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Abstract 

Harvesting of natural energies and their storage are challenging issues for the scientific world. Due to their properties like flexibility, low 
cost, ease of processing and the high permittivity (high-k), polymer matrix nanocomposites are using to develop flexible electronic 
devices and large-scale energy storage technologies to harvest natural energies. Here we summarized a review on polymer hybrid 
composites using for energy storage applications.. 
Keywords: Hybrid composite, Energy storage, Polymer, Graphene, PANI, Organic-Inorganic hybrid composites, Metal oxides. 

1. Introduction 

Traditional polymers are made up of single components and their melting point is in the range of 100-250  C [1]. So 
the demand for high-temperature applications cannot be performed by these materials. So the idea of incorporating materials 
i.e.; fillers, into polymer matrix was developed. This idea created a new family of materials known as Polymer hybrid 
composites. The fillers are mainly different types of particles, fibers or sheets. The polymer is called the matrix phase and 
the natural or artificial additives are known as the reinforcing phase [2, 3]. This may be at a nanometer or molecular level. 
The properties of these three dimensional materials are different from the original individual polymers.  

There are important applications with polymer hybrid composites in different fields like the food packaging industry 
[4], electronics [5] and medicinal industry [6]. By incorporating little fillers in the matrix of polymer, the composite 
properties like mechanical properties [7, 8], electrical conductivity [9–11], thermal conductivity [12], corrosion resistance 
[13], and wear resistance [14] were changed compared to conventional polymers.  

There is a critical need for the production of renewable and sustainable energy storage resources and for natural 
energies like solar energy and wind sector because of the increasing crisis in energy of conventional fossil fuels [15]. To 
store and generate renewable energy, good storage systems for energy are required, because the renewable energy supply 
systems are intermittent.  

 
It is impossible to meet the final desirable properties of energy absorption tubes by a single material. So by combining 

them in a way to improve the desirable properties and decrease the mass or cost. To improve the properties, researchers 
developed light alloys which are the best single materials but the incorporation of polymers make them much lower densities. 
The strength of the hybrid composite depends on the nature of the fillers [16].  

 
The design, synthesis and functionalities of hybrid composites received great attention recently. The key challenge in 

energy application areas is the distribution and dispersion of the fillers in the composites. Metals and minerals are the 
traditional fillers broadly used in many applications in macroscale. But the properties cannot really change these fillers 
because of the less interfacial contact with the matrix. To make good contact with the matrix, one of the main ideas is to 
reduce the size to the nanoscale. This size reduction will increase their surface area and make an excellent interaction of 
fillers and matrix material [17]. The idea of polymer hybrid nanocomposites for the first time was proposed by Roy and 
Komarneni in 1984 [18]. Their idea was to reduce the size of at least one filler like fullerenes, nanosized particles, 
nanotubes (CNTs) etc. to within the limit of 100 nanometers. Polymers exhibiting very attractive properties like high 
durability, light weight and corrosion resistance etc. have wide acceptance in industries. In this chapter, we have explained 
different polymer composites using for energy storage applications. 
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2. Classification of polymeric hybrid composites for energy storage application 

Polymer hybrid composites can mainly be classified based on the nature of fillers (reinforced phase).  It can be fibers, 
particles, sheets or mixtures of these forms. The cartoon representations of Polymer hybrid composites are shown in Fig. 
1(a)[19],and the types of components to prepare hybrid materials for energy storage are shown in Fig. 1(b)[20]. 

(a)     (b)  

Figure 1:(a) Cartoon representation of Polymer hybrid composites[19],Copyright@2016 Wiley-VCH Verlag GmbH & Co. 
KGaA, Weinheim; (b)Types of components to prepare energy storage hybrid materials: a variety of inorganic electroactive 
species, conducting organic polymers (COPs) and carbon materials [20] Copyright@2015 Royal Chemical Society. 

