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Abstract: Nanofibers are one of the most attractive materials in various applications due to its 16 
unique properties and promising characteristics for next generation of materials in the fields of 17 
energy, environment, and health. Among the many fabrication methods, electrospinning is one of 18 
the most efficient technologies which brought remarkable progress to fabrication of nanofibers with 19 
high surface area, high aspect ratio, and porosity features. However, neat nanofibers generally have 20 
low mechanical strength, thermal instability and limited functionalities. Therefore, composite and 21 
modified structures of electrospun nanofibers have been developed to improve the advantages of 22 
nanofibers and overcome their drawbacks. The combination of electrospinning technology and 23 
high-quality nanomaterials via material science advances as well as new modification techniques, 24 
have led to the fabrication of composite and modified nanofibers with desired properties for 25 
different applications. In this review, we present the recent progress on the fabrication and 26 
applications of electrospun nanofiber composites to sketch a progress line for advancements in 27 
various categories. Firstly, the different methods of fabrication of composite and modified 28 
nanofibers have been investigated. Then, the current innovations of composite nanofibers in 29 
environmental, healthcare, and energy fields have been described and the improvements in each 30 
field were explained in detail. The continued growth of composite and modified nanofiber 31 
technology reveals its versatile properties that offer alternatives for many of current industrial and 32 
domestic issues and applications. 33 

Keywords: Electrospinning; nanofiber; composites; membrane; environment; health; energy  34 
 35 

1. Introduction 36 

Electrospun nanofiber technology has gained tremendous interest due to its versatility and the 37 
possibility to fabricate many designs and functionalities from various materials and strategies. In 38 
technical definition, nanofibers are fibers with diameters in the range of tens of nanometer to less 39 
than 1 μm. In other words, they have very high aspect ratio and are observed as one -dimensional 40 
materials. These features give them unique properties which can be applied to various applications. 41 
They also have unlimited assembling configurations and functionalities depending on the solution 42 
properties, environmental factors and technical variables [1]. Nanofibers are produced in various 43 
ways such as wet-spinning [2], dry-spinning or melt spinning [3,4], template synthesis [5], solution 44 
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blow spinning [6], and force spinning [7], but the most common and highly effective one is through 45 
an electrospinning (electrostatic spinning) technique, i.e., the fabrication of nanofibers using 46 
electrostatic forces [8]. Electrospun nanoscale fibers are mainly fabricated from polymer solution or 47 
polymer melts [9]. Though electrospinning has advanced rapidly in the past three decades, the 48 
technique itself and the fabrication parameters still need to be enhanced and improved to match 49 
commercial requirements. For example, obtaining clog-free electrospun nanofibers is still a challenge 50 
[9]. However, with technological advancements and extensive research, electrospinning technology 51 
has evolved from lab-made nanofibers to more advanced products. The extensive research has led to 52 
fabrication of nanofibers with increased strength, more controllable morphology (length, orientation, 53 
porosity, diameter, shape, size and alignment) and new functionalities [9]. One aspect for 54 
improvement would be the physicochemical characteristics of the nanofibers, by appropriately 55 
selecting basic materials to enhance porosity and durability. Nanofibers also generally have low 56 
mechanical strength because of their low crystallinity and random alignment and orientation [10]. 57 
The layering and thickness increment leads to formation of a nonwoven or membrane structure and 58 
enhances the functionalities of the nanofibers [10]. Nanofiber membranes are popular where 59 
electrical, mechanical and thermal properties and separation processes are required, due to their 60 
capacity to play the role as a host to immobilize nanoparticles, the role of adsorbent material for 61 
desired pollutants, mimic extracellular matrix for tissue regeneration, and as electrode for batteries 62 
and energy devices [9,11]. It also improves both separation and mechanical characteristics for 63 
applications like water purification, desalination [12], and removal of viruses, bacteria, and toxic 64 
metal ions from water. This is why many research groups are developing electrospun 65 
nanocomposites that can benefit from the properties of more than one material and, at the same time, 66 
can have the advantages granted by the nanoscale features [1].   67 

 68 

Figure 1. Various applications of electrospun nanofiber composites: environmental, health, energy, 69 
textile electronics, etc.  70 

Electrospun nanofiber-based composites are a growing type of materials that can provide 71 
different and diverse properties and functionalities. They have the advantage of polymers like being 72 
flexible, easy to fabricate, cheap, easy to mold, and lightweight [13,14]. In addition, the combination 73 
of various materials in the polymer matrix adds functionalities giving desirable mechanical and 74 
chemical characteristics of inorganic materials like high thermal stability and strength [15,16] and use 75 
of special polymers and metal nanoparticles can also render conductivity to the composite [17]. The 76 
selection of materials is highly important to achieve the desired functionality and complexity for 77 
various applications [10]. However, pristine nanofibers are limited in their functionalities, thus 78 
different techniques to modify the chemical composition and surface morphology of the ENFs have 79 
been developed. This include coating, decorating and functionalizing techniques using materials like 80 
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metals, nanoparticles, biomolecules, enzymes, carbon nanotubes, surfactants and polymers [18]. The 81 
post-treatment modifications can include functionalization of the nanofiber membrane outer surface, 82 
modification of the nanofiber structure, hot-press treatment [19], or development of thin film 83 
nanofiber composite membranes (TFNC) [16].  84 

To understand the limitations of electrospun composite and modified nanofibers and the 85 
development it has gone through, the process of its preparation and fabrication are addressed in this 86 
review. A quick check in the literature shows a sharp increase in studies about electrospun 87 
composites and modified nanofibers, especially in the past decade. The potential of electrospun 88 
nanofiber composites is enormous, but it needs more studies to integrate both robust performance 89 
and economy. This literature review describes the different applications of nanofiber composites with 90 
emphasis on the new application developments, knowing there is still a lot to be explored and 91 
improved. The advantages and disadvantages of electrospun composite nanofibers in various 92 
applications are discussed here in detail. Unlike other reviews, this review is more focused on 93 
composite and modified nanofiber materials (as opposed to pristine nanofibers) from their 94 
fabrication, material types, nanofiber structures, and multi-functionalities toward a wide range of 95 
applications including environmental, health, energy, textile electronics, and others (see Figure 1). It 96 
is hoped that this review would provide new insights on nanofiber composites and modification, and 97 
provide ideas for future research direction. 98 

2. Overview of electrospinning and electrospun nanofiber composites 99 

Electrospinning is a facile technique to fabricate ultrafine fibers with long length and narrow 100 
diameter. The electrospinning equipment consists of a syringe or capillary tube, serving as a container 101 
for polymer solution, a metallic needle (or spinneret) for jetting of solution, a high voltage power 102 
supply (10-60 kV), and a grounded collector for collecting nanofibers [20]. A high voltage power 103 
supply induces an electrical field between the polymer solution in a spinneret and the collector (e.g., 104 
rotating drum or a flat plate) separated by a suitable distance [21]. A peristaltic pump drives the 105 
solution from the needle and ejects the droplet at the tip of the needle, which is connected to a high 106 
voltage power supply that induces charge to the droplet [22,23]. The surface tension of the polymer 107 
solution is overcome by the electrical force, elongating the droplet and forming a cone, resulting in 108 
the ejection of a thin jet that stretches and further elongates due to the combination of charge 109 
repulsion and solvent evaporation [1,20,24]. This elongated thin jet then solidifies into fibers directly 110 
depositing onto a counter electrode collector [21,22]. In conventional way, the nanofibers are in the 111 
form of pristine fibers, where only one component polymer is used in the process. To add 112 
functionalities and to enhance the application of nanofibers, electrospun nanofiber composites and 113 
their modification are prepared and are usually approached in the following ways:  114 

1) Fabrication of mixed-matrix composite nanofibers (a solution containing polymer and 115 
dispersed inorganic fillers (e.g., ZnO, TiO2, carbon nanotubes, graphene oxide, etc.) ;  116 

2) Production of nanofibers utilizing two or more precursors and fabrication of core-shell 117 
nanofiber or a bi- or multi-component based composite nanofibers, and; 118 

3) Fabrication of polymeric nanofiber and then subsequent post-treatment of the surface to 119 
produce composite electrospun nanofiber. 120 

 121 
The desired design and morphology of the resulting nanofiber composites can be controlled by 122 

manipulating the electrospinning parameters (materials and processes), and also by the post-123 
treatment modification process [20]. Material parameters include properties of the polymer solution 124 
(molecular weight, viscosity, electrical conductivity, conformation of polymer chains, surface tension, 125 
and solvent type), while the process parameters include applied voltage, distance between the needle 126 
and collector, electrode geometry, rotating speed of the collector, feeding rate of the polymer solution, 127 
and the environmental conditions (temperature and humidity) [21]. The post-treatment modification 128 
includes dip-coating, hot-press treatment, layer-by-layer surface modification, plasma treatment, etc. 129 

There are many types of electrospinning configurations based on the type and design of the 130 
spinneret and collector (se Fig. 2). The spinneret can be single or multi-spinneret, or co-axial and tri-131 
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axial design. Other configurations use needle-less set-up [25,26]. Variations can also be in the number 132 
of nozzles and based on the nature and number of axial units (co-axial, mono-axial and multi-axial). 133 
Single nozzle equipment is used for easily soluble solutions and multi-nozzles have the advantage 134 
for large fiber production and multi-component production [22,27].  In the case of different types of 135 
collectors (e.g., parallel plate, drum collector, plate collector, cocoon and disc collector), the choice 136 
depends on the application associated with the fabricated nanofiber [22]. For example, disc collector 137 
with high rotational speed can be used for the fabrication of aligned nanofibers.   138 

 139 

Figure 2. Various kinds of electrospinning set-up for nanofiber fabrication: (a) conventional one-140 
nozzle solution electrospinning; (b) dual or multi-nozzle; (c) Side-by-side electrospinning, and; (d) 141 
melt electrospinning. 142 

