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ABSTRACT

This comprehensive review highlights two important categories of fullerene reinforced nanocomposites
(thermosetting/fullerene and conductive/fullerene) having physical/non-covalent interlinkings (electrostatic,
hydrogen bonding and m-m aromatic ring stackings) in macromolecular-nanofiller phases. As per literature,
physical linkages of macromolecular matrices with fullerene nano-additives caused substantial enhancements in
morphological, mechanical, thermal, dielectric, tribological, electrochemical, anticorrosion, photovoltaic, power
energy conversion, capacitive and other properties of ensuing thermosets/fullerene and conductive/fullerene
hybrids. Accordingly, non-covalent interactions effectively increased structural stability/performance of
polymer/fullerene nanocomposites via homogeneous macromolecular chain orientations and miscibility effects
along with uniform nanoparticle dispersions and compatible interfaces. Particularly, initial section 2 (after
introduction) explains basics of fullerene and Section 3 essentially describes dispersion state, interfacial aspects,
and property-performance profiles, and mechanism of physically linked polymer/fullerene nanocomposites.
Next, section 4 portrays literature state of thermosets/fullerene nanocomposites. Mostly, non-covalent
nanocomposites diglycidyl ether of bisphenol A epoxy/blends with fullerene were processed via sonication, in
situ, solution, and curing techniques. Herein, adding fullerene notably enhanced tensile strength, modulus,
toughness, dielectric constant, and anticorrosion potential of epoxies by ~ 80-100 %. For bulk heterojunction
solar cells, epoxy/fullerene hybrids depicted power conversion efficiency of > 3 %. Next, section 5 speaks to
conductive (polyaniline, polypyrrole, polythiophene derivatives) nanocomposites with fullerene, mostly
synthesized by in situ, solution/sonication methods. In photovoltaics, conducting polymer/fullerene
nanocomposites had superior power conversion efficiency of 30 % and for supercapacitors/batteries specific
capacitance and capacity retention were > 800 Fg!' and > 90 %, respectively. Incidentally, last section states
prospective future and conclusive remarks on thermoset/fullerene and conductive/fullerene nanomaterials.
Hence, objective of this review is to unfold practical amplification of non-covalently interlinked
thermosetting/fullerene and conductive/fullerene nanocomposites (high-tech anticorrosion coatings, solar cells,
rechargeable batteries) for concerned field researchers. Nevertheless, physically interlinked polymer/fullerene
nanocomposites face various challenges of macromolecular chain aggregations, non-uniform dispersions, and
uncontrolled processing parameters, thereby affecting microstructures and property-performance contours.

Keywords: Fullerene; macromolecules;, nanocomposites, physical interactions, epoxy, conductive polymers;
coatings, solar cells

INTRODUCTION

Thermosetting polymers or thermosets, for instance, epoxies, phenolics, polyesters and
polyurethanes, are high molecular weight macromolecules having irreversible crosslinking
between their main chains [1]. Another important type of polymers is the conducting or
conjugated polymers, for example polyaniline, polypyrrole and polythiophene, which are
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usually characterized by their aromatic main chain conjugation and unique semiconducting
properties. As a polymeric nano-reinforcement nanostructure, fullerene is a unique zero
dimensional nano-allotrope of carbon having a hollow cage like nanostructure [2]. Similar to
other carbonaceous nanoparticles, such as graphene, nanodiamonds or carbon nanotubes,
fullerene has been considered as an effective nano-additive for the thermosetting as well as
conductive macromolecular matrices to form the high performance nanomaterials [3].
Successively, the literature hitherto reported on the synthesis, valuable characteristics and
practical applications of the advanced thermosetting/fullerene [4, 5] and conjugated
polymer/fullerene [6, 7] nanomaterials. In this context, nature and role of non-covalent
interactions, like van der Waals, n-n stacking, electrostatic and hydrogen bindings, for an
effective macromolecular-nanofiller interface formation, facile processing and advanced
physical characteristics of the polymer/fullerene hybrids have been essentially investigated in
the literature [8-10]. Besides, a few efficiently designed non-covalently associated
polymer/fullerene nanocomposite systems have been reported valuable for coatings and
devices related applications [11].

This novel state-of-the-art overview debates current scientific state of the physically/non-
covalently interlinked thermoset/fullerene and conjugated polymer/fullerene nanomaterials,
which, to the best of the knowledge, has not been priorly reviewed in the literature available
up till now. For a better comprehension, Fig. 1 shows an overall schematic diagram with
section wise division (fundamentals, nanocomposite categories, applications) and layout of
the current review.
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Fig. 1. A schematic diagram showing layout of the current literature review
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According to the literature investigations, the physical interactions in the
polymer/fullerene nanocomposites played a key role for controlling the microstructural,
electrical conductivity, thermal stability, thermal conductivity and immeasurable allied
physical properties of these hybrids. Subsequently, development and effectiveness of the non-
covalent linkages between polymer/fullerene seemed to be dependent upon various factor,
like type, molecular weight and miscibility of the macromolecular matrix as well as nanofiller
surface functionalization and its contents, related to the polymers and the nanofillers.
Consequently, non-covalent interactions may affect the design, processing, interfacial aspects
and so the resulting characteristics of the fullerene filled thermosetting or conductive
macromolecular matrices. Henceforward, the ensuing polymer/fullerene nanomaterials
revealed valuable morphological, electrical, thermal, mechanical, barrier and allied physical
features for their technical applications in the fields of anticorrosion coatings and solar
cells/batteries. Nevertheless, future advancements in the field of physically interlinked
polymer/fullerene nanomaterials depend upon the design of new functional fullerene
molecules, functional macromolecular matrices and advanced fabrication approaches (having
optimum processing conditions) to overcome the underlying property-processing encounters
for the manufacturing of high-tech industrial level nanostructures.

FULLERENE

Among zero dimensional nanocarbons, fullerene, nanodiamond, carbon nanoonion,
carbon dots or graphene quantum dots have been developed and explored so far by the field
researchers [12]. Table 1 shows comparative properties of few important zero dimensional
carbon nanomaterials. Particularly, fullerene is a hollow spherical nano-entity which is made
up of hexagonally arranged sp? hybridized carbon atoms in its structure [13]. Fullerene
molecule was initially discovered in 1985 and was found to be composed of pentagonal and
hexagonal rings in its cage like sphere-shaped nanostructure [14]. Fullerene molecule can be
imagined as a round enfolded graphene nanosheet, forming a ball like structure, with aromatic
conjugation in its nanostructure [15]. Fullerene exists in various molecular sizes, like C2o Cas,
Cs0, Ce0, C70, Ci20 and so on, depending upon the number of carbon atoms in its ring [16].
Among these fullerene analogues, Ceo, also known as Buckminster fullerene, is one the most
symmetrical forms of these zero dimensional molecules [17]. Consequently, fullerene Ceo has
been widely investigated in the literature, owing to its unique structure and characteristics
[18]. In this regard, various effective techniques have been utilized to synthesize the fullerene
molecules including nano-cutting method, chemical vapor deposition, laser/plasma tactics, arc
discharge practices, plasma processes and organic synthesis approaches [19]. Owing to
valuable optical, electronic, heat/electrical conduction, thermal stability, mechanical stability
and chemical reactivity characteristics, the resulting fullerene molecules have been analyzed
for technical applications in the photovoltaics, batteries, capacitors and sensing devices [20].
Besides, fullerene molecules have been used as efficient carbonaceous nonreinforcements for
polymers.
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Table 1. Properties of few significant zero dimensional nanomaterials