2.1 Carbon based- Graphene Based Hybrid materials 

Because of the stability problems, the applications of carbon nanotubes are restricted. The excellent electrical performance 
of grapheme was identified by Novoselov et al in 2004 [21].  Graphene is a multipurpose and unique building blockor 
conductive support for many functional materials [22]. Ball milling [23], solution mixing [24] and in situ polymerization 
[25,26] are the well established preparation methods of graphene and graphene oxide (GO) based polymer nanocomposites. 
Multi functional cross linkers -both organic and inorganic-are use to cross link the graphene or GO to the matrix polymer. 
For a range of energy storage applications and conversion the graphene-based hybrid compositeshave been investigated 
[27,28]. In between graphene sheets incorporating the inorganic nanostructures by chemisorptions is the fabrication method 
for graphene-inorganic hybrid materials. SnO2 nanoparticles assembled with graphene sheets in the ethylene glycol medium 
to prepare the porous electrode material which developed by the wang group[29]. 

Ion exchange method was used to synthesize the composite of Palladium (Pd)-graphene by Scheuermann et al. and studied 
the catalytic activity [30]. Porous three-dimensional (3D) Polyoxometalate (POM)-graphene composited were prepared by 
incorporation of POM nanoparticles in graphene sheets by reduction method [31]. For energy storage applications, different 
inorganic species like metal antimonied[32], metal telluride[33], metal nitride[34], metal selenide[35], metal sulphied[36] 
are incorporated in graphene and made the hybrid composites. The simple method to prepare graphene based inorganic 
materials is the solvo- or hydro thermal process [37]. In this process, inorganic species are incorporated in to graphene 
matrix by treating GO in metal ion precursors. GO reduced to graphene and precursors change to metal or metal oxides in 
graphene matrix. Tang et al prepared metal and its oxide particle assembly on graphene having low density and tunable 
structures both macro and micro by hydrothermal methods [38]. Composites of graphene-CdS having good structural and 
optoelectronic properties have been synthesized by Cao et al. from Cd2+ and GO mixtures by solvothermal reaction using 
DMSO as a solvent [36].  
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Covalent or noncovalent crosslinking of graphene or GO sheets is used to prepare Graphene –based organic materials. 
Multi-functional fillers are used as crosslinkers. Crosslinking GO sheets with organic diisocyanates is used to 
fabricateGraphite oxide hybrid porous materials (GHPMs). These materials have more porosity compared to powdery GO 
[39]. π-πstacking, electro static interaction, hydrogen bonding, chemisorptions and hydrophobic interaction are the driving 
forces to link GO and polymers in noncovalent graphene-based hybrid materials[40,41]. 

The 3D composites prepared by mixing 2D materials in the polymer matrix and structure showed good contact. The good 
contact gives better thermal and electrical conductivity properties. Different groups studied the fabrication of Graphene 3D 
structure in polymers and its applications [42]. The straight forward method to prepare graphene 3D composites is the 
freeze-thawing process. Solvents become solids at very low temperatures and sublimate under vacuum conditions. Without 
aggregation and large surface area, the 3D structure will form and polymers might be filled with these 3D graphene fillers 
[43]. Wang et al. added the epoxy resins directly to the 3D graphene aerogel prepared by the freeze-drying cycle of aqueous 
GO and formed a composite of graphene aerogel/epoxy polymer [44]. Another way to fabricate aninterconnected network of 
graphene 3D structures is Chemical vapor deposition (CVD). At high temperature to grow graphene Ni form was used, 
followed by filling with polymers. After removal of the solvent and etching the template, 3D graphene-polymer composites 
were developed [45]. Different fabrication method of grapheme TiO2 composite is shown in Fig. 2 

 

