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Nanofiber unique characteristics and potential applications offer innovative strategies and opportunities for sustainable energy production, and for creative solutions to biomedical, healthcare, and environmental problems. This review summarizes the history and development of nanofiber technology, their unique properties, fabrication techniques (using spinning and nonspinning approaches), and emerging applications in energy harvesting and storage, environmental protection and improvement, and biomedical technology and healthcare.

Nanofibers are currently used as electrode and membrane materials for batteries, supercapacitors, fuel cells, and solar cells. Nanofiber membranes are also successfully used for ultra-high air filtration, wastewater treatment, water purification, and blood purification at low pressure. This review will describe the different types of nanostructured fibers (e.g., solid, mesoporous, hollow, core-shell nanofibers) fabricated from natural and synthetic polymers, metal and metal oxides, carbon-based, inorganic-organic hybrid nanofibers and their potential applications. Moreover, it will highlight the current and future research needs in nanofiber-based materials to improve and broaden their applications and commercialization.

Introduction

Nanofibers have emerged as exciting one-dimensional (1D) nanomaterials for a wide range of research and commercial applications [START_REF] Gugulothu | Fabrication of Nanofibers: Electrospinning and Non-Electrospinning Techniques[END_REF]. Nanofibers show several interesting features, such as a diameter 1000 times smaller than that of human hair, high surface area with tunable porosity, 3D topography, flexible surface functionalities, and better mechanical properties (i.e., stiffness and tensile strength) that any other commonly used base material [START_REF] Huang | A review on polymer nanofibers by electrospinning and their applications in nanocomposites[END_REF]. The significant impact of nanofiber technology is due to the availability of a wide range of materials that can be used for nanofiber production, including natural and synthetic polymers, metals and metal oxides, carbon-based, and composite nanomaterials. Furthermore, the nanofiber surface and bulk features can be modified to carry various functionalities, leading to different physical properties and potential applications [START_REF] Yoo | Surface-functionalized electrospun nanofibers for tissue engineering and drug delivery[END_REF], [START_REF] Li | Use of electrospinning to directly fabricate hollow nanofibers with functionalized inner and outer surfaces[END_REF].

A single, internationally accepted definition of nanomaterials does not exist. Indeed, they are often designed as nanoparticles (NPs), nanotubes, nanofibers, nanowires, or nanorods, in the function of their characteristics. According to the British Standards Institution, a nanomaterial is a material with any external dimension in the nanoscale (100 nm), or with an internal structure or surface structure at the nanoscale [START_REF] Jeevanandam | Review on nanoparticles and nanostructured materials: history, sources, toxicity and regulations[END_REF]. In NPs, all three external dimensions are in the nanoscale.

Nanofibers possess two similar external dimensions (nanofiber diameter = X or Y) in the nanoscale, while the third dimension (nanofiber fiber length = Z) is significantly larger. There are many nanofiber types [START_REF] Teo | A review on electrospinning design and nanofibre assemblies[END_REF] and they are categorized on the basis of their nature (natural and man-made or engineered nanofibers), composition (organic-based, inorganic-based, carbonbased, and composite nanofibers), structure (solid, porous, nonporous, hollow, and core-shell), (Figure 1) and rigidity (flexible and stiff) [START_REF] Su | Electrospinning: A facile technique for fabricating polymeric nanofibers doped with carbon nanotubes and metallic nanoparticles for sensor applications[END_REF]. ribbon, (d) porous fibers, (e) necklace-like, (f) nanowebs, (g) hollow, (h) nanowire-in-microtube, and (i) multichannel tubular [START_REF] Su | Electrospinning: A facile technique for fabricating polymeric nanofibers doped with carbon nanotubes and metallic nanoparticles for sensor applications[END_REF]. Copyright 2014, Royal Society of Chemistry.

Due to their high aspect ratio and ability to form 3D-network structures, nanofibers are an excellent candidate for various biomedical applications, such as drug delivery, wound healing, and tissue engineering [START_REF] Gugulothu | Fabrication of Nanofibers: Electrospinning and Non-Electrospinning Techniques[END_REF]. On the other hand, most NPs smaller than <100 nm can penetrate the human cells (differently from nanofibers), and sometimes destroy the cell components and cause cell lysis [8]. Therefore, for safe use, NPs could be loaded onto nanofibers, if such fibers cannot easily penetrate into human cells. However, the nanofiber surface texture (porosity and surface roughness), composition (surface and bulk structure), network structure (random or aligned), and molecular orientation must be controlled to improve their bioactivity [START_REF] Horváth | Toxicity Study of Nanofibers[END_REF], [START_REF] Lee | Enhancement of mechanical properties of polymeric nanofibers by controlling crystallization behavior using a simple freezing/thawing process[END_REF].

The many different nanofiber fabrication techniques can be classified in two main types: topdown and bottom-up approaches. In top-down techniques, such as chemical and mechanical treatment of wood pulp, the bulk material is broken down into nanofibers. These techniques are commonly used for the preparation of cellulose nanofibers (CNF) [START_REF] Nayak | Recent advances in nanofibre fabrication techniques[END_REF]. Bottom-up techniques are commonly used for nanofiber fabrication from constituting molecules and include electrospinning [START_REF] Lee | Control of the morphology of cellulose acetate nanofibers via electrospinning[END_REF], drawing [START_REF] Lee | Handspinning enabled highly concentrated carbon nanotubes with controlled orientation in nanofibers[END_REF], template synthesis, self-assembly and phase separation.

Electrospinning is the most widely used method because of its simplicity, low-cost set-up, massproduction potential, and the possibility to control the nanofiber composition, diameter, and orientation in the function of the intended application [START_REF] Lee | The chemical deposition method for the decoration of palladium particles on carbon nanofibers with rapid conductivity changes[END_REF].

The production of nanofibers has been already reviewed by many authors; however, a comprehensive overview on the nanofiber technology and development is still lacking.

Therefore, here, we will briefly summarize the history and development of nanofiber fabrication techniques (spinning and non-spinning approaches). We will then describe the main categories of nanofiber fabrication techniques and the emerging applications in different fields, such as environmental remediation, healthcare, and biomedical engineering [START_REF] Nagarajan | Design of Boron Nitride/Gelatin Electrospun Nanofibers for Bone Tissue Engineering[END_REF][START_REF] Nagarajan | Electrospun fibers in regenerative tissue engineering and drug delivery[END_REF][START_REF] Nagarajan | Novel biocompatible electrospun gelatin fiber mats with antibiotic drug delivery properties[END_REF], energy production and storage [START_REF] Engel | Control of Spatial Organization of Electrospun Fibers in a Carbon Felt for Enhanced Bioelectrode Performance[END_REF][START_REF] Schlicht | An electrochemically functional layer of hydrogenase extract on an electrode of large and tunable specific surface area[END_REF][START_REF] Selloum | A highly efficient gold/electrospun PAN fiber material for improved laccase biocathodes for biofuel cell applications[END_REF], water treatment [START_REF] Weber | Novel and Facile Route for the Synthesis of Tunable Boron Nitride Nanotubes Combining Atomic Layer Deposition and Annealing Processes for Water Purification[END_REF][START_REF] Nada | Mesoporous ZnFe2O4@TiO2 Nanofibers Prepared by Electrospinning Coupled to PECVD as Highly Performing Photocatalytic Materials[END_REF][START_REF] Nasr | Enhanced Visible-Light Photocatalytic Performance of Electrospun rGO/TiO2 Composite Nanofibers[END_REF][START_REF] Nasr | Enhanced photocatalytic performance of novel electrospun BN/TiO2 composite nanofibers[END_REF][START_REF] Nasr | Optical and structural properties of Al2O3 doped ZnO nanotubes prepared by ALD and their photocatalytic application[END_REF][START_REF] Nasr | Photoluminescence: A very sensitive tool to detect the presence of anatase in rutile phase electrospun TiO2 nanofibers[END_REF][START_REF] Nasr | Synthesis of novel ZnO/ZnAl2O4 multi co-centric nanotubes and their longterm stability in photocatalytic application[END_REF][START_REF] Nasr | Recent Progress on Titanium Dioxide Nanomaterials for Photocatalytic Applications[END_REF], air filtration, sensors [START_REF] Iatsunskyi | Tailoring of the electronic properties of ZnO-polyacrylonitrile nanofibers: Experiment and theory[END_REF][START_REF] Viter | Tuning of ZnO 1D nanostructures by atomic layer deposition and electrospinning for optical gas sensor applications[END_REF][START_REF] Viter | Enhancement of Electronic and Optical Properties of ZnO/Al2O3 Nanolaminate Coated Electrospun Nanofibers[END_REF][START_REF] Abou Chaaya | ZnO 1D nanostructures designed by combining atomic layer deposition and electrospinning for UV sensor applications[END_REF] and electronics. In each section, we will mention selected studies to explain how nanofibers can be exploited to refine the operational performance of various inorganic, organic, carbon and composite membranes. Finally, we will discuss the challenges for the widespread application of nanofibers.

By highlighting the advantages of the nanofiber technology, we hope that researchers and manufacturers will become more interested in these materials and will contribute to broadening their applications.