Another electrospinning system, which is designed for potential mass production, is critical 143 
bubble electrospinning. In this method, electrospinning starts from multiple points on the surface of 144 
a single bubble, and nanofiber threads are fabricated simultaneously. As shown in Figure 3, a gas 145 
pressure creates bubbles on the surface of a solution container, which is connected to a high voltage 146 
supply. Raising of the surface of the solution in the bubble causes the nanofibers to commence jetting 147 
toward the collector surface. Accurate voltage and gas pressure are crucial parameters to create a 148 
bubble in its critical point,i.e., the point where the bubble is in its bursting state. In this point, the 149 
solution thickness on the bubble surface is in its minimum value and the surface tension can be 150 
overcome by applied electrical force to eject jets [28]. 151 
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 152 

Figure 3. Photographic image and schematic of a Critical bubble electrospinning system [28]. 153 

Electrospinning has the advantages of providing high level of fabrication flexibility to control 154 
the nanofiber microstructure, arrangement, and diameter, and also benefits from the option of wide 155 
material selection, easy incorporation of additives, straightforward process, and a practical way to 156 
generate nanostructures [29]. However, electrospinning has deficiency for providing functional 157 
groups on the surface for some special applications and, therefore, post-electrospinning modification 158 
(chemical or physical post treatment) is essential to decorate the membrane surface with desired 159 
nanoparticles to increase its active sites and functionality. Physical modifications have usually poor 160 
performance, therefore, chemical methods like grafting, hydrolysis, oxidation, aminolysis and cross-161 
linking are being used [18]. Other strategies for modifying electrospun membranes using 162 
nanotechnology are layer-by-layer deposition, molecular imprinting, sol-gel technique and atomic 163 
deposition, which provide functional coating of different materials on the surface of nanofiber 164 
membranes. In many cases, a composite structure wherein nanofibers are imparted with additional 165 
properties are used so as to expand its properties and potential use. 3D nanofiber structures have also 166 
garnered increasing research due to their potential applicability in tissue engineering and even for 167 
filtration [30]. The 3D structure can be fabricated by sequential electrospinning for a long time to 168 
increase the thickness of the scaffold. Another way is via a gas-foaming technique, wherein the 169 
fabricated nanofibers are exposed to special gases that make them swell and expand to form a low 170 
density, sponge like structure. Bioactive inorganic nanoparticles can be integrated to form nanofiber 171 
composites and provide additional functionalities, which are especially interesting for biomedical 172 
applications. The next section gives details of the various approaches of producing nanofiber 173 
composites. 174 

 175 

3. Types of electrospun nanofiber composites  176 

3.1. Electrospun mixed-matrix nanofibers and nanocomposite membranes 177 

Mixed matrix nanofibers use inorganic materials mixed into a polymer solution for nanofiber 178 
formation [31]. In other words, mixed matrix nanofibers have a polymeric matrix and use inorganic 179 
particles (usually inorganic particles with high porosity) as dispersed fillers, combining the 180 
properties of inorganic fillers and organic matrix, resulting in improvement of overall properties (Fig 181 
4a) [32,33]. The nanofiber composites are usually non-woven and in the form of membranes, which 182 
in this case are generally known as mixed matrix membranes (MMMs). MMMs have the advantage 183 
of possessing the physicochemical stability of ceramics and the easy formation of polymeric 184 
materials, on top of high resistance to fouling, high thermal, chemical and mechanical strength, wider 185 
pH and temperature range, and high permselectivity [34,35]. Nanoparticles can be self-assembled 186 
within the polymer matrix via a condensation and hydrolysis reaction of inorganic precursors [36]. 187 
Physical blending of nanoparticles can also produce nanocomposite membranes, wherein it requires 188 
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dissolution in a solvent or melt mixing to disperse the inorganic nanoparticles in the dissolved 189 
polymer. However, uniform dispersion is hard to obtain using this method [36]. The incorporation 190 
of nanoparticles into polymer matrices can also be done by hot press techniques. Nonetheless, both 191 
hot press and phase inversion techniques have the challenge of uniform distribution and dispersion 192 
of the nanoparticles in/on the membrane [36].   193 

3.2. Thin-film nanofiber composite and hybrid membranes 194 

Thin-film nanofiber composite (TFNC) membranes have multiple layers: a support layer, one 195 
non-woven nanofiber middle layer, and a top layer as a barrier (Figure 4b) [37]. This design has been 196 
tested in membrane separation processes, wherein the nanofiber layer is utilized as a support 197 
structure. TFNC membranes can also incorporate a polymeric nanofiber support matrix with nano-198 
sized inorganic fillers such as titanium dioxide, silica, nanoclays, and zirconium dioxide, which have 199 
shown improved properties of the membrane for ionic conductivity and water retention [38].  200 
Hybrid nanofiber-based membranes refer to membranes that are made up of two or more layers of 201 
either all nanofiber layers or a combination of nanofibers and casted or polymerized layers. For the 202 
hybrid fabrication process, successive electrospinning (two nozzles, co-axial and rotational) of two 203 
or more polymers has been the common method to use due to its simplicity, speed and cost 204 
effectiveness [39,40]. This results to a build-up of nanofiber layers on top of each other that may have 205 
different properties, such as the production of Janus nanofiber membranes (i.e., two sides of the 206 
membrane have different wettability). However, hybrid membranes can suffer from delamination 207 
due to the incompatibility of the various layers.  208 

                    209 

                       (a)                                          (b) 210 

 211 

                                             (c) 212 

Figure 4. (a) Mixed matrix nanocomposite, (b) Hybrid nanocomposite, and (c) Surface-functionalized 213 
nanocomposite membranes. 214 

3.3. Surface-functionalized nanofiber composites 215 

Surface functionalization offers high binding affinity, improved separation performance, and 216 
increased loading capacity to overcome the challenge of binding and compatibility of nanoparticle 217 
with the polymer matrix [41]. Surface-functionalized nanofibers have the advantage of having 218 
covalently attached immobilized molecules, therefore avoiding them to be easily separated from the 219 
surface over an extended period of time (Figure 4c). Nonetheless, partial inactivation can occur to the 220 
immobilized molecules in the situation that active sites are being chemically modified [42]. Methods 221 
to modify the surface of nanofibers with cell recognizable ligands and bioactive molecules  include 222 
wet chemical method, surface graft polymerization, hot pressing, plasma treatment, and co-223 
electrospinning [42]. These methods chemically and physically modify the surface of the membranes 224 
to obtain superb functionalities [42].  225 
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Plasma treatment modifies the chemical composition of the surface to tailor wetting properties 226 
and surface adhesion of the membrane without affecting the bulk characteristics [18]. The appropriate 227 
selection of plasma allows the introduction of functional groups to improve biocompatibility or to 228 
allow various bioactive molecules to be covalently immobilized on the target surface [42]. However, 229 
plasma treatment cannot effectively modify the surface of nanofibers that are located at the core of 230 
the membrane due to the penetration limit of the plasma [42]. After plasma treatment, it is possible 231 
to add chemically reactive functional groups, however, it often results in difficulty in acquiring 232 
surface functionalization with just one group of functional groups. Also, it generates several reactive 233 
species on the surface, limiting its specificity [18]. Through partial hydrolysis of polyester films under 234 
basic or acidic conditions, one study showed that wet chemical method can offer surface modification 235 
to modify surface wettability or add new functionality for thick nanofiber membranes. In partial 236 
hydrolysis, the duration of the process and the concentration of the hydrolyzing agent determine the 237 
effectiveness of the functional groups on the surface without drastically changing the bulk property 238 
[42,43]. Tiraferri et al. demonstrated that the increase in hydrogen bonding sites in the membrane 239 
surface results in maximized interfacial acid-base forces. Therefore, water molecules having tightly 240 
bonded interfacial layer with high orientation and slow dynamics are formed [44]. Since most 241 
biodegradable polymers retain their hydrophobicity, surface graft polymerization can be used to 242 
transfer hydrophilicity to the surface and for the introduction of multi-functional groups by covalent 243 
immobilization of bioactive molecules [45]. Surface grafting is the process where a polymer or other 244 
chemical chain grows by chemical linkage on electrospun nanofiber substrate [46]. It commences with 245 
UV radiation and plasma treatment, leading to the creation of free radicals, which are used in  the 246 
polymerization process [42]. 247 

Another method for improving hydrophilicity is by chemical cross-linking, which stabilizes the 248 
nanofibers with the promotion of coupling and bonding reactions between polymer chains [47]. 249 
Electrospun nanofibers can also be modified by surface coating or physical vapor deposition, which 250 
refers to an electrospun membrane surface being coated with a thin inorganic film to increase surface 251 
conductivity. This modification method includes heating, evaporation, and deposition. However, 252 
since the method is limited to inorganic coating, the attachment of active groups is not durable [48]. 253 
Thermal treatment is another way to modify the nanofiber membranes, which can enhance the 254 
mechanical properties and structural integrity via the formation of fused fibrous structures. 255 
However, this treatment can cause damage on the fiber after prolonged treatment [18,48]. Co-256 
electrospinning technique is an attractive way to functionalize the surface by one-step 257 
electrospinning process. With the use of co-axial nozzle, a solution containing functional groups is 258 
placed at the sheath layer of the co-axial nozzle, thus directly exposing the functional polymer 259 
segments and nanoparticles to the surface of the nanofibers during fabricaiton [49].  260 

3.4 Electrospun ceramic nanofiber composites 261 

Ceramics are composed of different metallic materials, although many non-metallic and 262 
biomaterial compounds can be treated to become ceramic materials. Ceramics are usually composed 263 
of oxides, sulphides, carbides, or nitrides, and most of them have a crystalline structure. Ceramics 264 
are formed from anions and cations, which high attraction forces that give outstanding physical and 265 
chemical properties [23].  They are widely used in different applications (surgery and dental 266 
implants, catalysts, supports, sensors, etc.) and the fabrication of nano-based ceramic material is in 267 
high demand for the production of highly-efficient materials [50]. Electrospun composite ceramic 268 
nanofibers (ECCNFs) are a special type of ENFs that have the characteristics of the ceramic materials 269 
including high mechanical, thermal, and chemical resistance, catalytic and photocatalytic activity but 270 
in the form of nanofibers  (i.e., with high aspect ratio, high surface area, high porosity, low density, 271 
controllable fibre parameters, and cost-effective). ECCNFs can be used in various industrial 272 
applications like air filtration (especially in high-temperature or corrosive condition), water 273 
treatment, catalytic and photocatalytic activities, and so on [51].   274 

