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ABSTRACT: Purpose of this novel review article is to unfold the current scientific worth of high performance
polymer nanocomposite nanofibers, owing to growing scientific interests in this field. Accordingly, this state-of-the-art
manuscript has been systematically categorized into distinct sections related to (i) fundamentals of carbonaceous nanor-
einforcements, (ii) design-structure-property-performance aspects of different categories of polymer nanocomposite
nanofibers (conducting polymers, thermoplastics, and thermosets with carbonaceous nanofillers (carbon nanotubes,
graphene, fullerene), and then (iii) existing scientific worth (energy devices, electronics, space/defense, environmental
sectors), future prospects, challenges, and conclusions. As per literature to date, polymer/carbonaceous nanocomposite
nanofibers had myriad of advantageous physical characters (morphologies, electrical/charge conduction, thermal con-
duction, mechanical/thermal resistance, anticorrosion, permeability, radiation absorption). Notably, among conducting
polymer nanofibers, polyaniline/carbon nanotube nanofibers revealed superior specific capacitance (~380 Fg−1) due to
interfacial synergies and electron/charge transfer. Moreover, poly(3-hexylthiophene):phenyl-C61-butyric acid methyl
ester/fullerene nanofibers revealed power conversion efficiency ~3.6%. Out of thermoplastic systems, poly(vinyl
alcohol)/carbon nanotube nanofibers have been designed for piezoelectric sensors (pressure sensitivity ~0.28 kPa−1)
and toxic metal ion sensors (lead(II)). In addition, cellulose/carbonaceous nanocomposite nanofibers have been applied
for supercapacitor electrodes (specific capacitance ~250 Fg−1) and electromagnetic interference shielding effectiveness
(~64–70 dB). Furthermore, epoxy/carbon nanotube nanocomposites revealed ~20%–40% enhancements in tensile
strength and shear strength due to load transfer properties. As per literature, technological performance of these
materials depends upon types/amount of polymers, nanocarbons, and processing methods/parameters used. Owing
to novelty of topic, outline, and literature coverage, this review will serve as an all-inclusive guide for concerned field
researchers to carry out further industrial scale advancements in the field of nanocomposite nanofibers.
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sensors; space; membranes

1 Introduction
Carbonaceous nanoparticles based nanoreinforcements in different polymeric matrices have broadened

the scope of high performance nanomaterials for significant technological deployments [1–3]. Further
advancements in the field of polymer/nanocarbon hybrids have led to the development of distinct nanos-
tructures, such as nanocomposite nanofibers [4]. In this regard, conversion of conventional carbonaceous
nanoreinforced polymeric nanocomposites into nanofibers seemed to improve their design proficien-
cies, microstructural contours, physical characters (mainly electrical, mechanical, thermal, anticorrosion,
radiation defense) and related applied performances [5,6]. Herein, it is important to state the difference
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between polymer nanofibers, nanocomposite nanofibers, and hybrid nanofibers. As per definition, polymer
nanofiber are ultra-fine fibers with diameters, ranging from few nm to >100 nm. The nanofibers are made
up of pristine polymers without containing nanoparticles. On the other hand, polymer nanocomposite
nanofibers (also termed as polymer hybrid nanofibers) are polymer nanofibers containing nanoparticle
reinforcements or these are nanofibers of polymer nanocomposites. For polymer/nanocarbon nanocompos-
ite nanofibers, the most frequently used carbonaceous nanoadditives include carbon nanotube, graphene,
graphene oxide, fullerene C60/C70 [7,8]. For these nanocomposite nanofibers, various efficient processing
techniques (spinning, drawing, printing, solution based, and others) have been employed [9–11]. Among
nanofiber processing methods reported so far, electrospinning appeared as one of the most competent
technique for the formation of nanocarbons based nanocomposite nanofibers [12]. Consequently, the
electrospun multifunctional nanocomposite nanofibers depicted methodological promise for wide rang-
ing applied sectors, such as energy/electronic devices, aeronautical/automotive engineering, membranes,
coatings, etc. [13].

Recently, biobased polymer nanocomposite nanofibers need to be focused for technical industries to
meet today’s environmental and sustainability goals. In this regard, superior biodegradability features of
these materials need to be considered in addition to mechanical, thermal, electrical, and physical properties
for scalable, economic, and reproducible fabrication. Among few prominent recent scientific attempts,
bio-based nanocomposite designs based on poly(butylene adipate terephthalate) or chitosan matrices and
inorganic nanoparticles (like metal oxides and nanoclays) have been reported for packaging [14–16] and
antibacterial applications [17–19]. Nevertheless, bio-based polymer nanocomposites need to be expanded
towards the development of modified nanocomposite nanofibers in future [20–22]. Similarly, few attempts
seen so far regarding self healable and biomimetic designs of polymer nanocomposites having remarkable
mechanical stability and thermal conductivity features [23,24]. Although these nanomaterials need to be
further processed for future nanocomposite nanofiber designs.

In recent decades, increasing research trends have been observed polymer/carbonaceous nanocom-
posite nanofibers. One of the key reasons for progress in this filed seems to be continuously progressing
technical applications of polymer nanocomposite nanofibers in various industrial sectors, such as space/auto
engineering, energy devices, electronic/electrical devices, smart fabrics, medical, and so on. Despite the
technological significance of polymer/nanocarbon nanofibers, recent dedicated reviews with up-to-date
literature coverage have not been noticed so far. Although, to the best of knowledge, few old literature reviews
and research reports were available on this topic; however, stated literature is not in a well-assembled and
updated form. For example, a previous review article by Scaffaro et al. [25] only reported tissue engineering
aspects of electrospun polymer/nanocarbon nanofiber, thereby, lacking a broader prospective on basics,
synthesis, properties, and applied aspects of these materials. Similarly, another very recent review manuscript
by Anbazhagan and Mahalingam [26] was observed on biomedical application of electrospun nanofibers.
Few other relevant reviews on this topic were seen from the years before 2010 [27,28]. Therefore, looking
at the to date literature discrepancy, this specific review is planned to portray the current state-of-the-art
of fundamentals, manufacturing, and structure-property performance of polymer/nanocarbon nanofiber
nanocomposites. Hence, real motivation behind this review is to report a pioneering review article for
advanced nanocomposite nanofibers as a future guide for field researchers. Consequently, future advances
in the field of nanocomposite nanofibers are not possible for upcoming researchers before getting prior
knowledge of recent literature in the form of a compiled comprehensive review.