History of Micro and Nanofiber Technology

The first nanofibers were produced by electrospinning more than four centuries ago. The work by William Gilbert (in 1600) was considered as an early example of what would become the modern electrospinning technology [START_REF] Tucker | The history of the science and technology of electrospinning from 1600 to 1995[END_REF]. Gilbert's study is the first record of the electrostatic attraction of a liquid [START_REF] Gilbert | De magnete, magneticisque corporibus, et de magno magnete tellure: physiologia noua, plurimis & argumentis, & experimentis demonstrata[END_REF]. In 1845, Louis Schwabe invented a number of methods for spinning silk and creating artificial fibers [START_REF] Kauffman | Rayon: the first semi-synthetic fiber product[END_REF]. One of the first methods for the synthesis of carbon nanofibers was patented by Hughes and Chambers in 1889 [36]. In 1902, the American inventor John Francis Cooley patented the first electrospinning device: "Apparatus for electrically dispersing fluids" [START_REF] Cooley | Apparatus for electrically dispersing fluids[END_REF]. In 1912, Burton and Wiegand analyzed the effect of electricity on streams of water drops, and in 1914 John Zeleny studied the behavior of fluid droplets at the end of metal capillaries [START_REF] Arinstein | Electrospun polymer nanofibers: mechanical and thermodynamic perspectives[END_REF]. Between 1931 and1944, Anton Formhals was granted at least 22 patents on electrospinning, including the first one (in 1934) on the experimental production of fibers [START_REF] Anton | Process and apparatus for preparing artificial threads[END_REF]. In 1938, Rozenblum and Petryanov-Sokolov generated electrospun fibers that they used to produce filter materials, known as "Petryanov filters" [START_REF] Tucker | The history of the science and technology of electrospinning from 1600 to 1995[END_REF]. [START_REF] Radushkevich | Carbon structure formed under thermal decomposition of carbon monoxide on iron[END_REF] Lukyanovich produced hollow graphitic carbon fibers [START_REF] Radushkevich | Carbon structure formed under thermal decomposition of carbon monoxide on iron[END_REF], and [START_REF] Oberlin | Filamentous growth of carbon through benzene decomposition[END_REF] developed a chemical vapor deposition (CVD) process to fabricate nanoscale carbon fibers [START_REF] Oberlin | Filamentous growth of carbon through benzene decomposition[END_REF]. Between 1964 and1969, Geoffrey Ingram Taylor established the theoretical foundation of electrospinning [START_REF] Taylor | Disintegration of water drops in an electric field[END_REF], [START_REF] Simons | Process and apparatus for producing patterned non-woven fabrics[END_REF], [START_REF] Taylor | Electrically driven jets[END_REF], [START_REF] Melcher | Electrohydrodynamics: a review of the role of interfacial shear stresses[END_REF]. In 1966, Harold L. Simons patented an instrument to produce fiber fabrics with various patterns [START_REF] Simons | Process and apparatus for producing patterned non-woven fabrics[END_REF]. The physicist Lord Rayleigh published several articles (1978)(1979) on the influence of electricity on colliding water drops and the equilibrium of liquid conducting masses charged with electricity [START_REF] Rayleigh | On the instability of jets[END_REF], [START_REF] Rayleigh | On the capillary phenomena of jets[END_REF]. In 1987, Charles Vernon Boys described the spinning process in an article on glass fiber manufacture [START_REF] Boys | On the production, properties, and some suggested uses of the finest threads[END_REF], [START_REF] Doshi | Electrospinning process and applications of electrospun fibers[END_REF]. The modern term 'electrospinning' was popularized by [START_REF] Doshi | Electrospinning process and applications of electrospun fibers[END_REF] [START_REF] Wang | Electrostatic synthesis and characterization of Pb (Zr x Ti 1-x) O 3 micro/nano-fibers[END_REF] who produced fibers with a variety of cross-sectional shapes from different polymers from 50 nm to 5 µm microns in size.

Since 1995, the number of publications on nanofibers has been increasing exponentially each year. In 2001, Wang used electrospinning to fabricate inorganic fibers [START_REF] Wang | Electrostatic synthesis and characterization of Pb (Zr x Ti 1-x) O 3 micro/nano-fibers[END_REF]. In 2005, the first book on nanofibers (title: "An Introduction to Electrospinning and Nanofibers") was published by Prof. Seeram Ramakrishna and co-authors [START_REF] Ramakrishna | An introduction to electrospinning and nanofibers[END_REF]. In 2005, the Elmarco company developed Nanospider TM , the first technology in the world to enable the industrial scale production of nanofibers.

Currently, more than 200 universities and research institutes worldwide study various aspects of nanofiber production and their characteristics. More and more articles are published on new nanofiber fabrication techniques, and this trend does not seem to decline. Indeed, using the keywords nanofibers, nanofibres, nanofiber or nanofibre, the SciFinder database of chemical literature identified 23,728 articles up to October 2018. About 85% of these articles were published from 2006 to 2018.

Nanofiber fabrication techniques

To date, various fabrication techniques to produce nanofibers have been reported in the literature under different names and classifications (Figure 2). For example, nanofiber fabrication techniques can be classified as bottom-up and top-down approaches. Bottom-up approaches to produce nanofibers, including mechanical grinding, physical vapor deposition (PVD), CVD, solution blowing [52], centrifugal spinning [START_REF] Weitz | Polymer nanofibers via nozzle-free centrifugal spinning[END_REF], drawing techniques [START_REF] Xing | Nanofiber drawing and nanodevice assembly in poly (trimethylene terephthalate)[END_REF], template synthesis [START_REF] Tao | Aligned arrays of biodegradable poly (ϵ-caprolactone) nanowires and nanofibers by template synthesis[END_REF], self-assembly [START_REF] Liao | Self-assembly mechanisms of nanofibers from peptide amphiphiles in solution and on substrate surfaces[END_REF], phase separation [START_REF] He | Fabrication and characterization of poly (l-lactic acid) 3D nanofibrous scaffolds with controlled architecture by liquid-liquid phase separation from a ternary polymer-solvent system[END_REF], freeze-drying synthesis [START_REF] Wu | Assembly of Chitin Nanofibers into Porous Biomimetic Structures via Freeze Drying[END_REF], interfacial polymerization [START_REF] Guan | Polyaniline nanofibers obtained by interfacial polymerization for high-rate supercapacitors[END_REF], and electrospinning [START_REF] Ray | A comprehensive review: electrospinning technique for fabrication and surface modification of membranes for water treatment application[END_REF]. In top-down approaches, nanofibers are produced by grinding, refining, sequential cutting, or milling a larger bulk material. In bottom-up approaches, small units (atoms, ions, molecules or NPs) are used to fabricate nanofiber [START_REF] Zhang | Engineering strategies for chitin nanofibers[END_REF]. In this review, the nanofiber fabrication techniques can be classified in: (i) physical, chemical and biological fabrication techniques; and (ii) spinning and non-spinning techniques. Spinning techniques can then be subdivided in: (i) electrospinning approaches that use electric voltage to control the fiber morphology; and (ii) other spinning approaches that use other forces, such as pressurized air and centrifugal forces [START_REF] Stojanovska | A review on non-electro nanofibre spinning techniques[END_REF]. 

Physical, Chemical, and Biological Fabrication Techniques

Various physical approaches (grinding, milling, PVD, laser ablation, and spinning fabrication techniques), chemical approaches (electrochemical deposition, CVD, sol-gel, hydrothermal, template-assisted synthesis, sonochemical synthesis, and microwave synthesis), and biological approaches (bacterial cellulose synthesis, enzymatic hydrolysis of wood pulp) to produce nanofibers have been extensively investigated [START_REF] Eatemadi | Nanofiber: synthesis and biomedical applications[END_REF]. Physical methods usually apply mechanical pressure, high energy radiations, thermal or electrical energy to form nanofibers by melting, evaporating or condensing the starting material. Chemical fabrication techniques are typically bottom-up approaches that need well control of reaction parameters to allow the reactants (atoms, ions, molecules) to combine and grow in long one-dimensional morphology rather than the formation of separate nanoparticles. Biological fabrication techniques have been reported for the synthesis of cellulose nanofibers as majorly accepted as alternative eco-friendly technology to overcome limits of physical and chemical methods. Cellulose nanofibers are extracted from cellulose obtained from various lignocellulosic fibers using bacteria cellulose and enzymatic treatment [START_REF] Zhang | Cellulose Nanofibers: Fabrication and Surface Functionalization Techniques[END_REF][START_REF] Barhoum | Emerging Applications of Cellulose Nanofibers[END_REF][START_REF] Kaushik | Green chemistry review: nanocelluloses as versatile supports for metal nanoparticles and their applications in catalysis †[END_REF]. Table 1 shows a comparison between physical, chemical and biological techniques used to produce cellulose nanofibers with different size distribution [START_REF] Kaushik | Green chemistry review: nanocelluloses as versatile supports for metal nanoparticles and their applications in catalysis †[END_REF] Table 1. comparison between physical, chemical and biological techniques used to produce cellulose nanofibers with different size distribution [START_REF] Kaushik | Green chemistry review: nanocelluloses as versatile supports for metal nanoparticles and their applications in catalysis †[END_REF]. 

Techniques

Mechanical Fabrication Techniques

Grinding, ball milling, cryo-crushing, and high-pressure homogenization are physical fabrication methods (top-down approaches) that are frequently employed for CNF fabrication from natural materials, such as wood pulp [START_REF] Kaushik | Green chemistry review: nanocelluloses as versatile supports for metal nanoparticles and their applications in catalysis †[END_REF], [START_REF] Zhang | Preparation of cellulose nanofiber from softwood pulp by ball milling[END_REF], [START_REF] Islam | Preparation of Nanocellulose: A Review[END_REF]. The nanofiber size and morphology can be modulated by changing the grinding medium and speed, amount of materials, grinding condition (dry or wet) and duration, and amount of energy transferred between the grinding medium and the material [START_REF] Visanko | Mechanical fabrication of high-strength and redispersible wood nanofibers from unbleached groundwood pulp[END_REF][START_REF] Balea | Cellulose nanofibers from residues to improve linting and mechanical properties of recycled paper[END_REF][START_REF] Yousefi | Direct mechanical production of wood nanofibers from raw wood microparticles with no chemical treatment[END_REF]. Figure 3 summarizes CNF production from wood pulp using the ultrafine grinding and refining technique. The cellulose mud is put in a super-mass-collider device, in which it is squeezed between a static and a rotating grinding stone [START_REF] Afra | Comparative effect of mechanical beating and nanofibrillation of cellulose on paper properties made from bagasse and softwood pulps[END_REF].

However, these physical methods usually lead to fiber shredding rather than elementary fibril delamination. Moreover, the produced CNFs are characterized by low polymerization degree, crystallinity and aspect ratio, and consequently relatively poor mechanical properties [START_REF] Samyn | nanoparticles and nanostructured materials in papermaking[END_REF]. To overcome these drawbacks, chemical treatments, such as acid hydrolysis, alkaline-acid pretreatment and oxidation pretreatment, are used before the mechanical process. These treatments decrease the energy consumption, facilitates the bulk material disintegration, and increase the nanofibril yield [START_REF] Eichhlorn | Review, current international research into cellulose nanofibers and nanocomposites[END_REF], [START_REF] Kafy | Cellulose long fibers fabricated from cellulose nanofibers and its strong and tough characteristics[END_REF][START_REF] Breitwieser | Simple fabrication of 12 μm thin nanocomposite fuel cell membranes by direct electrospinning and printing[END_REF][START_REF] Lu | Rapid fabrication of transparent film directly from wood fibers with microwaveassisted ionic liquids technology[END_REF]. 