Ceramic nanofibers are usually fabricated by the sol-gel and using polymer reagent routes. 275 
Polymeric solutions containing precursors are electrospun, and afterwards, the nanofibers go 276 
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through chemical conversion or thermal treatment for synthesis of ceramic nanofibers. Ceramic 277 
nanofibers can be improved with hydrothermal, carbothermal, and pyrolysis post treatment [23], 278 
wherein the post-treatment procedures can affect the structure and dimension of the ceramic 279 
nanofibers [24,47]. Calcination at high temperature under air oxidizes the polymer functional groups, 280 
and step-by-step removes all parts of the polymer [52]. The presence of the oxygen in air then 281 
proceeds to the conversion of ceramic particles to oxides. Pyrolysing in an inert atmosphere (N2 or 282 
Ar) changes the polymer structure to carbon and graphite structure, which increases the adsorption 283 
ability of the nanofibers [53]. In this state, ceramic particles react with N2 and increases the nitrides 284 
in the nanofiber structure. Calcination with a high heating rate breaks the nanofibers, thus production 285 
of continuous ceramic nanofibers is not possible [20,54]. In one study, niobium-lithium-silica-PVP 286 
nanofibers with an average diameter of 760 nm were fabricated using a coaxial electrospinning 287 
method. After calcination, the nanofiber sizes reduced to almost half the original diameter, which is 288 
attributed to the removal of volatile parts of the nanofibers, and remaining parts reacted with each 289 
other, shrink and form new tighter and denser structures [55].  290 

The concentration of the ceramic precursors and polymer should be adequately controlled to 291 
produce continuous ceramic nanofiber with a desirable diameter. High ceramic precursor 292 
concentration increases the diameter of the nanofibers and low concentration of ceramic causes 293 
breaking of the nanofibers in the calcination step [23,56]. A new method has been introduced to 294 
incorporate ceramic or metallic nanoparticles in CNFs. In this method, after electrospinning of the 295 
solution, nanoparticles are electrosprayed on the surface of the nanofibers. Then through the 296 
calcination process, the nanoparticles are stabilized and homogenous surface-treated electrospun 297 
ceramic nanofibers are fabricated. In addition, carbonization step increases the porosity of the 298 
nanofibers and enhances the nanofiber surface area [50,53]. In one study, ZnO/In2O3 electrospun 299 
composite ceramic nanofibers were fabricated using a co-electrospinning technique [57]. The 300 
fabricated nanofibers were then calcined at different temperatures to determine the calcination 301 
temperature effect on the morphology of the nanofibers. The diameter of the nanofibers halved after 302 
the calcination process. In this study, different nozzle-collector distances were set and results showed 303 
that very small distance between nozzle and collector makes a bad arrangement of nanofibers on the 304 
collector, due to low drying time for nanofibers. Investigation on the feed rate showed that it should 305 
be adjusted to an optimum value. They observed that low flow rates break the nanofibers and high 306 
flow rates eject big droplets and create beads on the nanofibers. Applied voltage impact analysis 307 
revealed that high-voltage produces more homogenous nanofibers, but large defects are formed in 308 
some points of the nanofibers. So, the quality of the nanofibers is more verified at a voltage near the 309 
lower ejection point at minimum applicable voltage [57]. 310 

In another work, electrospun ceramic nanofibers were fabricated using a non-isothermal 311 
method. In this study, colloidal silica (CS) and tetraethyl orthosilicate (TEOS) were electrospun and 312 
calcined at 1000 ֯C to prepare the ceramic nanofibers, which when compared to common silica 313 
nanofibers has lower crystallinity, smaller grain size and more grains [58].  Yang et al. [59] also 314 
prepared triaxial core-shell nanohybrids using the electrospinning process for biomedical and drug 315 
delivery application. Three solutions were used comprising the outer solvent, a middle non-316 
electrospinnable solution (dilute cellulose acetate(CA)), and an inner  (core) electrospinnable 317 
solution ( ibuprofen-gliadin solution). The diameter of the triaxial system can be controlled by the 318 
adjustment of CA solution. In vitro experiments showed an initial burst release of the drug, which is 319 
controlled by the coating of CA. This coating helped the slow release of the drug for long period of 320 
time (30 days), which is suitable for moderate drug release for antibiotic activities [59].  321 
 322 

4. Applications of electrospun nanofiber composites 323 

4.1 Environmental applications 324 

4.1.1. Membrane separation and water purification 325 
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Electrospun nanofiber composite membranes have attracted increasing interest in recent years 326 
for their application in membrane separation, desalination, water and wastewater treatment, oil-327 
water separation, and adsorption. In the separation technology, the membrane performance is mainly 328 
based on their flux and selectivity [60,61]. High separation performance together with mechanical 329 
and chemical resistivity properties can affect the functionality and applicability of the membrane for 330 
industrial usage [62]. The high surface area, porous structure, and controllable pore sizes make 331 
electrospun nanofiber (ENF) membranes suitable for water-related applications [63,64]. Though 332 
pristine nanofiber membranes have shown decent performances, the nanofiber composite structures 333 
where additional properties and functionalities are provided to the membrane make them better 334 
versions. The nanofiber composites are either used as stand-alone, as support layer, or as hybrid 335 
materials for many membrane-based processes such as microfiltration, membrane distillation (MD), 336 
ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO)[65,66]. 337 

Nanofibers have average pore sizes betwee 0.1 micron to a few microns, which are the usual 338 
range for microfiltration membranes. Due to its wider pore size distribution, it cannot be used directly 339 
for brine treatment but it can be used for pre-treatment, agricultural applications, removal of viruses 340 
and bacteria, etc. [67,68]. Many researchers have suggested different methods to overcome low 341 
mechanical strength of the ENFs, like using support layer, co-axial spinning, co-spinning, 342 
incorporation of nanoparticles, adjusting the solution parameters, etc. Single nozzle or two-nozzle 343 
electrospinning technique can be used for the production of supported nanofiber composite 344 
membrane for MF application. Liu et al. [69] fabricated electrospun composite nanofibers produced 345 
from PVDF-hexa-fluoropropylene (HFP) copolymer, coated with CuO nanoparticles for MF 346 
application. PVDF/HFP copolymer nanofibers showed superb flexibility and mechanical properties 347 
(6.7 MPa and 67% elongation at break). The coating of CuO nanoparticles was found to significantly 348 
enhance the hydrophilicity of the membrane, whereas in the treatment of wastewaters containing 349 
polystyrene microspheres (about 300 nm diameter) the membrane showed high flux (2360 L/m 2h) 350 
and about 99.9% separation efficiency. In another study, Alias el al. fabricated composite hollow fiber 351 
membrane for purification of oilfield wastewater. In this study, polyacrilonitrile/graphitic carbon 352 
nitride (PAN/GCN) composite nanofibers were produced using electrospinning of the solution on 353 
the alumina hollow fiber membrane collector [70]. The electrospun composite nanofibers coated the 354 
surface of the hollow fiber and increased hydrophilicity and porosity of the membrane surface. 355 
Coated nanofibers have photocatalytic activity, which can degrade the oil droplets trapped on the 356 
membrane surface under UV-light and decrease membrane fouling. The combination of these two 357 
properties can dramatically improve the oil/water separation characteristic of the membrane with a 358 
low fouling problem. Furthermore, this method was an adequately cost-effective and high 359 
performance for a long period of time. The water treatment experiments were performed according 360 
to Figure 5. The results determined that the high flux (640 L/m2h) and high rejection efficiency (99%) 361 
after 3 h filtration can be obtained [70]. 362 

 363 

(a)                                 (b)   364 

Figure 5.  Schematic of (a) electrospinning setup for nanofiber-coated Alumina membrane 365 
fabrication, and (b) crossflow membrane filtration setup [70]. 366 
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 367 
Nanofiber composites have been also been widely investigated in many emerging desalination 368 

technologies such as membrane distillation (MD) and forward osmosis (FO). In MD, a hydrophobic 369 
membrane is used as a separation layer between a hot feed and cool permeate. The driving force is 370 
the partial vapor pressure difference brought about by temperature difference across the membrane 371 
[71,72]. MD technology is not entirely new, but it has regained much interest in the past three decades 372 
due to improvement in module design and materials development. However, commercial uptake of 373 
MD is still limited due to inadequate membranes and relatively higher energy requirements if waste 374 
heat or renewable energy is not used. The membrane utilized for MD these days are not specifically 375 
designed for MD, thus they suffer from low flux and wetting problem. A suitable membrane for MD 376 
application should be hydrophobic, porous with a narrow pore size distribution, adequate porosity, 377 
and good wetting resistance so that it can efficiently separate water and vapors [73]. Different 378 
research groups have focused on modifying membranes to enhance their efficiency using dual 379 

layering and the production of superhydrophobic, omniphobic, and Janus membranes [64,74] . 380 
Nanofibers used in MD technology reported to have improved salt rejection and permeate flux for 381 
the desalination process [11]. However, pristine nanofiber membranes have been reported to suffer 382 
from membrane wetting due to lack of hydrophobicity, big pore sizes and less surface functionalities. 383 
Thus many groups have attempted to improve the pristine nanofiber properties by preparing 384 
composite membrane structures based on surface modification (e.g., plasma or UV light treatment) 385 
and incorporation of nanomaterials, that, can provide additional functionalities [12,75-79]. In these 386 
methods, functional groups are added and surface roughness is enhanced to increase hydrophobicity 387 
and consequently the liquid entry pressure (LEP).For example, Li et al. [78] fabricated a Si-PVDF 388 
electrospun  composite nanofiber membrane with superhydrophobic surface. The electrospinning 389 
process was performed at a voltage of 25 KV, collector speed of 500 rpm, nozzle-collector distance of 390 
15 cm, nozzle diameter of 0.37 mm, and fluid flow rate of 5 µl/min. the produced membrane has 391 
fabulous mechanical and chemical properties and can tolerate harsh thermal, corrosion, and 392 
mechanical conditions and showed high gas permeability through gas separation experiments. The 393 
membrane was examined in a MD setup, and due to having very low surface energy and high surface 394 
hydrophobicity, high vapor flux was obtained for long term duration. The combination of both 395 
mechanical and chemical resistivity and separation performance makes Si-PVDF electrospun 396 
composite nanofiber as a good candidate for economic MD systems [78].  397 