In a nutshell, looking at the current scientific state of carbonaceous nanoparticle reinforced poly-
mer based nanocomposite nanofibers, we planned this review article to present a detailed and broad
prospective of these valuable nanomaterials, from fundamentals—to—design/features—to—applications
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(Fig. 1). Correspondingly, different categories of polymer/carbonaceous nanocomposite nanofibers have
been argued for their unique designs, synthesis, and property-performance profiles. As per literature
reports hitherto, high performance polymer/carbonaceous nanocomposite nanofibers have been fabricated
depending upon design strategies, manufacturing methods, and controlled processing parameters. The
resulting polymer/carbonaceous nanocomposite nanofibers revealed a range of promising morphological,
electrical/charge conducting, mechanical, thermal, anticorrosion, radiation shielding, and other physical
characteristics. To the best of the literature knowledge so far, this review article will be ground-breaking
to valuably assist the field scientist, engineers, and researchers to discover industrial scale potential of
polymer/carbonaceous nanocomposite nanofibers from devices-to-engineering structures.

Figure 1: Purpose, need, and consensus behind current review of polymer/nanocarbon nanocomposite nanofibers.
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2 Carbonaceous Nanoreinforcements for Polymer Nanofibers
Nanocarbons or carbonaceous nanoparticles have gained significant scientific interest owing to their

distinct structure, features, and technical significance [29,30]. Consequently, research advancements to
date have led to the development of different types of carbonaceous nanoparticles [31]. Accordingly, Fig. 2
shows few important types of nanocarbons, including fullerene, graphene, and carbon nanotube, and their
derivative nanostructures.

Figure 2: Significant types of carbonaceous nanostructures.

Carbon nanotube is one of the most commonly known one dimensional hollow carbonaceous tube
like nanostructure (diameter < 100 nm) [32,33]. Carbon nanotube consists of hexagonal arrays of sp2

hybridized carbon atoms [34–36]. These carbonaceous nanostructures have been produced by using various
efficient techniques, such as chemical vapor deposition, electric arc discharge, laser ablation, and so on [37].
Comprehensive research efforts have been performed so far to unfold their optical, electrical, magnetic,
mechanical, and other properties and structure-property aspects [36,38]. Subsequently, applications of
carbon nanotubes have been observed in the areas of aeronautics, energy/electronics, civil, textiles, and
biomedical fields [37]. One of the important applications of carbon nanotubes has been discovered as
efficient nanoreinforcements for polymer matrices [39–41]. Particularly, myriad of advanced polymeric
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nanocomposites and nanocomposite nanofibers have been designed and reported using carbon nanotube
nanoparticles [42,43].

Similar to carbon nanotube, graphene is a carbonaceous nanomaterial, however it has a two dimensional
nanosheet like structure consisting of sp2 hybridized carbon atoms [44,45]. For graphene synthesis, various
techniques have been reported so far, including chemical vapor deposition, hydrothermal, microwave,
and exfoliation (chemical, electrochemical, liquid phase, mechanical) methods [46]. The distinguished
characteristics of graphene include enormously high Young’s modulus, thermal conductivity, and electron
conductivity of ~1 TPa, 3000–6000 W/(m⋅K), and 200,000 cm2/V⋅s, respectively [47]. Sequentially, practical
applications of graphene have been observed for technical structural engineering, energy, environment,
medical, and countless other fields [48,49]. Like carbon nanotube, graphene has gained immense scien-
tific curiosities for the fabrication of high tech nanocomposites [50,51]. Consequently, polymer/graphene
nanocomposite nanofibers have been investigated by the field researchers [52].

In to the bargain, fullerene (hollow zero dimensional nanostructure of sp2 hybrid carbon) also belongs
to the category of carbonaceous nanoparticles [53]. Depending upon the number of carbon atoms in
spherical nanostructure, fullerene exists in different forms, like C24, C60, C70, C120, and more [54]. This
unique carbonaceous nanostructure has been frequently produced by using hydrocarbon evaporation,
combustion, and microwave techniques. Accordingly, depending upon structure-property specification,
fullerene molecules exhibited technical worth for optoelectronics, energy devices, sensors, drug delivery, and
nanocomposites systems [55,56].

Variety of polymers (conducting, thermoplastics, thermosets) have been processed as nanofibers (~50–
100 nm in diameter) to enhance their intrinsic properties [57,58]. Accordingly, polymeric nanofibers have
been produced into various forms, including solid, hollow, smooth/round surfaced, wavy/ribbon like,
spiral, and others [59]. Polymeric nanofibers have been fabricated via range of facile techniques; however,
electrospinning has appeared as the most widely used method for the nanofiber synthesis [60,61]. Other
commonly practiced manufacturing techniques for polymeric nanofibers include phase inversion, drawing,
blowing, etc. [62]. Accordingly, Fig. 3 presents commonly used synthesis methods and essential physical
properties of polymeric nanofibers.

Figure 3: Common fabrication approaches and essential features of polymeric nanofibers.



6 J Polym Mater. 2026;43(1):3

A typical electrospinning set up consists of a syringe with needle, pump, collector, and a high voltage
source [63]. The polymer solution or melt is usually evicted from the syringe needle by pumping to form
a filament. Then, the polymer filament may travel to collector under the effect of applied electric field
forming a nanofiber [64]. The final texture and associated features of electrospun polymeric nanofibers
usually depend on polymer type, molecular weight, polymer solution/melt concentration, sample flow rate,
needle-collector distance, applied field voltage, etc. [65]. Progress in the field of electrospinning technologies
led to various advanced coupled electrospinning setups with three dimensional printing and other sophis-
ticated nanofiber synthesis systems [66,67]. The resulting finely electrospun polymeric nanofibers exhibited
significant applications in the fields of space engineering, energy devices, textiles, and biological systems [68].

3 Conductive Polymers/Carbonaceous Nanoparticle Nanofibers
Conductive or conjugated polymers have been processed as valuable matrices into nanofibers and

carbonaceous nanoreinforced nanocomposite nanofibers [69]. In this regard, Lu and Chen [70] fabricated
pristine polyaniline based nanofibers by using electrospinning method. The resulting semiconducting
nanofibers revealed superior specific capacitance (~134 F/g), relative to the bulk polyaniline (~75 F/g).
The polyaniline nanofibers were considered useful for supercapacitors and light emitting diode devices.
Similarly, recent scientific reports can be seen regarding the applications of conducting polymers in advanced
capacitor and diode devices [71–73]. Similar to pristine conjugated polymers, carbonaceous nanoparticles,
e.g., carbon nanotubes, have been essentially reinforced to form conductive polymer nanofibers [74].
The resulting conducting polymer/carbon nanotube nanocomposite nanofibers exhibited uniform texture,
unique morphologies, and superior electrical/charge and mechanical features [75].

