN fiber was carbonized and retained in the carbonization process due to the limited state of laboratories. Although the process stopped at such an early stage, at around 850 °C, the final product can still give excellent outcomes in applications such as energy storage or the use of sensors [39,40].




2.2.2. Polyvinyl Alcohol-Based Carbon Nanofibers


Research on polyvinyl alcohol (PVA)-based CNFs began in the 1960s [41]. PVA is a thermoplastic polymer, which is soluble in water, non-toxic, odorless, and environmentally friendly [42]. Although the mechanical stability of PVA is not as good as PAN, it is still better than that of other polymers such as polypropylene [43,44]. The excellent physical properties of PVA allow it to be made into such a small-sized fiber via electrospinning [45]. The heating process of PVA fibers includes two main stages which are stabilization and carbonization (Figure 3) [46]. Although the tensile strength of PVA fibers is weaker, the calcination temperature is much lower than PAN (Table 1). This allows PVA to be used or combined with other materials to create a composite. In addition, the carbonization of PVA does not release toxic gases such as NH3 or HCN.




2.2.3. Pitch-Based Carbon Nanofibers


Pitch, a viscoelastic polymer, can be derived from a natural source such as petroleum, coal tar, or plants. Although the other types of processors can be dissolved into a solvent to make a polymer solution for electrospinning, the pitch cannot be dissolved in any solvent and must be processed into fibers using the melt-spinning method. This requirement has limited the application of the pitch for the production of fibers as it requires a high temperature. The spinning temperature can vary between 300 and 350 °C, slightly higher than the pitch’s softening temperature [47]. Before being used in an electrospinning system, the pitch usually undergoes heat treatment to increase the molecular weight of the polymer chain [48]. Just as the softening point changes depending on the properties of the processed pitch material, the carbonization temperature is different between the studied materials. In addition, additives such as polyvinylchloride, polystyrene, cariflex, or arbocel can affect the pitch’s properties and the resulting carbonized fibers.




2.2.4. Polyimide-Based Carbon Nanofibers


Although polyimide (PI) has good mechanical and chemical properties, its chemical resistance makes it difficult to be dissolved in the solvents. Among many kinds of PI available on the market, PI synthesis from poly(amic acid) has been used mainly as a precursor for the carbonization as well as the graphitization process. The chemical structure of this kind of PI enables its dissolution in some organic solvents [49]. Although various steps of thermal decomposition are suggested, the product carbon contains defects in the chemical structure such as edges, pentagonal or heptagonal rings, and functional groups (Figure 4) [50]. Although defined as defects, nitrogen and the oxygen-containing functional group can increase the capacity or decrease the surface resistance between electrodes and electrolytes in an energy storage application [51].




2.2.5. Carbohydrate Polymer-Based Carbon Nanofibers


Carbohydrate polymers are the most abundant type of polymers in the natural environment. They are formed from at least two mono units through glycosidic bonds [52]. Most of them contain hydrophilic groups such as hydroxyl, amino, and carboxyl groups. Since these materials have a natural origin, their use can reduce the need for a synthesized polymer, thus reducing washing and becoming an environmentally-friendly material. The most suitable solvent for carbohydrate polymers is water so there is no need for toxic solvents when used for electrospinning. The two best-known polymers are chitosan and cellulose, which showed certain flexibility with high nitrogen content [53]. Despite the advantages of their physical properties, the electrospinning fibers collapse easily, which makes them a challenge to overcome [54]. Researchers have mixed the carbohydrate with other polymers such as polyethylene glycol for a better electrospinning process and to achieve sporous fibers [55,56]. Another carbonization process that has been widely used for carbohydrate polymers is hydrothermal carbonization (Figure 5) [57]. Though the process is not usually intended for fiber materials, it still possesses great potential for further development [58].




2.2.6. Poly(p-xylene tetrahydrothiophenium chloride)-Based Carbon Nanofibers


Although poly(p-phenylenevinylene) (PPV) has shown excellent electrical properties, electrospinning is incapable of manufacturing PPV fibers since the polymer is insoluble and infusible [59]. However, it is possible to spin the PPV precursor, poly(p-xylene tetrahydrothiophenium chloride) (PXTC), into nanofibers [60]. PXTC in water can be easily prepared using the reaction between alpha, alpha-dichloro-p-xylene and tetrahydrothiophene [61,62]. After carbonization, the PPV precursor can archive the graphene-like chemical structure containing mainly sp2 carbon (Figure 6) [63]. It should be noted that although PAN needs to reach temperatures of up to 2500 °C to form the graphite structure, the PPV precursors only need a temperature between 1000 °C and 1800 °C.
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Table 1. Changes in carbonization temperature and gas-exposure conditions by polymer type.
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Precursor

	
Temperature (°C)

	
Environment

	
Purpose

	
Ref.






	
PAN

	
200–300

	
Air

	
Oxidation stabilization

	
[38]




	
900–1300

	
Argon/Nitrogen

	
Carbonization




	
Up to 2500

	
Argon/Nitrogen

	
Orientation Improvement




	
PVA

	
180–300

	
Air

	
Oxidation stabilization

	
[46]




	
600–1000

	
Argon/Nitrogen

	
Carbonization




	
Pitch

	
Before softening point of material

	
Air

	
Oxidation stabilization

	
[64]




	
Up to 1200

	
Argon/Nitrogen

	
Carbonization




	
PI

	
Up to 1000

	
Argon/Nitrogen

	
Carbonization

	
[50]




	
Carbohydrate/PEO

	
105

	
Air

	
Oxidation stabilization

	
[55,56]




	
Up to 800

	
Argon/Nitrogen

	
Carbonization




	
PXTC/PPV

	
Up to 1800

	
Argon/Nitrogen

	
Carbonization

	
[63]














3. Different Carbon Nanofibers Obtained by Electrospinning


The electrospinning technique can be divided into three different methods for fabricating CNFs. Depending on the application and intended use of the fiber, the user can choose a suitable technique for producing the desired carbon nanofiber.