Vapor Deposition Techniques

Gas-phase deposition techniques or vapor deposition techniques are widely used bottomup techniques to produce a wide range of carbon and metal oxide nanoparticles. Gas-phase deposition techniques, such as PVD and CVD, that recently used to fabricate highly structured carbon and metal oxide nanofibers. The most common PVD methods are: (i) electron beam evaporation, in which the material is heated by electron bombardment under high vacuum and the produced vapor re-condensed to form nanofibers [START_REF] Yang | Integrated tungsten nanofiber field emission cathodes selectively grown by nanoscale electron beam-induced deposition[END_REF]; (ii) plasma sputtering, in which the material is bombarded by glow discharge to form a vapor for subsequent nanofiber deposition [START_REF] Teo | The Significance of Plasma Heating in Carbon Nanotube and Nanofiber Growth[END_REF]; (iii) vacuum arc deposition, in which the targeted material is vaporized by the arc under vacuum and then redeposited to form nanofibers [START_REF] Ajayan | Growth of manganese filled carbon nanofibers in the vapor phase[END_REF]; and (iv) pulsed laser deposition, in which the material is evaporated by a high-power laser ablation, and then nanofibers are deposited on a solid substrate (Figure 4) [START_REF] Tavangar | Synthesis of bio-functionalized threedimensional titania nanofibrous structures using femtosecond laser ablation[END_REF]. PVD has been recently tested for the fabrication of polymeric materials with fiber-like nanostructures [START_REF] Phan | Plasma-based nanostructuring of polymers[END_REF]. CVD is typically used to produce carbon nanofibers. Transition metal catalytic particles, such as Fe, Ni, Co, Pt, and Cu, are used with a carbon supply (e.g., CO, or a hydrocarbon gas) at temperatures between 500 and 1200°C to produce carbon nanofibers [START_REF] Liu | Hierarchical porous carbon fibers/carbon nanofibers monolith from electrospinning/CVD processes as a high effective surface area support platform[END_REF]. The size and shape of the catalyst particle (10-100 nm) determines the size of the carbon nanofiber graphitic structure (Figure 5) [START_REF] Poveda | Carbon nanofibers: structure and fabrication[END_REF]. A faceted nanoparticle with catalytic activity may allow the production of angled layers in which graphitic platelets are deposited at an angle that promotes the carbon nanofiber growth [START_REF] Xia | The size effect of catalyst on the growth of helical carbon nanofibers[END_REF]. CVD main drawbacks are the important amount of catalyst residue, the relatively low production yield, and the expensive equipment [START_REF] Chen | Nano-epoxy resins containing electrospun carbon nanofibers and the resulting hybrid multi-scale composites[END_REF]. Morphological changes of the catalyst NPs must be taken into account to explain the differences in yield. Nanofibers can also be fabricated using hard or soft templates and vapor deposition techniques. For instance, with atomic layer deposition (Figure 6), nanofibers are used as a template on which materials are deposited by vapor deposition, and then they are removed.

However, it is difficult to completely remove the template without damaging the fibrous structure [START_REF] Stojanovska | A review on non-electro nanofibre spinning techniques[END_REF], [START_REF] Donmez | Fabrication of hafnia hollow nanofibers by atomic layer deposition using electrospun nanofiber templates[END_REF]. Atomic layer deposition (ALD) can be considered as one of the most conformal deposition technique at low temperatures. A wide selection of materials has been used

as nanostructured templates for ALD growth. Among them, polymer nanofibers are the most widely reported template, which was in general used for the synthesis of oxide nanotubes [START_REF] Donmez | Fabrication of hafnia hollow nanofibers by atomic layer deposition using electrospun nanofiber templates[END_REF].

Figure 6.

Fabrication of hafnia hollow nanofibers by atomic layer deposition using electrospun nanofiber templates [START_REF] Donmez | Fabrication of hafnia hollow nanofibers by atomic layer deposition using electrospun nanofiber templates[END_REF]. Copyright @ 2013, Elsevier.

Wet Chemical Fabrication Techniques

Electrochemical deposition [START_REF] Firat | Electrochemical synthesis of polyaniline/inorganic salt binary nanofiber thin films for electrochromic applications[END_REF], polyol synthesis [START_REF] Soumare | Nickel nanofibers and nanowires: Elaboration by reduction in polyol medium assisted by external magnetic field[END_REF], phase-separation [START_REF] Wang | A novel method to fabricate silica nanotubes based on phase separation effect[END_REF],

microemulsion [START_REF] Ghayempour | A modified microemulsion method for fabrication of hydrogel Tragacanth nanofibers[END_REF], sol-gel method [START_REF] Wang | A nano-silica modified polyimide nanofiber separator with enhanced thermal and wetting properties for high safety lithium-ion batteries[END_REF], hydrothermal synthesis [START_REF] Berenguer | Synthesis of Vanadium Oxide Nanofibers with Variable Crystallinity and V5+/V4+ Ratios[END_REF] are some of the most common wet chemical fabrication methods for nanofiber synthesis. Hard porous templates, such as polycarbonate and anodic aluminum oxide membranes, are often used in combination with electrochemical deposition to produce metallic nanofibers that are aligned after removal of the template scaffold (Figure 7) [START_REF] Cheng | Template-directed materials for rechargeable lithium-ion batteries[END_REF]. Again, the need for completely removing the template without damaging the fiber structure is the major limitation. Hard templates might be dissolved or polished with a scalpel. Soft templates, such as surfactants and polymers, have been used in combination with electrodeposition techniques for nanofiber synthesis. For example, Nam et al. [START_REF] Nam | Template-free electrochemical synthesis of Sn nanofibers as highperformance anode materials for Na-ion batteries[END_REF] prepared Sn nanofibers by cathodic electrodeposition from an aqueous solution of Triton X-100. Electrochemical techniques offer the possibility to grow nanotubes (100nm in diameter and several micrometers long) from a metal and metal oxide surface [START_REF] Park | Simple electrochemical synthesis of ultra-long silver telluride nanotubes[END_REF], [START_REF] Zhao | Facile electrochemical synthesis of antimicrobial TiO2 nanotube arrays[END_REF]. Hydrothermal synthesis of nanofibers involves chemical reactions in water at different (from room to very high) temperatures and pressures [START_REF] Wen | Synthesis of carbon nanofibers via hydrothermal conversion of cellulose nanocrystals[END_REF][START_REF] Wu | Photocatalytic performance of Cu-doped TiO2 nanofibers treated by the hydrothermal synthesis and air-thermal treatment[END_REF]. Cao et al. [100] synthesized SrTiO3/TiO2 nanofibers using a simple in-situ hydrothermal method. Simpraditpan et al. [101] produced titanate nanofibers using a hydrothermal method and a natural ilmenite mineral as the starting material. Cao et al. [102] described a one-step hydrothermal method for the successful synthesis of WO3 nanofibers (~100 nm in diameter, and length up to tens of micrometers). The main advantages of hydrothermal methods are the mild reaction conditions and the good crystallization of the obtained materials.

The sol-gel process is a wet chemistry method often used to produce metal oxide NPs, nanofibers, and nanostructured thin films. This method involves the conversion of monomers into a sol (colloidal solution) that acts as the precursor for a gel (an integrated network) of were chemically prepared by ultrasonic irradiated polymerization using various ultrasonic power, frequency, and reaction temperatures [110]. CNFs [114] were isolated from bamboo by microwave liquefaction combined with chemical treatment and ultrasonic fibrillation.

The phase separation technique involves freezing to separate a solution (e.g., an emulsion or a hydrogel solution) [115][116][117] in the polymer-rich and solvent-rich phases, followed by freeze-drying to remove the moisture and solvent, to form a porous nanofiber structure (Figure 8) [118]. The main processing parameters are the concentration of polymer and solvent, the freeze/drying temperatures, and the presence of cross-linking additives. prepared PANIs by interfacial polymerization or direct mixing polymerization. Then, they produced nanofibers by inhibiting the secondary growth of the primary PANI nanofibers generated in the early reaction steps.

Fiber spinning: Electrospinning and Alternative techniques

Spinning is a century-old technique used to produce textiles in which fibers of the plant, animal or synthetic origin are drawn out and twisted together to form yarn. Spinning can be classified as a physical fabrication technique, and can be combined with most of the previously described physical and chemical fabrication methods to produce nanofibers. Fiber spinning techniques can be classified in electrospinning and alternative spinning techniques (also called "non-electrospinning techniques"). Electrospinning employs electrostatic forces, whereas alternative spinning techniques use other forces (e.g., gravitational forces, centrifugal forces, pressurized air) to produce fibers with a diameter up to 100 nm by manipulating charged threads of polymer solutions or polymer melts. Table 2 and Figure 9 summarizes some of the specific features of electrospinning and non-electrospinning techniques. In this section, we will briefly describe the spinning techniques for nanofiber fabrication. We will discuss the spinning set-up and parameters (solution and processing) that significantly affect fiber morphology, and the advantages and limitations of the different electrospinning approaches. 

Electrospinning techniques

Electrospinning techniques work with polymer solutions [124]. Typically, the polymer is dissolved in a volatile solvent (5-30% polymer: solvent, w:w) and placed in a syringe or pipette.

The polymer solution is then pushed at a specific rate through the syringe tip (spinneret) by external pumping using mechanical pistons. The quite high solvent concentration (up to 30%)

gives sufficient viscoelastic properties. When the solution droplet is formed at the spinneret, an electric voltage bias (typically 10-40 kV, but up to 100 kV) is generated between the tip (metallic needle) and the collector that is placed at a distance of few cm to few tens of cm. Due to the progressive increase of the applied voltage, the electric forces becomes higher than the surface tension. Consequently, a jet is produced, and the droplet is deformed into an apex (Taylor cone)

[125], [126]. When the solution feed rate is increased, the electric field strength also should be increased by applying a higher voltage or by decreasing the distance between the syringe tip and the collector [127]. The jet velocity and strain rates can reach values of few m/s and up to 10 Generally, the fiber diameter, morphology, alignment, and molecular orientation are influenced by the solvent, the collector, the applied voltage, the tip-to-collector distance, and the solution flow rate. Different collector types (e.g., flat piece of metal, rotating disk, rotating drum, or rotating frame collector) have been developed to control fiber orientation (Table 3). Rotating drum collectors are the most commonly used collectors for the continuous production of nanofibers (Figure 10a-c). Rotating disk collectors are used to produce uniaxially aligned fibers.

Compared with a drum collector, a disk collector (Figure 10d) allows collecting a large number of fibers at the disk edge and making highly aligned nanofibers [129]. By increasing or lowering the applied voltage, the fiber length can be increased, and the fiber size decreased, respectively.

The final fiber morphology can be modified from a circular to a flat shape by changing the nozzle-collector distance. Moreover, for aqueous polymer dispersion, a bigger distance is needed to dry the fibers [124].