Zero Discove Structure Synthesis Surface Properties Ref
dimensional ry area
nanoparticle
s
Nanodiamon 1963 Sp?® hybridized carbon Detonation; 300-400 | Electrical conductivity 3.4 x | 21
ds atoms; carbon soot; sqmg?! | 107 Ohm! em™) (10-20 %
hexagonal/cubic high temperature increase with temperature)
diamond lattices; and pressure 2000 florescence wavelength >
size 5-100 nm °C & 200 GPa, 690 nm;
respectively lubrication
Fullerene Kroto, Hollow cages; Graphite 2625 m? Electron mobility 22
1985 sp? hybridized carbon vaporization; gl 10-*to 10-* cm? (V s)!;
atoms; plasma discharge; (Coo) thermal stability;
pentagons & hexagons; laser ablation; tunable band gap;
symmetrical; hydrocarbon photoluminescence;
Ceo external diameter ~ pyrolysis lubrication;
0.71 nm; strength;
different types as per abrasion
number of carbon atoms
Carbon Ugarte, Multi-shell fullerene; Electron beam 30-500 Electrical conductivity 23
nano-onions 1992 Not perfectly spherical irradiation of m?g’! 2-4 S cm’!
shape; carbon precursor;
small nanoparticles arc discharge;
2-8 shells ~ 3-10 nm; Carbon soot heating
Large nanoparticles 2100-2250 °C
~25-30 nm (vacuum);
solution ozonolysis;
electrochemical
processes
Carbon Xu, Size few nm to Top-down: cutting ~ 1300- Electrical conductivity; 24
Dots 2004 ~5-10 nm of carbon 1500 m? charge transportation;
nanostructures; g! quantum
acidic oxidation; confinement;
arc discharge (4000 edge effects;
K); florescence;
laser ablation photoluminescence
method;
bottom up:
combustion;
microwave
pyrolysis;
microwave;
hydrothermal

INTERACTIONS/DISPERSION FEATURES OF CARBONACEOUS NANOPARTICLES IN
MACROMOLECULAR MATRICES

Various types of nanocarbon nanoparticles, like zero dimensional spherical (fullerene,
quantum dots), one dimensional tubular (carbon nanotube, carbon nanofiber), two
dimensional nanosheet (graphene) and three dimensional network (nanocarbon hydrogel),
have been synthesized and explored in the literature so far [25, 26]. According to the research
reports, all these carbonaceous nanoparticles own tendencies to be applied as nanofillers in
various polymeric matrices, like thermosets, thermoplastics, rubbers or conducting polymers,
to form the nanocomposites. In this regard, macromolecular properties, like backbone
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structure, molecular weight, amount and solubility, of the matrices seemed to influence the
dispersion features of the nanocarbon nanoparticles. Subsequently, the scattering and
orientation patterns of these carbonaceous nanoparticles in the polymeric matrices were found
to affect the physical property profiles of the resulting nanomaterials [27]. According to the
research investigations so far, uniform nanoparticle dispersions have been suggested favorable
for the formation of the high performance polymer/nanocarbon nanocomposites [28]. In this
concern, optimum molecular weight of the macromolecules has been considered valuable for
developing fine matrix-nanofiller interactions for the formation of well-compatible interfaces
with the nanofillers; therefore, enhancing the physical characteristics, like conductivity,
strength and heat stability, of the resulting nanocomposites. In addition, nanoparticle
dispersion can be significantly influenced by the solubility properties and chemical nature of
the macromolecular backbone. On the other hand, performance of the polymer/nanocarbon
nanocomposites also seemed to be dependent upon the type, amounts and interfacial level
interactions of the carbon nanoparticles with the macromolecules [29]. Furthermore, choice of
an appropriate fabrication technique has been considered indispensable for uniform dispersion
of the carbonaceous nanoparticles in the macromolecular matrices [30]. Convincingly,
dispersion patterns and microstructural characteristics of the polymer/nanocarbon
nanocomposites seemed to be strongly reliant upon various factors, like macromolecular
properties, nanofiller features and the synthesis techniques used for the formation of these
nanomaterials [31].

\
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nanocomposite

Van der Waéis force

Fig. 2. Schematic of interactions in epoxy/nanocarbon nanocomposite: (left) scanning electron microscopy
micrograph; (right) mechanisms of possible physical links in matrix-nanofiller [33]. Reproduced with permission
from The American Association for the Advancement of Science

Apart from these, according to the literature, an imperative factor for enhancing the
nanoparticle dispersion in the macromolecular matrices is the development of physical or
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covalent linkages of the functional nanocarbon surfaces with the matrices. Generally
speaking, carbonaceous nanoparticles are capable of developing weak van der Waals,
electrostatic, ring stacking and hydrogen binding interactions with the base materials [32].
Fig. 2 presents a schematic of possible mechanisms behind physical interactions between
polymer and nanocarbon surfaces [33]. Consequently, these physical interactions between the
macromolecular matrix-nanofiller may develop strong interfaces, therefore affecting the final
property-performance profile of the nanocarbons filled polymeric nanocomposites.

In the literature, the dispersion states of the nanocarbon nanoparticles have been analyzed
through structural, microscopic and modeling/theoretical methodologies [34]. It has been
observed that uniform nanoparticle dispersions and orderly alignments in the macromolecular
matrices resulted in heat/mechanical stability, electrical/thermal conductivity and allied
physical properties of the polymer/nanocarbon nanocomposites [35]. Accordingly, significant
research endeavors have been noticed for non-covalently reinforced thermosetting and
conductive polymers, as surveyed in subsequent review sections.

CHARACTERISTICS OF NON-COVALENTLY BONDED THERMOSETTING
MATRIX/FULLERENE NANOCOMPOSITES

Thermosetting polymer, often called a thermoset, is a polymer having irreversible
crosslinking between its backbones which is usually induced by the factors, like heat,
radiations, pressure or catalysts during curing process [36]. Epoxy is one of the most
commonly developed and investigated form of the thermosetting polymers [37]. Epoxies, like
diglycidyl ether of bisphenol-A, diglycidyl ether of bisphenol-F, diglycidyl ether of
bisphenol-H or novolac, are usually low molecular weight compounds having epoxide groups
in the main chains or chain ends, for example [38]. For hardening purposes, generally, low
molecular weight epoxies are used to react with the short chain compounds, like diols,
diamines, diisocyanates, etc., in the presence of heat or UV light [39]. Upon hardening, the
resulting  high  molecular  weight epoxy resins may have remarkable
thermal/mechanical/chemical stability, adhesion, tribological and corrosion resistance features
for applications in high performance coatings, adhesives and engineering structures [40]. Like
majority of the thermosetting or thermoplastic polymers, epoxies have the capability to form
nanocomposites with carbon/inorganic nanoparticle nanoreinforcements [41]. Among
carbonaceous nanoparticles, like graphene, carbon nanotubes or nanodiamonds, fullerene
molecules have been studied as valuable nanocarbon nano-additives for the epoxy matrices.
Essentially, including fullerene nanoparticles in the epoxy/carbon fiber composites have been
found to positively affect the mechanical characteristics of the resulting nanomaterials for
their technical application in automotive engineering parts [42]. In this regard, including small
amounts of fullerene nano-additives in epoxies significantly increased the mechanical strength
of the matrices.

Xiang et al. [43], for example, prepared the poly(ethylene oxide)-fullerene using click
reactions and then reinforced in the diglycidyl ether of bisphenol A epoxy matrix by solution
mixing and curing techniques. Moreover, a poly(ethylene oxide)-block-poly(N-
vinylcarbazole) was synthesized through reversible addition-fragmentation chain
transfer/macromolecular design for blend formation with the epoxy matrix. For comparative
studies, the poly(ethylene oxide)-fullerene nanoparticles were also reinforced in the
epoxy/poly(ethylene oxide)-block-poly(N-vinylcarbazole) blends. Fig. 3 A shows a synthesis
route for the formation of fullerene Ceo interlinked poly(ethylene oxide) through azido group
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cycloaddition reactions. Figs. 3 B a & b illustrates the transmission electron microscopy
micrographs of the epoxy matrix having poly(ethylene oxide)-fullerene contents, of 3 and 6
wt.%, respectively. According to the micrographs, including nano-additives resulted in
uniform dispersions and nanodomains formation in epoxy, owing to physical or noncovalent
interactions (mainly hydrogen bonding and aromatic ring stackings) between the
macromolecular matrix and the poly(ethylene oxide)-fullerene nanoparticles. Nevertheless,
increasing the fullerene contents, from 3 and 6 wt.%, did not influence its dispersion patterns
or nanodomain formation in the matrix, seemingly due to the matrix-nanofiller compatibility
effects.
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Fig. 3. (A) A scheme for the synthesis of poly(ethylene oxide) interlinked fullerene nanocomposite. (B)
transmission electron microscopy images of the epoxy containing (a) poly(ethylene oxide)-fullerene with 3 wt.%
nanofiller; and (b) poly(ethylene oxide)-fullerene with 6 wt.% nanofiller. Reproduced from [43] with permission
from Elsevier