3.1. Carbon Nanofibers from Common Electrospinning


Common electrospinning generates fibers from a simple solution containing only one kind of polymer or containing an inorganic composition. The inorganic material should not react or change shape in a high-temperature environment. Since it is affected by only one factor from the host material, it is easier to control the common electrospinning process. In addition, there is almost no effect from the inorganic material during the calcination, so the carbon fiber can retain its shape. The common electrospinning method cannot create a complicated structure, but studies are being conducted on the characteristics of CNFs depending on the changes in manufacturing conditions.



Moon et al. used electrospinning to study the unidirectional PAN yarn fibers with different alignments (Figure 7a) [65]. Then, the properties of the CNFs from the prepared polymer nanofibers were then studied. The electrospun PAN yarn nanofibers were stabilized and carbonized under many conditions, such as draw ratio, heating rate, temperature, as well as exposure time. It was concluded that 16 kV can give the best strength for CNFs with optimized condition stabilization at 200 °C and carbonization at 1350 °C. Later, Hao et al. investigated the effect of PAN isotacticity on CNF manufacturing (Figure 7b) [66]. They compared the differences in the prepared solutions, the electrospinning parameters, and the stabilization and carbonization processes. The authors used magnesium chloride to increase the percentage of isotactic in the structure of the polymer chain. The presence of a higher isotactic structure causes cyclization to occur at a lower temperature, yet it also makes electrospinning more difficult to control and reduces the carbon yield.



The CNFs that were made by electrospinning from the PAN and MXene mixing solution were investigated by Levitt et al. in order to find the optimized conditions for the electrospinning solution (Figure 7c) [67]. It has been concluded that electrospinning is possible with a concentration of MXene up to 16 wt% of the solution containing 8 wt% PAN. However, it is noted that when the MXene concentration is lower than 16 wt%, the fiber is less uniform with the MXene flakes produced from the surface. The carbonization of the electrospun nanofiber with only a small quantity of MXene decomposed at 800 °C was also investigated. Not only were the CNFs stable, but the shape of them also became more uniform at an 800 °C carbonization. In addition, the MXene-containing CNFs also exhibit a much lower resistance between the working electrode material and the electrolyte.



Though common electrospinning can manufacture CNFs easily with high uniformity, the material has a low surface area and porous volume, thus they have low working performance in the applications of carbon materials.




3.2. Carbon Nanofibers from Modified Single-Nozzle Electrospinning


3.2.1. Porous Carbon Nanofibers


To enhance the material’s work efficiency, researchers tried to make some modifications to CNFs during or after the carbonization process. One of the most common ways is to increase the surface area of the CNFs by combining more than one type of polymer in one syringe and electrospinning using one single nozzle. Although the carbon precursor polymer turns to carbon material at high temperatures, the other polymers decompose and evaporate. Finally, the resulting fibers will contain holes and defects [68]. The physical interaction between two polymers can create many shapes that can significantly change the surface area and this, in turn, can contribute to better uses in applications [69]. However, the structure of the precursor electrospun nanofiber may become unstable during the carbonization process due to the decomposition of the material’s components. This limitation means that the fabrication of CNFs requires numerous optimizations in terms of stabilization, carbonization time, and temperature.



Kim et al. used a mixed solution of PAN and polystyrene (PS) to fabricate multiscale porous CNFs for transistor biosensors (Figure 8a) [70]. After the fabrication of the multichannel CNFs, the multichannel CNFs were steam-treated in the carbonization process to create pores on the wall [71]. The structure of multichannel CNFs helps to increase the surface area to a very impressive number of 1350 m2 g−1. Later, the multichannel CNFs were attached to the surface of a transistor as a channel for Nesfatin detection. The porous structure makes the device capable of detection even for a very low target concentration and short response time. Moreover, the device showed excellent selectivity toward other biomaterials. Other sponge-like carbon fibers were created by Yan et al. using the macro–micro dual-phase separation method (Figure 8b) [72]. The authors used poly (tetrafluoroethylene) (PTFE) nanoparticles as pore inducers, PVA as a carbon precursor, and boric acid as a crosslinker. The generated CNFs exhibited extremely high porosity, up to 80%, and a large surface area of 750 m2 g−1. Although the large surface area increases the electrode’s ability to function as a supercapacitor, the B-F-N functional group doped material provides the carbon film with high conductivity as well as a rapid transfer of matter such as CO2 or methylene blue. In addition, the solvent used for this work was water, which is an environmentally friendly solvent.



It is noticeable that surfactants can work as a separating agent that can form the shape of the precursor polymer and the carbon material [73]. The surfactant cyclodextrin (CD) is known to be good material for carbon material since it can be decomposed into carbon layers with an sp2 network. Zhang et al. used β-CD and PAN as porous CNF precursors (Figure 8c) [74]. In optimized conditions, the surface area can be increased to 156 m2 g−1. The supercapacitor not only operates at a smaller potential window compared to the device fabricated for a pure PAN precursor but also the IR drop value appears to be smaller.



Electrospinning using a combination of the precursor of carbon and secondary materials can significantly alter the physical structure of CNFs, which leads to improvements in the working capacitance of the carbon material. However, the surface tension between the ingredients can result in many difficulties for the spinning process.
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Figure 8. (a) Fabrication of multiscale porous CNFs from PAN and PS using steam activation [70]. (b) Fabrication of sponge−like CNFs using PTFE particles and PVA [72]. (c) Fabrication of porous CNFs using PAN and β-CD precursors [74]. 
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3.2.2. Metal-Oxide-Decorated Carbon Nanofibers


Another method that has been used in the application of CNFs is to combine them with metal or metal oxide for further use. Although the metal or metal oxide can act as the main working material, the CNFs play the role of the current collector [75]. Due to the large surface area, CNFs can be an ideal template for metal or metal oxide decoration.