Notably, the polyaniline and nanocarbon based nanocomposite nanofibers have been reported for
energy devices [76]. An earlier attempt by Hyder et al. [77], polyaniline/carbon nanotube nanocomposite
nanofibers were fabricated via layer by layer technique. These hybrid nanofibers depicted fine inter-
connected conducting network formation, so resulting in specific capacitance of >230 F/g. Chaudhari
et al. [78] designed electrospun polyaniline/carbon nanotube nanocomposite nanofibers with diameter of
~200 nm. The nanocomposite nanofibers had notable specific capacitance and capacitance retention of
>260 F/g and 86%, respectively, in a 1000 cyclic recital. Moreover, Simotwo et al. [79] reported polyani-
line/carbon nanotube nanocomposite nanofibers produced by electrospinning method (Fig. 4A). As per
scanning electron microscopy micrographs, the resulting nanocomposite nanofibers had lower diameter
(~490 nm), as compared with the pristine polyaniline nanofibers (~680 nm) (Fig. 4B,C). This decrease in
the diameters of nanocomposite nanofibers was attributed to the effect of conducting carbon nanotubes
in polyaniline matrix during electrospinning process. Furthermore, Fig. 4D shows transmission electron
microscopy micrograph of polyaniline/carbon nanotube nanocomposite nanofibers with seamless and non-
aggregated nanoparticle dispersion, owing to the effectiveness of fiber processing technique. Fig. 4E presents
current density vs. scan rate plots for polyaniline/carbon nanotube nanocomposite nanofibers. It seems
that increasing scan rates caused shifts in the cathodic/anodic peaks, owing to valuable fluctuations in
charge-discharge behavior. Fig. 4F portrays specific capacitance of neat polyaniline and polyaniline/carbon
nanotube nanocomposite nanofibers. Herein, the nanocomposite nanofibers had visibly higher specific
capacitance (~380 F/g), than that of the neat polyaniline nanofibers (~300 F/g). Thus, overall superior
morphology and charge conductivity performance of the polyaniline/carbon nanotube nanocomposite
nanofibers can be credited to the mutual matrix-nanofiller network formation and percolation effects.
Recently, Gazzato and Frasconi [80] investigated scientific worth of carbon nanotube filled polyaniline based
nanocomposite nanofibers. These nanomaterials had superior electrical/charge conduction, electrochemical,
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and mechanical characteristics. The promising applications of polyaniline/carbon nanotube nanocomposite
nanofibers have been observed for supercapacitors and sensing devices.

Figure 4: (A) A snapshot of nanofibrous network consisting of carbon nanotube filled polyaniline nanofibers for
better electron and charge transportation; (B,C) scanning electron microscopy images of polyaniline and electrospun
polyaniline/carbon nanotube nanocomposite nanofibers; (D) transmission electron microscopy image of polyaniline
nanocomposite nanofibers with uniform/nonaggregated carbon nanotube dispersion; (E) current density vs. potential
plots of polyaniline/carbon nanotube nanocomposite nanofiber at scan rates of 5–100 mVs−1; (F) plots showing
superior specific capacitance of polyaniline/carbon nanotube nanocomposite nanofibers than pristine polyaniline
nanofibers [79]. PANI=polyaniline; PANI-CNT=polyaniline/carbon nanotube nanocomposite nanofiber. Reproduced
with permission from ACS.

In addition, graphene and modified graphene filled conducting nanocomposite nanofibers have gained
immense research curiosities [81]. Particularly, the polyaniline/graphene nanocomposite nanofibers have
been explored for energy storage electrodes [82]. In this regard, various efficient techniques (such as
templating, in situ/electrochemical, spinning) have been used to fabricate polyaniline and graphene derived
nanofibers [83]. Consequently, electron and charge conductivity performance of graphene filled polyaniline
nanofibers has been studied for energy devices [84]. In earlier times, Zhou et al. [85] reported graphene
wrapped polyaniline nanofibers obtained by self assembly technique. Fig. 5A shows the self assembling
of nanocomposite nanofibers by electrostatic interactions of positively charged polyaniline nanofibers (an
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aqueous dispersion) with negatively charged graphene nanosheets. Fig. 5Ba shows transmission electron
microscopy micrograph of pristine polyaniline nanofibers, whereas Fig. 5Bb,c illustrates microstructures of
polyaniline/graphene nanocomposite nanofibers (low and high resolutions, respectively). As per images,
nanocomposite nanofibers had visibly fine dispersion of graphene and coating in polymeric nanofibers, as
compared to smooth unfilled polyaniline nanofibers. Such type of microstructures confirms the electrostatic
interactions between the polyaniline and nanosheets. Fig. 5C demonstrates specific capacitance vs. current
density plots of polyaniline/graphene nanocomposite nanofibers. As per outcomes, the hybrid nanofibers
had higher specific capacitance (250 F/g), compared with that of the unfilled nanofibers (~175 F/g) in 1000
cycles. The resulting superior capacitance was attributed to the interfacial synergies of polyaniline-graphene
hybrid system, so resulting in efficient electron and charge transfer performance [86]. Fig. 5D presents a
real photograph of polyaniline/graphene nanofibers based thin film electrode designed for supercapacitors.
Despite the so far research efforts regarding polyaniline/graphene nanocomposite nanofibers, functional
graphene based conducting polymeric systems have been developed for further superior performance of
advanced energy devices.