Deka et al. [80] fabricated a brilliant superhydrophobic nanofiber composite membrane for MD 398 
application with water contact angle of about 170֯ , high surface roughness, high flux and stability for 399 
long-period operation (7 days), and LEP of 129 kPa in very saline water by electrospraying of aerogel-400 
PDMS solution on the PVDF- hexafluoropropylene electrospun nanofiber membrane. Also, different 401 
types of SiO2 nanoparticles were embedded in electrospun PVDF nanofiber membrane to add 402 
roughness and achieve superhydrophobic condition (contact angle > 150o) and narrow pore size 403 
distribution in the range of 1.2 -1.4 µm. The membranes were used in the MD system, and results 404 
showed superb performance for water treatment process (34 LMH and 99.9% salt rejection) [81]. Guo 405 
et al. [82] fabricated a new superhydrophobic electrospun nanofiber composite membrane, which has 406 
high regeneration capability and high efficiency in water treatment using MD technology.  407 
PVDF/TEOS/TiO2 nanofibers were first fabricated by electrospinning, and then, ferrate solution was 408 
sprayed on the nanofibers via the electrospraying technique (see Fig 6). The membrane was capable 409 
of decreasing membrane fouling and increasing desalination efficiency. The derived salt rejection and 410 
dissolved organic carbon removal for the fabricated membrane were over 99%. The regeneration 411 
procedure was simply performed by water flushing and experimental results revealed that the water 412 
contact angle reached to more than 150o, and the membrane maintained its superhydrophobicity 413 
properties after regeneration [82]. 414 
 415 
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Figure 6. (a) Fabrication procedure of TiO2 electrospun nanofiber by the electrospinning-418 
electrospraying process, and (b) SEM image of the prepared membrane (b) [82].  419 

 420 
The rough surface of nanofiber membranes provides hydrophobicity, and with some 421 

modifications, can even lead to omniphobic surfaces that are promising for treating challenging 422 
wastewaters. Omniphobic membranes are designed with re-entrant surface morphology with low 423 
surface energy, thus they have the ability to resist wetting from both water and low surface tension 424 
fluids, which is attractive for use in MD [115][83-85]. As electrospun nanofibers already possess rough 425 
surface due to their overalapping layers, many studies utilized the nanofiber morphology and further 426 
modify them to have re-entrant structures and lower surface energy by coating process, or by 427 
incorporation of hydrophobic/modified nanomaterials, or by surface treatment. Although 428 
hydrophobicity of liquid side of the MD membrane is a key factor for its efficiency, the other side of 429 
the direct contact MD (DCMD) membranes needs a hydrophilic characteristic to easily absorb water 430 
and condense water vapors [73]. Janus membranes refer to membranes with two sides having 431 
different wetting properties, that is, one side is hydrophilic, while the other side is hydrophobic. They 432 
best work on DCMD configuration [86,87]. Electrospinning has been used to fabricate Janus 433 
membranes, by either wholly-electrospun nanofiber configuration, or by combination of 434 
electrospinning and casting or modification processes. For the former design, hydrophobic polymer 435 
is first electrospun and then followed by hydrophilic polymer. Most often, the hydrophilicity or the 436 
hydrophobicity of both layers of nanofibers can be enhanced by either adding hydrophilic or 437 
hydrophobic nanoparticles in/on the nanofibers in the form of composites. The main issue with this 438 
Janus nanofiber composite membrane structure is the tendency of delamination as the two layers do 439 
not usually react well with each other. In one study [88], a superhydrophobic electrospun nanofiber 440 
PVDF was modified by silanized SiO2 nanoparticles for MD application. The other side of the 441 
membrane surface was coated with Ag nanoparticles and carboxylated MWCNTs. This resulted in a 442 
Janus membrane with superhydrophobic-hydrophilic characteristics. The modified membrane 443 
showed more than 99.8% salt rejection and its long-time fouling results halved compared to that of 444 
the neat membrane [88]. A tri-layer nanofiber composite membrane could also be fabricated to 445 
enhance the flux and fouling performance of MD.  446 

Elmarghany et al. utilized this design and strategy to prepare porous nanocomposite with PES-447 
CNTs as the middle layer, and both sides were coated with electrospun PVDF-HFP copolymer 448 
incorporated with CNTs (PVDF-HFP/CNTs) [89]. The results showed that compared to single PVDF-449 
HFP/CNT layer nanofiber membrane, the DCMD performance has enhanced due to the porous 450 
middle layer [89].  Shirzad Kebria et al. [90] fabricated a hydrophobic electrospun nanofiber 451 
membrane produced from polycondensation reaction of hydroxyl groups and carboxyl groups of 452 
boehmite and nitrilotriacetic for air gap MD (AGMD) application. The modified electrospun 453 
composite nanofiber membrane increased water contact angle from 129֯ to 139֯, with water flux of 11 454 
kg/m2h and 99.9% salt rejection after 15 h AGMD test [90]. Wang et al. [91] reported a two-layer 455 
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PEI/PVDF membrane using the electrospinning method to produce an anti-oil-fouling membrane for 456 
MD process. The membrane was cross-linked by ethanediamine (EDA), and the surface was 457 
functionalized for the anti-oil-fouling application. The oil contact angle was underwater tested, and 458 
results showed high oil contact angle (more than 140o) for the modified membrane. The experimental 459 
results showed that the adhesive force between oil and water remained very low during the extended 460 
underwater test, which explains its applicability for the treatment of oilfield wastewater, using the 461 
MD method. The potential of nanofiber-based membranes and composites for MD is attractive and 462 
gaining much attention in the last decade. However, the long-term operation of nanofiber composite 463 
membranes is still an issue due to the relatively bigger pore sizes and wider pore size distribution. 464 
When fabricating a nanofiber membrane composite, there is a need to ensure that nanomaterials 465 
incorporated should be exposed to the surface to impart functionalities like roughness and increased 466 
hydrophobicity, but many of the studies have limitations on this due to the use of only blending 467 
method. Instead, a co-axial electrospinning process could potentially help in this aspect, but more 468 
studies need to be done to ensure the robustness of the nanofiber composite membranes for long-469 
term MD operation.Nanofiber composites have also been used for FO application usually as a porous 470 
support layer to reduce the internal concentration polarization. FO uses natural osmotic pressure 471 
difference through a semipermeable membrane to obtain water from a dilute solution and convert it 472 
into a concentrated one [92]. The middle layer of FO membranes needs to be highly porous for water 473 
to pass through. Compared to nanofiltration (NF) and reverse osmosis (RO), FO generally has lower 474 
energy use  and fouling propensity[93]. However, it has not been developed on a large-scale 475 
operation yet due to limitations in membranes as well as process parameters [92,94]. For FO, thin-476 
film composite membranes (TFC) are mostly used because of their superior permselectivity. The 477 
active layer and support of the membranes can be separately designed, favoring improvement in the 478 
properties of the membrane [92]. Phase inversed middle layer is commonly used, but it suffers from 479 
internal concentration polarization. To improve the structural parameter, nanofibers can be used as 480 
a middle support layer for FO membrane as it can reduce the mass transfer resistance due to its high 481 
porosity and interconnected structure. However, the main issue is the delamination potential of the 482 
active layer when synthesized on top of the rough nanofiber surface. Still, many research groups have 483 
demonstrated good FO nanofiber composite membranes taking into account the improvement in 484 
structural parameters. Pan et al. [92] prepared a PA/PAN-electrospun TFC (ETFC) membrane where 485 
PAN (polyacrylonitrile) nanofiber acted as support and PA (polyamide) as the active layer, and no 486 
backing layer was used for FO–MD hybrid wastewater treatment process. The PAN laminated 487 
nanofiber support had high hydrophilicity, flexibility, and improved mechanical strength. Compared 488 
to commercial FO membranes, the PA/PAN-ETFC membrane showed an improved water flux. The 489 
results in the FO–MD hybrid system with the fabricated membrane showed a 99.8% rejection ratio, 490 
which indicates the potential for efficient pollutant treatment of wastewater [92]. In another study 491 
[93], a nanofiber thin film composite membrane (NTFC) was synthesized to improve the membrane 492 
performance during the process of FO. The NTFC was made from polysulfone (PSF), an ideal 493 
polymer with excellent mechanical, thermal and chemical resistance and low cost. Since it is a 494 
hydrophobic polymer, a hydrophilic PAN polymer and an ultrathin polyamide layer was added to 495 
improve its hydrophilicity. The resulting PSF/PAN membrane demonstrated improved fiber 496 
structure and strength due to its multi-chain sheets, a desirable outcome for TFC-FO membranes. The 497 
increased hydrophilicity showed higher water flux. In general, the synthesized NTFC membrane 498 
showed a higher water flux (97.12%) than the TFC conventional membrane (95.35%), demonstrating 499 
the feasibility of the polymeric blend for FO membranes [93].  500 