One well-known method of decoration is to mix the metal or metal oxide precursor, which is usually in the form of a metal salt, into the polymer solution used for electrospinning. Kim et al. used multichannel CNFs as a template for ruthenium (Ru) nanoparticles decoration (Figure 9a) [76]. The electrospun nanofibers were made using an electrospinning system with a mixed solution of PAN and PS containing ruthenium chloride (RuCl3). Ru was chosen to detect dopamine because it belongs to the noble metals but is more cost-effective than gold or platinum [77,78]. Oxygen plasma was applied for the generation of the oxygen functional groups that form chemical bonds with Ru prior to the carbonization process. RuCl3 later decomposed during the PAN carbonization period and formed Ru metal particles. The Ru-containing CNFs were used as the main material for nonenzymatic field-effect transistor fabrication. As a result, the device exhibits high sensitivity that can detect the target at a low concentration of 1 fM. In addition, the device presents a long life span of up to 4 weeks.



Lee et al. fabricated CNFs covered with zinc oxide and tin oxide with the diameter of the fiber down to 100 nm (Figure 9b) [79]. During the electrospinning process, while the metal salt dispersed well in the fiber, the PAN was concentrated in the middle of the fiber as the core and the PVP formed the cover layer that acted as the shell material. Although the electrospun polymer nanofiber has a large diameter, the PAN core is only occupied in the center of the fiber. The PVP shell is decomposed completely during high-temperature calcination and leaves behind the metal-oxide particles, and the PAN, which is the central part of the fiber, is carbonized to leave the carbon fiber. The surface area of the small CNFs makes them highly sensitive to dimethyl methylphosphonate (DMMP). However, it was found that the sensitivity was the highest in the case of fibers obtained from a solution with a 1% metal salt. A higher concentration level of salt may result in a reduction in sensitivity due to the overlapping of the metal-oxide particles.



Instead of a metal or a metal-oxide precursor, an initiator can be mixed and added to the polymer solution for electrospinning. Zhang et al. mixed 2-methylimidazole (2-MeIM) with the PAN solution to use for electrospinning (Figure 9c) [80]. The electrospun nanofibers were immersed in the solution containing Zn(NO3)2·6H2O/Co(NO3)2·6H2O and 2-MeIM, where the reaction between 2-MeIM and Zn(NO3)2/Co(NO3)2 happened and formed the metal–organic framework (MOF). Later, the nanofibers came into contact with sodium molybdate (NaMoO4) to dope molybdenum to the MOF material. After carbonization, the final collected material was Co9S8-MoS2 nanocrystal embedded on the CNFs. The shape of the flakes helps to enhance the surface area as well as the electrocatalytic performance of the MOF catalyst.





3.3. Carbon Nanofibers from Modified Dual-Nozzle Electrospinning


To manually create multilayer fibers using an electrospinning system, the engineers created the dual-nozzle needle (Figure 10). The structure of a dual nozzle includes a larger-sized cover and a smaller-sized nozzle, which will be fed with two different solutions. Using the dual nozzle, the user can easily control the position of the polymer layers in the product fibers. Despite the advantages, the use of the dual nozzle requires good control of the two solutions, from the concentration to the flow rate.



Lee et al. used the dual nozzle to fabricate porous, hollow CNFs with gold nanoparticles decorated on the inside (Figure 11a) [81]. Although the inner nozzle was fed with a poly(styrene-co-acrylonitrile) solution containing gold chloride (AgCl3), the outer nozzle was fed with a PAN solution mixed with poly(styrene-co-acrylonitrile). The dual nozzle allows the copolymer to stay inside and create a copolymer core for the electrospun nanofibers. After carbonization, the copolymer is decomposed and the gold nanoparticles remain attached to the carbon shell. The hollow fibers combined with catalytic magnesiophilic provided excellent magnesium (Mg) plating/stripping in metallic Mg battery applications.



Han et al. introduced the nitridated hollow titanium dioxide (TiO2) fibers, which act as an anode for lithium-ion batteries (Figure 11b) [82]. Although the inner nozzle was fed with heavy-mineral oil, which later decomposed during carbonization, the material for the outer nozzle was a mixture of polyvinylpyrrolidone (PVP) solution and titanium tetraisopropoxide (Ti(OCH(CH3)2)4). After the carbonization process, the oil and PVP decomposed leaving only TiO2. Due to the larger surface area, the hollow CNFs showed higher working capacity compared to nanometer-sized titanium oxide.



Wang et al. fabricated thin-wall hollow CNFs with dual-nozzle electrospinning (Figure 11c) [83]. Since low molecular-weight PAN has a lower decomposition temperature, it evaporated and the carbon layer was formed from the high molecular-weight PAN precursor. CuCo2O4 nanoparticles were also present inside the carbon layer that was made of copper nitrate and cobalt acetate mixed into the high molecular PAN solution.





4. Application of Carbon Nanofibers


4.1. Energy Storage Applications


Carbon materials have been continuously developed as electrode materials for energy storage applications [84,85,86,87,88]. There are many types of energy storage using carbon fiber electrodes including supercapacitors, batteries, fuel cells, dye-sensitized solar cells (DSSC), and catalysts [87,89].



4.1.1. Supercapacitor


Lee et al. demonstrated porous, hollow CNFs that were applied to a supercapacitor (Figure 12a) [90]. Using a dual nozzle with poly(methyl methacrylate) (PMMA) solution for the inner nozzle and PAN/PVP solution for the outer nozzle. The dual-nozzle configuration formed a three-layer structure containing PMMA/PAN/PVP, respectively, and minimized the thickness of the PAN layer. Moreover, the defects of the interface between PAN and PVP created pores in the carbon structure, which further improves the volume ratio of carbon material. In addition, the authors also proved that the use of PMMA for the inner nozzle can make the PAN fibers thinner compared to the fibers that used mineral oil for the inner nozzle. With a large pore volume, the porous, hollow CNF electrode showed higher response frequencies, lower resistance with the electrolyte, and higher capacitance.