Figure 2: The synthetic procedure schemes forTiO2 +GNs [48]Copyright @2011, Royal Society of Chemistry. 
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2.1.1Energy Storage Applications:  Very little quantity of graphene can change significantly the conductivity and 
mechanical properties of the polymers because of the large surface area of graphene. For example with the presence of 
1.2vol% of graphene the highest dielectric constant dielectric constantachieved at 100Hz in graphene/poly(vinylidene 
fluoride-co-hexafluoropropylene) (PVDF)                                       composite [46]. Lu and coworkers reported that the 
graphene nanosheets/ PVDFnanocomposites with 0.1 wt% GNs showed high permittivity of 41 at 103 Hz and almost all β-
phase[47]. 
Because of many advantages like high working voltage, low self discharge rate, high specific energy density, fast 
charge/discharge, no memory effect and long lifetime Li-ion batteries (LIB) are very good candidates for electrical energy 
storage system in large scale [48-50]. The LIBs performance is mainly depends on the physical properties and chemical 
properties of the materials of electrode [51]. Since 1991the metallic Li in commercial LIBs is replaced by graphite due to 
safety issues from dendrite growth in organic liquid electrolytes. Graphenes Li storage properties were studied by Yoo et al 
[52] and found that higher capacity than graphite. The capacities increased to 784 and 700 mAhg-1after incorporation of 
C60 and CNT between graphene sheets. Honma’s group prepared the Graphene-SnO2 hybrid material and used as the LIB 
anode material [29].With the addition of graphene, the cycle performance and capacity of LiFePO4 is considerably 
improved [53].  
 

 
 
Figure 3: (a) The way of PANI growth on the surface of GO –schematic and (b) in solution, PANI nucleation -schematic. 
(c) GOSEM image and (d) PANI/GOreacted for 24 h SEM image. (e-h) PANI and PANI/GO’s electrochemical 
performance [69] Copyright @ 2010 American Chemical Society. 
 
One of the very important energy storage devices are Supercapacitors and can more energy than the electrolytic capacitor.  
Due to this 10 to 100 time more energy than capacity supercacitors are widely used in many applications like the 
electricvehicles,  uninterruptible power supplies etc [54,55].  Compared to lithium-ion batteries, supercapacitors showed 
higher specific power. Supercapacitors store energy physically while batteries store chemically [56]. Polymers like 
polyaniline(PANI) [57], Polyacrylonitrile (PAN)[58] and polyvinylalcohol (PVA) are used in supercapasitors but having 
poor cyclic stability which restrict the applications [59-61]. Graphene based fillers with excellent properties both electrical 
and mechanical used in these polymers and used as an electrode in supercapacitor [62]. The composite films from graphene-
PANI were made by filtration of graphene and PANI mixtures [63] and insitu electropolymerization of anode [64]. The 
specific capacitance of the composites was 210 Fg-1 and 233 Fg-1, respectively. Because of the aggregation of graphene, the 
performance of the electrode is poor. So graphene is replaced by GO filler. GO/PANI composites with different GOs 
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contents are prepared by Zhang et al and the specific capacitance and conductivity were studied [65]. They have reported 
that with the presence of 10% (wt) GO the conductivity increased 20 times than PANI. When increasing graphene 
concentration there was a decrease in conductivity observed, to avoid this organization of graphene changed to 3D porous 
structure [66]. 3D graphene/PANI hydrogel composites were prepared by Tai et al by insitu polymerization and reported the 
specific capacitance 334 Fg−1 which is higher than neat PANI [67]. 3D graphene/PANI composite with very high specific 
capacitance ∼1002 is prepared Kulkarni et al. by CVD method [68]. Fig. 3 shows the mechanism of PANI growth on GO, 
SEM images, and electrochemical performance. 
 
The current collector composite of graphene/ Polypropelene(PP) composite was prepared byZhou et al [70]. They have used 
the direct coating method of graphene on PP surface and it is shown in Fig.4. Here to increase the cycle life of Li-S cells the 
graphenes is coated on the PP separator which gives place to store the polysulfide.  
 

 
 

Figure 4: (a) Schematic diagram of PP/Graphene composite electrode configuration (b) At at current density 1.5 and 3 A 
g−1 the cycle stability of graphene/PP separator [70],Copyright@2015, Wiley-VCH Verlag GmbH & Co. 
 