Few research endeavors were also observed for conjugated polymer/fullerene nanocomposite
nanofibers [87]. These polymer/fullerene nanocomposite nanofibers have been mostly focused for
solar cells or photovoltaic devices [88,89]. Kurniawan et al. [90] manufactured nanofibers of poly(3-
hexylthiophene):phenyl-C61-butyric acid methyl ester. For comparative studies, non-annealed and thermally
annealed poly(3-hexylthiophene):phenyl-C61-butyric acid methyl ester systems were designed for photo-
voltaic devices. Accordingly, Table 1 demonstrates photovoltaic parameters of the as prepared samples.
According to the results, poly(3-hexylthiophene):phenyl-C61 butyric acid methyl ester revealed superior per-
formance than the nonannealed sample, however the performance was comparable to the thermally annealed
poly(3-hexylthiophene):phenyl-C61-butyric acid methyl ester system. Consequently, Fig. 6 shows current
density and external quantum efficiency plots for poly(3-hexylthiophene):phenyl-C61-butyric acid methyl
ester nanofibers and non-annealed and thermally annealed poly(3-hexylthiophene):phenyl-C61-butyric acid
methyl ester. Herein, the nanofibers and annealed samples depicted superior power conversion efficiency
and photovoltaic performances, owing to better interfacial contacts, macromolecular order, and related
efficient electron and charge transfer properties. Nevertheless, limited scientific efforts have been noticed in
field of polymer/fullerene nanocomposite nanofibers, as compared to other nanocarbon reinforced hybrid
nanofibers. Thus, further advanced designs of polymer/fullerene nanocomposite nanofibers need to be
developed and exploited for future energy applications [91].

Figure 5: (Continued)
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Figure 5: (A) Design of self assembled graphene wrapped polyaniline nanofibers obtained via electrostatic interac-
tions between positively charged polyaniline nanofibers and negatively charged graphene; (B) transmission electron
microscopy images of: (a) transparent smooth unfilled polyaniline nanofibers; (b,c) polyaniline/graphene nanofibers
with fine nonaggregate nanofiller dispersion (low and high resolutions, respectively); (C) specific capacitance vs. current
density plots of polyaniline/graphene polyaniline/graphene nanocomposite nanofibers; (D) a photograph of polyani-
line/graphene polyaniline/graphene nanocomposite nanofibers based thin film [85]. Reproduced with permission from
Elsevier.

Table 1: The photovoltaic parameters of P3HT:PCBM (NA), P3HT:PCBM (TA), and P3HT-NF:PCBM based
devices [90]. PCE = power conversion efficiency; Jsc = short circuit current density; Voc = open circuit voltage; FF = fill
factor; P3HT:PCBM (NA) = non annealed poly(3-hexylthiophene):phenyl-C61-butyric acid methyl ester; P3HT:PCBM
(TA) = thermally annealed poly(3-hexylthiophene):phenyl-C61-butyric acid methyl ester; P3HT-NF:PCBM = poly
(3-hexylthiophene)-nanofiber:phenyl-C61-butyric acid methyl ester nanofibers. Reproduced with permission from
ACS.

Sample PCE (%) JSC (mA/cm2) VOC (V) FF
P3HT:PCBM (NA) 1.1 4.6 0.7 0.3
P3HT:PCBM (TA) 3.6 8.6 0.6 0.7
P3HT-NF:PCBM 2.4 8.2 0.6 0.5
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Figure 6: (A) J-V plots for P3HT:PCBM (NA), P3HT:PCBM (TA), and P3HT-NF:PCBM; (B) EQE measurements
of the three devices [90]. P3HT:PCBM (NA) = non annealed poly(3-hexylthiophene):phenyl-C61-butyric acid methyl
ester; P3HT:PCBM (TA) = thermally annealed poly(3-hexylthiophene):phenyl-C61-butyric acid methyl ester; P3HT-
NF:PCBM = poly(3-hexylthiophene):phenyl-C61-butyric acid methyl ester nanofibers; EQE = external quantum
efficiency. Reproduced with permission from ACS.

4 Thermoplastic Nanofibers with Nanocarbon Nanofillers
Various thermoplastic polymers have been considered for nanofiber nanostructures [92]. In addition,

high performance carbonaceous nanoreinforced thermoplastic polymeric nanofibers have been reported
in the literature [93,94]. Predominantly, carbon nanotubes filled thermoplastic polymeric nanofibers have
been developed [95]. In this regard, carbon nanotube and carbon nanofibers have been considered as
valuable nanofillers to form electrospun poly(ethylene glycol) nanofibers [96]. Song and Xiao [97] used
a block copolymer of poly(vinyl alcohol), i.e., poly(vinyl alcohol-co-ethylene) and reinforced with carbon
nanotubes to form nanofibers by using hydroxyl aldehyde condensation method. These nanocomposite
nanofibers were used to form a piezoresistive sensor. Accordingly, the resulting poly(vinyl alcohol-co-
ethylene)/carbon nanotube nanocomposite nanofibers had layered pillar hierarchical nanostructures with
ultralow density and strain restoring capability of 18.27 mg/cm3 and 80%, respectively. Additionally, the
nanocomposite nanofibers had pressure sensitivity of ~0.28 kPa−1 (3000 cycles). Further advancements in
this field may lead to the next generation of wearable electronics based on thermoplastic polymer/carbon
nanotube hybrid nanofibers. Recently, Shoba et al., [98] used a combination of poly(vinyl alcohol),
polyaniline, and functional carbon nanotubes to form hybrid nanofibers. In this concern, they formed
core shell poly(vinyl alcohol)/polyaniline/tetra-4-(3-oxyflavonephthalocyaninato)cobalt(II)/carboxylic acid
functionalized multiwalled carbon nanotubes nanofibers by electrospinning technique. Afterwards, the
nanocomposite nanofibers were used to form gold deposited electrode through adsorption technique.
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The step wise preparation scheme for these nanomaterials is given in Fig. 7A. Consequently, Fig. 7Ba–c
shows scanning electron microscopy micrographs of the as designed nanocomposite nanofibers, pristine
nanofibers, and woven mats of the hybrid nanofibers, respectively. It appears that nanocomposite nanofibrous
mats had better nanofiber alignment, relative to pristine nanofibers. However, multiwalled carbon nanotubes
filled nanofibers showed few beads in their strands, may be due to aggregation effect of nanofiller in matrix.
The nanocomposite nanofibers seemed to develop three dimensional interlinked microstructures leading
to superior surface area for better electrical/charge conduction and electrochemical interactions. Fig. 7C,D,
respectively, illustrate Nyquist plots for pristine gold electrode and nanocomposite nanofibers coated gold
electrode. As per results, diameters of the semicircles indicated the intrinsic resistance of the electrodes.
Here, the nanofibers coated electrode depicted lower charge transfer resistance due to facilitated interfacial
reactions, relative to the noncoated electrode. Consequently, the nanocomposite nanofiber based electrode
had superior charge/ion transport and electrochemical features for sensing applications. Moreover, experi-
mental and theoretical results for the nanofibers coated gold electrode were in close agreement due to the
effectiveness of synthesis technique used.