When choosing an electrospinning approach to fabricate nanofibers from a polymer, the following features must be taken into account: (a) continuous single nanofibers must be collectible; (b) the fiber diameter must be uniform and controllable, and (c) the fiber surface must be defect-free or defect-controllable. The solution must have a minimum concentration and viscosity to produce fibers by electrospinning. At very low concentrations, the solution cannot be electrospun and is electrosprayed. By increasing the syringe flow rate, the fiber diameter is increased, and beads are formed. Beads are obtained also when using a polymer with very low molecular weight while keeping the solution concentration constant. Smooth fibers are produced by increasing the solution molecular weight, and fibers with high diameter are generated when using solutions with very high molecular weight [START_REF] Gugulothu | Fabrication of Nanofibers: Electrospinning and Non-Electrospinning Techniques[END_REF]. The surface tension is influenced by the solvent used. A lower surface tension favors the generation of nanofibers without beads, but may not always offer ideal electrospinning conditions. The addition of salts to the electrospinning solution increases the solution conductivity and surface charge density [125], thus allowing better control of the fiber diameter and morphology. The applied voltage and the polymer flow rate in the syringe also are crucial factors. At higher voltages, the fiber diameter is more easily reduced, and in some cases, bead formation is more frequently observed. The influence of the tip-collector distance on the fiber morphology is less important compared with other parameters

[125]. with different cross-sectional shapes, such as islands-in-the-sea [134], core-shell [START_REF] Su | Electrospinning: A facile technique for fabricating polymeric nanofibers doped with carbon nanotubes and metallic nanoparticles for sensor applications[END_REF], side-by-side [START_REF] Teo | A review on electrospinning design and nanofibre assemblies[END_REF], split table pie [129], and eccentric sheath-core structures [START_REF] Su | Electrospinning: A facile technique for fabricating polymeric nanofibers doped with carbon nanotubes and metallic nanoparticles for sensor applications[END_REF]. Magnetic-field-assisted electrospinning, near-field electrospinning, and hot-melt electrospinning allow good control of nanofiber deposition (i.e., alignment, drawing, and writing) onto different substrates. Magneticfield-assisted electrospinning can be used to electrospin materials that respond to a magnetic field. This allows modulating the nanofiber deposition and alignment [135]. Nanofibers fabricated using this technique are more uniform and with less splitting than those produced without magnetic field. Near-field electrospinning set-ups can be adapted to very small needle tip-collector (substrate) distances (from 500 nm to 3 µm) with voltages from 100V to 600V. This technique is suitable for direct writing on many different substrates. Despite the widespread use and low starting costs of electrospinning methods to fabricate nanofibers from polymer solutions, their mass production is still limited. Several techniques have been developed to overcome the low productivity and the need for using organic solvents of the standard electrospinning methods. These technologies also include new functions, such as controlling the nanofiber morphology, compositing, electrospinning of low conductivity polymers and high molecular weight polymers [131][132][133][134][135][136][137][138][139]. The solvent evaporation in the electrospinning solution is still difficult to control, even after the introduction of many modifications to the collector. The large mass of the evaporating solvent (mainly organic solvents) is the major limitation for commercial use, due to its negative effect on the environment. To overcome this drawback, solvent-free electrospinning methods, such as hot melt electrospinning, supercritical CO2-assisted electrospinning, and UV-curing electrospinning and thermo-curing electrospinning, have been developed (Table 4) [132]. These techniques do not use conventional solvents, nearly all the precursor solution is spun, and only a few precursor fractions (<10%) enter the air via evaporation. Solvent-free electrospinning has been recognized

as an eco-friendly process. However, it has not been widely used yet due to the specific set-up requirements due to the relatively higher precursor viscosity. Moreover, the diameter of nanofibers fabricated by solvent-free electrospinning is larger than that of nanofibers obtained by solution electrospinning [132].

Hot-melt electrospinning has a set-up with moving collectors to produce fibrous materials from polymer melts (Figure 12) [133]. However, melt electrospinning is not frequently used due to the difficulty to produce finer fibers, the higher viscosity of the molten polymer, and the electrical discharge associated with the high voltage applied to the polymeric melt. Supercritical CO2-assisted electrospinning uses supercritical CO2 instead of liquid solvents and can be used to electrospin undissolved bulk polymer samples [132]. Compared with conventional solution electrospinning, supercritical CO2-assisted electrospinning produces very thick (∼100 μm) and short (∼4 mm) fibers. Thus, this method needs to be improved to produce thin and long fibers [132].

UV-curing electrospinning starts from UV-curable monomers (without any solvent) that are electrospun into nanofibers by UV irradiation in a N2 atmosphere [137]. However, the use of UV-curable materials, especially for high specific-surface-area fibers, is limited by oxygen inhibition [138]. A new solvent-free thermal assisted electrospinning process has been developed

for the preparation of polyurethane (PU) fibers. Compared with the conventional PU synthesis, the synthesis of the PU precursor solution was improved for use in solvent-free electrospinning [139]. Anion-curing electrospinning is similar to UV-curing and thermal-curing electrospinning, but the monomer is polymerized via anionic initiators [132]. Polymers are typically added to the monomer solution to control the precursor viscosity. In these methods, almost all the precursor is used for nanofiber production, and less than 10% is lost via evaporation. 

Alternative spinning approaches

Non-electrospinning (needless spinning) techniques allow fabricating nanofibers starting from much higher precursor concentrations. These techniques require less solvent, increase productivity, and lower the production cost. Blowing bubble spinning (gas-jet spinning), centrifugal spinning, and fiber drawing are three of the most common non-electrospinning nanofiber production techniques.

Differently from electrospinning, the drawing technique produces single nanofibers. This method uses a free rotating micropipette spinneret and a substrate for drawing polymer lines on flat substrates. As shown in Figure 14, a sharp probe tip is used to form polymer droplets. The single nanofibers can be drawn from polymer droplets at a specific rate, in the function of the polymer type In centrifugal spinning, nanofibers are fabricated by centrifugal forces, like cotton-candy production. Figure 15 shows a typical cylinder-shaped spinning head design. Centrifugal spinning can spin nanofibers directly from a polymer solution. Typically the nozzle diameter and length are the most important factor for controlling the fiber diameter and morphology. Compared with solution electrospinning, centrifugal spinning does not require high voltage, gives high production yields, has a simple structure, is environmentally friendly (no pollution), and can be used with high polymer materials. The polymer melts or solutions are fed from an extruder or a syringe pump into a rotating chamber, consisting of two or more orifices [145]. When the centrifugal force goes above a certain limit (the surface tension and the viscosity of the solution or melt), the polymer jets exit from the orifices, elongate, and the solvent evaporates until the nanofibers reach the collector plane. The main parameters are the chamber angular velocity, the orifice configuration and radius, the solution concentration and viscosity, the melt temperature and viscosity, the solvent evaporation rate, and particularly the orifice-collector distance [146]. If this distance is short, there will not be enough time to allow solvent evaporation. F Bubbfil spinning employs polymer solutions or polymer melts to produce discontinuous or smooth nanofibers by using blowing air, mechanical or electrostatic forces to overcome the surface tension. Blow bubble spinning, membrane-spinning, and bubble-electrospinning are the main bubbfil spinning techniques. With bubble spinning, the fiber production rate is much higher than that of electrospinning [52]. In blown bubble spinning, a compressed gas (e.g., air, N2) is used as the driving force for fiber formation through a concentric nozzle system, and also facilitates solvent evaporation (Figure 16a). The most critical processing parameters are the gas pressure, solution injection rate, nozzle-collector distance, and nozzle configuration and diameter [52]. Bubble electrospinning and air-jet assisted bubble electrospinning have been developed by adding a small electronic field that acts as an acting force for fiber deposition on the collector (Figure Flash-spinning is used to produce fibril strands [START_REF] Nayak | Recent advances in nanofibre fabrication techniques[END_REF]. It is suitable for difficult-to-dissolve polymers, such as polyolefins and high molecular weight polymers. Typically, a highly saturated solution of polymer/spin agent (solvent) is decompressed through a spin orifice at low temperature and substantially low pressure to generate plexi-filamentary film-fibril strands. The spin agent (solvent) evaporation splits the polymer into a fibril. The spin agent should exhibit specific characteristics: (i) non-solvent to the polymer below its normal boiling point; (ii) twophase dispersion with the polymer at low pressure; (iii) formation of a solution with the polymer upon increase of the solution pressure; and (iv) vaporization when the flash is released into a low-pressure zone [START_REF] Nayak | Recent advances in nanofibre fabrication techniques[END_REF].

Many other non-electrospinning techniques have been described in the literature. For instance, laser spinning has been developed to produce ultra-long nanofibers with tailored chemical compositions [148,149]. A high-power laser is used to melt a small volume of precursor materials. Then, the injection of a supersonic gas jet leads to elongation of the molten precursor material and formation of amorphous nanofibers [150], [151]. Wet spinning is based on precipitation, whereby the polymer is drawn through a spinneret into a non-solvent [152,153].

The prepared spinning material is extruded in the non-solvent and precipitation or coagulation occurs. This technique can be used to spin materials with low viscosity and that cannot be spun with the other available spinning methods [153]. The islands-in-sea spinning method involves melt spinning a 'sea' and an 'island' part of the polymer at a speed of 400 to 6,000 m/min [134].

Upon dissolution and removal of the 'sea' polymer from the composite fiber, a group of fine fibers is obtained with a thickness from 10 to 1,000 nm [134]. This technique offers some attractive advantages, such as high spinneret density and polymer choice flexibility. The crosssectional area and the number of islands depend on the spinneret hole shape and diameter and the polymer distribution in the distribution plates [134].

Emerging Applications of Nanofibers

Nanofibers are used in several commercial products. The global market for nanofiber-based products was worth $276.8 million in 2014, and should reach nearly $2.0 billion in 2020 [154].

In this section, we will discuss the current and emerging applications of nanofibers for (i) 

Reinforcing and Self-Healing Materials

The currently available polymeric materials do not meet all the requirements for specific commercial applications. Compared with macrocomposites, nanofiber/polymer nanocomposites display better features (e.g., mechanical strength) and minimal nanofiller loading [155]. The control of size, morphology, and dispersion of nanofiller materials is of crucial importance.

Continuous nanofibers display a better interfacial adhesion than conventional fibers due to their large surface-to-volume ratio [161]. Many studies on nanofiber composites have focused on the use of carbon nanofibers for reinforcement material. However, the dispersion of carbon nanofibers into the polymer matrix increases with the increase of the matrix viscosity [162]. To overcome this limitation, new approaches have been developed in which carbon nanofiber sheets (nanosheets), made through the filtration of well-dispersed carbon nanofibers in controlled processing conditions, are integrated into composite laminates in an autoclave. CNFs have replaced carbon nanofibers in several applications. Indeed, they show several advantages, including the abundance of raw material, easy preparation, and lower cost. Moreover, CNFs can be blended with a polymer at fiber contents up to 70 wt.%, while maintaining the polymer transparency (resin matrix) because they do not scatter visible light. The chemical compatibility between CNFs and polymer plays a major role in the particle dispersion in the matrix and in the adhesion between phases.

Self-healing materials, which can heal in response to damage, are one of the smartest nanofiber applications (Figure 18). Brittle polymers, such as epoxies (fiber-reinforced), are often used in the automotive, aircraft and aerospace industries [155,163]. However, they are particularly susceptible to damage in the form of cracks (delamination between layers) deep within the structure, thus making their detection and repair nearly impossible. Typically, coreshell nanofibers are loaded into self-healing materials to store the monomer in the nanofiber core, while the curing agent (a trace quantity of a catalyst) is distributed in the matrix [164].