 
Solar energy is another source of renewable energy and the high electron mobility of graphene is the main reason to graphen 
based composites in organic solar cells. Due to this property of graphene, the separation of charge and transportation of 
hole will increase in organic photovoltaic cells. In dye-sensitized solar cells (DSC) graphene/TiO2 is used as anode. For 
photoelectrons Graphene acted as a bridge and enhances the rate of charge transport and light collection efficiency was also 
increased [71]. Yin et al. investigated the functionalized graphene as electron acceptor material in P3OT and P3HT 
heterojunction photovoltaic devices. The interactions of polymers and graphene help to act in bulk heterojunction-organic 
photovoltaic devices as active layer. 1.4% power conversion efficiency obtained under Xenon lamp illumination [72]. Fig. 5 
shows the I-V curves for ZnO/P3HT-based hybrid solar cells. 
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Figure 5: Under simulated globe sun illumination, I-V curves for ZnO/P3HT based hybrid solar cells[72],Copyright @2010 
Wiley-VCH Verlag GmbH & Co.  
 
In Fuel cells carbon materials are generally used as supporting the nanosized catalyst. The durability of the fuel cells 
depends on catalyst [27]. Graphene is an excellent material for support fuel cells due to its properties like mechanical, 
electronic and structural. Better stability and higher catalytic activity is observed in graphene-Pt hybrid electrode for fuel 
cells. Power density of graphene/Pt catalyst is observed much greater than that of commercial Pt/C catalyst [73]. 
In fuel cells GO-Nafion nanocomposite has been tested as proton exchange membrane and it was found that the 
performance is improved at elevated temperatures. The proton conductivity improved four times and it displays 0.042 W 
cm-2 as the peak power density [74]. It was observed that PtRu/graphenecatalyst shows current value 2.5 times greater than 
the current value of PtRu/MWCNTs catalystdirect methanol fuel cells [75].  
 
The next renewable and clean energy source is hydrogen energy, which can solve the environmental problems. With the 
presence of photo catalyst with irradiation of visible light water splittingis the way to producehydrogen. In recent years 
graphiticcarbon nitride (g-C3N4)as a metal free polymeric photo catalyst was developed [76]. During the process of water 
splitting in visible-light irradiation to produce hydrogen or oxygen g-C3N4 showed high chemical and thermal stability. But 
compared to g-C3N4, the hybrid material with graphene-g-C3N4 showedgood photocatalytic properties and conductivity 
[77].  
 
Eventhough there are many studies on the success of graphene-based hybrid systems, still lot of challenges in this field. 

2.2 Organic –Inorganic Hybrid composites 

Inorganic fillers like Al2O3, γ-LiAlO2, SiO2, TiO2, which are inert ceramic materils, ferroelectric fillers of ceramic 
materials like PbTiO3, LiNbO3 , and BaTiO3, fast ionic conductors, and clay are disperses in to polymer matrix to prepare 
hybrid composite of Organic-inorganic material [78-80]. Different inorganic groups mainly phosphates and oxides like 
LiMnO2, MnO2, Li1-xVOPO4 etc.have been used as electrode materials. Amatucci’s group proposed the concept of hybrid 
device [81]. 
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2.2.1 Applications: The nanocomposites of (TiO2 nanorod+GNs)/PS having direct interaction with polymer matrix and 
GNs and formed effective microcapacitors, which is suppressed the creation of conductive pathways.  This composite with 
10.9vol% TiO2 +GN shows the permittivity 643 times higher than PS at 100Hz with the 0.39 dielectric losses [82].It has 
been proved that one dimensional materials like BaTiO3 nanofibers and nanowires (NWs) having high-k values increasing 
the capability for energy storage and dielectric constant of nanocomposites of polymer [83, 84]. Kang et al synthesized 
BaTiO3@TiO2 Nano wires by hydrothermal method and incorporated in to the P(VDF-HFP) and prepared a composite on 
glass plate. They have reported that at 500 MV m−1 energy densities the 5 wt % BaTiO3@TiO2 NWs in the film of 
nanocmposites discharged 9.95 J cm−3 that is higher than pure polymer [85]. This hybrid composites formed by inorganic 
fills with high surface are than polymer system [85]. The organic-inorganic hybrid composite electrolytes formed by the 
incorporation of inorganic fills having high surface area in proportion with polymer system.[86-88]. 
 