Similar to carbon nanotube, graphene nanoreinforced thermoplastic nanocomposite nanofibers were
also reported in the literature [99]. Accordingly, a number of thermoplastics, such as polyethylene, poly(vinyl
alcohol), poly(lactic acid), polycarbonate, etc., have been processed with graphene nanofillers by electro-
spinning technique [100–103]. Accordingly, morphologies, conductivity, mechanical and thermal constancy,
and other physical/chemical features of the electrospun thermoplastics nanofibers have been explored [104].
Polystyrene has been considered as an essential matrix to form nanocomposite nanofibers with graphene
nanofillers [105]. Particularly, electrospun polystyrene/graphene nanocomposite nanofibers were studied for
superior morphologies, hydrophobicity, mechanical/thermal stability, and electrical/thermal conductivity
properties [106].

Li et al. [107] manufactured polystyrene and graphene nanoplatelet derived nanocomposite nanofibers
by electrospinning method. The scanning electron microscopy (Fig. 8A,B) and transmission electron
microscopy (Fig. 8C,D) studies were performed for unfilled polystyrene nanofibers and 10 wt.% graphene
nanoplatelet filled polystyrene derived nanocomposite nanofibers. As per micrographs, the nanocomposite
nanofibers revealed uniform texture and surface morphology without any nanofiller aggregation, similar to
that of the unfilled nanofibers. Moreover, high resolution micrograph further confirmed the visibly uniform
alignment of graphene nanoplatelets throughout the nanocomposite nanofibers. Such microstructures
usually validate the effectiveness of the electrospinning technique for the nanofiber formation. Fig. 8E,F
illustrates diameter statistics of unfilled polystyrene nanofibers and 10 wt.% graphene nanoplatelet reinforced
polystyrene based nanocomposite nanofiber, respectively. The nanocomposite nanofibers had lower diameter
than unfilled nanofibers, due to the presence of conducting graphene nanoplatelet nanoparticles and
electrical field effect of electrospinning process. Among green polymers, cellulose nanofibers loaded with
graphene have been designed and exploited for engineering applications [108].
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Figure 7: (A) Schematic for the fabrication of polyaniline/tetra-4-(3-oxyflavonephthalocyaninato)cobalt(II)/carboxylic
acid functionalized multiwalled carbon nanotubes nanofibers and poly(vinyl alcohol)/polyaniline/tetra-
4-(3-oxyflavonephthalocyaninato)cobalt(II)/carboxylic acid functionalized multiwalled carbon nanotubes
nanofibersgold deposited electrode; (B) scanning electron microscopy images of: (a) polyaniline/tetra-4-(3-
oxyflavonephthalocyaninato)cobalt(II)/carboxylic acid functionalized multiwalled carbon nanotubes nanofibers;
(b) polyaniline nanofibers; and (c) polyaniline/tetra-4-(3-oxyflavonephthalocyaninato)cobalt(II)/carboxylic acid
functionalized multiwalled carbon nanotubes nanofibers as beaded woven-mats; (C) Nyquist plots of pristine
gold electrode; (D) Nyquist plots of nanocomposite nanofibers coated gold electrode [98]. PVA = poly(vinyl
alcohol); PANI = polyaniline; CoPc-flav = tetra-4-(3-oxyflavonephthalocyaninato)cobalt(II); f-MWCNTs =
carboxylic acid functionalized multiwalled carbon nanotubes; PANI-CoPc-flav-f-MWCNTs = polyaniline/tetra-4-(3-
oxyflavonephthalocyaninato)cobalt(II)/carboxylic acid functionalized multiwalled carbon nanotubes. Reproduced
with permission from Elsevier.
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Figure 8: (A,B) Scanning electron microscopy images; (C,D) transmission electron microscopy images, inset: high
resolution image; and (E,F) diameter statistics of pristine polystyrene and 10 wt.% reinforced polystyrene/graphene
nanoplatelet nanocomposite nanofiber, respectively [107]. Reproduced with permission from Wiley (open access).

Rath and Kundu [109] formed electrospun cellulose/graphene oxide nanofibers having fine electron
and charge conductivity features. These nanofibers revealed superior specific capacitance (~255 F/g), than
pristine graphene based electrode (~78 F/g) [110]. Nevertheless, limited articles were noticed on graphene
filled green nanofibers. Wu et al. [111] fabricated layered nanocomposites of cellulose nanofibers with
polypyrrole, carbon nanofibers, and silver nanowire by using step by step vacuum filtration approach. The
unique combinations of green polymer, nanocarbons, and inorganic nanoparticles resulted in advanced
hybrid nanofibers with superior electron conductivity and interfacial polarization. Consequently, superior
electromagnetic shielding effectiveness of ~64–70 dB was observed. Further research efforts in these
directions will obviously lead to high tech electronics and radar stealth applications.

Few reports can be seen for fullerene C60 filled thermoplastic polymeric nanofibers [112]. In this
concern, poly(L-lactide) and fullerene based nanocomposite nanofibers have been developed [113,114].
Liu et al. [115] produced electrospun poly(L-lactide) and tetraethylene glycol functional fullerene C60
and C70 derivative hybrid nanofibers. The transmission electron microscopy micrographs of unfilled and
10 wt.% tetraethylene glycol functional fullerene C60 filled poly(L-lactide) nanofibers are given in Fig. 9A,B,
respectively. Accordingly, functional fullerene nanoparticles (diameter ~20 nm) seemed to be consistently
dispersed in the hybrid nanofibers (diameter ~300–600 nm).
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Figure 9: (A,B) Transmission electron microscopy images of unfilled and 10 wt.% tetraethylene glycol functional
fullerene C60 filled poly(L-lactide) nanofibers, respectively; (B) optical images for water contact angles of (C) 0 wt.%; (D)
5 wt.%; (E) 10 wt.%; and (F) 20 wt.% tetraethylene glycol functional fullerene C60 filled poly(L-lactide) nanofibers [115].
Reproduced with permission from ACS.