External stimuli (heat, light, or pressure damage volume) initiate the monomer polymerization upon contact with the catalyst. In the presence of cracks or delamination in the core-shell nanofibers, the released monomers will polymerize and heal the damage. The porous network structure of electrospun fibers allows the uniform coverage of the material with minimal changes in the bulk material properties. Fang et al. [165] described robust self-healing hydrogels in which a cross-linked nanofiber network containing redox agents acts as the healing layer. When the healing layer is embedded in the crack, it accelerates the self-healing process (50% reduction of the healing time) with 80% healing efficiency without compromising the mechanical properties 

Nanofibers for Energy Harvesting and Storage

Much 

Electrode and Membrane Materials for Batteries

An electric battery includes one or more cells in which chemical reactions create a flow of electrons in a circuit. All batteries are made of three basic components: one anode (the negative electrode), one cathode (the positive electrode), and one electrolyte that can chemically react with the two electrodes. Rechargeable lithium-ion (Li-ion) O2 electrode in Li-O2 batteries, they exhibit a higher initial discharge limit of 760 mAh/g. Although supercapacitors show excellent cyclability, their low energy density compared with batteries limit their application. Nanofiber electrodes are interesting because their energy density is higher than that of the electrodes used in conventional capacitors. Moreover, they

show excellent cycling stability due to their non-faradic and highly reversible energy storage mechanism. The operational voltage is another crucial factor that influences the supercapacitor performance. Therefore, much effort has been put on increasing the energy density by developing nanofiber materials with high surface areas. Carbon nanofibers are particularly suitable because of their homogeneous high surface area, good electrical conductivity, and nonrequirement of conductive additives. Carbon fibers have been widely used in flexible and binderfree electrodes with various electrochemically active materials (e.g., noble metals) that display good capacitance performance [188][189][190]. The performance of carbon nanofiber electrodes has been greatly increased by controlling the nanofiber porosity through the addition of pore-forming agents during their preparation. Fan et al. [191] used carbon nanofibers as cathodes and MnO2/graphene as anodes to produce high energy density supercapacitors with superior electrochemical performance (energy density of 51 Wh.kg -1 , voltage range of 0-1.8 V, and 97% of specific capacitance retained after 1000 cycles).

Flexible supercapacitors could be used in wearable, miniaturized, portable, large-scale transparent and flexible electronic devices. Electrospinning opens new opportunities for the development of highly flexible supercapacitors. Zhang et al.[192] used electrospinning followed by carbonation in an inert atmosphere to prepare a hierarchical 3D-structure of aligned CNTs that were perpendicularly grown on carbon nanofibers. These highly structured CNTs are very good candidate electrode material for flexible supercapacitors (Figure 23). When using an ionic liquid electrolyte, the flexible CNT/carbon nanofiber-based supercapacitors deliver high specific energy of 70.7 Wh/kg at a current density of 0.5 A/g at 30°C, and retain 97% of the initial capacitance even after 20,000 cycles. Huang et al.[193] developed high-performance wearable supercapacitor fabrics, based on flexible nickel-cotton fabrics on which CNT-containing nanofiber webs were directly electrospun without any post-treatment. These wearable supercapacitor fabrics are characterized by the high areal capacitance (973.5 mF cm -2 ; 2.5 mA cm -2 ) and very high stability in the bend test with a very small bending radius (2 mm). 

Membrane and Electrode Materials for Fuel Cells

A fuel cell is an electrochemical device that converts chemical energy from fuel (e.g., O2

and H2) into electricity through the electrochemical reaction of H2 with O2 or another oxidizing agent. There are several types of fuel cells with different characteristics and configurations:

proton exchange membrane fuel cells (PEMFCs), direct methanol fuel cells, solid oxide fuel cells, molten carbonate fuel cells, phosphoric acid fuel cells, and microbial fuel cells (MFCs).

Like a battery, in a fuel cell, the anode and cathode are separated by a cation-specific membrane [172]. Figure 25 shows different types of electrospun nanofibre membranes used electrochemical cell, for example, fuel cell.

PEMFCs consumes H2 and O2 to produce electricity [195]. The oxidation reaction occurs at the anode. H2 loses its electrons, and atoms become ionized to form H + . The electrons travel through wires to provide a current to reduce O2 (usually from the air) at the cathode. The oxygen and hydrogen ions produced in the electrolyte combine and form water (H2O) as a by-product that exits the fuel cell. H2 and O2 are separated by a proton exchange membrane to prevent their direct contact in the fuel cell. The electrodes used in PEMFCs are made of a thin film of catalyst particles (Pt or Pd on carbon powder) bound to a polymer and with a porous charge collector for charge transfer [START_REF] Gugulothu | Fabrication of Nanofibers: Electrospinning and Non-Electrospinning Techniques[END_REF]. As the Pt-carbon catalyst is the most expensive component of the fuel cells, electrospun carbon nanofibers have been used as an alternative catalyst due to their high catalytic efficiency and durability, and larger catalyst surface area for H2 and O2 reactions. The pores between nanofibers in the mat electrode facilitate water removal [START_REF] Gugulothu | Fabrication of Nanofibers: Electrospinning and Non-Electrospinning Techniques[END_REF].

Implantable glucose fuel cells are a new generation of fuel cells used as an autonomous energy supply for medical implants. They work by oxidizing glucose at the anode, and by reducing the oxidant at the cathode. Due to the ubiquity of glucose and oxygen in the extracellular fluid, they can operate indefinitely [196]. The glucose fuel cells rely on the electrochemical reaction between oxygen and glucose at two separated Pt NP electrodes as a catalyst. As Pt NPs can catalyze glucose oxidation and also oxygen reduction, a membrane is used to avoid the concomitant presence of glucose and oxygen at the two electrodes. Liu et al. [197] recently developed a glucose fuel cell in which a Pt NP/multi-walled carbon nanotube (MWCNT)/bacterial cellulose (BC) nanofiber membrane was the anode and a platinum sheet was the cathode. The combination of BC nanofibers and Pt NP/CNTs in the conductive anode membrane allows glucose oxidation. The electrochemical performance of this glucose fuel cell (2.24 ± 0.20 μW cm -2 ) is close to that of the commercial glucose fuel cell "RANEY®-type". This system is a step forward to the development of an implantable glucose sensor targeted to patients with diabetes [198] for accurate automated insulin delivery in response to the local glucose concentration. Several groups have assessed the value of polymer nanofiber membranes as electrolyte membranes in PEMFCs. The key property of electrolyte membranes is their high proton conductivity and inhibition of electron transport. Protons are transmitted through the electrolyte membrane that contains distilled water, while electrons are transmitted externally. As distilled water is required for proton conductivity, water maintenance in the membrane is crucial.

Nanofibers significantly improve the dimensional stability, mechanical properties, and lifetime of proton exchange membranes. Electrospun N-doped Fe/carbon nanofibers are an attractive low-cost catalyst for Pt and are more efficient than traditional carbon-supported catalysts [199].

With this catalyst, the membrane electrode shows volumetric current densities of 0.25, 3.3 and 60 A⋅cm -3 at 0.95, 0.9 and 0.8 ViR-free, respectively [199]. A proton exchange membrane has been developed also for direct methanol fuel cells [200].

MFC are bio-electrochemical devices that transform organic waste and microbes into electric current. They are cheap, self-sustaining, and adaptable catalysts that could use agricultural residues, urban waste, and industrial wastewater as carbon and energy sources [201].

Research has focused on strategies to increase MFC power output using more electrochemically active microbes. However, most MFCs are not suitable for high electricity production [202].

Recently, carbon nanofibers have been used as an efficient MFC anode due to their high conductivity, stability, and biocompatibility. For instance, Jung and Roh reported that CNT/carbon nanofiber nanostructures in MFCs increase the power density by 1.8-fold compared with commercial graphite felt. Breitwieser et al. [203] Copyright 2017, Elsevier. DSSCs are an effective and cheaper substitute for the current p-n junction photovoltaic devices. In a typical DSSC, a porous layer of TiO2 NPs covered with a molecular dye that absorbs sunlight is used as the light absorbing material. As TiO2 NPs have photovoltaic properties but absorb only UV light, dyes are added to increase their efficiency. Spin coating, screen-printing, doctor blading, and CVD have been used to produce porous dye-TiO2 nanofilms on fluorine-doped tin dioxide (FTO) or indium tin oxide as photoanode for DSCCs. The photoanode (dye-TiO2-FTO) is immersed in an electrolyte solution (I -/I3 -), above which is the cathode (glass plate with a thin Pt film as a catalyst) (Figure 28) [206]. The charge conduction can be increased by replacing the porous TiO2 NPs with porous TiO2 nanofiber mats because the nanofibers have reduced particle boundaries and higher specific surface area that can absorb more sensitizing dyes [207]. Recently, the surface of TiO2 nanofibers has been modified with noble metal NPs (e.g., Ag, Au, Pt) to increase DSCC efficiency by plasmon enhanced optical absorption of such NPs. Jin et al. [208] showed that photoanodes made of TiO2 nanofibers doped with Ag NPs significantly increase DSCC photocurrent density, leading to a conversion efficiency improvement of 25% compared with non-doped TiO2 nanofibers. 

Membrane and Electrode Materials for Solar Cells

Environmental Improvement and Protection

Many groups have investigated the environmental applications of functional nanofibers, 

Membrane Materials for Wastewater Treatment

Water pollution is a major issue worldwide. It is estimated that more than 50% of countries will experience freshwater stress or shortages by 2025, and 75% by 2075 [214].

Conventional water purification and wastewater treatment membranes include a selective (active) layer supported by a thick non-selective and highly permeable substrate. By controlling the pore size of the active layer, nanofiltration, ultrafiltration, reverse osmosis, and microfiltration membranes can be produced.

[215] The traditionally used membranes have intrinsic limitations, such as low flux, susceptibility to fouling, and formation of pinholes during the preparation steps. Nanofiber membranes could replace such membranes in smaller treatment systems that operate at low pressures [216]. The major advantage of nanofiber membranes in wastewater are their ultra-high filtration efficiency [216]. Nanofiber membrane could remove submicron particles (e.g., bacteria, and dust particles) by size exclusion. Conversely, much smaller pores are required for efficient nanoparticle removal (e.g., virus), but this would significantly limit the water flux. This problem can be solved by using multi-layer nanofiber membranes that allow high filter efficiency and increased water throughput. However, it is still challenging to fabricate membranes with well-organized multilayer structures, starting from the nanoscale, to maximize filtration efficiency [217]. Recently, Ling and coworkers [217] designed biomimetic multilayer nanofiber membranes (see Figure 29 for an example) for the efficient removal and even reuse of many different contaminants (e.g., heavy metal ions, dyes, and proteins in water). Besides particle exclusion, nanofiber membranes are efficient adsorption media for catalysis and removal of heavy metals, low molecular weight organics, and oils from wastewater.