In Li-ion batteries the electrolytes made with organic-inorganic hybrid materials enhanced the properties like interfacial 
stability and ionic conductivity among metallic Li and polymer because of the synergistic effect of inorganic fills and 
polymers. The size and content of the fillers changes the interfacial conductivity of the electrolyte [89,90]. 

 
Figure 6:  BaTio3T+GNs preparation scheme [91].  Copyright @2015, Elsevier Ltd 

 
By using electrostatic self-assembly Fu and Chen prepared the (BaTiO3+ GNs), as shown in Fig.6. The ratio of BaTiO3 to 
GNs is 125:1. (BaTiO3+GNs)/PVDF composite with 30%(vol) BaTiO3+GNs showed the 1.8times higher permittivity than 
BT/PVDF composite that is 67.5 at 1000Hz [91]. Chu et al prepared a three layer MnO2 -GNs-MnO2 structure by 
incorporated MnO2 NPs on two sides of GNs and it is represented as MGM. A great permittivity is observed for 
MGM/PVDF composites and the dielectric loss is less [92]. Graphene-MnO2 showed thespecific capacitance of 300 Fg-1 
[93].  A very high specific capacitance was observed for graphene-Ni(OH)2 and in this compositenanoplates of Ni(OH)2 
were grown on the top of graphene sheets [94]. Due to this high specific capacitance this is useful as supercapacitors with 
both energy and high power densities. To increase the space between graphene sheets inorganic nanostructures are using 
and constructs 3D structures with porosity. Graphen-CdS composites showed high H2-production rate because graphene 
acted as both an electron collector and the transporter. The rate is 1.12 mmol h-1, which is higher than that of pure CdS 
nanoparticles about five times. To prevent aggregation in situ process (polymerization and particle processing) can be 
adapted [95].  
 
Clay is another inorganic filler which is used for the preparation of polymer composites. It was observed that intercalated 
clays mixed with PEO based electrolyte and which improve the conductive properties [96]. The distribution of layered 
fillers and polymer matrix are categorized as exfoliated, intercalated,and phase-separated (aggregated). The three 
interactions are shown in Fig.7[97]. 
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Figure 7: Different types of clay layer distribution in a polymer matrix 
 
 
Polyoxometalates(POMs), are nanostructured oxides clusters. These are having redox activities which are reversible.  This 
cluster is considered themolecular frontrunner of energy storage systems [98]. They are usually anions with three or more 
group 5 or group 6 transition metal oxy anions with closed 3 dimensional structures and are shown in Fig.8.  The most 
common POMs are Keggin and Dawson heteropolyanions are mainly used for energy storage applications. They can show 
multi-electron transfer property and have stable oxidation and reductionstates [99].  
 
 

 
 
Figure 8Polyoxometalate molecules: (A) Keggin, (B) Dawson - Molecular structures. The {XO4} (central colored part) 
heteroatom units are surrounded by cage of a {MOx}n [100],Copyright @2005 Springer. 
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Between GNs, POM NPs were incorporated to develop graphene-POM (GPOM) by Zhou etal.  Due to the redox ability, 
this GPOM was then oxided into o-GPOM. The uptake of hydrogen changes from 0.8 wt% to 1.3 wt% of GPOM to o-
GPOM due to the changes in micropores and electron distribution [31]. Hybrid materials based on POM were originally 
developed with conducting organic polymers [101] like PP, PANI [102], poly(3,4-ethylenedioxythiophene)(PEDOT) [103] 
etc.  
 
There are a many methods to deposit POM films on organic supports and the main three effective techniques are (i) 
chemisorption, (ii) immobilization and (iii) layer-by-layer self-assembly (LbL). The POM–polymer matrix preparation 
scheme is given in Fig.9. 

 
Figure 9: (A) two-steppolymer matrix –POM preparation and (B) one-step polymer matrix –POM preparation schematic 
methods. (C) PPy–PMo12O40

3-
40’s structure-Schematic diagram[104], Copyright @2010 Elsevier. 