The optical photographs for water contact angles of 0, 5, 10, and 20 wt.% tetraethylene glycol functional
fullerene C60 reinforced poly(L-lactide) nanofibers are given in Fig. 9C–F, respectively. Herein, adding
nanofiller contents gradually reduced the water contact angles from 68○ to 0○, than unfilled nanofibers
(120○). In addition, functional fullerene enhanced the hydrophilicity of the hybrid nanofibers. Further-
more, Table 2 shows mechanical properties of unfilled poly(L-lactide) nanofibers and nanocomposite
nanofibers. Compared with the tensile strength and modulus of pristine poly(L-lactide) nanofibers (4.1 and
149 MPa, respectively), poly(L-lactide)/fullerene nanocomposite nanofibers had lower mechanical properties
(3.1 and 125 MPa, respectively). This decrease in mechanical properties of nanocomposite nanofibers was
attributed to increase in their hydrophilicity. Tensile strain was also slightly decresaed from 112%–97%, due
to nanofiller induced rigidity in the hybrid nanofibers.
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Table 2: Mechanical properties of poly(L-lactide) and tetraethylene glycol functional fullerene C60 and C70 based
hybrid nanofibers [115]. PLLA = poly(L-lactide); C60-TEG = fullerene C60-tetraethylene glycol; C70-TEG = fullerene
C70-tetraethylene glycol. Reproduced with permission from ACS.

PLLA Nanofibers Tensile Strength (MPa) Elongation (%) Modulus (MPa)
Neat polymer 4.1 112 149

PLLA with 5 wt.% C60-TEG 3.5 104 133
PLLA with 10 wt.% C60-TEG 3.2 99 126
PLLA with 20 wt.% C60-TEG 3.0 94 119
PLLA with 10 wt.% C70-TEG 3.1 97 125

Henceforth, substantial scientific endeavors have been performed regarding carbonaceous
nanoparticles nanoreinforced thermoplastic polymer nanofibers [116]. Despite of different types of polymers
and carbon nanoparticles used, these nanocomposite nanofibers have not yet been well explored for
design-property-performance optimizations. Therefore, industrial scale deployments of thermoplastic
polymer/nanocarbon nanofibers have not been achieved for space engineering, electronic devices, etc.

5 Thermosets/Carbonaceous Nanocomposite Nanofibers
Thermosets have also been processed into nanofibers both in pristine and carbon nanoreinforced

forms [117,118]. Nanofibers of thermosetting polymers have been designed for space or auto related
engineered structures [119,120]. Edvardsen et al. [121] fabricated epoxy/carbon nanotube nanocomposite
nanofibers through electrospinning approach. These nanofibers revealed resistivities of 30–50 kΩ/cm2;
therefore, were noticed valuable for anticorrosion coating applications. Aliahmad et al. [122] manufac-
tured epoxy and carbon nanotube based nanocomposite nanofibers by using electrospinning method
(Fig. 10A). Fig. 10B–D presents scanning electron microscopy and transmission electron microscopy micro-
graphs of the epoxy/carbon nanotube nanocomposite nanofibers. As per results, the electrospun hybrid
nanofibers had smooth surfaces, fine dispersion, and alignment of carbon nanotube nanoparticles in the
matrix. Especially, transmission electron microscopy micrograph revealed clear dispersion of tiny carbon
nanotubes in the epoxy matrix. Fig. 10E displays tensile modulus vs. carbon nanotube loading contents trend
for epoxy/carbon nanotube nanocomposite nanofibers. In this case, 4 wt.% carbon nanotube contents were
considered optimum for efficient load transfer and superior tensile modulus features (~4.8 GPa) of the hybrid
nanofibers. Furthermore, Wable et al. [123] formed electrospun epoxy/carbon nanotube nanocomposite
nanofibers. These nanofibers were amalgamated with carbon fibers to enhance their mechanical properties.
Accordingly, epoxy/carbon nanotube/carbon fiber system had higher fatigue resistance and interlaminar
shear strength (27% and 29%, respectively), relative to neat carbon fibers. The superior mechanical properties
were observed due to fine interfacial adhesion and load transfer of carbon fibers induced by epoxy/carbon
nanotube nanofibers. Liyanage et al. [124] also used electrospinning technique to form epoxy and carbon
nanotube based nanocomposite nanofibers. Afterwards, epoxy/carbon nanotube nanofibers were filled
into carbon fiber reinforced polymer laminates using lateral belt-driven technique. Consequently, adding
nanocomposite nanofibers in carbon fiber reinforced polymer laminates enhanced the interlaminar shear
strength and fatigue performance, by 29% and 27%, respectively.
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Figure 10: (A) Manufacture of epoxy/carbon nanotube nanocomposite nanofibers using electrospinning set up; (B)
scanning electron microscopy image of epoxy/carbon nanotube nanocomposite nanofibers; (C) scanning transmission
electron microscopy image of a epoxy/carbon nanotube nanocomposite nanofiber at higher resolution; (D) transmis-
sion electron microscopy image of epoxy/carbon nanotube nanocomposite nanofibers; and (E) tensile modulus vs.
increasing carbon nanotube contents plots for hybrid nanofibers [122]. CNT = carbon nanotube. Reproduced with
permission from ACS.

Few epoxy/fullerene nanocomposites have also been reported in literature [125]. For example, Jiang
et al. [126] produced epoxy and fullerene nanoparticle based nanocomposite nanofibers. In these nanofibers,
adding 2–3 wt.% fullerene contents enhanced the nanofiber/matrix bonding strength, so leading to ~26%–
42% enhancements in the tensile strength of the nanocomposite nanofibers, compared to that of the neat
epoxy matrix. This enhancement in tensile strength was attributed to the interfacial bonding between fiber
and matrix and fullerene-modification of the epoxy matrix [127].
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Unfortunately, very limited research attempts were reported so far for epoxy/nanocarbons nanocom-
posite nanofibers. Future scientific interest in this field may lead to competent engineering structures,
corrosion resistant coatings, and energy devices [128–130].

6 Prospects, Challenges and Future Aspects of Conducting, Thermoplastic, and Thermosetting
Nanocomposite Nanofibers

Among nanocarbon nanofillers, carbon nanotubes, graphene, and fullerene have been extensively
applied as nanoreinforcements to form nanocomposite nanofibers with conductive polymers, thermoplas-
tics, and thermosetting polymers. For nanofiber processing, electrospinning method has been frequently
employed along with few other techniques, such as infiltration and solution methods. Succes of electro-
spinning approach for nanocomposite nanofibers depends upon its efficiency for developing nanofibers
having high surface area, narrow diameter, smooth texture, flexibility, and mechanical strength. More-
over, electrospinning method allows easy control of processing parameters, such as flow rate, applied
voltage, needle/spinneret to collector distance adjustments, and the like. Subsequently, electrospun
polymer/carbonaceous nanocomposite nanofibers exhibited promising structural, microstructural, elec-
tron/heat/charge conductivities, and thermal/mechanical stabilities. Tables 3–5 present comparative outlook
of design, fabrication, and performance of carbon nanoparticles reinforced conducting, thermoplastic, and
thermosetting polymer nanocomposite nanofibers.