The nanofiber membrane features could be modulated to obtain high porosity, suitable pore sizes, narrow pore size distribution, and thin thickness coupled with super-hydrophobicity in order to use then for high-performance wastewater treatment. Some environmental contaminants (e.g., heavy metals) are difficult to eliminate using conventional water purification strategies [208]. On the other hand, nanofiber membranes can efficiently adsorb heavy metals [218],

volatile organic compounds [219], and low viscous oils [220] from wastewater. Hassan et al.

[221] used never-dried BC and cross-linked CNF to remove oil from oil-in-water emulsions with droplet sizes <1 µm. Tijing et al. [222] produced super-hydrophobic polyvinylidene fluoride-cohexafluoropropylene nanofiber membranes that contain CNTs (1-5 wt%) for high-performance direct contact membrane distillation (Figure 30). They found that the flux of the membrane that contains 5 wt% CNTs (24-29.5 L/m 2 h) is reproducibly higher than that of commercial superhydrophobic PVDF membranes (18-18.5 L/m 2 h). Capacitive deionization (CDI) is an electrochemical approach to deionize water by applying an electrical potential difference over two electrodes, mainly made of porous carbon, immersed in water [141,[228][229][230]. Anionic species are removed from the water and then stored (adsorbed/absorbed) into the anode, whereas cations are stored in the cathode. CDI units are now mainly used for water desalination and deionization, electrodialysis, and reverse osmosis.

Mesoporous and hollow carbon nanofibers are excellent candidates for making the electrodes used in CDI units [231]. Metal oxide/carbon nanofibers also have been investigated as electrode material. For instance, Yasin and coworkers [232] showed that ZrO2 nanofiber/activated carbon composites are suitable electrode material for increasing CDI (Figure 31). Specifically, water desalination was much improved by the addition of ZrO2 nanofiber/activated carbon composites (best performance obtained with 10 wt% zirconia nanofibers relative to the activated carbon).

Indeed, electrosorption and salt removal increased from 5.4 mg g -1 and 16.4% with the pristine electrode to 16.4 mg g -1 and 53.3% with the composite electrode, respectively [232]. Dong et al.

[229] have utilized electrospinning followed by CO2 activation to prepare a hybrid nanomaterial consisting of CNTs embedded in carbon fibers (Figure 25a-c). The prepared composite nanofibers have led to a desalination capacity of 6.4 mg/g at an initial NaCl concentration of 400 mg/L and a working potential of 1.2 V. The great improvement (39%) with respect to the modification of the CNF with CNTs, high specific surface area (651 m 2 /g), and mesopore ratio (64%) of the composite fibers due to the CO2-mediated activation [229]. 

Membranes for Air Filtration

Air filters are used in disposable respirators, indoor air purification, industrial gas cleaning, and automotive engine intake filters for the removal of dust particles, viruses, bacteria and volatile organic compounds [233]. In the function of the particle size, the particulate matter Carbon nanofibers combined with other non-woven products have been used to produce aerosol filters and face masks. Electrospun nylon nanofibers are incorporated in gas filters for turbines, compressors and generators [237,238]. PI nanofibers are suitable high-temperature air filter material due to their excellent thermal stability, chemical resistance, and strong mechanical properties [239]. Gu et al. [240] recently described a rotating triboelectric nanogenerator (R-TENG)-enhanced PI nanofiber filter that efficiently removes airborne PM (˃0.5 µm) (Figure 33). They showed that the filter removal efficiency is increased, particularly for particles smaller than 100 nm, from 27.1% without R-TENG to 83.6% with the R-TENG, with the highest removal efficiency (90.6%) for nanofiber with a diameter of 33.4 nm [240]. Copyright American Chemical Society, 2017.

Nanofibers for Biomedical Applications

Nanofibers are particularly attractive for applications in drug delivery, burn and wound care, tissue engineering, blood purification, and treatment of various diseases. The nanofiber high surface area increases the adhesion of cells, proteins, and drugs while providing lightweight devices with significant cost savings [241]. Here, we will describe some of the most popular biomedical applications of nanofibers and the key parameters that influence their performance.

Drug Delivery

Nanofiber potential for drug delivery has been investigated using small organic drugs and macromolecules, such as proteins and nucleic acids (DNA and RNA). Nevertheless, before clinical validation and marketing approval, in vivo pre-clinical studies must be carried out to evaluate the safety and toxicity of these systems [242]. Bioactive molecules can be incorporated in the bulk phase of electrospun nanofibers or on their surfaces by nanofiber post-treatment, immobilization of drugloaded nanocarriers on nanofibers, co-electrospinning of drug-polymer compounds, and coaxial/emulsion electrospinning (Figure 34 developed a novel 3D honeycomb architecture scaffold based on electrospun hybrid nanofibers that include hydrolytically degradable poly (L-lactide-ε-caprolactone) and extracellular matrix protein fibrinogen (PLCL/FBG) and strongly supports osteogenic differentiation of human adipose-derived mesenchymal stem cells (ADMSCs) (Figure 35). This has important clinical implications because it can pave the way to the development of bioinspired scaffolds for bone regeneration by mimicking the osteogenic conditions in the stem cell niche [249].

Scaffolds for Tissue Engineering

Shape memory polymers (SMPs) have been investigated for various academic and industrial biomedical applications in drug release, scaffold design, and cell growth templates. some small compounds could be easily mixed with polymers in organic or aqueous solvents, highly charged (nucleic acids) and large (proteins) molecules do not homogeneously dissolve in the organic solvents that are typically used in electrospinning, and others cannot be electrospun.

On the other hand, by using coaxial electrospinning, the drug is restricted to the central core of the fibers, creating a reservoir for drug release. Surface modification techniques (e.g., plasma or wet chemical treatment) can be used to treat the nanofibers before the drug adsorption/immobilization on such surfaces. This will create surface conditions suitable for drug binding/adsorption, although it does not limit the burst release.

Engineering living tissues for reconstructive surgery requires an appropriate cell source, optimal culture conditions, and a biodegradable scaffold. 

Wound Dressing and Substitute Biomaterials

Skin is the largest organ of the human body, is at the interface with the external environment, and protects the body against pathogens and water loss [264]. Wound dressings are used to protect the wound from the external environment, maintain a moist environment, and facilitate healing. Therefore, their performance is influenced by their fluid uptake capacity (moisture retention) and water evaporation rate. Micro and nanofibrous materials have been used

for wound dressings [265]. Indeed, the nanofiber morphology and dimensions are similar to those of the local (insoluble) extracellular matrix structure. Nanofibrous wound dressings promote hemostasis, efficiently absorb exudates, and also facilitates cell respiration (due to their porosity), and the skin 3D re-organization (due to the nanofiber flexibility 

Membranes for Blood Filtration

Hemodialysis is a treatment for patients with kidney failure that can be performed at home or in the hospital. However, the machines used to filter blood (i.e., to replace the kidney function) are often very large, expensive, and require intensive maintenance. Recently, researchers have developed a wearable nanofiber mesh that could be a cheaper alternative to hemodialysis [276]. The blood-contacting membrane is made of an electrospun polyethylene-co-vinyl alcohol polymer and zeolites, which are aluminosilicates with microporous structures that can absorb waste products/toxins from the blood. The ratio of silicon to aluminum within zeolites could be used to control the number of adsorbed toxins [276].

Due to their high porosity, interconnectivity, micro-scale interstitial space, and large surface-to-volume, non-woven electrospun nanofiber meshes are an ideal material for blood filtration, protein purification and toxin removal from biological fluids, and also for removal of inorganic waste and heavy metals in water treatment devices [277]. In such meshes, affinity layers can be fabricated to selectively capture specific molecules by immobilizing the relevant ligand onto the surfaces [160,236]. 

Other Applications

We are still in the early days of the commercial exploitation of nanofibers, but some interesting applications in textiles, papermaking, composite toughening, sound absorbing materials and shape memory materials are currently explored. 

Defense and Safety

Additives for Papermaking

Addition of silicate, carbo, and CNFs in papermaking may improve the process and product sustainability [291]. For example, they allow obtaining a stronger paper with unique functionalities and lower base paper weight [START_REF] Samyn | nanoparticles and nanostructured materials in papermaking[END_REF]. CNFs and clay nanosheets, such as montmorillonite, are often used in papermaking and polymer industry to increase the mechanical properties and barrier resistance of papers and polymers (Figure 38). Replacing pigment fillers with silicate-based nanofibers can increase the opacity of some base sheets [292]. Conductive carbon nanofiber paper can be fabricated using carbon nanofibers, solvents, and dispersants 

Sound Absorbing and Shape Memory Materials

Sound absorption materials (e.g., paper, cotton, cork, foams, fibers, membranes and perforated panels) can efficiently reduce high-frequency sounds, but display poor absorption properties for the low-and medium-frequency components (250-2000 Hz) to which the human ear is sensitive. Nanofiber-based materials are promising alternatives for noise reduction, and some studies have investigated the acoustic applications of nanofibril membranes. Aircraft manufacturers are assessing new methods and materials to decrease the amount of noise in the fuselage. Electrospun nanocomposite fibers may be the ideal solution, and may offer several advantages compared with conventional materials, such as fiberglass, mineral fiber wool and wood fibers [295],[296], particularly (i) larger surface area (100-10,000 times bigger than that of conventional fibers); (ii) theoretically higher noise absorption rate because of the interaction of air molecules of sound waves with the nanofiber surfaces; (iii) lower overall weight; (iii) higher porosity; and (iv) possibility to electrospin nanofibers on composite, metal surfaces, polymeric materials, including flame-resistant polymers.

Opportunities and Future Challenges

Nanofiber technology advances allow now the fabrication of nanofibers starting from a very broad range of materials, such as synthetic and natural polymers, and also metals, ceramics, and organic/inorganic, inorganic/inorganic composite system [297][298][299][300][301][302][303][304][305][306]. Combining different materials into a device might offer unique properties (e.g., the polymer flexibility with the conductivity of metallic dopants). It also represents a fabrication challenge because the most suitable manufacturing conditions and solution phases need to be identified. The incorporation or utilization of functional nanofibers will open new opportunities for nanofiber-based materials.

Currently, many efforts are focused on up-scaling the production and improving the nanofiber properties. Among the different fabrication techniques, electrospinning has the unique ability to produce nanofibers using different materials in various fibrous assemblies. Due to the relative simple set-up and high production rate, electrospinning is highly attractive for both academic and industrial applications. Several electrospinning methods have been developed to overcome the main limitations of the standard electrospinning method: low productivity (e.g., needleless electrospinning) and the requirement of organic solvents (e.g., hot melt electrospinning). These new methods also add new functions, such as controlling nanofiber morphology, compositing, electrospinning of low conductivity polymers and high molecular weight polymers [131].

Nevertheless, the production of nanofiber materials must overcome many challenges:

(i) Despite the development of new nanofiber fabrication techniques, the commercial production of high-quality nanofibers is still limited. Particularly, industrial fabrication techniques should be able to reproduce the specific positions and orientation of nanofibers at a larger scale. From an environmental perspective, it is also important to consider the biocompatibility and number of used materials and the amount of energy required for the manufacturing process.