Besides increasing the surface ratio of the CNFs, one of the other common directions for enhancing the working capacity of the supercapacitor is metal-oxide decoration [91]. Yen et al. investigated CNFs containing cyclodextrin (CD) surfactant, MnO2, and graphene (Figure 12b) [92]. Surfactants such as α-CD, β-CD, and γ-CD can bind to MnCl2 and absorb on the graphene sheets, creating the MnCl2 shell structure cover around the graphene materials. The graphene material in this study improves the electrical conductivity of CNFs, as well as electrochemical performance. Though the percentage of MnO2 is very small, the capacitance of the material can be as high as 250 F g−1. The effects of different surfactants were also observed, and the results showed that α-CD can provide the largest pore volume. The surface resistance and capacity of CNFs with α-CD also have the best value.



Wang et al. introduced flexible carbon fibers using the PAN precursor for the core material (Figure 12c) [93]. The carbonization process was carried out at a low temperature of 600 °C so that the fiber could retain its flexibility. During the 600 °C carbonizations, the PAN structure was not completely carbonized, hence its electrical conductivity was low. It was noted that the diameter of the PAN fiber was only 350 nm. Then, the fibers were covered with a layer of reduced graphene oxide (rGO) using tin chloride (SnCl2) and a low concentration of hydrochloric acid [94]. The low conductivity of the carbon/PAN fiber was improved due to the high conductivity of rGO. Finally, the fibers were coated with polypyrrole (PPy) to stabilize the rGO layer as well as enhance the flexibility of the fibers. Not only did the authors operate the synthesized material as the electrodes for a coupling capacitor, but they also analyzed the contribution of diffusion and capacitive in the capacitance of the electrode. Another flexible supercapacitor based on the Sn/SnO2 anchored by a carbon skeleton was made by Li et al. (Figure 12d) [95]. The authors prepared two different electrospinning solutions for the fabrication of the two electrodes. The cathode material was made from the precursor solution containing SnCl2, graphene quantum dots (GQD), and PAN. After carbonization at 500 °C in the N2 environment, only some of the SnO2 particles were decomposed into Sn particles. The resulting carbon fibers were completely covered with GQDs, Sn, and SnO2 nanoparticles, which ensured the CNFs’ good electrical conductivity. By using the CNFs as the base for the particles, the capacity was greatly enhanced along with the stability over many cycles. The anode electrode material was made from the solution containing only PAN and GQD. Finally, a thin flexible capacitor can be fabricated with the two electrodes.
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Figure 12. (a) Hollow, porous CNFs for supercapacitors from dual nozzles, with PMMA for the inner nozzle and PAN/PVP for the outer nozzle [90]. (b) Porous CNFs decorated with MnO2 from the mixed precursor of PAN, CD surfactant graphene, and graphene for the supercapacitor [92]. (c) Multilayer CNFs, rGO, and PPy for the application of the supercapacitor [93]. (d) Supercapacitor from couple electrode Sn/SnO2/GQD/CNFs versus GQD/CNFs [95]. 
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4.1.2. Li-Ion Battery Anode


Lithium-ion battery anode materials are one of the most popular applications of carbon-based materials. Zheng et al. studied an anode material made from PAN fibers decorated with MnO2 (Figure 13a) [96]. The MnO2 nanosheets were prepared using the wet chemical method with NaH2PO2, PVP, and KMnO4. After the electrospinning of the PAN precursor, a solution containing MnO2 was sprayed on top of the fibers. Then, the materials underwent the carbonization process, in which the MnO2 nanosheets were tightly deposited on top of the CNFs. Though the carbon anode can operate as both lithium-ion and sodium-ion storage, the application in lithium-ion batteries seems to be more promising with a much higher capacity.



Recently, MXene with its two-dimensional structure has become the ideal sheet material for electrochemical device applications. Seo et al. mixed MXene with the PAN solution for the outer layer of a dual nozzle to produce hollow CNFs (Figure 13b) [97]. By using PMMA for the inner nozzle, the authors can create a hollow structure since PMMA can decompose and evaporate very well at high-temperature carbonization. The MXene in the hollow CNF structure can yield a high capacity, four times higher than the MXene paste electrode when applied to a lithium-ion battery.



Though many studies based on CNFs decorated with metal or metal oxide have been conducted, they are usually embedded in the outer wall of the CNFs. This can limit the initial coulombic efficiency as the particles were exposed to the outside. Li et al. introduced hollow CNFs with Si nanoparticles inside the fibers (Figure 13c) [98]. Although the inner nozzle was fed with a solution containing PVP and Si nanoparticles, the outer nozzle was fed only with the PAN solution. Carbonization resulted in the hollow fiber structure that was filled with Si nanoparticles. Though the initial coulombic efficiency was improved, the fibers can break and become unstable when overloaded with particles.



In addition, the capacity of the battery can be improved by modified particles. Urchin-like vanadium-based oxide (V2O3) particles were synthesized by Liang et al. using V2O5 as a material (Figure 13d) [99]. The particles were mixed with a PAN solution as a precursor for electrospinning. Although the urchin-like particles are large in size compared with the diameter of the fibers, the collected fibers were very uniform. Multiple valence states of vanadium oxide allow the reversible lithium-ion intercalation/deintercalation. As the particles were electrospun from the same solution with PAN, the material showed good stability due to the interaction between PAN and vanadium.