Additionally, the dielectric constant and dielectric loss features of the resulting
nanomaterials were studied. Neat epoxy had dielectric constant, of 3.7 at 10° Hz, which was
slightly increased to 4.2 with the addition, of 12 wt. %, poly(ethylene oxide), due to higher
dipole density of the binary blends, relative to the pristine epoxy (Fig. 4 A). Contrarily, the
dielectric loss values of the epoxy/poly(ethylene oxide) blends seemed to be declined with the
increasing poly(ethylene oxide) contents in the epoxy matrix, probably due to the
intermolecular hydrogen bonding interactions between the epoxy and the poly(ethylene oxide)
phases. In the case of the epoxy/poly(ethylene oxide)-block-poly(N-vinylcarbazole) blend,
including poly(ethylene oxide)-block-poly(N-vinylcarbazole) contents, up to 30 wt.%,
significantly enhanced the dielectric constant, up to 9 at 10° Hz, relative to the neat epoxy
matrix, owing to the poly(N-vinylcarbazole) microdomain formation and strong polarization
effects in the matrix (Fig. 4 B). According to Fig. 4 C, including poly(ethylene oxide)-
fullerene contents, of 12 wt.%, in the epoxy matrix resulted in a higher dielectric constant, of
8.5, relative to the neat epoxy, due to the aromatic conjugation and electron polarization
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effects in the epoxy/fullerene-poly(ethylene oxide) nanocomposite, whereas dielectric loss
values seemed to be unaffected. Moreover, Fig. 4 D shows that including poly(ethylene
oxide)-fullerene contents, of 3-12 wt.%, in the epoxy/poly(ethylene oxide)-block-poly(N-
vinylcarbazole) (30 wt.%) blend declined the dielectric constant values, from 7 to 4,
(dielectric loss unchanged), relative to the neat epoxy, due to the formation of charge transfer
complexes in turn hindering the electron passage through the poly(N-vinylcarbazole) phases
and lack of electron polarization effects in the matrix.
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Fig. 4. Plots of (A & C) dielectric constant and (B & D) dielectric loss as functions of AC frequency, where: (A) the
binary blends of epoxy having 3-12 wt.% of PEO; (B) the epoxy thermosets containing 3-12 wt.% of PEO-b-PVK;
(C) the epoxy thermosets with 3-12 wt.% of PEO-Ceo; and (D) the epoxy thermosets containing 30 wt.% of PEO-
b-PVK and various amounts of PEO-Ceo (3-12 wt.%). Here PEO = poly(ethylene oxide); PEO-Ceo fullerene-
poly(ethylene oxide); PEO-b-PVK = poly(ethylene oxide)-block-poly(N-vinylcarbazole). Reproduced from [43] with

permission from Elsevier
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Das et al. [44] formed fullerene Ceo reinforced diglycidyl ether of bisphenol A epoxy
nanocomposites, by using triethylenetetramine as a hardener, through a simple ultrasonic
technique and investigated their mechanical properties. For stress-strain analysis, neat epoxy,
pristine fullerene filled epoxy matrix nanocomposites and surface modified fullerene filled
epoxy matrix nanocomposites were analyzed. In this study, surface modification of the
fullerene molecules was performed using an oxidation route, based on a mixture of nitric and
sulfuric acids, for the formation of oxidized nanoparticles. According to the stress strain
scans, including surface modified fullerene nanoparticles resulted in higher tensile strength
and elastic modulus, by 23 and 46 %, respectively, relative to the neat epoxy, due to the
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positive effect of fullerene surface oxidation in developing physical associations with the
macromolecular chains (Fig. 5 A). Comparatively, including pristine fullerene nanofiller in
the epoxy matrix caused a lesser rise in the tensile strength and Young’s modulus, by 13 and
17%, respectively, as compared to the neat epoxy, due to lack of physical interactions
between the matrix-nanofiller and meager reinforcing effects of the fullerene nano-additives
in the matrix. Moreover, single edge notch bending test was performed to analyze the fracture
toughness of the samples through a three point bending fixture procedure, as shown in Fig. 5
B.
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Fig. 5. (A) Stress-strain plot of the NE, P-FEC and S-FEC samples. (B) A diagram of SENB test procedure
(performed on specimens having geometry, of 53 x 12 x 6 mm?3, according to ASTM D-504), inset showing an
equation used for Kic calculation. (C) Variations of Kic and Gic for NE, P-FEC and S-FEC samples. Here NE =

neat epoxy; P-FEC = pure fullerene filled epoxy matrix nanocomposite; S-FEC = surface modified fullerene filled
epoxy matrix nanocomposite; SENB = single edge notch bending; Kic = fracture toughness; Gic = strain energy
release rate. Reproduced from [44] with permission from Elsevier

According to the results (Fig. 5 C), including surface functional fullerene resulted in
superior fracture toughness and strain energy release rate of, 101 and 85 %, correspondingly,
with respect to the neat matrix, showing an obvious effect of fullerene surface modification to
form non-covalent linkings with the macromolecular backbones. On the other hand, tensile
strain and toughness properties of the epoxy/non-functional fullerene nanocomposites seemed
to be reduced, relative to the functional fullerene based nanomaterials, probably due to the
stress meditation effects of the macromolecular chains around the nanofiller nanoparticles in
the matrix. As per analysis, overall enhancements in the mechanical property profiles of the
epoxy/functional fullerene nanomaterials strongly depend upon the macromolecular chain
interactions, i.e., hydrogen bondings, with the oxidized fullerene nanoparticles, nanofiller
dispersion and compatible interface formation between the epoxy-fullerene phases.
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Rafee et al. [45] fabricated the nanocomposites of diglycidyl ether of bisphenol A epoxy
filled with fullerene Cso nanoparticles, in the range of 0.1 to 1 wt.%, by simple sonication and
solution routes. According to scanning electron microscopy micrographs (Figs. 6 A a & b),
fullerene nanoparticles (1 wt.%) seemed to be dispersed in the aggregated macromolecular
domains, due to high molecular weight of the matrix. Fig. 6 B shows the stress-strain plots of
the diglycidyl ether of bisphenol A/Ceo nanocomposites with the nanofiller contents, of 0.1 to
1 wt.%. According to the results, including the 1 wt.% fullerene nanoparticles increased the
Young’s modulus and ultimate tensile strength, by 19 and 20 %, respectively, relative to the
neat epoxy matrix.
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Fig. 6. (A) Scanning electron microscopy images of the fractured surface of the (a) nanocomposite sample
indicating 1 wt.% Cso nanoparticles, indicated by red circles, dispersed in the epoxy matrix; and (b) the
micrograph of the same sample having visible polymer aggregates, whereas the Ceo nanoparticles are indicated
by arrows. (B) Typical stress strain curves of the neat epoxy and the epoxy/fullerene nanocomposites, where
inset shows dog bone shaped samples used in the tensile testing. (C) Plots of Young’s modulus (E) and ultimate
tensile strength (UTS) of the baseline epoxy and the epoxy/fullerene nanocomposites having various Ceo
nanoparticles contents, of 0.1, 0.5, and 1 wt.%, dispersed in the matrix, where inset shows dog bone shaped
samples used in the uniaxial tensile testing. Reproduced from [45] with permission from Springer.
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For a comparative analysis of the stress-strain data from Fig. 6 B, Fig. 6 C demonstrates
the bar plots of Young’s modulus and ultimate tensile strength of the pristine epoxy and the
epoxy/fullerene nanocomposites having various nanofiller contents, of 0.1-1 wt.%, indicating
a positive influence of the nanofiller loadings on the mechanical properties of the matrix. It
can be suggested that enhancements in the mechanical properties of the pristine epoxy resin
with fullerene can be attributed to the formation of optimal non-covalent interactions
(hydrogen bindings and m-m interactions) between the macromolecular backbones and the
nano-additives, therefore leading to the development of a compatible epoxy/fullerene
interface and noticeable nanoparticle reinforcement effects.