(ii) Spinning of new materials might be required to facilitate continuous operations at larger scales. Moreover, 'green' materials (e.g., degradable and recyclable materials derived from biological sources) might be needed to minimize the impact of electrospun nanofibers on the environment and human health. More attention should be given to eco-friendly polymers. More research on needleless and solvent-free electrospinning is needed to produce ultrafine fibers of submicrometer size and high efficiency. Solvent-free electrospinning is a promising candidate for a wide range of advanced applications.

(iii) Future research should focus on improving the properties (e.g., composition, diameter, morphology, pore size) of nanofibers used for healthcare and biomedical applications. Most of the current applications of nanofibers are at the early proof-of-concept stage, and most studies are still performed only in vitro.

Conclusions and Remarks

Although, currently, nanofibers are mainly used for environmental protection, many other applications such as energy production and storage, drug delivery, healthcare, constructions, and building materials, are rapidly emerging. By selecting the suitable fabrication techniques, the nanofiber bulk and surface properties can be readily engineered to obtain the desired optical, biological, chemical, mechanical, magnetic or electrical properties. Nanofibers incorporating

NPs have an interesting and promising future. In this review, we described many devices and applications that use functional and flexible nanofiber electrodes and membranes. Due to their small diameter, high surface area, controlled mechanical properties, and porous network structure, nanofibers can be used as: (i) electrode and membrane materials in fuel cells, batteries, and supercapacitors; (ii) ultrafiltration membranes for air purification, and wastewater treatment;

(iii) bioactive materials and scaffolds for tissue engineering, drug delivery, wound dressing.

Nanofiber devices and components should bring major changes, particularly in the medical and healthcare sectors thanks to their superior performances, due to the bigger surface areas that maximize interactions with biological systems, and the possibility to incorporate different features in a singular device. However, before their widespread medical application, major issues linked to the nanofiber biocompatibility and chemical integrity must be solved. For instance, the disintegration and/or leaching of nanoparticulates in bodily fluids cannot be tolerated because their retrieval is nearly impossible.

Despite the many studies on the nanofiber properties and applications in the last decade, the technologies for reproducible, large-scale production of nanofibers have emerged very slowly, and this limits their widespread applications. Nevertheless, research on nanofiber functionality will eventually lead to the development of low-cost, energy-efficient and
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 8 Figure 8. Fabrication of mesoporous polymer nanofiber networks using the phase separation
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 103 Figure 10. Different designs of rotating collectors for continuous nanofiber production by
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 11 Figure 11. Schematic description of triaxial electrospinning: (a) triaxial setup; (b) cross-section
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 12 Figure 12. Hot-melt electrospinning with different configuration has been developed to produce
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 13 Figure 13. Different types of needleless electrospinning set-ups: (a) cylinder (the lower end is

[

  143]. The polymer solution extruded from the micropipette is deposited on the substrate and the movable micropipette spinneret contacts and pulls the solution to form a single nanofiber. The most critical processing parameters are the polymer type, the polymer solution concentration and viscosity, the micropipette spinneret configuration and rotation movements, and the substrate shape and micromovements. The drawing technique major advantages are the possibility of studying individual nanofibers, and the minimal demands on the device. The major drawback is that the fibers can be drawn only for a specific amount of time. Indeed, due to solvent evaporation, the droplet viscosity progressively increases and the droplet volume decreases over time, thus modifying the fiber diameter[143]. To solve this problem, hollow glass micropipettes are used in which the polymer amount is maintained constant. This offers more flexibility in fiber drawing and in waiting time before drawing, as well as in drawing speed and viscosity. Consequently, fiber drawing can be repeated and the dimensions of the fabricated fibers can be better controlled[144].

Figure 14 .

 14 Figure 14. Schematic representation of the drawing technique for the fabrication of
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 15 Figure 15. Cylinder-shaped centrifugal spinning technique: (A) Rotary jet spinner consisting of a

  This technique is used for electrospinning high molecular weight polymers that cannot be fabricated with the standard electrospinning set-up because of the high surface tension of their Taylor cone. Melt-blowing is another gas-assisted spinning method that is used for spinning materials with low electrical conductivity or dielectric constant [52],[147].
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 16 Figure 16. Schematic representation of the air-assisted fiber-spinning system used for: (a) Blown

  building materials and constructions (i.e. reinforced polymers, self-healing materials) [155], (ii) energy production, conversion, and storage (i.e., batteries, supercapacitors, fuel cells and solar cells) [156],[157], (iii) environmental improvement and protection (i.e., ultrahigh air filtration, wastewater treatment, and water purification) [158], (iv) biomedical applications (i.e., drug delivery system, blood purification, tissue engineering, wound healing)[159], and v) other applications, including defense and security[160]. Figure17summarizes the emerging application of nanofiber in different fields.
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 17 Figure 17. Emerging applications of nanofibers technology in different fields.
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 18 Figure 18. Facile strategy toward fabrication of highly responsive self-healing carbon/epoxy

  effort has been focused on the development of renewable energy harvesting and storage devices, such as: (i) fourth-generation photovoltaic solar cells for more efficient and costeffective use of solar energy [166], (ii) photoelectrochemical devices for water electrolysis to generate H2 and O2 that are used in fuel cells to generate electricity[167], and (iii) flexible batteries and supercapacitors for efficient energy storage by portable devices[168]. Electrospun nanofibers have been used as building blocks for optoelectronics and nanoelectronics (e.g., light emitting, photodetectors, transistors, piezo-and thermoelectric generators, and actuators) that display low weight, attractive mechanical properties and good potential for widespread implementation at low cost, and for application in human motion monitoring devices and robotics[169],[170]. The current challenges include improving the energy harvesting and conversion efficiency, energy/power density, charge and discharge rate, extending the device life with reversibility, and reducing the production and operation costs[171]. Nanofibers have a shorter diffusion path compared with the commonly employed nanopowder materials; however, they might display faster intercalation kinetics due to their high area/mass ratio. Several groups have investigated the use of nanofibers as electrode and membrane materials for flexible batteries, superconductors, solar cells, and fuel cells[131, 172]. Indeed, the nanofiber small diameter, high surface area, and porous network structure allow the rapid storage of electrolytes and support the long-term electron/ion transport. The nanofiber flexibility, electrical conductivity or isolation, and ionic permeability have improved the performance of new-generation energy storage and energy harvesting devices. By modulating the nanofiber properties (bulk content, surface texture, porosity, surface functionalization, fiber diameter, etc.), many active sites can be obtained and the large volume changes can be effectively buffered during electrochemical reactions[131].
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 19 Figure 19. Different types of LMTO cathode materials for Li-ion batteries. SEM images of
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 20 Figure 20. Channelized carbon nanofiber with uniform-dispersed GeO2 as anode for long-
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 21 Figure 21. Polyimide/silica nanofiber membrane (separator) with improved flexibility, thermal
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 22422 Figure 22. Highly porous carbon nanofibers (HPCNFs) for flexible Li-ion batteries: (A) Flexible
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 23 Figure 23: Schematic representation of flexible supercapacitors: (left) 3D-structure of vertically
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 24 Figure 24. Flexible, free-standing and binder-free membranes of carbon nanofibers with
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 25 Figure 25. Schematic representation of a membrane electrode assembly in fuel cells and different

  fabricated 12 μm thin nanocomposite fuel cell membranes by inkjet-printing Nafion ionomer dispersion into the pore space of poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) nanofiber mats (Figure26). The fabricated fuel cell high power (0.19 W cm -2 ), was about 1.7 times higher than that of the reference fuel cell (0.11 W cm -2 ) at a lower ionic resistance[203].
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 26 Figure 26. Nanocomposite fuel cell membranes fabricated by inkjet-printing Nafion ionomer

A

  solar (photovoltaic) cell converts photons from the sun (solar light) into electricity (photovoltaic effect) through different steps: (i) light absorption and generation of electron-hole pairs or excitons; (ii) separation of charge carriers (electron-hole pairs); and (iii) separate extraction of such carriers to an external circuit. Currently, several solar cell types with different configurations and operating voltages are produced, including amorphous-silicon solar cells, crystalline silicon solar cells, polycrystalline Si solar cells, Cu-In-Ga-Se solar cells, dyesensitized solar cells (DSSCs), perovskite solar cells, organic solar cells, luminescent solar concentrator cells, multi-junction solar cells, and monocrystalline solar cells. Recent studies have shown that effective polymer solar cells can be developed using polymer nanofibers as light absorbing materials. A typical polymer solar cell contains three parts: (i) an anode made of indium tin oxide modified with PEDOT/polystyrene sulfonate; (ii) a cathode (Al electrode); and (iii) a light active layer inserted between the electrodes. Compared with silicon-based solar cells, polymer solar cells are lighter, cheaper, more flexible and can be directly fabricated into many flexible devices. Conjugated polymer nanofibers are the most promising p-type material for producing flexible polymer solar cells [204]. Sundararajan and his coworkers [205] employed the coaxial electrospinning technique to produce organic semiconductor fibers made of poly(3-hexylthiophene-2,5-diyl)/phenyl C61-butyric acid methyl ester (core) and PVP (shell) that can be used for solar cells (Figure 27) [205].
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 27 Figure 27. Coaxial electrospinning technique to produce organic semiconductor fibers: (a)
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 28 Figure 28. A schematic representation of a dye-sensitive solar cell with dye-covered Ag-doped

  for instance for filtration[209], self-cleaning[210], adsorbents[211], oil-spill cleanup [212] and electromagnetic shielding[213]. Currently, nanofibers are used in air and water filters and blood purification membranes to minimize the pressure drop and improve efficiency compared with conventional fiber mats. The nanofiber large surface area-to-volume ratio increases the area available for contaminant adsorption and the filter lifetime.
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 29 Figure 29. Silk nanofiber (SNF)/Hydroxyapatite (HAP) self-assembled multilayer membrane for
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 30 Figure 30. Super-hydrophobic nanofiber membrane for high-performance direct contact
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 31 Figure 31. Enhancing capacitive deionization performance of electrospun activated carbon

(

  PM) can be classified as PM10 (≤10 μm) and PM2.5 (≤2.5 μm). PM2.5 particles are considered more harmful because they can penetrate in the human respiratory system, causing lung disease, heart disease, and premature death[234]. Nanofiber-based filters can be used in hospitals to remove fine dust, bacteria, and viruses from the air. Different polymer and ceramic nanofiber membrane types, such as poly(vinyl alcohol), polyethylene terephthalate, PAN, silica, and alumina, have been developed for airborne particle filtration[234]. The major advantages of nanofiber membranes in air cleaning are their high filtration efficiency and low air resistance[216].As the nanofiber diameter and morphology can significantly affect the membrane filtering efficiency, electrospinning is suitable for air-filter applications because the morphology and diameter (from 40 to 2000 nm) of the electrospun fibers can be tuned by using specific electrospinning parameters[235]. The fine fiber diameters and high packing densities of nanofibrous membranes lead to compact structures with high airflow resistance. This shortens the filter service life and increases energy consumption[236]. To overcome this problem,Gao et al. [234] fabricated a low-resistance 3D nanofibrous composite membrane by free surface electrospinning for effective capture of PM2.5 particles. This composite nanofiber membrane has a ternary PAN structure composed of scaffold nanofibers, thin nanofibers, and microspheres. The microspheres enlarge the inter-fiber voids, thus significantly reducing the pressure drop[234].Zhang et al. fabricated an efficient poly(m-phenylene isophthalamide) nanofiber/nets (PMIA including ultralight weight (0.365 g m -2 ), ultrathin thickness (~0.5 μm), and high tensile strength(72.8 MPa) for effective air filtration of about 99.9% and low-pressure drop of 92 Pa for 300-500 nm particles (Figure32).