4.1.3. Lithium-Sulfur Battery


Lithium-sulfur batteries operate using electron transfers from the electrode to the electrolyte, as well as interactions between lithium ions and sulfur molecules. During charging, the lithium-ion can be oxidized into sulfur and the opposite happens in the discharge process. Improving the electrical conductivity or surface resistance of electrodes is one of the most popular ways to improve the working performance of a lithium-sulfur device [100].



Wang et al. introduced sulfur-host porous CNFs containing MoS2 that act as cathode material for a lithium-sulfur battery (Figure 14a) [101]. The precursor solution is PAN mixed with ammonium tetrathiomolybdate ((NH4)2MoS) and hydrophobic-fumed silica powder. After calcination, the collected CNFs contain both MoS2 and silica oxide (SiO2). The material is then subjected to a chemical etching process to remove SiO2 and create a porous fiber structure. The fiber precursor containing (NH4)2MoS was found to be more stable compared to the precursor without (NH4)2MoS. It can retain the fiber structure after annealing at high temperatures. The results showed that CNFs with MoS2 had a greater pore volume and capacity.



ZIF is a MOF material that contains a large number of nitrogen function groups, so the decoration of ZIF material can be a potential method of increasing the capacity of energy storage devices [102]. Yao et al. investigated a nitrogen-doped CNFs framework with ZIF-8 as the host of the functional groups (Figure 14b) [103]. Though the deposited ZIF could not enhance the surface area or the pore volume, it was able to reduce the surface resistance of the electrode. The smaller resistance allowed for smoother electron flow and an increase in material capacity.



To increase the working performance of the CNFs with surface modifications, we can increase the pore volume or the surface area of the outside wall. Wang et al. described the effect of the inner wall on the battery capacity with multichannel CNFs (Figure 14c) [104]. The authors prepared two different CNFs using PMMA, MMA, and PAN. Although one sample carried multichannel CNFs, the other was created with one big channel in the middle of the CNFs using a dual nozzle. Though the surface area of the sample fabricated with the dual nozzle is smaller, the pore volume seems to be much larger. The cycle stability has also been proven to be an advantage of the larger-sized channel. Another work based on the multichannel CNFs was conducted by Lee et al. (Figure 14d) [105]. In this study, the pore network was made by the base-treatment method using potassium hydroxide (KOH). This method created a larger pore volume compared to the pores obtained from PMMA decomposition in the study of Wang et al. [104]. In addition, KOH-treated multichannel CNFs appear to have longer cycle stability when embedded with sulfur and are operating as a lithium-sulfur battery.
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Figure 14. (a) Porous CNFs embedded with sulfur applied for lithium−sulfur batteries [101]. (b) CNFs contain MOF material for nitrogen function group doping [103]. (c) Porous, hollow multichannel CNFs for lithium-sulfur battery [104]. (d) Multichannel porous CNFs using KOH-treatment process embedded with sulfur [105]. 
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4.1.4. Dye-Sensitized Solar Cells (DSSC)


In the DSSC system, in addition to the development of dye materials in order to enhance the performance, it is also possible to consider the development of catalyst materials at the counter electrode [106]. The traditional material for the counter electrode is platinum (Pt), which is an expensive metal. Therefore, an attempt was made to replace it with a more profitable material. Carbon material that has been decorated with metal oxide appears to be a good choice for a replacement for the counter electrode [107,108].



Li et al. introduced a cathode for DSSC constructed from PAN-based CNFs embedded with Co3S4 nanoparticles (Figure 15a) [109]. The synthesized material showed good results concerning the surface area, as well as the current density compared to pure Co3S4, pure CNFs, and pure Pt. Moreover, the surface resistance between the material and the electrolyte was lower in comparison to other materials, suggesting that the material presents outstanding properties even when compared to the Pt electrode. In addition, flower-petal-shaped NiCo2O4 oxides were grown on the surface of CNFs with the hydrothermal calcination of cobalt nitrate and nickel nitrate by Li et al. (Figure 15b) [110]. The CNFs achieved by the authors had a good specific surface area with an average diameter of around 250 nm. After coating with NiCoO4, although the diameter of the material increased to 900 nm, the structure of NiCoO4 made the surface area of materials become three times larger than the bare CNFs. The coating layer also improved the conductivity and the surface resistance of the electrode. Li et al. also conducted experiments with CNFs coated with MoS2 that have the shape of a petal but with a much smaller size (Figure 15c) [111]. Though the size of the decorated fibers decreased, the MoS2 effect was less favorable than that of NiCoO4. Apart from the differences in the properties of these two metal oxides, the surface area of the CNFs did not improve much with MoS2 decoration.



Zhao et al. decorated the CNFs with a complex of Pt and Ni2P nanoparticles (Figure 15d) [112]. In the beginning, the CNFs were embedded with Ni2P nanoparticles, then the product fibers underwent another reaction to attach the Pt nanoparticles. Although Ni2P alone cannot be a good catalyst, it is a good co-catalyst to combine with Pt or Pd and contribute to the excellent DSSC performance [113,114].




4.1.5. Catalyst


Recharge energy processes such as metal-air batteries, fuel cells, and water spitting require electrocatalysis, such as the oxygen evolution reaction (OER), oxygen reduction reaction (ORR), or hydrogen evolution reaction (HER) [115,116,117]



Qiang et al. used β-CD and PAN to make precursors for the fabrication of the porous N-doped CNFs (Figure 16a) [118]. Although the β-CD surfactant had been used in numerous studies as mentioned in the previous sections, the nitrogen function group present in the structure after carbonization had not been thoroughly analyzed. The authors suggested that although β-CD could attach to the PAN chain via hydrogen bonding, it would be partially decomposed when calcined at high-temperature calcination and form the functional groups. The XPS analysis illustrated that the CNFs with β-CD have a higher percentage of graphitic-N and pyridinic-N in their structures compared to normal CNFs. The nitrogen functional groups play the role as the catalyst for the OER and ORR. In the case of the ORR, the electron-donating of graphitic is the active side, and the electron-withdrawing of pyridinic-N is the active side of the OER [119,120]. In addition, the β-CD-containing CNFs also have a large number of oxygen functional groups that will react to operate the system. The authors also presented the theory of operational mechanisms. Though the surfactant did not show any effects on the BET, the working performance was improved. In applications, the rechargeable zinc-air batteries that used the developed material also have outstanding stability over time.