PANI–PMo12 hybrid electrode based symmetric supercapacitor was prepared by Gomez-Romero et al. [100,102] after 
potential cycling the capacitance of the device is explained in Fig.10.  The capacitance sharply increases for the first 300 
cycles to 120 F g-1 [101].  The capacitance of the electrode became stable after the initial ‘‘activation’’ period.It was 
understood from the CV that the redox activity of the composite is fromPANI and PMo12. They have also reported that the 
capacitance of 168 Fg-1observed for PANI–PMo12 prepared by chemical methods and 80 Fg-1for electrodes of PEDOT–
PMo12 [45]. Cui et al observed high capacitance of 587 Fg-1 for PANI–PMo12 hybrids prepared by polyaniline 
polymerization procedure. This is 50% enhancement over PANI–graphene material [105]. 

 

Figure10:PANI–PMo12 hybrid electrode material based symmetric supercapacitor’s capacitance as a function of cycle 
number. Comparison of  and PANI–PMo12 electrode - Cyclic voltammogram [101],Copyright @2010 Springer. 
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2.3 Conducting polymers based 

The current next-generation ESS systems, including supercapacitors and rechargeable batteries having good storage 
capability are suffering from problems like stability, lifetime, and safety. These drawbacks of the ESSs and storage materials 
should be solved in the future for better life. For that we have to look into novel and tricky approaches[106,107].  The 
polymers  which are Redox- active are very useful materials for the energy storage systems(ESS) due to their wonderful 
advantages compared with other ESS, ie   superior physical and chemical properties, and very good electrochemical storage 
performance[108, 109]. The familiar redox-active conductivepolymers are polyaniline (PANI), poly(3,4-propylenedioxy 
thiophene) (PRODOT),polythiophene(PT), polypyrrole (PPy) poly(3,4-ethylenedioxy thiophene) (PEDOT), and 
PEDOT:poly(4-styrene sulfonate)(PEDOT:PSS)with high electrical conductivity [110].The chemical structure and 
classification of polymers having redox-active nature and functional groups are shown in Fig. 11. 

 
Figure 11:Chemical Structure and Classification of redox-active polymers and functional groups [108]Copyright@2017 
Elsevier 
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2.3.1 Applications: Schematic picture ofsynthetic way of polymershaving redox-active property and their application to 
ESS are shown in Fig.12 [108]. 

 
Figure 12:Schematic picture of preparation way of Redox-active polymers and their application to Systems  for Energy 
Storage [106] Copyright@2017 Elsevier 

Organic synthesis helps to modify the polymers electrochemical properties like redox voltage, reactivity, electron transfer 
rate of the above, for optimizing their operation in ESSs. 
 

PANI is a conductive polymer having lot of advantages and it easily react with protons and metal ions[111-114]. PANI is 
having limitations in the energy storage applications. Poly(ionic liquid)s were used as electrolytes inenergy conversion and 
storage devices.  It was reported that poly(ionic liquid)s electrolyte, having redox-active groups of anthraquinone (AQ) 
derivative and TEMPO groups and was applied to ESSs by Mecerreyes et al. in 2017 [115].  Viologen-based redox-active 
colloids (RACs), have efficient and reversible capability  for energy storage [116]. Hybridization can create a revolution in 
most of the material developments and can use for joining redox-active materials and other materials like redox-active 
organics ,  traditionalmetalbased , and other active materials will be the nextgeneration ESSs.   

Many research groups developed organic block copolymers, ie two different polymers connected by a covalent bond, are 
using as electrolytes. 

3. Conclusions 

The One of the major scientific issues for a better life is to harvest the natural energies, store anduse them efficiently. In this 
chapter, the fabrication and the energy storage applications of polymeric hybrid composites have been reported.Many 
developments are taking place in this field. Polymeric composites are fabricated by combining fillers and polymer matrix. 
These fillers can improve the polymer nanocomposite’s efficiency. Compared to the conventional composites, 
nanocomposites propose better performances and are the future materials. 
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