Figure 32 .

 32 Figure 32. 3D nanofibrous composite membrane with low filtration resistance fabricated by
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 33 Figure 33. R-TENG-enhanced nanofiber air filters for efficient PM removal: (a) Set-up for PM

  )[243]. Co-electrospinning is the most used drug incorporation strategy due to its simplicity (no need for post-fabrication processing), and relatively low-cost. The first studies focused mainly on encapsulating various antibacterial and anti-tumor agents in electrospun nanofibers to develop a slow-release drug delivery system[243].

Figure 34 .

 34 Figure 34. Schematic outline of various techniques to produce drug-loaded nanofibers. (I)

  A variety of natural (e.g., gelatin [256], collagen [257] and elastin [258]) and synthetic (poly(ɛ-caprolactone) (PCL) [259], poly(l-lactic acid) [248], PU [260], poly(ethylene glycol) and PCL copolymers, poly(l-lactic acid-co-ɛcaprolactone) (PLCL) [261] and poly(d,l-lactic-co-glycolic acid) [262]) bridgeable polymers have been electrospun into nanofibers for tissue engineering applications. The choice of the most suitable drug/polymers combination for surface modification and the control of the nanofiber diameter and alignment can provide a blueprint for engineering specific tissues [263].
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 36 Figure36shows some examples of CNF-based substitute biomaterials.
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 36 Figure 36. Substitute biomaterials made of CNFs: (a) Tubes with different dimensions made of

Figure 37

 37 shows high-performance composite hemodialysis membranes that include a two-tier composite structure with an ultrathin hydrophilic separation layer of chemically cross-linked polyvinyl acetate (PVA) and an electrospun PAN nanofibrous supporting layer. The optimized PVA/PAN membrane shows high permeability (~290.5 L/m 2 h at 0.1 MPa) and excellent selectivity. In hemodialysis simulation experiments, 82.6% of urea and 45.8% of lysozyme were cleaned and 98.8% of bovine serum albumin was retained by optimized PVA/PAN membranes [160].
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 37 Figure 37. High-performance thin-film nanofibrous composite hemodialysis membranes that
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 38 Figure 38. (a) Description of the fabrication of clay-cellulose nanopaper and of its oriented

  

  

  

Table 2 .

 2 Comparison of nanofiber spinning techniques (electrospinning and alternative spinning techniques or non-electrospinning techniques)[START_REF] Stojanovska | A review on non-electro nanofibre spinning techniques[END_REF].

	Methods

Electrospinning Non-electrospinning techniques Solution blowing /Air-jet spinning Centrifugal spinning

  

	Most influencing processing parameters	Viscosity Feeding rate Tip to collector distance Voltage	Viscosity Feeding rate Gas pressure Nozzle geometry	Viscosity Rotational speed Orifice diameter Evaporation rate	Polymer type Molecular weight Solvent properties Substrate speed
	Larg-scale production	Scalable	Scalable	Scalable	Scalable
	Producing aligned nanofibers	Possible	Possible	Possible	Possible
	Possibility of spinning Polymer Melt	Possible	Possible	Possible	Not Possible
	Voltage requirement	10-40 kV	Not required	Not required	Not required
	Production of				
	polymer/ceramic	Possible	Possible	Possible	Not Possible
	composite fiber				
	Production of core/shell nanofibers	Possible	Possible	Possible	Not Possible
	Possibility of				
	producing 3D	Possible	Possible	Possible	Possible
	nanofibrous structures				
					Drawing
					technique
	Nanofiber diameter	50 nm to 2 μm	50 nm to 3 μm	25 nm to 3 μm	100 nm to 3 μm
	Production rate	10 μL min -1	20 μL min -1	Up to 1 ml min -1 per nozzle	15-100 μL min -1

Table 4 .

 4 Comparison of solution electrospinning and solvent-free spinning techniques[131], For instance, in multi-jet electrospinning, the porous cylindrical tube is filled with a polymer solution and each hole inside the tube produces one jet, forming many fibers at the same time. Needleless electrospinning has been recently developed to overcome the limitations linked to the use of capillaries and needles (Figure13)[142]. In this technique, waves of an electrically conductive polymer solution selforganize at the mesoscopic scale and form jets when the electric field intensity is higher than a

	[132], [138], [139].					
				Solvent-free spinning techniques	
	Technique	Solution electrospin ning	Melt electrospin ning	Supercritica l CO2-assisted electrospin ning	Anion-curing electrospin ning	UV-curing electrospin ning	Thermo-curing electrospin ning
	Electrospun materials	Polymer solution	Polymer melt	Supercritica l CO2 soluble polymer	Anion-curing monomers	UV-curing monomers	Thermo-curing monomers
	Precursor utilization	<20 wt%	>90 wt%	<20 wt%	>90 wt%	>90 wt%	>90 wt%
	Solvent	Volatile organic solvent	No	Supercritica l CO2	No	No	No
	Solidificati on mechanism	Solvent evaporation	Heat transfer (cooling)	Solvent evaporation	Polymerizat ion reaction	Polymerizat ion reaction under UV radiation	Polymerizat ion reaction under thermal radiation
	Efficiency	Low	High	Low	Low	Low	Low
	Set-up	Simple	Simple	Complex	Complex	Complex	Complex
	Environme						
	ntally	No	Yes	Yes	Yes	Yes	Yes
	friendly						
	Modeling	Easy	Difficult	Difficult	Difficult	Difficult	Difficult
	Fiber diameter	50 nm -1000 nm	300 nm -10 µm	100 µm	1-2 µm	10 -20 µm 20 -60 µm
	Viscosity limitation	No	Yes	No	Yes	Yes	Yes

critical value. Nanospider electrospinning, which is based on a roller electrospinning set-up (power supply, tank, rotating electrode, collector and supporting material), is used for continuous production of nanofiber layers. Specifically, the roller spinning electrode is partially immersed in a tank of the polymer solution and the collector is at the top of the spinner

[142]

.

  Tissue engineering approaches typically require scaffolds, cells and biochemical cues (e.g., growth factors) and mechanical stimuli to create functional tissues. Compared to traditional implant/biomaterial surfaces, nanofiber scaffolds with a nanofibril framework are an exceptional system that can mimic the natural human tissue design at the nanometer scale[244]. The nanofiber small diameter closely matches that of natural extracellular matrix fibers, and its relatively large surface area favors cell attachment and bioactive factor loading[245]. Similar to extracellular matrices, nanofibers could be loaded with various bioactive agents to control their local concentration and diffusion. In restorative surgery, nanofibers are used as scaffolds for skin, and musculoskeletal (bone, cartilage, ligaments, and skeletal muscle) and neural tissues[246]. They are commonly used for the fabrication of artificial blood vessels and organs, biocompatible and biodegradable medical implants, medical diagnostic tools, fabrics for protection against environmental and infectious agents in hospitals, and cosmetic and dental material.

In scaffold fabrication, the pore structure must be finely controlled because it directly affects cell infiltration and nutrient supply. Nanofiber scaffolds with high fiber alignment display the desired mechanical properties and promote cell migration, orientation, and differentiation, compared with randomly-distributed nanofibers [247],

[248]

. Recently,

Nedjari et al. [249] 

2. Functional Materials for Smart Textile Nanofiber

  Militaries, firefighters, as well as law implementation and medical staff may require highlevel protection against[160] biological (e.g., bacterial spores, viruses) and chemical threats (e.g., nerve agents, mustard gas, and cyanides)[278]. Such protection should be effective in various environments (urban, agricultural, and industrial settings). Governments are putting extra resources to strengthen soldiers' safety on the battlefield[279][280][281]. Nanofibers can improve: (i) the detection (sensitivity and specificity) of chemical and biological warfare agents at very small concentrations (parts per billion); and (ii) the protection against threats through filtration and destruction by decomposition of dangerous toxins (e.g., aerosols, toxic volatile compounds, viruses, bacteria). Different strategies to design nanofiber surfaces to capture and decontaminate warfare agents are currently under investigation[282, 283]. Metal NPs (Ag,MgO, Ni, Ti, etc.) that can decompose warfare agents also can be embedded in nanofibers[284]. -based textiles and fabrics can have multifunctional properties and applications as warming and cooling materials, conductive textiles, communicating textiles, sensors and actuators, digital fashion, chromatic textiles[285, 286]. The high porosity and small pores of nanofiber mats offer good resistance to harmful chemical aerosols. Nanofiber technology can be used to improve the fabric performance (e.g., anti-bacterial properties, detoxification capability, waterproofing, and breathability) . For clothing, it also is important to be able to add different colors to the fabric. Colored solution electrospinning has been used to fabricate colorful and visually appealing nanofiber fabrics with various functionalities. In this method, powdered dyes can be dissolved or dispersed in the electrospinning solution or in the pre-formed polymer to produce stained nanofibers by electrospinning[287]. The as-spun colored fabrics and membranes have excellent level-dyeing properties and color stability. For instance, polyvinyl butyral/cationic dye membranes show good color uniformity and high hydrophobicity with potential applications in color printing and anticorrosive coating/painting[288]. However, this technique is laborious and inefficient, particularly in the case of nanofibers with high surface area and high light scattering ability [289],[290].
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Ongoing research suggests that "nanofibers offer new microscopic structures with the potential of enhanced SMP performance" [250][251][252]. Nanofibrous are used as drug delivery vehicles to induce a specific cell or tissue response [START_REF] Yoo | Surface-functionalized electrospun nanofibers for tissue engineering and drug delivery[END_REF]. They can be loaded with drugs using several methods [253],[254],[253]; however, with most of these techniques, the drug 'burst release' will lead to an initial high delivery rate, followed by a lower release rate. This may reduce the time during which the drug is released at effective doses. Coating the nanofiber surface with a polymer and altering the polymer composition may reduce the initial burst and extend the release time course [255]. Although biocompatible functional products, some of which might possess unique functionalities that are not available yet.
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