Zhao et al. tried to decorate cobalt nanoparticles on CNFs made from a PAN precursor (Figure 16b) [121]. After fabrication, the activities of the cobalt nanoparticles were investigated throughout. Although not an ideal material to be used in the ORR system, it can act as an OER catalyst better than the traditional Pt/C electrode. Later, Cao et al. fabricated CNFs containing metal alloy particles of nickel, cobalt, and iron (Figure 16c) [122]. The carbon source used in the work is PVP; after a longtime stabilization, PVP can turn into carbon at temperatures up to 800 °C [123,124]. PVP requires a lower carbonization temperature and the carbon structure can be naturally doped with nitrogen. On the other hand, the mechanical properties of the produced CNFs are not good, and the fibers can be easily broken during the carbonization process. The combination of the three metals shows further improvements in the catalyst activities. It is noted that when activated as an ORR catalyst, the current density and halfwave potential of the synthesized material can be compared with the counter Pt/C electrode. Yet, when activated as a catalyst for an OER, the decorated material can work much better compared to Pt/C or CNFs embedded with other combinations of the used ingredients. Hence, it can be said that carbon-based materials have the potential to replace Pt materials, which are known for their expensive costs. Furthermore, the authors investigated the effects of different ratios of the ingredients on the working performance of the catalyst. It seems that the alloy that has Ni, Co, and Fe with a ratio of 1:1:1 has the greatest catalytic properties.



Inspired by the rich-in-nitrogen functional groups of fibroin fibers, He et al. used the processed fibroin for electrospinning to make CNFs (Figure 16d) [125]. After a complicated process to remove the impurities, the regenerated silk was dissolved in a solution containing potassium chloride (KCl). It is said that the KCl not only reduces the diameter of the electrospun nanofiber but also affects the crystalline structure of the polymer composite. Although KCl can produce a porous structure for the CNFs, the high concentration of KCl (higher than 5%) cannot create plentiful pores. Among the samples, the one containing 4% of KCl exhibits the highest catalytic activity in HER application in both acidic and alkaline environments.
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Figure 16. (a) Effects of β-CD surfactant on the catalytic activation of porous CNFs in ORR/OER fuel cell [118]. (b) CNFs decorated with Co nanoparticles for OER catalyst material [121]. (c) NiCoFe metal alloy for catalyst material of both ORR and OER systems [122]. (d) CNF fibers from fibroin of silk for catalyst material [125]. 
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4.1.6. Membrane Electrode Assembly for Fuel Cells


In the fuel cell system, in addition to the electrode, attention is paid to the development of the membrane electrode assembly (MEA). Song et al. developed an ion membrane based on multichannel CNFs (Figure 17a) [126]. Using a precursor from PAN mixed with PMMA, they electrospun the material into fibers, stabilized and carbonized at up to 1400 °C. The higher the carbonizing temperature, the stronger the G peak in the Raman spectra, indicating the presence of the graphitized structure. Furthermore, the multichannel CNFs were decorated with Pt/C catalyst nanoparticles, turning them into an MEA. Not only is the mass transport resistance of the membrane low, but it also facilitates the draining of water from the catalyst. Chan et al. modified the electrospinning collector into parallel electrodes to arrange the electrospun fibers into orthogonally aligned nanofibers (Figure 17b) [127]. The well-aligned fibers formed many small channels which allowed the ions to penetrate easily. After carbonization, the aligned CNFs were decorated with Pt using wet chemistry plating and sputter coating. The membrane structure also helps the plating of the Pt catalyst to occur uniformly.



Di et al. used a composite of CNFs from PAN and synthesized a sulfonated poly(ether ether ketone) (SPEEK) (Figure 17c) [128]. SPEEK is a low-cost ion transfer material with excellent mechanical and chemical properties. However, since PEEK with high sulfonate content accommodates too much water, it can swell in an aqueous environment. On the other hand, a low concentration of sulfonate causes low conductivity, thus the authors mixed it with CNFs to obtain an MEA layer. The MEA showed good results in the physical strength of the tensile test and ion conductivity. Liu et al. prepared the MEA by mixing the acid-sulfuric-treated CNFs from the PAN carbonization (Figure 17d) [129]. After carbonization, the CNFs emerged in the mixture of sulfuric acid and nitric acid to attach functional groups on the surface of CNFs. The fibers were then mixed with the synthesized SPEEK and cast on a glass substrate. With the hydrogen bond formed between the acid groups on the CNFs and SPEEK, the thickness of the membrane was reported to be around 40 μm. The composite membrane appears to have high tensile strength with break points at 75 MPa stress and 7% strain. The proton conductivity of the introduced material can be comparable to Nafion.
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Figure 17. (a) MEA constructed of multichannel fibers, carbonization at high temperature [126]. (b) Orthogonally aligned CNFs for MEA in fuel cells [127]. (c) MEA from the composite of CNFs and SPEEK [128]. (d) MEA from the acid−treated CNFs and SPEEK [129]. 
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4.2. Sensor Applications


4.2.1. Electrochemical Sensor


Electrochemical sensing is a popular application of carbon material. For different targets, the researchers used different measurement techniques such as voltammetry (cyclic voltammetry, differential-pulse voltammetry, square-wave voltammetry, etc.), amperometry, and potentiometry, conductivity, and impedance changes [130,131].