CONDUCTIVE POLYMER/FULLERENE NANOCOMPOSITES HAVING PHYSICAL
INTERACTIONS BETWEEN MACROMOLECULAR MATRICES AND NANOFILLERS

Like thermosets, conductive matrices have also been considered important to form
nanocomposites with carbon nanoparticles. Unlike thermosets or thermoplastics, conducting
or conjugated polymers are organic macromolecules having alternating single- and double
bonds in their semiconducting backbones [46]. Owing to valuable optical properties,
electron/thermal conductivity, heat stability and anticorrosion characteristics, various
conductive polymers, like polyaniline, polypyrrole and polythiophene, have been fabricated
and analyzed for scientific applications in the electronics/energy devices, corrosion resisting
coatings and allied technological fields [47, 48]. According to the literature so far, including
carbon or inorganic nanoparticles in the conjugated matrices caused noticeable enhancements
in the structural, thermal stability, mechanical strength and chemical stability of the ensuing
nanocomposites, compared with pristine polymers, due to the nanoparticle scattering and
physical associations with the semiconducting macromolecules [49]. Consequently, the
resulting conjugated matrix/carbonaceous nanoparticle nanomaterials revealed potential for
myriad of applications in the fields of photovoltaics, sensors, supercapacitors, batteries,
engineering structures and biomedical systems, to name a few [50].

Fullerene has been characterized as one of most valuable nano-additives among zero
dimensional carbonaceous nanoparticles, like nanodiamonds, nanoonions and carbon black,
for formation of conductive matrix nanocomposites [S1]. Among semiconductive organic
macromolecules, like polypyrrole, polythiophene and polythiophene derivatives, polyaniline
owns a distinct structure consisting of six membered heterocyclic (heteroatom is nitrogen)
carbon rings in its backbones [52]. Consequently, various facile methods have been reported
in the literature for the preparation of polyaniline through the polymerization of aniline
monomers [53]. Depending upon the synthesis method used, polyaniline generally exists in
numerous oxidation states, like pernigraniline, emeraldine and leucoemeraldine; where the
most commonly studied oxidation state in the literature is the emeraldine base. Essential
physical characteristics, including electron/charge/heat conductivity and mechanical
robustness, of polyaniline seemed to be enhanced through reinforcement with various
nanofillers, like nanocarbons and metal nanoparticles [54]. As per research reports up till
now, the nanocarbon nanoparticles filled polyaniline revealed superior physical properties,
relative to the pristine polymer and the polyaniline/inorganic nanomaterials, and technical
applications for advanced energy and electronics devices/systems [55]. In due course,
Zubtsova et al. [56], reported on a complex formation between the polyaniline-fullerene due
to physical interactions between the phases. The resulting nanomaterials were studied using
the S-type liquid crystal cells having initial planar orientations. Herein, physical associations
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of the conjugated macromolecules with the nanofiller were responsible for the generation of
nematic liquid crystals in the matrix. Xiong et al. [57] applied an in situ polymerization
technique for the formation of fullerene Cso reinforced emeraldine base type polyaniline
nanocomposites. This study analyzed the electron donor-acceptor linkings between the
macromolecular chains and the nanoparticles; thus, leading to facilitated electron
transportations through the physically interlinked polyaniline/fullerene nanocomposites.
Recently, Mathew et.al. [58] designed polyaniline/fullerene nanocomposites and studied
variations in their nonlinear optical bistability by changing fullerene concentrations. It was
observed that rising fullerene contents in these nanocomposites changed saturable absorption
to reverse saturable absorption, due to charge transfer complex formation in polyaniline-
Ceo system. Thus, superior nonlinear optical bistability of polyaniline/fullerene
nanocomposites was observed at higher fullerene contents.
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Fig. 7. (A) Scanning electron microscopy image of the PANI-EB/FW nanocomposite. (B) The galvanostatic
charge/discharge (GCD) curves of the pristine PANI-EB and the PANI-EB/FW nanocomposite at a current
density, of 1 Ag™, respectively. (C) The specific capacitance vs. current density plots of the pristine PANI-EB and
the PANI-EB/FW nanocomposite. Here PANI-EB = polyaniline emeraldine base; PANI-EB/FW = polyaniline
emeraldine base/fullerene Cso whisker Reproduced from [59] with permission from Elsevier

Similarly, Wang et al. [59] applied in situ method to reinforced the fullerene
Ceo molecules in the polyaniline emeraldine matrix. As per scanning electron microscopy
analysis (Fig. 7 A), the nanocomposite revealed a unique morphological pattern having
randomly oriented fullerene Ceo nanowhiskers with the polyaniline emeraldine base deposited
on their surfaces, probably due to the optimal electrostatic interactions between the
macromolecular chains and fullerene nanoadditives. According to galvanostatic charge-
discharge analysis (Fig. 7 B), the polyaniline/fullerene nanowhiskers nanocomposite had a
more symmetrical triangular curve, than the polyaniline emeraldine base, depicting an
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optimum capacity and reversible electrochemical cyclic behavior of the conjugated matrix
nanocomposite. Consequently, the polyaniline emeraldine base/fullerene Cgo nanowhiskers
nanomaterial had a higher specific capacitance, of 813 Fg'!, than the neat polymer (248 Fg'),
as shown in Fig. 7 C. The nanocomposite revealed capacitance retention of > 85 % (1500
cycles). It can be suggested that electrostatic interactions between the macromolecular matrix-
fullerene were accountable for a facilitated charge/electron flow through the matrix; therefore,
significantly enhancing the specific capacitance of the polyaniline/fullerene nanocomposite,
relative to pristine polyaniline, which can be valuable for their future application in
supercapacitor electrodes. In recent times, Riaz et. al. [60] designed polyaniline, fullerene,
and halide perovskite (CsInCls) based hybrids through sol gel autocombustion approach. The
resulting polyaniline/fullerene/CsInClz nanocomposites revealed notably superior specific
capacitance and power density of 1800 Fg' and 1400 W Kg !, respectively. Thus,
polyaniline/fullerene/CsInCl3; nanocomposites were applied as high performance electrodes
for advanced supercapacitors.

Polypyrrole is also a technically valuable conductive polymer which is made up of five
membered heterocyclic (heteroatom is nitrogen) carbon rings in its main chains [61]. Owing
to semiconducting backbone structure, polypyrrole has fine electron conductivity
characteristics, however the presence of heterocyclic conjugated monomeric units in its
backbone decresaed its processability and solubility properties in organic solvents [62].
Consequently, to improve the solubility properties and related physical property-performance
of polypyrrole, doping practices using various chemicals/materials, like acids, bases, metal
nanoparticles and carbon nanoparticles, have been widely investigated for polypyrrole
modification in the literature [63]. Consequently, literature reports regarding easily
processible high performance polypyrrole/fullerene nanocomposite systems have been noticed
[64]. Zhou et al. [65], for instance, explored the effect of fullerene nano-reinforcements on the
structure, solubility/physical properties, and photovoltaic application of polypyrrole based
nanomaterials. Moreover, Wysocka-Zolopa et al. [66] reported on the fabrication of non-
covalently associated polypyrrole-fullerene Ceo nanocomposites via an in situ oxidation
method. As per the microscopic studies (Fig. 8 A), fullerene nano-additives having sizes, of ~
200-500 nm, seemed to be randomly dispersed in the polypyrrole matrix. Additionally, the
polypyrrole/Cgo nanocomposites were studied for their density of states and band structure
properties, as shown in Fig. 8 B. According to density of states plots of the nanocomposites
(left image in Fig. 8 B), variation in the band structure from lowest to highest occupied
molecular orbital (right image in Fig. 8 B) resulted in a band gap, of 0.25 eV, owing to
physical interactions between the polypyrrole-Cso responsible for rapid electron transfer at
their interfaces [67]. Nevertheless, very limited literature repots up till now were noted
regarding non-covalently associated fullerene doped polypyrrole based nanocomposite
systems, therefore focused future research endeavors seemed to be indispensable to reveal the
structure, physical attributes and technical potential of these innovative nanomaterials.