Table 3: Essential features of conducting polymer nanocomposite nanofibers with carbonaceous nanofillers.

Matrix Nanofiller Synthesis Physical Properties/Applications Ref.

Polyaniline – Electrospinning
Supercapacitor electrodes;

higher specific capacitance of nanofibers
(~134 Fg−1), than bulk polyaniline (~75 Fg−1)

[70]

Polyaniline Carbon nanotube Layer by layer
method

Supercapacitor electrodes;
specific capacitance > 230 Fcm−3;

interconnected conducting network formation
[77]

Polyaniline Carbon nanotube Electrospinning

Supercapacitor electrodes;
nanocomposite nanofiber diameter ~200 nm;
specific capacitance and capacitance retention
> 260 Fg−1 and 86%, respectively (1000 cycles)

[78]

Polyaniline Carbon nanotube Electrospinning

Supercapacitor electrodes;
nanocomposite nanofiber diameter ~490 nm;
higher specific capacitance (~380 Fg−1), than

neat polyaniline nanofibers (~300 Fg−1);
matrix-nanofiller networking;

percolation effects

[79]

Polyaniline Graphene Electrospinning

Supercapacitor electrodes;
higher specific capacitance (250 Fg−1), than

unfilled nanofibers (~175 Fg−1) (1000 cycles);
electrostatic interactions between positively

charged polyaniline nanofibers and negatively
charged graphene;

interfacial synergies;
electron and charge transfer

[85]

(Continued)
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Table 3 (continued)

Matrix Nanofiller Synthesis Physical Properties/Applications Ref.

Poly(3-
hexylthiophene):phenyl-

C61-butyric acid
methyl ester

Fullerene Electrospinning

Photovoltaic devices;
power conversion efficiency

~3.6%;
short circuit current density ~8.6 mA/cm2;

open circuit voltage ~0.6–0.7;
interfacial contacts, macromolecular order;

electron/charge transfer

[90]

Table 4: Indispensable aspects of thermoplastic polymer nanocomposite nanofibers with carbon nanoparticles.

Matrix Nanoadditive Fabrication Properties/Applications Ref.

Poly(vinyl
alcohol-co-ethylene) Carbon nanotube

Condensation
method;

Electrospinning

Piezoresistive sensor;
layered pillar like hierarchical nanostructures;

density and strain restoring capability of
18.27 mg/cm3 and 80%, respectively;

pressure sensitivity ~0.28 kPa−1, respectively
(3000 cycles)

[97]

Poly(vinyl
alcohol)/polyaniline

blend

Tetra-4-(3-
oxyflavonephtha

locyaninato)
cobalt(II)/carboxylic

acid modified
carbon nanotubes

Electrospinning
technique;
adsorption
technique

Sensors;
core shell nanofibers;

nanocomposite nanofibers coated gold
electrode;

three dimensional interlinked microstructures;
electrical/charge electrochemical properties;

detection of lead (II) ions

[98]

Polystyrene Graphene
nanoplatelet

Electrospinning
technique

Electrical field effect of electrospinning process;
polymer/graphene nanoplatelet interactions;

nanocomposite nanofibers had lower diameter,
than pristine polystyrene nanofibers;

[107]

Cellulose Graphene oxide Electrospinning
technique

Supercapacitor electrodes;
specific capacitance (~255 Fg−1), higher than
pristine graphene based electrode (~78 Fg−1)

[109]

Cellulose/polypyrrole Carbon nanofibers;
silver nanowire

Step by step
vacuum filtration

Radar stealth applications;
electromagnetic shielding effectiveness

~64–70 dB
[111]

Poly(L-lactide)

Tetraethylene
glycol functional
fullerene C60 and

C70

Electrospinning
technique

Nanocomposite nanofiber diameter ~300–
600 nm; water contact angles decrease from 68

to 0○, than unfilled nanofibers (120○);
tensile strength and modulus of 3.1 MPa and

125 MPa, respectively;
tensile strain decresaed from 112%–97%

[115]
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Table 5: Essentials of thermosetting polymer nanocomposite nanofibers.

Matrix Nanofiller Synthesis Properties/Applications Ref.

Epoxy Carbon nanotube Electrospinning
method

Anticorrosion coating; resistivities
30–50 kΩ/cm2 [121]

Epoxy Carbon nanotube Electrospinning
method

Tensile modulus ~4.8 GPa;
load transfer properties [122]

Epoxy
Carbon

nanotube;
carbon fibers

Electrospinning
method

Fatigue resistance and interlaminar
shear strength 27% and 29%,

respectively;
interfacial adhesion;

load transfer

[123]

Epoxy
Carbon

nanotube;
carbon fibers

Electrospinning
method;

lateral belt-driven
technique

Interlaminar shear strength and
fatigue performance increased by

29% and 27%, respectively;
load transfer

[124]

Epoxy Fullerene Electrospinning
method

Tensile strength increased by
~26%–42%;

matrix-nanofiller
interfacial bonding

[126]

As discussed in preceding sections of this review, high performance conducting polymers polyaniline
nanocomposite nanofibers with carbon nanoparticles have been successfully designed for supercapacitors
and diodes. Furthermore, conducting polymers (e.g., polythiophene derivatives) with fullerene have been
processed into nanofibers for photovoltaic applications.

Nanofibers of various thermoplastic polymers (poly(vinyl alcohol), poly(lactic acid), polyethylene,
polystyrene, etc.) and their copolymers/blends with carbon nanotubes/graphene have been designed by
electrospinning approach. In this concern, nanocomposite nanofibers of thermoplastic polymers (e.g.,
poly(vinyl alcohol) derivatives) with carbon nanotubes were formed by condensation method. These nano-
materials were studied for strain sensing and piezoelectric sensors. Thermoplastic polymer (e.g., polystyrene)
and graphene derivatives based nanocomposite nanofibers were also investigated for supercapacitors. Like
so, few green thermoplastics (e.g., cellulose) were processed into nanocomposite nanofibers for essential
device related and structural applications. Particularly, adding carbon nanotube and graphene nanofillers in
thermoplastic nanocomposite nanofibers have unique interfacially compatible microstructures, mechanical
robustness, dimensional stability, thermal stability, and radiation shielding features. Subsequently, these
nanofibers have been employed for structural engineering applications for aerospace, automotive, defense,
and environmental membranes related industries.

