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A B S T R A C T

Graphene-based hybrid filler polymer composites represent a significant advancement in materials science and 
engineering due to graphene’s remarkable mechanical, thermal, and electrical properties. This comprehensive 
review systematically evaluates both traditional (e.g., mechanical and solution mixing) and modern fabrication 
techniques (e.g., in situ polymerization, chemical modification, electrospinning, and layer-by-layer assembly) 
employed in the synthesis of these composites, comparing their effectiveness in enhancing material properties 
such as strength, thermal stability, and conductivity. Emphasizing the synergistic interactions between graphene 
and other fillers within polymer matrices, the paper discusses mechanisms that lead to superior composite 
performance. A thorough survey of the literature highlights successful examples where these composites have 
demonstrated significant advancements in mechanical, thermal, and electrical properties. Three detailed tables 
summarize findings from published studies, illustrating the enhanced properties and achievements at various 
filler concentrations across different preparation methods. The review concludes by outlining future research 
directions aimed at optimizing graphene hybrid filler polymer composites for broader scientific and industrial 
utilization. By consolidating current knowledge and providing a practical resource, this review aims to guide 
researchers and practitioners in harnessing the full potential of these advanced materials.

1. Introduction

Polymer composites, a blend of polymers and reinforcing materials 
have been pivotal in materials science since their inception in ancient 
times. Their modern development began in the early 1900 s with the 
advent of synthetic resins, glass fibers, and nanocomposites (Godara 
et al., 2021). Due to their strength, corrosion resistance, and design 
flexibility, they are indispensable in various modern industries such as 
automotive, aerospace, and electronics (Oladele et al., 2020).

Hybrid filler polymer composites which are formed by combining 
different types of fillers to achieve superior properties are essential in 
modern industrial applications due to their improved properties 
compared to single filler composites. They work together to strengthen 
mechanically through improved stress transfer and crack resistance, 
improve thermal conductivity by forming efficient heat transfer 

networks, enhance electrical conductivity by creating effective 
conductive pathways, and boost barrier properties by creating complex, 
tortuous paths that impede gas or liquid diffusion. These synergistic 
interactions result in composite materials that outperform those with 
single fillers. (Sallal et al., 2024) developed a promising ZrO2-ZnO nano- 
powder hybrid polymer nanocomposite for foot prosthetics applications, 
which showed better mechanical, hydrophobic, and antibacterial 
properties than the polymer base. Moreover, the integration of various 
carbon fillers like graphene, carbon nanotubes, carbon fibers, and other 
fillers (metals, silica, and nano-clays) (Althobaiti et al., 2022) allows for 
optimized performance, such as improved strength-to-weight ratios, 
greater thermal stability, and increased conductivity (Yadav et al., 
2023).

Due to the high specific surface area (2600 m2g− 1), and structure 
graphene-based polymer composites present great potential for 
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multifunctional materials that reshape heavy industries e.g., aerospace, 
electronics, energy storage, and automotive (Ali et al., 2024, Abu-Okail 
et al., 2021). In 3D connected structured hybrid polymer composites, the 
presence of graphene highly induces mechanical, thermal, and electrical 
properties due to its intrinsic high mechanical strength, higher Young’s 
modulus ~ 1 TPa, high thermal conductivity (~5000 Wm-1K− 1), and 
high electrical conductivity (~6.6x106 Sm− 1). Recent advances in ma-
terials science e.g., improving dispersion and manufacturing techniques 
have improved the performance and cost-effectiveness of graphene- 
based hybrid polymer composites, underscoring their relevance in 
next-generation technologies (Sabet 2024). Graphene types like pristine 
graphene, graphene oxide (GO), and reduced graphene oxide (rGO) offer 
unique properties for polymer composites. Pristine graphene enhances 
mechanical strength and conductivity due to its atomic-level thickness 
and high aspect ratio. GO improves dispersibility and interfacial in-
teractions, enhancing thermal stability. rGO, derived from GO reduc-
tion, boosts electrical conductivity and mechanical strength, ideal for 
sensors and coatings (Tiwari et al., 2018). Other forms like graphene 
nano-platelets, quantum dots, nanoribbons, and aerogels further tailor 
properties like strength, conductivity, and thermal stability in composite 
materials, advancing applications in materials engineering such as heat 
dissipation (Liu et al., 2021), flexible sensors, and energy storage devices 
(Ibrahim et al., 2020), Sinha et al., 2020, Jagadeesh et al., 2022, Singh 
et al., 2022).

This review paper summarized different aspects of graphene-based 
hybrid filler polymer composites, including the traditional and recent 
processing techniques, a deep insight into successfully prepared com-
posites reported in different literatures, and mechanical, thermal, and 
electrical properties.

2. Processing techniques

2.1. Old preparation methods for graphene and hybrid polymer 
composites

2.1.1. Mechanical mixing
Mechanical mixing is a conventional method used to fabricate 

graphene-based hybrid polymer composites. This method uses me-
chanical forces, e.g., high-speed mixers, ball mills, mortar, and pestle, to 
get a homogeneous mixture of graphene and other fillers with a polymer 
matrix. However, this method is beneficial due to its low cost, scal-
ability, and suitability for different polymer matrices, but the difficulty 
in achieving uniform dispersion, the risk of thermal degradation of the 
polymer and graphene, and limited control over the orientation of the 
fillers are limitations of this method. Thus, additional methods, e.g., 
sonication or surface modification, can be adopted to improve disper-
sion efficacy (Krusenbaum et al., 2022). Mechanical mixing is 
commonly employed in the creation of conductive composites for elec-
tromagnetic interference (EMI) shielding and anti-static packaging, as 
well as in structural materials for automotive and aerospace 
components.