Adsorption, a surface-based process, is used to selectively adhere molecules, atoms, and ions 501 
onto a material surface usually with high surface area. It is considered the treatment choice for low 502 
concentration pollutants to its low cost, easy regeneration, simple design, manageable operation and 503 
effectiveness properties [95,96]. However, adsorbent materials have an issue with aggregation thus 504 
immobilizing them into a support structure is considered [95]. The high surface area of nanofibers 505 
make them good candidates for adsorption processes, either as primary adsorbent or as support 506 
structure [11]. However, pristine nanofibers usually lack functional groups for selective adsorption, 507 
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thus many of the nanofiber-based materials for adsorption is designed for be surface-modified 508 
nanofibers or as nanofiber composites. Liu et al. [97] produced electrospun composite nanofibers of 509 
PVA and PAN via two-nozzle electrospinning method. The PVA nanofiber (thicker nanofiber) played 510 
the role of the skeleton support and PAN nanofiber (thinner nanofiber) as the functional structure. 511 
The composite membrane demonstrated a high water flux and high Cr adsorption of 133 mg/gr, 512 
which is much higher compared to commercial adsorbents. In addition, the grafting has increased 513 
the mechanical properties of fabricated membrane[97]. Another study utilized nanofiber composites 514 
for organic dye removal in wastewaters[98].  Electrospun composite nanofibers were prepared 515 
composed of sodium alginate (SA), which were cross-linked with calcium chloride (CaCl2), 516 
glutaraldehyde vapor (GA), and trifluoroacetic acid (TFA)[99].  Using methylene blue (MB) as 517 
model organic dye, the results demonstrated a maximum adsorption capacity of 2230 mg/g for CaCl2 518 
cross-linked SA membranesand can maintain the efficiency even for five cycles.  Another report 519 
[100] prepared poly(arylene ether nitrile) (PEN)/graphene oxide (GO) electrospun composite 520 
nanofibes modified by polydopamine (PDA) and used it for dye removal. PEN supporting layer 521 
provides stability and high-water flux, while PDA-GO skin layer enhances the antifouling ability and 522 
successful barrier for dyes. After multi-run, the resultant PEN/GO-PDA nanofiber composite 523 
membrane indicated enhanced reusability and high efficiency with low feeding pressure, exhibiting 524 
high rejection (99.8%), andpermeate flux of 99.7 L/m2 h (0.1 mPa, pH = 3.0) for Blue 14 dye. The good 525 
thing about the nanofiber structure design is that it can easily be adapted to selectively adsorb some 526 
specific dyes while maintaining the integrity and robustness of the nanofiber membrane. The 527 
challenge in its design is on how to effectively expose the added nanoparticles on the nanofiber 528 
surface while making sure that they are also embedded strongly so as to prevent nanoparticle 529 
leakage. Homaeigohar et al. utilized a nanofiber support for immobilizing TiO2 nanoparticles to 530 
photocatalytically degrade dye pollutants from wastewater. The incorporation of TiO2 nanoparticles 531 
significantly increased the wettability of the nanofibers that led to extended contact of nanofibers and 532 
pollutants. The composite nanofiber mats obtained 95% removal of methylene blue via synergistic 533 
adsorption and photo-UV photodegradation processes.   534 

As wastewater treatment has turned into a vital issue, the removal or elimination of heavy 535 
metals has become an important task to protect the environment and human health. Karim et al. [101] 536 
demonstrated the use of electrospun polyvinyl alcohol (PVA) and chitosan (Chi) for the removal of 537 
Pb(II) and Cd(II) ions from wastewater samples. The PVA was used to improve the poor 538 
electrospinning ability of chitosan, which is excellent for metal ion adsorption because of its polar 539 
side residues. The blend enhanced the electrospun nanofiber characteristics and uniform nanofibers 540 
membranes were produced [101]. The fabricated composite membrane showed a large number of 541 
active sites for interaction with Pb(II) and Cd(II) ions, resulting in effective adsorption of the ions.. 542 
The maximum adsorption capacities for Pb(II) and Cd(II) were 266 mg/g and 148 mg/g, respectively 543 
showing successful removal efficiency[101].  544 

Nanofiber membranes have become an attractive option for the separation of oil from other 545 
components because of its ability to absorb and reuse. Oily wastewater damages health, ecological 546 
balance, and the environment, creating the demand for efficient technology to separate oil and water. 547 
The technologies developed to remove oil take a high amount of time, have low eff iciency, high 548 
energy cost and can cause secondary pollution. The most common treatment methods are pressure-549 
driven separation or gravity and adsorption [102]. The second one, based on superwetting 550 
membranes, has become interesting due to its simple operation and high separation efficiency for 551 
immiscible oil/water mixtures and emulsions [102]. Nanofiber membranes have shown to be highly 552 
absorbent especially with their high surface area, successfully separating oil from water in a short 553 
time while having a recycling potential [11]. Fouling, caused by the adsorption of the oil, is the main 554 
problem in oil-water emulsion separation, which blocks the pores and decreases the flux [98].  Li et 555 
al. (2018) prepared electrospun nanocomposite nanofibers of poly (vinyl alcohol-co-ethylene) (PVA-556 
co-PE)/SiO2 nanofiber with superhydrophilic and oleophobic characteristics coated on the 557 
polyamide/PVA-co-PE nanofibers as substrate. The fabricated composite nanofibers were tested for 558 
the oil-in-water emulsion and oil/water separation. The nanofibers addition increased SiO2 559 
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nanoparticles ability to form film and bond. Also, the nanofiber composite coated membrane has the 560 
benefit of environmental friendliness, lower cost, and high throughput [102]. Furthermore, the 561 
surface of produced membranes was observed to be uniform and continuous. From the various 562 
oil/water mixture separation by gravity, the membrane demonstrated high separation performance. 563 
The results, in general, indicate good oil/water separation performance of coated composites 564 
membranes, suggesting potential application for industrial oil/water separation [102]. Wang et al. 565 
[96] prepared TiO2 coated PAN nanofiber membrane. The acquired TiO2/PAN-Si electrospun 566 
composite nanofiber demonstrated a good superoleophobicity, superhydrophilicity, and self -567 
cleaning property for application in the separation of oil-water emulsion. The emulsion separation 568 
performance was evaluated and results demonstrated that the drop size and oil type has direct 569 
influence on the separation performance. Fouling was found in separation of soybean oil because of 570 
the smaller oil drop size, nonetheless, it can be eradicated by UV irradiation. After five cycles, the 571 
TiO2/PAN-Si membrane flux can be fully recovered, showing good performance with the highest flux 572 
of 200,000 L m−2h−1bar−1 [96]. Table 1 shows a summary of various nanofiber composites used for 573 
membrane separation and water purification. 574 

 575 
Table 1. Nanofiber composite membranes used for membrane separation and water purification 576 

applications.   577 

Main Modification Method Application Ref 

PH PFTES-tio2 Coating MD [103] 

PVDF/PES  Three layer DCMD [74] 

PA/PAN  Supported TFC FO-MD [92] 

Psf /PAN   FO [93] 

PAN TiO2  Oil-Water separation [98] 

PVA-co-PE SiO2 Supported Oil-Water separation [102] 

Chitosan/PV

A 
Zeolite Incorporation 

Heavy metal 

adsorption 
[95] 

PEN GO/PDA Incorporation Adsorption [100] 

PVA Chitosan  Adsorption [101] 

Mgal-EDTA LDH-PAN Intercalation Adsorption [104] 

PAN Ag,CuO,ZnO Incorporation Antibacterial [105] 

ATP GO Intercalating Molecular separation [106] 

PSF/PVDF  Dual layer MD [107] 

PH TFCS-TiO2 Incorporation MD [108] 

PH/PAN  Dual layer MD [109] 

PSU PDMS Coating MD [110] 

PI FAS-SiO2 Coating MD [111] 

PP/PVA  Dual layer MD [112] 

PH FTES-CNTs Incorporation MD [113] 

PH FTES-CNTs Incorporation MD [114] 

PH CNTs Incorporation MD [115] 

PVDF MOF Higher MD [116] 

PH-FTES CNT Incorporation MD [117] 

Sio2 SiO2 Incorporation MD [118] 

PH PDMS Coating MD [119] 

PH PVDF-PDMS Coating MD [120] 
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PVDF SiO2 Incorporation MD [121] 

FTES-tio2 PH  MD [122] 

SBS  Single needle MD [123] 

PS  Single needle MD [124] 

PVDF FTCS-TiO2 Coating MD [125] 

PEI PMO Incorporation MD [126] 

PH PVDF Coating MD [127] 

PVDF SiO2 Incorporation MD [78] 

PH FAS Coating MD [128] 

PAN-CNT TiO2-NH2 Incorporation Photocatalytic [129] 

PAA  Incorporation Adsorption [130] 

Tio2 SiO2 Incorporation Photocatalytic [131] 

Nylon 6 Ppy Incorporation Adsorption [132] 

PAN-CNT TiO2-NH2 Incorporation Adsorption [133] 

ZnO CuO Incorporation Photocatalytic [134] 

PAN GO Incorporation MF [135] 

Chitosan PMMA Incorporation MF [136] 

PAN 
PVA-

glutaraldehyde 
Two nozzle MF [137] 

PES/CNT PcH/CNTs Triple layer MD [138] 

Polystyrene  Electroblowing technique MD [139] 

PVDF−HFP PDMS/PVDF Spin-spray MD [140] 

PVDF PTFE  MD [141] 

PVDF Polypropylene 
Facile vacuum filtration 

method 
MD [142] 

PVDF Polyester  MD [102] 

PVDF SIO2  MD [81] 

PVDF-sio2 Ag-MWNT Coating MD [88] 

PTFE/PEO  Hollow fiber coating MD [143] 

PVDF HB-Den-NTN Polycondensation MD [90] 

Polysulfone  Heat Post-treatment MF [67] 

PVDF TiO2 Spin-Spray-DAF MD [82] 

PVDF PDMS Faacile dip coating VMD [144] 

PVDF GO Incorporation VMD [145] 

YSZ/Silica  Sol-gel MF [146] 