Polythiophene, having five membered heterocyclic (heteroatom is sulfur) carbon rings in
its backbones, is another worth mentioning heterocyclic macromolecule from the family of
semiconducting polymers [68]. In addition to facilitated electron transference properties,
polythiophene has been studied for its optical, electrochemical, thermal and environmental
stability characteristics [69]. In this regard, various easily soluble and processable derivatives
of polythiophene have been reported in the literature, like poly(3-hexylthiophene), poly(3-
dodecylthiophene), poly(3-octadecylthiophene) and so on [70]. Additionally, doping of
polythiophene with nanocarbon nanoparticles has been observed to enhance the electrical
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conductivity and applied potential of the ensuing nanocomposites, compared with the pristine
polythiophene, for the solar cells, batteries, capacitors and allied electronics/energy devices
[71]. Subsequently, poly(3-hexylthiophene), an important polythiophene derivative, has been
observed to form high performance nanocomposites with various carbon nanoparticles, like
nanodiamonds, graphene and allied nanocarbons [72]. Successively, a few literature reports
were observed on the advanced fullerene reinforced poly(3-hexylthiophene) nanocomposites
[73]. In these poly(3-hexylthiophene)/fullerene nanomaterials, fullerene generally acts as an
electron donor, whereas the conjugated polymer behaves as an electron acceptor. In this way,
electron donor-acceptor associations and electrostatic interactions have been observed in the
fullerene reinforced poly(3-hexylthiophene) nanocomposites to facilitate the electron passage
through their backbones.
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Fig. 8. (A) Scanning electron microscopy image with an inset of transmission electron microscopy image of the
polypyrrole/Ceo nanocomposite. (B) The density of states (DOX) plots (left) and the band structure (right) of the
polypyrrole/Ceo nanocomposite. Reproduced from [66] with permission from ACS

Li et al. [74] examined the non-covalent interactions between the poly(3-hexylthiophene)
matrix and the amine modified fullerene nanoparticles based hybrids processed through a
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solution route. As shown in Fig. 9 A, the carbonyl and amine functionalities of the conducting
macromolecular matrix efficiently established hydrogen bonding interactions with the amine
functionalities of the modified fullerene molecules. Figs. 9 B a & b show atomic force
microscopy analysis of the nanocomposites of poly(3-hexylthiophene) and modified fullerene
molecules mixed in different ratios, of 10:8 and 10:10, respectively. It was observed that
poly(3-hexylthiophene)/amine modified fullerene nanocomposite with matrix:nanofiller ratio,
of 10:10 (Fig. 9 B a), showed a uniform nanoparticle dispersion pattern with dispersed
fullerene nanoparticles, of ~ 20 nm, so validating the morphological influence of three point
hydrogen bonding between the poly(3-hexylthiophene) and the modified fullerene molecules.
On the other hand, the poly(3-hexylthiophene)/amine modified fullerene nanocomposite
having a matrix:nanofiller ratio, of 10:8 (Fig. 9 B b), depicted larger macromolecular
domains, of > 100 nm, relative to the 10:10 matrix:nanofiller sample, due to lower nanofiller
contents and so the reduced interactions between the poly(3-hexylthiophene)-fullerene.
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Fig. 9. (A) The structures (left) and hydrogen bonding interactions (right) of the conjugated block copolymer and
the modified fullerene. (B) Atomic force microscopy images of the nanocomposite with block copolymer:fullerene
ratio of (a) 10:10; and (b) 10:8. Reproduced from [74] with permission from Elsevier
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TECHNICAL APPLICATIONS OF PHYSICALLY INTERLINKED NANOCOMPOSITES OF
THERMOSETTING OR CONDUCTIVE POLYMERIC MATRICES AND FULLERENE
NANO-ADDITIVES

As per literature analysis of preceding review sections, limited research attempts have
been reported in the literature up till now showing the technical worth of non-covalently
associated thermosetting matrix/fullerene and conductive polymer/fullerene nanocomposites
for anticorrosion coatings, solar cells and solar rechargeable battery applications.

Particularly, recent reports have been noticed regarding polythiophene/fullerene for
optoelectronics [75]. In this concern, Réider et. al. [76] studied charge transfer dynamics in
organic solar cells based on quaterthiophene/fullerene nanocomposites. Consequently, three
distinct excitation regimes were observed, including strong field with transient effects,
medium pulse intensities of 3-36GW, and Femtosecond radiations with weak pulse intensities
< 3GW. Hence, quaterthiophene/fullerene nanocomposites were applicable as high tech
charge transfer donor/acceptor system in organic solar cell interfaces. Rasheed et. al. [77]
designed polythiophene/fullerene nanocomposites as ionic liquid gel electrolyte for dye
sensitized solar cell. The polythiophene/fullerene nanocomposite depicted electrical
conductivity and ionic conductivity of > 83 S cm™ and ~2.0 x 102 mS cm, respectively. The
dye sensitized solar cell with polythiophene/fullerene nanocomposite based electrolyte
showed power conversion efficiency ~ 8 %. Mahmoud et. al. [78] developed spin coated
poly(3-hexylthiophene-2,5-diyl), [6,6]-phenyl-C61-butyric acid methyl ester, and fullerene
based organic solar cells containing aluminum cathode. Herein, solar cell efficiency was
affected by varying the active layer thickness. Consequently, by increasing the fullerene based
nanocomposite layer thickness up to 80 nm enhanced the power conversion efficiency to > 2
%, 1.e. ~ 6 % higher than the thin layered organic solar cell. It can be suggested that optimum
matrix:nanofiller ratios, i.e., amounts of macromolecules and nanofillers in the
nanocomposite, revealed a significant effect on the development of secondary interactions and
interfacial mechanisms between the polythiophene derivative-fullerene phases. Henceforth,
according to the available literature repots so far, various physical linkages, such as
electrostatic, hydrogen bonding and aromatic stacking interactions, have been observed
between the polythiophene derivative macromolecules and fullerene nano-additives;
therefore, leading to the formation of efficient charge transfer polymer-nanofiller complexes
for potential utilization as active photovoltaic layers for solar cell applications [79, 80].

Anticorrosion coatings

In the case of corrosion protective coatings, generally, applied to prevent the corrosion of
metal surfaces, various materials, like polymers, ceramics and organic/inorganic hybrids have
been investigated in the literature [81]. Consequently, among these coating materials,
polymeric macromolecules reinforced with nanocarbons/metal nanoparticles/metal oxides
revealed important technological applications for corrosion protection of metals [82].
Specifically, carbonaceous nano-additives, like graphene, fullerene, nanodiamond, etc., filled
polymeric nanocomposites depicted advantages of low cost, low density and facile
processability to be applied as high performance corrosion prevention materials [83]. In this
context, anticorrosion performance of nanocomposite coatings seemed to be strongly
dependent upon the uniform nanoparticle scattering in the macromolecular matrices (having
optimal molecular weights); therefore, hindering the diffusion paths of the corrosion causing
percolating corrosion species, like metal ions, metal oxides, acidic species and moisture,
towards the metal surfaces [84]. Subsequently, a few literature research reports so far have
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been observed for the polymer/fullerene nanocomposites having non-covalent interactions,
like electrostatic, hydrogen bonding, etc.) between the matrix-nanofiller; thus, enhancing the
electron/charge conductivity of these nanomaterials desirable for their anticorrosion properties
[85, 86]. Liu et al. [87], for instance, prepared the nanocomposites of bisphenol-A epoxy and
fullerene using diethylenetrimine as a curing agent. Herein, prior to the nanocomposite
formation, fullerene nanoparticles were functionalized through refluxing technique in ethanol
solvent. Afterwards, the resulting functional fullerene nanoparticles, up to 0.75 wt.%, were
reinforced in the bisphenol-A/diethylenetrimine system using a simple solution route and the
as prepared epoxy/functional nanocomposites were investigated for their tribological and
corrosion resistance features. As per microscopic examinations via transmission electron and
high resolution transmission electron microscopy techniques (Figs. 10 A & B, respectively),
the pristine fullerene nanoparticles had discretely dispersed spherical nanostructures.
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Fig. 10. (A) Transmission electron microscopy image of the pristine Cso with a red encircled fullerene
nanoparticle. (B) A high resolution transmission electron microscopy image of the same pristine Ceo; The fracture
topographies of the (C) epoxy matrix having functional fullerene contents, of 0.25 wt. %; and (D) epoxy matrix
with functional fullerene contents, of 0.5 wt. %. (E) Tafel polarization curves of the epoxy/fullerene nanocomposite
coatings. (F) Bode plots of the epoxy/fullerene nanocomposite coatings. Here FCeso = ethanol treated functional
fullerene. Reproduced from [87] with permission from Elsevier
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On the other hand, including functional fullerene contents, of 0.25 wt.% (Fig. 10 C), in
the epoxy matrix revealed a characteristic aggregated macromolecular morphology with
completely merged fullerene nanoparticles and a rough fractured surface. Moreover, including
higher functional fullerene contents, of 0.5 wt. % (Fig. 10 D), in the matrix visibly enhanced
the macromolecular chain aggregation and roughness of the fractured surface. Here,
aggregated polymer/fullerene microstructures seemed to be due to dominating effects of the
macromolecular chains and lower nanofiller contents in the matrix, so leading to poor matrix-
nanoparticle interactions at the matrix-nanofiller interfacial level. Additionally, corrosion
resistance studies for the pristine epoxy and the epoxy/fullerene nanocomposite coatings
having nanofiller contents, of 0.25-1 wt.%, were performed through Tafel polarization
technique (Fig. 10 E). According to the results, a characteristic Tafel Zone was observed for
the pristine epoxy and the nanocomposite coatings depicting their anticorrosion potential after
being tested on the metal surface. Moreover, including fullerene contents, of 0.25-1 wt.%,
enhanced the characteristic Tafel Zone of the polymer/fullerene nanocomposites, due to high
aspect ratio of the fullerene nanoparticles responsible for upgrading the interfacial
macromolecular-nanofiller effects and corrosion resisting potential of these coatings. In
addition, the corrosion current values of the polymer/fullerene nanocomposite coatings were
found lower, than the neat epoxy system, showing superior barrier characteristics of the
fullerene reinforced macromolecular coatings. To further explore the corrosion resistance
performance of the epoxy/fullerene coatings in 3.5 wt.% NaCl based corrosive media, Bode
plots were studied, as shown in Fig. 10 F. According to the results, including fullerene
contents, of 0.25-1 wt.%, upsurged the impendence modulus of the resulting epoxy/fullerene
nanocomposites, relative to the neat matrix, so indicating the decline in the corrosion rate due
to the effectiveness of the nanocarbon nanoparticles for creating a strong barrier towards the
corrosion causing species.