Xie et al. studied the ability of Co3O4 (combination of Co2+ and Co3+) in the detection of trichloroacetic acid (TCA), KBrO3, and NaNO2 with CV measurements (Figure 18a) [132]. Although the material proved to be capable of detecting a variety of targets, it did not exhibit high sensitivity. The low surface area of simple CNFs may have limited their ability to detect a low concentration of the target chemical. The CNFs decorated with cobalt oxide nanoparticles still have high potential in the application of an electrochemical sensor for many yet-to-be-discovered targets. Kim et al. developed a multichannel CNF decorated with Co3O4 that could be used as a material for both a supercapacitor and an electrochemical sensor (Figure 18b) [133]. In the presence of glucose, Co3O4 can be converted into CoOOH. When applying 0.55 V, the redox peak increases with the addition of more condensed glucose. The authors used the potentiometric measurement method to detect different concentrations of glucose in a solution. Due to the excellent pore volume of the multichannel carbon structure, the material exhibited a wild detection range from 1 nM up to 1 M.



Hu et al. combined the decoration of SnO2 and the modification of MoS2 on the carbon structure by using a glassy carbon electrode for the detection of phenacetin and indomethacin (Figure 18c) [134]. It was proven that the SnO2 and MoS2 can provide their own contributions to the outstanding performance of the CNFs. The present of MoS2 can reduce the resistance of the carbon electrode with the electrolyte solution and it can also enhance the current peak signal. Although the detection range can reach a limit from 50 nM up to 0.5 M for indomethacin, the detection limit of phenacetin seems to be greater (from 50 nM to 7.2 M). Since the differential pulse voltammetry measurement was used for detection, the CNFs can detect the concentration very clearly [135].



Zhang et al. used Hermin to embed active iron ions (Fe3+) on the surface of CNFs from the PAN precursor (Figure 18d) [136]. By controlling the voltage applied in the electrospinning process (12, 15, and 35 kV), the effects of the diameter of fibers were also investigated. The CNFs made from fibers electrospun with 15 kV exhibited the largest surface area as well as mesopore ratio, so they also showed the highest capacitive currents. The fiber was continued to be tested for bisphenol A (BPA) detection. The ultra-sensitive linear range is from 3 mM up to 1 μM with outstanding selectivity. In addition, the stability and reproducibility of the material also produce remarkable results.
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Figure 18. (a) Trichloroacetic acid (TCA), KBrO3, and NaNO2 using Co3O4 embedded CNFs [132]. (b) Multichannel CNFs decorated with Co3O4 as a glucose sensor [133]. (c) CNFs modified using MoS2 and embedded with SnO2 for phenacetin/indomethacin detection [134]. (d) Porous CNFs with Fe3+ for the detection of BPA [136]. 
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4.2.2. Warfare Agent Chemical Sensors


Warfare nerve agents are toxic organophosphorus compounds that were developed during World War II, including G, V, and A types. Due to the quick and clear visible response to the presence of the detecting target, optical measurements have been widely used in research and real-life applications [137]. Jo et al. developed an organic–inorganic hybrid material from conjugated polymer dots, silica, and PVA (Figure 19a) [138]. The dots were attached to the amine function group on half-carbonized PVA-silica NFs. The authors suggested an interesting interaction between the components of the fibers that helps to enhance the fluorescence intensity in the measurements.



Although the spectroscopy-detecting method has been used for a long time, it still has many limitations caused by its low selectivity and cannot be reused. The use of electrical analysis can overcome these limitations and increase its potential in the field of warfare-agent detection [139]. Alaki et al. studied the fabrication of cactus-like CNFs for the detection of dimethyl methylphosphonate (DMMP) (Figure 19b) [140]. The CNFs were embedded with Ni nanoparticles as a seed for the development of smaller-sized carbon fibers from cellulose acetate through the chemical vapor deposition method. It is noted that though the Ni nanoparticles themselves can enhance the signal from the interaction with DMMP, the structure of the cactus-like CNFs was able to significantly improve the surface area and the response signal. In addition, the developed material also has high selectivity towards DMMP. Alaki et al. later introduced a study based on cactus-like CNFs but with the modification of the hexafluoroisopropanol (HFIP) function group (Figure 19c) [141]. The cactus CNFs were doped with HFIP using carboxyl groups formed on the carbon surface by treatment with a strong acid. It is mentioned that HFIP can decrease the response and recovery time of material when there is a change in DMMP in the environment, even with a low concentration of 0.1 ppm.



Using a PAN/PVP solution mixed with CuCl2 and CoCl2 as the precursor of electrospinning, Alaki et al. presented CNF composites containing CuO and Co3O4 to study the effects of HFIP on the working performance of the device (Figure 19d) [142]. The fibers were treated with a silane coupling agent to attach carboxyl function groups, which were later used as a bridge to embed a modified HFIP. It was shown that with only a metal-oxide composite, even though the material can detect DMMP, the selectivity is low since the material also responds to other chemicals such as benzene, ethanol, or acetone. The presence of HFIP can enhance the response resistance and response/recovery time. Moreover, it seems that HFIP only enhances the response to DMMP, so it gives the material selectivity.
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Figure 19. (a) CNFs carry quantum dots for diethyl chlorophosphate fluorescent detection [138]. (b) Cactus-like CNFs with Ni nanoparticles for detection of DMMP [140]. (c) Cactus CNFs modified with HFIP for DMMP sensor [141]. (d) CNFs/CuO/Co3O4 with silicone coupling agent and HFIP for DMMP detection [142]. 
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4.2.3. Biosensor


A biosensor is a type of sensor that can detect harmful bio elements, which can affect the health of the studied target. One of the most popular detection methods is to use a type of antibody or an aptamer as the key for the sensing mechanism, which provides the sensor with excellent selectivity and high sensitivity. To attach the antibody or aptamer to the material surface, carboxyl or nitrile functional groups are required in the structure of the material. Rezaei et al. successfully functionalized the CNFs by stirring in a 30% nitric acid solution (Figure 20a) [143]. The results suggested that the treatment did not affect the diameter of the CNFs. When a detecting target binds to the antibody, it changes the surface resistance between the material and the electrolyte, which can be measured by electrochemical impedance spectroscopy (EIS). The device can detect PSMA and ELISA with detection limits of 22.1 pg mL−1 and 9.5 ng mL−1, respectively.