 578 
4.1.2 Air filtration 579 

Air pollution is a major issue for many countries in the world. The presence of particulates, 580 
volatile organic compounds (VOCs), mineral powder, carbon, bacteria, etc. in the atmosphere can be 581 
inhaled by people andendanger their health, thus, it is necessary to filter out these pollutants [11,130]. 582 
Using nanofiber membranes as filter materials have some advantages compared to other filters made 583 
of activated carbon and fiberglass. Nanofibers have high surface to volume ratio, low resistance and 584 
controllable size, resulting in high performance for permeability and selectivity. The high surface 585 
area also provides many active sites for to decorate functional materials that could enhance the 586 
overall affinity of the membrane to filter pollutants [130]. However, due to the ultrafine structure of 587 
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nanofibers and small pore sizes, there is a challenge for big pressure drop which can affect the 588 
filtration performance for long term operation. Some groups utilized a multilevel structured 589 
approach to lessen the pressure drop but still maintain high filtration efficiency. Electrospun 590 
nanofibers can also be decorated with materials that can provide antibacterial properties.  In a 591 
previous study, Bortolassi et al. [147] explored the design of uniform PAN nanofiber filter decorated 592 
with Ag nanoparticles. The resultant nanofiber composite filter demonstrated low pressure drop, 593 
thereby allowing the air to pass through easily. The addition of 1 wt% AgNO3 in PAN solution was 594 
enough for the filtration membrane to perform great antibacterial activity and filtration efficiency. 595 
This report suggests that Ag/PAN nanofiber membranes can be used for wide air filtration 596 
applications, even in large scale production [147]. Huang et al.  [148] fabricated poly(ε-597 
caprolactone)/polyethylene oxide (PCL/PEO) electrospun composite nanofiber using electrospinning 598 
and solvent vapor annealing (SVA) methods. The SVA treated the surface of the nanofibers and 599 
improved the efficiency of the nanofibers for capturing PM2.5 aerosols from highly polluted test 600 
conditions (80% removal efficiency). High-porosity (96%) Ce-W-TiO2/PVA electrospun composite 601 
nanofibers were successfully fabricated using the electrospinning-calcination method for NOx-SCR 602 
catalytic reactions. This reaction is performed to prevent pollutant gases to enter air, which are 603 
formed during car combustion process. The catalytic performance of the nanofibers was analyzed 604 
and results showed that due to high porosity and unique morphological structure, the nanofiber 605 
composites were stable (>120 h)with high reusability [149]. Table 2 shows some studies utilizing 606 
nanofiber composite membranes for air filtration application.  607 
 608 

Table 1. Various electrospun nanofibers used in air filtration. 609 

Main Modification Fibre diameter (nm) Porosity % Remarks Ref 

PLA 
 

150-300 87 Low pressure drop [150] 

PAN Ag 250 96 Excellent antibacterial activity  

High nacl removal efficiency 

Wide range of particle filtration 

[62] 

PAN  200  High PM2.5 Removal efficiency [151] 

PA-6 
 

150 
 

High PM2.5 Removal efficiency [152] 

PU 
 

120 
 

High PM2.5 Removal efficiency [153] 

PA-6 PAN 272 
 

High filtration Efficiency [154] 

PVC PU 960 10 High filtration Efficiency [155] 

PAN PU 175 83 Superhydrophobic [156] 

PAN Sio2 600 70 High filtration Efficiency [157] 

PCL PEO 2000 
 

High mechanical Stability [148] 

 610 

4.2 Biomedical and healthcare applications 611 

Electrospun nanofibers have been widely investigated in the field of biomedical and tissue 612 
engineering due to its interesting properties and versatility to be designed into various morphologies 613 
such as non-woven form, aligned nanofibers, core-shell structure, and hybrid nanocomposites. In 614 
tissue engineering, scaffolds are used to supply support to regenerate damaged tissues. The unique 615 
characteristics of electrospun nanofibers such as loose structure, high porosity and superb flexibility 616 
can mimic the extracellular matrix (ECM) for cells to grow, thus it has attracted great attention for 617 
use in tissue engineering. Besides, most polymers including biodegrable and bio-compatible 618 
materials can be electrospun, which is perfect for this application [11]. Generally, pristine nanofibers 619 
have the needed morphology and structure for tissue engineering, but lack functionalities that can 620 
enhance cell growth, thus many of the investigated nanofiber scaffolds have incorporated 621 
nanomaterials such as carbon-based materials, ceramic (like hydroxyapatite, and some drugs. 622 



Membranes 2020, 10, x FOR PEER REVIEW 17 of 39 

 

[30,158,159]. 3D nanofiber scaffolds provide condition for better attachment of single cells and tissues 623 
and also for cell-cell interactions, which is one of the most important parameters for regulating cell 624 
cycles and functions in tissue engineering. Some strategies for 3D nanofiber scaffold fabrication 625 
include multilayer electrospinning, folding or stacking 2D fiber films, using a 3D collecting template, 626 
or self-assembly [30]. Composite nanofiber scaffolds containing materials similar to the mineral 627 
component of natural bone, like hydroxyapatite, are also being used in bone surgeries to mimic 628 
natural bone regeneration. Composite nanofibers with collagen have been used for skin trauma to 629 
improve cell attachment and proliferation. The electrospun nanofibers also can be used for delivery 630 
of drugs at a controlled rate for accelerating tissue regeneration or having antibacterial influence. In 631 
this way, the desired material is slowly released to have a long term and uniform influence on the 632 
tissue.  633 

Nanofibers can be used as substrate material for some biomaterials that are fast degraded. For 634 
example, gelatin, which is a congener protein of collagen, has been used as biomaterial but has fast 635 
degradation, and its high hydrophilic surface makes it inappropriate as the base material [160]. Thus, 636 
a based material such as polycaprolactone (PCL) can be used to serve as bse material for gelatin. Ren 637 
et al. prepared electrospun PCL/gelatin hybrid nanofiber scaffold for potential application as guided 638 
bone regeneration (GBR) membranes. The use of gelatin in the membrane showed improved cell 639 
viability and wettability for better proliferation and cell adhesion. The tested nanofiber membranes 640 
showed cell viability >80% indicating nontoxicity and supporting cell proliferation, making it a 641 
promising candidate for GBR membranes. Also, the two macromolecules (PCL/gelatin) are easy to 642 
get, cheap and biomedically safe [160]. Facile electrospinning fabrication can also add some drugs 643 
that can be designed for controlled release.  Rezk et al. [161] fabricated a composite nanofiber scaffold 644 
made of poly(vinyl alcohol)- poly(vinyl acetate) (PVA-PVAc) and loaded with simvastatin superficial 645 
layer to get an improved osteogenesis process through the continuous release of the drug. [161]. PVA 646 
is biologically friendly and has elasticity, flexibility, proper mechanical properties, nontoxicity, 647 
swelling ability and biodegradability. However, its instability in water limits its use for drug delivery 648 
applications. Therefore, PVA was crosslinked with bio-compatible and biodegradable (PVAc) having 649 
hydrolysable groups. A simvastatin drug was loaded into the blended solution of PVA-PVAc to 650 
promote the regeneration of bone [161] and results showed good bioactivity, inducing the 651 
precipitation of bone-like apatite minerals on its surface, and successfully simulated physiological 652 
conditions for cell growth [161].  Carbon-based nanomaterials have also been used as filler materials 653 
for nanofiber scaffolds such as graphene oxide. Nalvuran et al. used reduced graphene oxide (RGO) 654 
(0.5%, 1.0% and 2.0%) and silk fibroin (SF) on a composite nanofiber membrane for evaluating its 655 
potential on tissue regeneration. Incorporated RGO promoted thermal and mechanical stability in 656 
the membrane while silk fibroin (SF), a biopolymer, provides biocompatibility, morphologic 657 
flexibility, permeability, and biodegradability [162]. In addition, the produced composite (RGO-SF) 658 
nanofibers showed better cell viability and were hemocompatible [162]. Cellular studies revealed 659 
potential of composites to reinforce spreading, proliferation and attachment of cells, mostly due to 660 
the surface topography [163].  661 

Electrospun nanofibrous dressings have high surface-to-volume ratio, allow gas permeation, 662 
help regulate wound moisture, enhance tissue regeneration, promote removal of exudates, and high 663 
porosity, which makes them ideal for wound healing. Previous studies have shown low 664 
inflammatory reaction and fast re-epithelization with the use of nanofiber-based wound dressing 665 
[11]. Nanofibers prove different possibilities for drug delivery applications, as they can be 666 
structurally designed to contain drug molecules and release them in a controlled way. The 667 
mechanism for drug release is related to the drug desorption from the nanofibers’ surface and 668 
subsequent diffusion in the pores of the web [11,164]. Their small pores also help lower infection by 669 
limiting microorganisms’ entrance to the wound [165]. Various types of polymers have been 670 
investigated to analyze their applicability for wound dressing. Poly(lactide-co-glycolide) (PLGA) is 671 
a biocompatible and biodegradable polymer that is available in a wide molecular weight range and 672 
has recently been used in some clinical and research activities as a carrier for drug delivery purposes. 673 
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Fabrication of antimicrobial drug-loaded PLGA-based electrospun nanofiber is a promising material 674 
for wound dressing applications [165].  675 

Garcia-Orue et al. [165] prepared an electrospun composite nanofibrous membrane using PLGA 676 
aloe vera (AV) extract with lipid nanoparticles (NLC or nanostructured lipid carriers). Aloe vera has 677 
been used for wound healing due to its antifungal, anti-inflammatory, hypoglycemic and 678 
antibacterial preventing wound infection. As for NLCs, they were added to the PLGA/AV 679 
formulation to incorporate lipid content that avoids adhesion to the wound [165]. The nanofiber 680 
composite dressings demonstrated similar results for effective wound healing, which indicates a 681 
promising strategy for chronic wound treatment [165]. Microbial growth affects the healing rate in a 682 
wound and is altered by the environment of wound beds. As an important aspect, wound dressings 683 
need to last longer before replacement and need to heal wound rapidly Bacterial infection delays the 684 
wound healing process, therefore, antimicrobial agents for wound dressings are demanded [166]. 685 
Jaganathan  el al. [167] used polyurethane (PU) polymer and copper sulphate as an antimicrobial 686 
agent to fabricate an antimicrobial nanofiber wound dressing. PU is commonly used due to its oxygen 687 
permeability, good barrier properties, has tunable chemical and excellent mechanical properties, 688 
good biocompatibility and can be designed to degrade in a biological environment. The properties 689 
such as mechanical strength, swelling ratio and cell adhesion that aid in wound healing application 690 
made PU a good candidate for such applications. Copper is a chemically stable, low toxicity metal 691 
having antimicrobial properties [167]. The electrospun PU-sulfate copper nanocomposite 692 
demonstrated a hydrophilic nature favoring wettability and proliferation and fibroblast adhesion for 693 
new tissue growth. However, nanocomposites had smaller fibers and pore diameter in comparison 694 
to pure PU. Copper sulphate addition increased the mechanical strength and surface roughness. 695 
Coagulation assays showed blood compatibility by demonstrating extended blood clotting time 696 
compared with pure PU. A less toxic nature for PU-sulfate copper membrane was proved by 697 
enhanced cell viability and low hemolytic index compared with the PU membrane [167].  698 