Few very recent research attempts have been noticed for epoxy/fullerene hybrids for
anticorrosion or antiweathering applications for resisting light, chemicals, and other
environmental effects [88]. For instance, Huang et. al. [4] designed a solution casted
thermoset system with polycarbonate/acrylonitrile-styrene-acrylic and modified fullerene,
reduced graphene oxide, and carbon nanotube. The hybrid nanocomposite system revealed
notably superior corrosion resistance and UV resistance features. Moreover, in very recent
times, Babahan et. al. [89] designed bisphenol A epoxy coatings with fullerene/nanocarbons
hybrid nanoadditives by employing bio based hardener (turpentine oil/moss oil). The resulting
epoxy/hybrid fullerene nanoparticles nanocomposites were used as weathering resistant
coatings for wood surfaces. As per total color change tests, using modified nanoparticles
enhanced the resistance of epoxy coatings towards any color changes and weathering effects

Solar cell devices

Above and beyond anticorrosion coatings, an important technical application of the
epoxy/fullerene nanocomposites has been observed for solar cell devices [90]. In this concern,
most of the literature available so far reported on the covalently associated epoxy/fullerene
systems for efficient solar cell utilization due to the effectiveness of the covalently interlinked
macromolecular-nanofiller interfaces in enhancing the photovoltaic features; nevertheless, a
limited research efforts have been noticed up till now for the non-covalently interlinked
epoxy/fullerene systems for this application [91]. A few literature review articles have been
noticed so far stating the application of the physically bonded polymer/fullerene systems for
organic solar cell designs [92]. According to the analysis, including fullerene in polymeric
matrices via physical means may reveal lower power conversion efficiencies, of 12 %,



40 ADVANCES IN MATERIALS SCIENCE, Vol. 26, No. 1 (87), March 2026

relative to the allied covalently bonded nanocomposites having significantly higher power
conversion efficiencies, of up to 20 % [93]. Han et al. [94], for example researched on the
physically interacted epoxy and Ceo-isobenzofulvene nanoparticles based nanocomposites,
prepared via an in situ process, for photovoltaics. Consequently, the resulting epoxy/Ceo-
isobenzofulvene nanocomposites revealed a higher power conversion efficiency, of 3.1 %,
than a comparable system of phenyl-C61-butyric acid methyl ester/Ceo (2.5 %), due to n-n
interactions between the macromolecular backbone and isobenzofulvene modified fullerene
nano-additives. In addition to the epoxy/fullerene nanomaterials, effects of non-covalent
fullerene reinforcements on the photovoltaic characteristics of the conductive matrices have
been investigated in the literature [95]. Accordingly, in conducting polymer/fullerene
nanocomposites, the conjugated macromolecules seemed to have intrinsic
electron/charge/hole transportation features to act as efficient electron donors, whereas
fullerene molecules usually behave as electron acceptors leading to the formation of electron
transfer complexes to enhance their electronic, electrochemical and nanostructural properties
for photovoltaic application [96]. In this context, a few literature reports were observed
regarding polythiophene derivatives and fullerene Cgo based nanocomposites for organic
photovoltaic devices [97]. Lobez et al. [98], for instance, developed a photovoltaic system
based on the physically interlinked poly(3-hexylthiophene)/phenyl-C61-butyric acid methyl
ester and fullerene nanoparticles. Fig. 11 A shows a snapshot of the proposed nanoscale
organizations within the binary poly(3-hexylthiophene)/phenyl-C61-butyric acid methyl blend
and the fullerene nanoparticles. Consequently, the nanoparticles formed ordered orientation
between the macromolecular chains leading to the crystallinity properties of the matrix-
nanofiller system. Fig. 11 B a shows a photograph of dipole formation in the poly(3-
hexylthiophene)/phenyl-C61-butyric acid methyl ester/fullerene nanocomposite, which
seemed to be due to the development of the macromolecular (poly(3-hexylthiophene)/phenyl-
C61-butyric acid methyl ester)-fullerene heterointerfaces having low charge carrier
recombinations. Moreover, including fullerene nano-additives, of 0.25 wt.%, resulted in a
higher photo conversion efficiency, of about 30 % (Fig. 11 B b), relative to the neat blend
matrix, due to the development of effective dipole interactions and interfaces between the
conjugated macromolecules and the fullerene nanoparticles responsible for their superior
photovoltaic performance.

Batteries

Additionally, conjugated polymers, like polyaniline, having p-type semiconductivity and
photosensitivity properties were investigated for the solar chargeable batteries [99].
Especially, the polyaniline/Cso systems have been observed competent for developing active
hole-electron pairs to electrochemically transform the solar energy into the chemical energy
for the desirable battery application [100]. Tran et al. [101], for example, studied the electron
transference properties of the polyaniline/fullerene plasma-induced carbon clusters
nanocomposites. Relative to the neat polyaniline matrix, the resulting nanocomposite had
higher capacity, of 310 mAh g'!, capacity retention, of 91 % (2000 cycles) and photon energy
conversion efficiency, of 1.15 %, due to the efficiency of fullerene plasma-induced carbon
clusters for developing photoexcited electrons/holes in the matrix. Fig. 12 a shows a snapshot
of the fiber shaped solar rechargeable battery design consisting of a polyaniline/fullerene
plasma-induced carbon clusters based photocathode and a polyaniline/fullerene plasma-
induced carbon clusters/zinc hybrid based photoanode. Scanning electron microscopy images
of the polyaniline/fullerene plasma-induced carbon clusters hybrid (Figs. 12 b & ¢) revealed a
typical aggregated conjugated macromolecular morphology along with a few distinctly
dispersed polyaniline nanofibrils having diameter, of 100 nm. Moreover, an energy band
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diagram (Fig. 12 d) of the polyaniline and the fullerene plasma-induced carbon clusters was
studied to analyze the exact positions of their valence and conduction bands before their
mutual interactions/contact in the battery.