Lee et al. used an attached aptamer for the detection of the platelet-induced growth factor (PDGF-BB) (Figure 20b) [144]. By introducing copper (Cu) into carbon fiber, the extra carbon layer could be grown on the Cu surface through chemical vapor deposition (CVD) with methane gas as a carbon source. After the Cu etching process, the CNFs had a 3D nanoweb structure, which significantly improved the surface area of the carbon material. Finally, the material was fabricated into a field-effect transistor with the screen printing of silver paste. The detection was carried out with a voltammetry measurement, and the device could operate with a detection limit of 1.78 fM with high selectivity. Moreover, the transistor can distinguish between the three types of PDGF; the BB type showed the largest change in current, the response to the presence of the AB type was smaller, and the AA type showed no response.



Yin et al. used Co3O4 and DPV measurements to detect the concentration of dopamine (DA) (Figure 20c) [145]. Before the electrodeposition of Co3O4, the CNFs were doped with a nitrogen function group using an 8 M nitric acid solution. Although the acid treatment played a role in reducing the material surface resistance, the presence of Co3O4 improved the electrocatalysis of the carbon electrode. The DPV data also showed that the material can distinguish DA from ascorbic acid and uric acid, which have similar redox properties. The peak of DA in the DPV curve appears to be much higher than the others even though the concentration is lower. The limit of detection from the material appears to be 9 nM with a wild dynamic linear range, indicating the CNFs excellent sensitivity and fast-charge transport.



Ostertag studied the effects of electrodeposition in the process of electrode preparation on the performant of the carbon electrode in the detection of DA (Figure 20d) [146]. The authors used electrodeposition to attach the porous CNFs to a bare carbon electrode. While keeping the waveform parameter unchanged, the change in the deposition time can affect the oxidation peak current. A specific deposition time (30 s) showed significant results compared to longer deposition times. The prepared electrode has outstanding sensitivity and selectivity and can be reused up to 25 times.






5. Conclusions and Outlook


In this paper, we introduce a manufacturing method for CNFs with various generated structures based on electrospinning and their application to sensors and energy storage materials. First, it was confirmed that not only the surface area and the pore volume of the CNFs are improved, but also the final morphology can be altered by using a combination of different types of nozzles and polymer precursors. In addition, the production of composite CNFs into which an inorganic material is introduced was proposed using a combination with various metal oxide precursors. As described above, it was confirmed that it has an excellent performance by applying CNFs with different structures and combinations as an electrode material for sensors and as an energy storage material. In conclusion, the electrospinning method proposed in this paper is an excellent method to produce CNFs with excellent performance in a large capacity.
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Figure 1. Description of structure and components of electrospinning equipment. 
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Figure 2. Chemical structure of sp2 carbon produced after heat treatment of PAN. 
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Figure 3. Chemical structure of sp2 carbon produced after heat treatment of PVA. 
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Figure 4. Chemical structure of sp2 carbon produced after heat treatment of PI. 
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Figure 5. Chemical structure of sp2 carbon produced after heat treatment of a carbohydrate polymer. 






Figure 5. Chemical structure of sp2 carbon produced after heat treatment of a carbohydrate polymer.



[image: Applsci 12 06048 g005]







[image: Applsci 12 06048 g006 550] 





Figure 6. Chemical structure of sp2 carbon (PPV) produced after heat treatment of PXTC. 
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Figure 7. (a) The study of PAN as a precursor of electrospinning [65]. (b) Effect of isotacticity percentage of PAN on fibers after electrospinning and carbonization [66]. (c) Electrospinning fibers of PAN containing MXene and its carbonized material’s properties [67]. 
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Figure 9. (a) Fabrication of multichannel CNFs decorated with Ru nanoparticles [76]. (b) Fabrication of CNFs decorated with ZnO/SnO2 [79]. (c) Fabrication of CNFs decorated with MOF material [80]. 
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Figure 10. Structure of dual nozzle for electrospinning. 
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Figure 11. (a) Fabrication of hollow porous CNFs decorated with gold nanoparticles on the inner wall [81]. (b) Fabrication of TiO2 nanofibers and TiO2 hollow nanofibers [82]. (c) Fabrication of hollow CNFs containing CuCo2O4 nanoparticles [83]. 
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Figure 13. (a) Lithium-ion battery using CNF-decorated MnO2 nanosheets for anode material [96]. (b) Anode constructed from CNFs containing MXene used for lithium-ion battery [97]. (c) Hollow CNF-embedded Si nanoparticles on inner wall [98]. (d) CNFs/urchin-shaped V2O5 particle for lithium-ion battery electrode [99]. 
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Figure 15. (a) CNFs decorated with Co2S4 and the performance in DSSC device [109]. (b) Flower-petal−like SiCo2O4 grown on CNFs used as counter electrode for DSSC [110]. (c) CNFs grow MoS2 mini−sized petals for solar systems [111]. (d) CNFs decorated with Ni2P and Pt nanoparticles for the application of the DSSC counter electrode [112]. 
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Figure 20. (a) CNFs treated with nitric acid as working electrode material for PSMA sensors [143]. (b) 3D nanoweb CNFs as channel material for PDGF−BB detecting transistors [144]. (c) CNFs decorated with Co3O4 for detection of DA [145]. (d) CNFs deposited on carbon electrodes for DA detection [146]. 
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