Bredigite-polymer electrospun nanofibers have been widely studied to investigate its 699 
applicability in wound dressing activities. It has been used as a scaffold in some studies, but results 700 
revealed that while the bioactivity of the composite nanofibers improved, low dispersibility and high 701 
agglomeration of nanoparticles decreases the efficiency of prepared electrospun nanofibers [168]. In 702 
another attempt, bredigite (Br) nanoparticles have been modified by an organosilane coupling agent 703 
to increase its dispersibility [168]. The SEM results depicted that modified BR nanoparticles were 704 
widely dispersed in the body of the nanofibers without any agglomeration (Figure 7). Also, the 705 
mechanical and biodegradation rate of the scaffolds dramatically improved after BR-modification.  706 

 707 

Figure 7. Schematic illustration and SEM images of PHBV nanofibers containing 15% of a) BR and b) 708 
T-BR nanoparticles [168]. 709 
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 710 
The use of composite nanofibers has demonstrated great potential for biomedical applications. 711 

Nonetheless, effective elaboration of well-blended composite fibers is a great challenge at molecular 712 
level because of poor miscibility between polymers and ceramic particles ending up in poorly 713 
blended composite with weak mechanical strength and incontrollable material properties [169]. 714 
Chitosan (CS) and polycaprolactone (PCL) blends have shown biocompatibility, stability and 715 
mechanical strength in biomedical studies, representing ECM tissue with an excellent framework for 716 
proliferation, differentiation and adhesion. Chitosan has versatile biological characteristics, while 717 
PCL has mechanical but lacks cell recognition sites and affinity due to its hydrophobicity. By 718 
appropriately blending, PCL-CS/MgO composites have the benefit of incorporating the favorable of 719 
PCL with CS without needing chemical crosslinking to maintain their desirable mechanical 720 
properties and structure [169]. A summary of the various nanofiber composites for biomedical and 721 
healthcare sectors is listed in Table 3.  722 
 723 

Table 3. Applications of modified and composite nanofibers in biomedical and healthcare sector.  724 

Main Modification Application Remarks Ref 

Silk PEO Scaffolds 
+ good performance 

+high strength 
[170] 

PCL Gelatin Guided bone regeneration 

+High wettability 

+Nontoxic 

+cheap 

[160] 

PVA/PVAc PCL-CA-TCP 
Bone regeneration and 

drug release 

+Biocompatible 

+High cell attachment 

- low wettability 

[161] 

RGO Silk fibroin Tissue regeneration 

Supported cell viability 

Hemo compatible 

-Loss of mass at 100C 

[162] 

PU Graphene Tissue regeneration 

+ electroconductivity 

+ Nontoxic 

+high mechanical property 

[163] 

PLGA 

Nanostructur

ed lipid 

carriers 

Wound dressing 
+high wound healing 

+easy handling 
[165] 

Chitosan 

Silver and 

Cinnamaldeh

yde 

Wound dressing 

+ improved antimicrobial activity 

+ noncytotoxic behavior 

- low stability 

[166] 

Chitosan-PU Silver Dental barrier membranes 

+ Biocompatible 

+ antibacterial 

+cheap 

[171] 

PVA ZnO Medical gown 

+ high strength 

+ self-cleaning 

+ UV and bacteria blocking 

[172] 

MgO PCL-CS Biomedical 

+ good Cell viability 

+ cheap 

+ toxicity at high ph 

[169] 
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PLA- 

poly(butylene 

carbonate 

GO Antibacterial applications 
+ high antibacterial performance 

+Uniform GO distribution 
[173] 

Chitosan PEO/silica 
Bone 

Regeneration 

+ High biocompatibility 

+ cytocompatible in bone-forming 
[174] 

Potato starch PVA Wound Healing 

+ promoted fibroblast cellular 

proliferation 

+ good wound healing 

[175] 

PVA CNT-AgNP Wound Healing +  durable antibacterial activities [176] 

PVA Nio/zro2 
Bone Tissue 

Engineering 

+ High aspect ratio 

+ Green processing 

+ Dental and bone tissue 

application 

[177] 

PMMA - 
Active 

Packaging 

+ High good water resistance 

+ non-toxic fabrication 
[178] 

PLGA  Pharmaceutical Industries 
+ good in-vivo results 

+ high crossing efficiencies 
[179] 

PCL  Drug Delivery 
+ high drug loading 

+ long-time drug release 
[180] 

PLLA  Regenerative Medicine 
+ high bone regeneration 

+ sufficient water solubility 
[181] 

Gelatin  Tissue Regeneration 
+ Precise mapping 

+ efficient self-powered 
[182] 

Starch  Tissue Engineering 
+  water sensitive 

+ high mechanicalproperty 
[183] 

Collagen  Tissue Engineering 
+ favorable crosslinking 

+ structurally stable 
[184] 

PLGA-

curcumin 
 Drug Delivery 

+ wound-healing activity 

+  antioxidant and anti-

inflammatory properties 

[185] 

PCL–chitosan  Tissue Engineering 
+  excellent cellular infiltration 

+ no calcification or aneurysm 
[186] 

PHBV–gelatin  Tissue Engineering 

+ useful carrier for tissue 

engineering 

+  milieu supporting 

[187] 

Hydroxyapatit

e 
 Tissue Engineering 

+ effectively supported 

proliferation of MG-63  

+promoted biomineralization 

+High mechanical strength 

[188] 

PVA/alginate-

bioglass 
 Tissue Engineering 

+ high hydrophobicity 

+ High porosity 
[189] 
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Polyurethane 

(PU)–dextran–

estradiol 

 Wound Dressing +  proper for skin regeneration [190] 

PLGA–tussah 

silk–graphene 

oxide 

 Drug Delivery; Tissue 

Engineering 

+ accelerated mesenchymal stem 

cells differentiation 

+ improved Mechanical properties 

[191] 

Polycaprolacto

ne 

Hydroxyapat

ite 
Scaffolds 

+ good Osteoblast activity 

+ good Osteoblast viability 
[192] 

Eggshell 

Hydroxyapat

ite and 

Poly(lactic) 

Acid 

Tissue Scaffold 
+ increase thermal properties 

+ high mechanical strength 
[193] 

Polycaprolacto

ne 

Hydroxyapat

ite and 

Rifampicin 

Drug 
+ good cytocompatibility 

+ enhanced antibacterial property 
[194] 

PAN ZnO-Ag Antibacterial 

+ simple and cost-

effective method 

+ high antibacterial functionality 

[62] 

PHBV  Bredigite 
Bone Tissue 

Engineering 

+ improved mechanical 

performance 

+  improved bioactivity 

+ appropriate for bone tissue 

engineering 

[168] 

PCL Tio2 Antimicrobal 
+ superior antibacterial property 

+ good bioactive properties 
[195] 

PCL/Chitosan Sr-cap Bone Regeneration 
+ higher ALP activity level 

+ Better matrix mineralization 
[196] 

PHB-CTS Alumina Bone Tissue Engineering 

+ high Tensile strength 

+ Hydrophilicity and surface 

roughness 

[197] 

PVP 

Silicon 

Oxycarbide  

Doped Ag 

Antibacterial Activity 

+ good antibacterial activity 

+ suitable permeability 

 

[198] 

 725 

4.3 Energy and sensor application 726 

The energy sector has for years been investigating and improving its technology in order to 727 
provide cleaner, and cost-effective energy. Nanofibers are part of the improvement of the different 728 
energy technologies. Nanofiber membranes have been used as catalyst to provide high activity, high 729 
durability and high poisoning resistance for fuel cells, and can be utilized as electrodes for lithium 730 
ion batteries to improve its capacity and performance [11]   731 

For improvements of proton exchange membrane fuel cells (PEMFC), it is crucial to develop an 732 
ionomer membrane that attains high proton conductivity and low permeability for gas while 733 
maintaining high thermal, chemical and mechanical stability, low deformation and low cost. Due to 734 
high surface area and controllable characteristics, nanofibers can be used as proton exchange 735 
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membranes where filler materials are added or can be hybridized with other materials to provide the 736 
needed functionalities of the membrane. Perfluorosulfonic acid membranes (Nafion series) were 737 
usually used as PEMs. However, its high cost, serious proton conductivity reduction at high 738 
temperatures, high methanol permeability, and poor dimensional stability are reasons for 739 
considering other alternatives [199]. Wang et al. used electrospun SiO2 nanofibers decorated with 740 
biofunctionally amino acid molecule chains (cysteine, serine, lysine, and glycine) to build efficient 741 
proton-conducting amino acid channels. [199]. Overall results showed significant improvement of 742 
the composite membranes as PEMs in dimensional and thermal stability, methanol permeability, 743 
water uptake, and proton conductivity. The best proton conductivity was shown by the Nafion-744 
cysteine membrane, while the best methanol permeability and dimensional stability was 745 
demonstrated by Nafion-glycine. However, Nafion-glycine also showed the lowest proton 746 
conductivity and water uptake due to the lowest number of hydrophilic groups among the amino 747 
acids used (see Figure 8) [199].  748 

 749 

 750 

Figure 8. a) Conductivity and b) permeability (methanol) results of various nanofiber composites 751 
[199]. 752 

Lithium-ion batteries (LIBs) are used for energy storage in many portable electronic devices like 753 
digital cameras, laptops, mobile phones, and communication equipment due to their high operational 754 
voltage, high energy density, low self-discharge rate, and long cycling life. The separators in batteries 755 
are used to prevent physical contact between the cathode and anode and maintain liquid electrolyte 756 
for rapid transport of ions, important to the battery`s safety [200]. Poly-olefin microporous 757 
membranes are usually used as Li-ion separators but suffer from disadvantages such as low porosity, 758 
poor electrolyte wettability, and inferior thermal stability, limiting the performance of the battery. 759 
Aromatic polyimides (PIs) have been proposed as alternative material as they possess great chemical 760 
resistance, superior mechanical properties and good thermal stability. Kong et al.  [200] prepared 761 
nanofiber membrane using fluorinated polyimide (FPI) showing some advantages compared to its 762 
non-fluorinated analogue like high polarity that enabling greater affinity toward polar liquid 763 
electrolyte. The thermo-crosslinking procedure for FPI regulates the pore sizes and improves 764 
mechanical strength, gives outstanding electrolyte uptake, and thermal stability. On top of that, the 765 
battery fabricated with FPI separators showed remarkable cycle performance and rate capacity with 766 
the benefit of preventing penetration and growth of dendritic lithium.  767 