Henceforth, potential of non-covalently interacted polyaniline-fullerene nanocomposites
for efficient solar rechargeable battery electrodes was analyzed, nevertheless only limited
literature has been published up till now, for these next generation conductive
polymer/fullerene based technological materials.
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Fig. 11. (A) Diagram of the proposed nanoscale organizations within a binary mixture of P3HT and PCBM
matrices; (B) (a) A snapshot of the dipole formation due to the development of the polymers (P3HT and PCBM)-
fullerene heterointerfaces. (b) Current-voltage plots showing a 30 % enhancement in the PCE of the P3HT:PCBM
based solar cell with the fullerene contents, of 0.25 wt.%, relative to the neat P3HT:PCBM matrix. Here PCBM =
Phenyl-C61-butyric acid methyl ester; P3HT = poly(3-hexylthiophene); PCE = photo conversion efficiency.
Reproduced from [98] with permission from ACS
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Fig. 12. Characteristics of the polyaniline-fullerene plasma induced carbon clusters (PANI-FPC) heterojunction in
the flexible solar rechargeable battery: (a) a schematic of the fiber-shaped solar rechargeable battery consisting
of a PANI-FPC based photocathode and a PANI-FPC@Zn based photoanode. Scanning electron microscopy
images of: (b) a cross-section (left) of the PANI-FPC sample, where green dotted lines show polyaniline nanofiber
having diameter, of 100 nm, and the corresponding energy dispersive X-ray spectrometry mapping (right); and (c)
top-view of the PANI-FPC surface. (d) An energy band diagram for the PANI and the FPC before mutual
interactions/contact. Here FPC = fullerene plasma-induced carbon clusters; PANI = polyaniline. Reproduced from
[101] with permission from Elsevier

VIEWPOINTS, FUTURE OPPORTUNITIES AND CONCLUSIONS

Above presented to date research progress in the field of non-covalently associated
thermosetting matrix/fullerene and conjugated polymer/fullerene hybrids revealed significant
scientific potential for corrosion protection coatings, solar cells and solar rechargeable battery
applications (Fig. 13 & Table 2) [102-104].

As per literature analysis, including modified fullerene nanoparticles in the thermosetting
polymers have been observed advantageous for developing non-covalent interactions with the
macromolecular backbones, uniform nanofiller dispersions and superior electron/charge
transfer properties desirable for high-tech corrosion resistance and photovoltaic applications
[105]. On the other hand, the conductive macromolecular systems non-covalently reinforced
with the fullerene nanoparticles have been investigated for solar cells and solar rechargeable
battery devices, whereas the available literature to date is still lacking the research reports on
the physically associated conjugated polymer/fullerene nanomaterials regarding their
application for anticorrosion coatings [106]. Herein, it is suggested that development of
electron donor (conductive macromolecule)-acceptor (fullerene) complexes seemed to be
indispensable for facilitated electron/charge transportation through the non-covalently
interlinked nanocomposites for their effective utilization in solar cell devices [107]. Owing to
the growing scientific concerns regarding the development of non-covalently associated
thermosetting matrix/fullerene and conjugated polymer/fullerene nanocomposites for solar
cells and batteries, focused research investigations may unveil significant future applications
of these technically valuable fullerene based nanocomposites for supercapacitors and allied
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high end energy devices [108-110]. Furthermore, among nanocarbons, using zero dimensional
fullerene nanoreinforcements with thermosetting and conjugated matrices has also been found
advantageous, relative to several reported allied hybrid systems with two dimensional
graphene and one dimensional carbon nanotube additives (Table 3).
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Fig. 13. A snapshopt of, design—to—applications, thermosetting and conjugated matrix nanocomposites with
fullerene nanoadditives

Non-covalent interactions between epoxy/fullerene and conductive polymer/fullerene rely
upon (i) processing technique, (ii) processing conditions/parameters, and (iii) surface
functionalities of fullerene nanoparticles. Facile processing techniques for polymeric
nanocomposites usually determine long-term stability of nanoparticle dispersions in soluble
matrix phases [111]. Processing technique as well as conditions may notably contribute to
nanoparticle dispersion and the final nanocomposite properties. In other words, using two
different synthesis routes may result in different polymer chain conformations near
nanoparticle surface despite the same matrix-nanofiller composition. Accordingly, flow and
integrity of polymer chains greatly rely on synthesis technique as well as parameters adopted.
For example, using sonication/stirring type techniques in assistance with solution processing
or curing method may cause better flow of polymer chains to dispersed fullerene nanoparticle
surfaces. This effect not only enhance matrix-nanofiller interlinking but also improve
microstructural features via interfacial associations. Physical interactions between epoxy or
conjugated matrices and fullerene molecules usually improve by nanoparticle dispersion in
matrices. For better dispersed nanoparticles, polymer chains can easily flow towards high
surface area nanoparticles; thereby increasing the physical interlinks between them. In situ
technique involves the formation of polymer chains in the presence of dispersed
nanoparticles. Usage of supplementary approaches (ultrasonic, magnetic stirring) along with
in situ techniques usually help in uniform nanoparticle dispersion and assist physical
interactions with growing polymer chains and hinder polymer chain rupture.



44

ADVANCES IN MATERIALS SCIENCE, Vol. 26, No. 1 (87), March 2026

Table 2. Design, fabrication strategies and physical characteristics of the non-covalently interacted thermosetting
polymer/fullerene and the conjugated polymer/fullerene nanocomposites

Matrix Nano-additive Fabrication Features Ref.
Epoxy/poly(ethylene Fullerene- Click reactions; Charge transfer complexes; [43]
oxide); poly(ethylene solution method; nanodomain morphology;
epoxy/poly(ethylene oxide); fullerene- curing technique aromatic conjugation; electron
oxide)-block-poly(N- poly(N- polarization; dielectric constant
vinylcarbazole) vinylcarbazole)

Diglycidyl  ether  of Fullerene Ceo Ultrasonic technique; Tensile strength and elastic [44]
bisphenol A epoxy; curing modulus increase, by 23 and 46%,
Triethylenetetraminehard respectively;
ener fracture toughness and strain energy
release rates improve, by 101 and
85 %, correspondingly
Diglycidyl  ether  of Fullerene Ceo Solution route; Microstructure with aggregated [45]
bisphenol A epoxy; sonication; polymer domains and scattered
commercial hardener curing fullerene nanoparticles;
Young’s modulus and ultimate
tensile strength increase, by 19 and
20 %, respectively
Polyaniline Fullerene Ceo Liquid crystal cells of Complex formation; [56]
S-type having initial nematic liquid crystal generation
planar orientation
Polyaniline Fullerene Ceo In situ method Electron donor-acceptor linkings [57]
Polyaniline  emeraldine Fullerene Ceo In situ method Electrostatic interactions; [59]
base nanowhiskers symmetrical triangular
galvanostatic charge-discharge
curves;
optimum capacity;
reversible electrochemical profile;
specific capacitance 813 Fg
capacitance retention > 85 % (1500
cycles)
Polypyrrole Fullerene Ceo In situ oxidation Fullerene nanoparticles with [66]
method diameter, of 500 nm, and
band gap, of 0.25 eV
Poly(3-hexylthiophene) Fullerene Ceo Solution route Hydrogen bonding between [74]
fullerene (amine functionalities)
and matrix (carbonyl
functionalities)
Bisphenol A epoxy; Fullerene Cso Solution/curing routes Tafel polarization/Bode plots; [87]
diethylenetrimine curing anticorrosion potential
agent
Bisphenol A epoxy Fullerene Ceo. Solution/mixing Bulk heterojunction solar cell; [94]
isobenzofulven techniques power conversion efficiency 3.1 %
open circuit voltage 0.75 V
Poly(3- Fullerene Ceo- Solution route Photovoltaic system; [98]
hexylthiophene)/phenyl- photo conversion efficiency 30 %
C61-butyric acid methyl
ester
Polyaniline Fullerene plasma- Solution route Battery photoelectrode; [101]

induced carbon
clusters

capacity 310 mAh g''; capacity
retention 91 % (2000 cycles);
photon energy conversion, of 1.15
%
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Besides, in case of any processing technique, using functional fullerene (e.g., carboxylic
acid, hydroxyl, amine) can easily develop better hydrogen bonding and electrostatic
interactions with epoxy. In the case of non-functional fullerene, using sonication, magnetic
stirring, etc., can enhance interactions between polymer chains and nanoparticles, especially
via m-m stacking and van der Waals association. In this way, nanocomposite synthesis
technique, additional nanoparticle modification and dispersion assisting techniques may affect
the performance of non-covalently linked polymer/fullerene nanocomposites.