Few researches observed for thermosetting polymers (e.g., epoxies) derived nanocomposite nanofibers
with carbon nanotube or graphene. These hybrid nanofibers seemed to be worthwhile for anticorrosion and
strength applications.

As per scientific reports, electrospinning technique revealed remarkable success for manufacturing
high performance polymer nanocomposite nanofibers because of facile controllable parameters both for
melt/solution precursors [131]. Primarily, solution viscosity, applied voltage, collector distance, flow rate,
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etc. affect the nanofiber texture and properties [132]. Herein, increasing solution viscosity or polymer
solution concentration may lead to nonuniform thicker fibers. Moreover, optimally high molecular weight
of polymers seems essential to produce even surface nonbeaded nanofibers. Notably, control of applied
voltage has been found essential to induce stretching of polymer filament from needle tip to collector
and Taylor cone formation. Furthermore, slow polymer solution flow rate, i.e., below critical threshold,
may lead to broad distributions of fibers and large diameters. Therefore, marinating an optimum polymer
solution flow rate seems to be indispensable to attain uniform nanofibers having narrow diameter. Besides,
needle-to-collector distance must be suitably extended to suitably stretch polymer jet for fabricating fine
and long nanofiber. In polymer nanocomposite nanofibers, alignment, orientation, or crosslinking depend
upon surface interactions and nanofiber-nanofiber interactions. In addition, depending upon the types
and functionalities of polymers and nanofillers, matrix-nanofiller interactions due to physical interactions,
like hydrogen bonding, van der Waals, covalent interactions, etc., have been observed. Subsequently,
well-controlled valuable properties of polymer nanocomposite nanofibers, including surface/volume ratio,
surface porosity, texture/uniformity, and microstructural features, can be attained [133]. Following that,
improvements in other physical properties of polymer nanocomposite nanofibers, including mechanical,
electrical, dielectric, thermal, and biological aspects, have been reported [134].

Among foremost challenges of nanocomposite nanofiber processing, poor nanofiller dispersion and
lack of predefined processing parameters seemed to be hindering the reproducibility and scalability
for industrial scale applications. Actually, improper nanofiller dispersion may destroy the uniformity of
nanofiber surface, matrix-nanofiller interactions, interfacial effects, and so desirable high end properties
(e.g., electrical conductivity, percolation networks, mechanical integrity, etc.) and high end applications.
To overcome these reproducibility and scalability challenges for industrial scale deployments, modified
processing techniques need to be developed with easily controllable and optimizable parameters. Secondly,
environmental impacts of processing and reprocessing polymer nanocomposite nanofibers need to be
considered. For instance, toxicity of base materials for nanocarbon synthesis, use of green solvents and
precursors, solvent recovery, use of green synthesis techniques appeared as crucial factors for salable
nanofiber designs. Unfortunately, environmental aspects of nanocomposite nanofiber processing yet not
focused in the literature hitherto. Thirdly, economics and cost of nanocarbon synthesis, nanocarbon
modification, and polymer nanocomposite nanofiber fabrication must be considered to ensure feasible
industrial level production and reproducibility of these materials. Here again, resituated scientific efforts seen
to date for economical production/reproduction of polymer nanocomposite nanofibers. Afterwards, next
challenges seemed to be the successful integration of valuable hybrid nanofibers into device architectures
and engineering structures. In this concern, high performance nanocomposite nanofibers designs must be
developed for utilization in electronics/energy devices. Consequently, it is important for electrical engineers
to have prior knowledge of properties (percolation, conductivity, durability, etc.), reproducibility, and
scalability= of nanofiber nanomaterials. As per literature up till now, focused future investigations and expert
solutions seem to be indispensable for designing nanocomposite nanofibers for industrial scale electronics,
energy, and device related systems.

Despite the progress so far in the field of nanocomposite nanofibers, several research gaps have
been identified hindering their future industrial applications. Notably, fewer research attempts have been
performed to control nanofiller dispersion, electrospinning parameters, reproducibility, green designs, and
large scale modules. Up till now, theoretical investigations have not been performed for understanding
the interfacial mechanisms and structure-property-performance of polymer/carbonaceous nanocompos-
ite nanofibers.
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Henceforth, in future, there is an utmost need of designing promising green matrices/nanocarbons
nanocomposite nanofibers for green industrial revolutions in energy sector, electronics, space/auto engineer-
ing, etc. Thus, future advancements of polymer/carbonaceous hybrid nanofibers rely on concentrated efforts
by the concerned scientists/engineers to develop precise large scale designs to meet commercial standards.

7 Conclusions
Conclusively, this manuscript presents up-to-date technological value of integrating carbonaceous

nanoparticles (mainly carbon nanotube, graphene, fullerene) in conjugated, thermoplastics, and ther-
mosetting polymer nanofibers. In this concern, fundamentals of carbon nanofillers and pristine polymeric
nanofibers have been presented. The main emphasis of this review is to highlight different categories of
polymer/nanocarbon nanocomposite nanofibers for their unique design combinations, microstructures,
physical properties, and applications. Afterwards, potential prospects, challenges, and future demands for
industrialization of conjugated, thermoplastic, and thermosetting nanofibers with carbonaceous nanopar-
ticles have been discussed. In this regard, electrospinning was observed as the most frequently employed
manufacturing technique for developing multidimensional nanocomposite nanofibers. Subsequently, variety
of polymer/nanocarbon nanocomposite nanofibers have been designed depending upon the types of poly-
mers, nanofillers, polymer/nanocarbon contents, and processing conditions. Furthermore, functionalities
of carbonaceous nanofillers, matrix-nanofiller interfaces, polymer-nanocarbon synergies, and structure-
characteristics interlinks define physical performance of these nanofibers. Consequently, the promising
application areas of these nanomaterials have been noticed for supercapacitors, sensors, radiation shields,
membranes, engineering structures, and other high tech devices and systems. Nevertheless, future industrial
scale progress of these distinct hybrid nanostructures depends upon continuous field efforts to resolve the
underlying challenges.
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