Generally, polymer electrolytes are made of solid polymer electrolytes (SPEs) and gel polymer 768 
electrolytes (GPEs). GPEs can result in short circuit, explosion, overheating, and insufficient capacity 769 
due to the polymer meltdown at high temperature. To reduce the risk and avoid this problem, 770 
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polymer skeletons must have good thermal stability [201]. Wang et al. (2018) improved GPE 771 
performance by electrospinning a PEI nanofiber membrane incorporating halloysite nanotubes 772 
(HNTs) [201]. The HNT/PEI composite nanofiber GPE membranes showed high ionic conductivity, 773 
good thermal stability, good affinity between the electrolyte and the nanofibers, low interfacial 774 
resistance and electrode and superior electrochemical performance while fulfilling requirements of 775 
high-performance batteries. However, interfacial resistance seemed to rise because of agglomeration 776 
of HNTs caused by the hydroxyl groups in the membrane surface [202].  777 

The unique properties of electrospun nanofibers like electrochemical activity and large surface 778 
area make them highly desirable for use in electrochemical energy devices such as supercapacitors. 779 
Many materials in the form of nanofibers such as carbon, metal sulfides, and nanocomposites have 780 
been utilized as electrodes for supercapacitors. They are also prepared in various architectures such 781 
solid, core-sheath or hollow designs. For example, carbon nanofiber electrodes can be prepared by 782 
carbonizing polymer precursors such as PAN and polyimide at high temperature under inert 783 
atmosphere. A wide variety of nanofiber designs and morphologies have been tested and promising 784 
results as supercapacitor electrodes have been obtained. However, further tuning of the properties of 785 
the nanofibers such as its architecture and morphology as well as composition optimization is still 786 
needed to enhance the overall performance. 3D nanofiber structure is said to be a good design that 787 
enables a shorter diffusion pathway for the electrolytes. One is referred to a comprehensive review 788 
by Lu et al. [203] of the potential of electrospun nanofibers and their challenges for supercapacitor 789 
applications.   790 

Flexible and wearable electronics are currently in high demand because of their foldability and 791 
stretch-ability. Energy devices that are flexible can store or convert energy by bending repetitions, 792 
folding or stretching without loss of performance, with high potential in wearable and portable 793 
electronics like touch screens, wearable sensors, military garment devices, and biomedical devices 794 
[204]. Electric power generators that are power-based are highly desirable because of their comfort 795 
and light to wear. The devices can be designed for low strain levels, soft fiber and high fatigue 796 
resistance. Piezoelectric nanomaterials can be integrated with composite polymer and fibers. 797 
However, the challenge is the development of a durable and flexible electrode for electric power 798 
wearable generators produced by the kinetic energy of human motions [204]. As an example, a 799 
nanogenerator with silver-coated polyamide electrodes incorporated with piezoelectric fabric of 800 
NaNbO3 nanowires and PVDF composite nanofibers was “sandwiched” and survived without failure 801 
after at least 1,000,000 compression cycles. The randomly-oriented electrospun nanofiber membrane 802 
can be used without extra poling treatment in a piezoelectric power generator to generate several 803 
volts [204]. Bairagi et al. [205] fabricated flexible nanogenerators from solution melt of PVDF polymer 804 
and 4 wt% KNN nanorods using an electrospinning technique. The prepared nanogenerator showed 805 
high dielectric constant of 175. This generator has capability for production of 3.7 V and 0.326 μA. 806 
These values are adequate for using in portable electronic gadgets as high-efficiency power sources. 807 

For sensor applications, electrospun nanofibers have been used due to the flexibility in material 808 
selection, ease in incorporating active agents, and the possession of high surface area to volume ratio. 809 
Sensors of this type are more sensitive than electronic type, depending on the selected material [204]. 810 
Textile sensor polymer-based have the advantage of being adaptable to shape and surface, and are 811 
portable. The incorporation of nanoparticles in/on the nanofiber is one of the main techniques to 812 
enhance the sensor capability of the composite material. Guan et a. [206] utilized cholesteric liquid 813 
crystal (CLC) nanoparticles immobilized in polyvinylpyrrolidone (PVP) nanofibers to provide 814 
temperature-response properties. Results indicated good temperature response between 25-60oC 815 
giving promising application for optical and thermal sensors. Another way is through the production 816 
of piezoelectric nanofibers. In a study by Chinnappan et al., different piezoelectric electrospun 817 
nanofibrous materials for production of self-powering wearable electronic textiles have been 818 
reported. They designed a one-step nano-generator based from PVDF. They evaluated the 819 
piezoelectric properties of the fabricated composites with results showing improvement in 820 
piezoelectric properties of nanofibers by the induced change in crystalline structures and showing it 821 
can be used as wearable electronic textiles. Also, incorporating the nanofiber layer with electrodes 822 



Membranes 2020, 10, x FOR PEER REVIEW 24 of 39 

 

within the structure improved the output of electricity by 1 volt [204]. Andre et al. [207] produced a 823 
novel electrospun ceramic nanofiber sensor for detection of very low concentration of NH3 (44 ppb 824 
in response time of 17 s) with high accuracy respect to other nitrogenated compounds from 825 
combination of IN2O3-reduced graphene solution mixture. Metal oxides fibers are widely used as gas 826 
sensing materials due to their electrical, thermal, and mechanical properties. The accuracy of the 827 
sensors directly depends on the morphology and available surface area of the fibers . Therefore, 828 
electrospun nanofibers can bring a tremendous opportunity to improve the gas sensing capacity of 829 
the metal oxides by preparing of 1D nanofibers having very high aspect ratio, and large scale and 830 
cost-effective production capabilities. Khalil et al. have fabricated electrospun nickel oxide nanofibers 831 
for using in gas sensing industry. Results demonstrated that the special morphology of electrospun 832 
nanofibers leads to faster and more complete resistance recovery [208]. SnO2 electrospun nanofibers 833 
were also fabricated for hydrogen gas sensing at low temperatures and obtained the highest response, 834 
resulting to favorable accuracy for working in low-temperature environments [209]. 835 

 836 
 837 

5. Conclusion and outlook 838 

The potential of electrospun nanofiber composites has been highlighted in this review, showing 839 
many applications of this structure in different fields. The facile fabrication, high surface area and 840 
controllable morphology and structure of electrospun nanofibers provide vast opportunities for 841 
functionalization, incorporation of fillers and modification to enhance the overall properties of the 842 
nanocomposites. There have been enormous development in the fabrication, modificat ion and 843 
applications of electrospun nanofiber composites, however, most of this have been in the academic 844 
aspect, while commercial and large-scale applications are still not widely adopted [10]. Nonetheless, 845 
the potential of nanofiber composites is still enormous, with many less explored applications in 846 
agriculture, food packaging and formulation [25]. Nanofiber composites have the flexibility to 847 
enhance or limit nanofiber properties to either improve performance or achieve a specific activity. 848 
However, there are still various challenges that need to be addressed to fully scale up the nanofiber 849 
composites. Nanofibers in the biomedical field has been widely investigated, and new directions now 850 
are on the incorporation of drugs for controlled-drug delivery or coated with nanoparticles as anti-851 
bacterial nanofiber coating or for photocatalysis. The main challenge though is on how to make sure 852 
that filler materials are exposed to the surroundings while maintaining a firm hold on the nanofiber 853 
substrate to avoid dislodging. There is also exponential growth in research studies for water-related 854 
applications, especially those utilizing membrane separation processes. However, still the issue of 855 
surface chemistry and low mechanical strength are on-going challenges that need to be addressed. 856 
When nanofibers are used as support layer, there is an issue of potential delamination of the top 857 
active layer due to the rough surface of the nanofiber and the difference in material properties. The 858 
big and wide pores of nanofiber composite membrane may also lead to wetting issues in membrane 859 
distillation. The energy generation and storage device field has also seen rising uptake of nanofiber 860 
composites and it has shown great strides in performance improvements. However, enhancement in 861 
nanofiber architecture design and composition optimization are still needed.  862 

Perhaps, the greatest challenge still faced by nanofiber composites is the mass production 863 
capacity. There are many companies that offer lab-scale set-up for electrospinning, which can 864 
produce sample sizes from A4 paper size to even more than 1 m2 size. However, the industrial 865 
upscaling of nanofibers especially in its nanocomposite forms is rather limited and is still in 866 
development stage although some companies like Elmarco (https://www.elmarco.com/) and Fnm Co. 867 
(http://en.fnm.ir/) can supply industrial level capacity electrospinning device, with some 868 
modifications from the conventional single needle spinneret design. Muti-spinneret electrospinning 869 
for mass production may be good but it can undergo unstable jets due to the proximity of jets, leading 870 
to non-uniform fibers. Rotating drums or needleless spinning could be used but may suffer from non-871 
uniform fibers especially for nanofiber composites where filler nanoparticles or functionalization 872 
steps are added. Most of the industrial application are for air filtration including nanofiber facial 873 

https://www.elmarco.com/
http://en.fnm.ir/
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masks but high-temperature nanofiber filters and battery separators have also been reported to have 874 
large production capacity (~2,000 m2/day) [210]. Some companies in biomedical field have also started 875 
using electrospun nanofibers such as Nicast (http://nicast.com/)and Xeltis (http://xeltis.com/). Nicast 876 
has fabricated a vascular access for hemodialysis using nanofibers while Xeltis use electrospun 877 
nanofibers for blood vessel or heart valve fabrication for cardiovascular restoration. The continuous 878 
development of new electrospinning device with high throughput will eventually led to the mass 879 
production of nanofiber composites in the future.   880 
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