Table 3. Comparison of essential features and technical performance of polymer/fullerene nanocomposites with

graphene (two dimensional) and carbon nanotube (one dimensional) derived nanocomposites

Matrix Nano-additive Fabrication Features Ref.
Diglycidyl  ether of | Fullerene Cyo Ultrasonic technique; Tensile strength and elastic modulus [44]
bisphenol A epoxy; curing increased by 23 and 46%, respectively;
Triethylenetetraminehard fracture toughness and strain energy

ener release rates improve, by 101 and 85
%, correspondingly
Diglycidyl  ether of | Fullerene Cgo Solution route; Young’s modulus and ultimate tensile [45]
bisphenol A epoxy; sonication; strength increased by 19 and 20 %,
commercial hardener Curing respectively
Diglycidyl  ether  of Graphene Curing method Tensile strength and modulus [112]
bisphenol A epoxy; nanoplatelets increased by ~ 8 % and ~ 7 %,
EPIKURE curing agent respectively
W
Diglycidyl  ether  of Graphene Curing method Tensile modulus increased by [113]
bisphenol A epoxy; nanoplatelets ~14 %
curing agent W
Araldite LY-556 epoxy; Carbon Curing route Modified Halpin-Tsai micro- [114]
commercial hardener nanotube mechanical model based
HY-917 tensile modulus enhanced by
27 %

Bisphenol A epoxy Fullerene Cgo. Solution/mixing Bulk heterojunction solar cell; [94]

isobenzofulven techniques power conversion efficiency 3.1 %

open circuit voltage 0.75 V
Bisphenol A epoxy Graphene. - Not reported yet. -
Bisphenol A epoxy Carbon - Not reported yet. -
nanotube

Poly(3- Fullerene Ceo- Solution route Photovoltaic system; [98]
hexylthiophene)/phenyl- photo conversion efficiency 30 %
C61-butyric acid methyl
ester
Poly(3- Reduced Solution route Bulk heterojunction solar cell; [115]
hexylthiophene)/phenyl- graphene oxide power conversion efficiency ~ 3.9 %
C61-butyric acid methyl
ester
Poly(3- Carbon Spray coating Photovoltaic system; [116]
hexylthiophene)/phenyl- nanotube power conversion efficiency ~ 7 %
C61-butyric acid methyl
ester
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Poly(3- Boron doped Solution route Bulk heterojunction solar cell; [117]
hexylthiophene)/phenyl- | carbon nanotube power conversion efficiency ~ 4 %
C61-butyric acid methyl
ester
Polyaniline  emeraldine Fullerene Ceo In situ route Electrochemical properties; [59]
base nanowhiskers specific capacitance > 800 Fg'!;
capacitance retention > 85 % (1500
cycles)
Polyaniline Graphene In situ route Specific capacitance > 300 Fg'; [118]
capacitance retention ~ 88 % (1000
cycles)
Polyaniline Reduced In situ route Specific capacitance > 400 Fg™!; [119]
graphene oxide capacitance retention ~ 84 % (800
cycles)
Polyaniline Carbon In situ chemical Core shell hybrids; [120]
nanotube oxidation process specific capacitance > 480 Fg'!;
capacitance retention ~ 98 % (> 1000
cycles)
Polyaniline Fullerene Solution route Battery electrode; [101]
plasma-induced capacity > 300 mAh g'!; capacity
carbon clusters retention 91 % over 2000 cycles
Polyaniline Graphene Ball milling method Battery anode; [121]
capacity ~ 250 mAh g'!; capacity
retention over 350 cycles
Polyaniline Carbon Carbonization Battery anode; [122]
nanotube capacity ~ 260 mAh g'!; capacity
retention over 150 cycles

As presented above, potential of polymer/fullerene nanocomposites have been discovered
for corrosion resisting coatings, batteries, supercapacitors, photovoltaics, and allied
methodological devices. However, number of design, synthesis, and essential characteristics
related challenges need to be resolved to attain high-tech industrial scale fullerene based
nanostructures and applications. Broadly speaking, miscibility and dispersion of fullerene
molecules in matrices remain as major challenges thru the nanocomposite fabrication. Lack of
solubility/scattering may
Consequently, poor fullerene dispersion strongly affects physical interaction between matrix-
nanofiller and aggregation tendencies. Herein, minute variations in fullerene surface
functionalization may enhance (i) nanoscale/interfacial miscibility of polymers-fullerenes; (i)
interconnectivity of polymer chains-fullerene molecules and fullerene-fullerene; (iii) better
percolation effects for charge, electron, and ionic transportation. Additionally, challenges
have been analyzed to attain sustainability, ecofriendliness, reproducibility, low cost, as well
as commercialization in polymer/fullerene hybrids. Hence, using appropriate surface
functionalities not only enhance fullerene miscibility but also long-term environmental

fullerene

compatibility.

Correspondingly,

future opportunities

lead

to agglomeration

in polymeric matrices.

of thermosetting/fullerene and conjugated

polymer/fullerene nanocomposites rely on several factors including facile processing,

consistent dispersion, interfacial establishment, and scalability for related industries. Various
energy devices based technological fields, such as fuel cells, have yet not been sufficiently
explored using these fullerene derived nanocomposites [123]. Predominantly, conductive

polymer/fullerene must be focused for electronics, like sensors/actuators [124, 125].

Similarly, research expansions on these nanomaterials efforts may lead to advanced transistor
designs [126]. However, the fields of sensors, actuators, transistors, etc. demand extensive
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focused future research efforts. Moreover, using fullerene reinforced thermosets or conjugated
matrices may benefit the arenas of aerospace and automotive sectors [127]. Furthermore,
fullerene derived nanocomposites must be scrutinized for future biomedical fields [128].
Hardly any successful research endeavors seen regarding controlled uptake and release of
drugs, thereby making an open field for functional fullerene hybrids based future drug
delivery industries [129]. Several biocompatible fullerene based systems can be research for
future nanomedicine application [130]. Henceforth, future design and practical opportunities
of polymer/fullerene nanocomposites rely upon explorations and inventions of underlying
mechanisms for interactions, dispersion, interfaces, and competent physical profiles.

Briefly speaking, it is recommended that comprehensive future research efforts seemed
indispensable to overcome the design-processing-property challenges of the physically
interlinked polymer/fullerene nanomaterials in order to unveil the myriad of unexplored
technological zones, like fuel cells, supercapacitors, optical devices, sensors,
microelectronics, e-textiles, defence and biomedical applications. Moreover, it can be
suggested that according to prior literature surveys hitherto, appropriate surface alterations of
fullerene nanoparticles need to be investigated to resolve the challenges of
macromolecular/nanofiller agglomeration via developing efficient electrostatic, hydrogen
bindings or aromatic stacking interactions, so leading towards advanced property-
performance profiles of the high tech polymer/fullerene nanocomposites [131].

Conclusively, this revolutionary overview, well-summarized the current state of the
physically or non-covalently interlinked thermosets/fullerene and the conductive/fullerene
nanocomposites. In accordance with the literature survey, physical or non-covalent
associations between the macromolecular matrix-nanoparticles valuably influenced the
microstructural, electron/charge/thermal conductivity, mechanical/heat stability, corrosion
resistance, specific capacitance/capacity and photovoltaic properties of the advanced
polymer/fullerene nanomaterials. Various simplistic synthesis practices, like in situ, solution
and ultrasonication methods, have been applied for the fabrication of the thermosetting
matrix/fullerene and the conjugated polymer/fullerene nanocomposites having non-covalent
interactions in their nanostructures. In this concern, numerous factors seem to influence the
polymer/fullerene nanocomposite characteristics, including type and molecular weight of the
macromolecular matrix, solubility properties of the macromolecular matrix, fullerene
contents, fullerene surface modification, scattering patterns of macromolecules and/or
nanoparticles, interfacial linkages and processing technique used for the formation of these
hybrids. Subsequently, the polymer/fullerene nanocomposites having physical interaction
between their macromolecular matrix-nanofiller phases have been explored for their
application in corrosion defense and energy devices/systems. Henceforth, despite the non-
covalently interlinked polymer/fullerene based technical systems reported thus far, upcoming
research endeavors must focus the development of innovative macromolecular-nanofiller
design combinations and invention/use of advanced processing methods to resolve the design-
synthesis-property challenges in order to attain future high-tech fullerene reinforced
thermosetting and conducting macromolecular hybrid systems for real world industrial
applications.
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