(Jing et al., 2021) developed graphene nanoplatelets (GNPs) coated 
Linear low-density polyethylene (LLDPE) nanocomposites with perme-
able and complex geometry using a ball-milling technique. The LLDPE/ 
GNPs composite presented superb electromagnetic interference shield-
ing effectiveness (EMI-SE) of ~ 32.4 dB with a customizable and opti-
mized structure. (Awasthi et al., 2018) produced porous Molybdenum 
disulfide nanoparticles (MoS2) linked with thin layered reduced gra-
phene oxide (rGO) by ultrasonic chemical method for supercapacitor 
applications and it was observed that rGO increased the surface area and 
conductivity of MoS2 resulting in quick transport of electrolyte ions to 
electrodes and rGO/ MoS2 composites exhibited outstanding electro-
chemical performance with a specific capacitance 314.5 Fg− 1.

2.1.2. Solution mixing
Solution mixing is a widely used method for preparing homogeneous 

graphene-based hybrid polymer composites with efficient interfacial 
bonding. In the processing of this technique, graphene and other desired 
fillers are dissolved in a solvent. Afterward, the polymer matrix is mixed 
to obtain a homogeneous solution (Ke et al., 2012). Compared to me-
chanical mixing, solution blending is advantageous to obtain a better 
filler distribution. The presence of a solvent highly facilitates the 
interfacial adhesion and control over the interaction, with a higher 
possibility of fabricating different functional additives between the filler 
and matrix to get a customized composite (Ismail et al., 2023). However, 
this method also has certain limitations, such as expensive and harmful 
solvents, poor dispersion of graphene sheets in the solvent, and solvent 
removal (Dunlop and Bissessur 2020). Solution mixing is ideal for ap-
plications requiring uniform dispersion of graphene within the polymer 
matrix, such as flexible electronics, energy storage devices like super-
capacitors and batteries, and sensitive chemical and biological sensors.

(Barshutina et al., 2021) reported, graphene/CNT/ poly-
dimethylsiloxane (PDMS) hybrid composite via water solution mixing 
and later calendaring in a three-roll-mill. In processing, CNTs and gra-
phene (G) were homogeneously dispersed in separate solvents, and then 
both solutions were mixed, stirred, and ultrasonicated for 20 min and 
dried in a vacuum oven at 110 ◦C. Later, the dried CNT/G hybrid filler 
foam was soaked by PDMS and passed through a roll mill. The schematic 
process of preparation is shown in Fig. 1. It was analyzed that G/CNT/ 
PDMS composites offered excellent synergistic effects at ratio G/CNT 
(8:2) and exhibited outstanding electrical and mechanical properties.

Overall, Mechanical and solution mixing, both are effective to pre-
pare graphene-based polymer composites. Mechanical mixing is suitable 
for large-scale production due to its simplicity and compatibility with 
existing equipment. On the other hand, solution mixing offers improved 
control over graphene dispersion and composite properties.

2.2. Recent preparation methods for graphene and hybrid polymer 
composites

The preparation of graphene and hybrid polymer composites faces 
challenges like agglomeration due to high surface energy and van der 
Waals forces, impairing composite properties. Dispersion techniques 
such as high-shear mixing, ultrasonication, and solution-based methods 
are used to address this but can cause structural damage. Enhancing 
filler dispersion and interfacial bonding involves using specific compa-
tibilizers and coupling agents, such as maleic anhydride-grafted poly-
mers, which improve compatibility, and silane coupling agents, which 
form chemical bonds between fillers and the polymer matrix (Roy et al., 
2020). Additionally, surface modification of graphene and other fillers 
through chemical functionalization, such as oxidation to introduce 
oxygen-containing groups or using surfactants like cetyl-
trimethylammonium bromide (CTAB), improves their compatibility and 
distribution, resulting in composites with enhanced mechanical, ther-
mal, and electrical properties (Nanda et al., 2021).

Here are a few modern techniques currently adopted by many 
researchers:

2.2.1. In-situ polymerization
In-situ polymerization is an effective process for fabricating 

graphene-based hybrid polymer composites. In this method, Graphene 
oxide (GO) or reduced graphene oxide (rGO) is dispersed in a monomer 
solution. A polymerization initiator is added to start polymerization, 
where monomers polymerize and bond with GO/rGO sheets, forming a 
composite with tailored properties based on monomer choice and con-
ditions. Compared to other mixing methods, in-situ polymerization can 
provide better control over the dispersion and orientation of graphene 
within the polymer matrix, making it a promising technique for the 
development of advanced graphene-based hybrid polymer composites 
(Dunlop and Bissessur 2020, Tarhini and Tehrani-Bagha 2023). In-situ 
polymerization is used for high-performance composites in aerospace, 
defense, and automotive industries due to its ability to create strong 
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Fig. 1. Schematic procedure for preparing G/CNT/PDMS hybrid composite by solution mixing approach. Reprinted with permission from Ref. (Barshutina 
et al., 2021).

Fig. 2. Schematic illustration of (a) graphene/polymer composites by in-situ polymerization. (b) graphene surface modification processes and solution mixing by 
magnetic stirring and later PCL-GO-Ag composite fabrication by electrospinning approach. Reprinted with permission from Ref. (Noh et al., 2015, Sarıipek 
et al., 2022).
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interfacial bonds. Moreover, (Noh et al., 2015) developed an excellently 
dispersed graphene/polymer composite with enhanced electrical con-
ductivity by in situ polymerization of cyclic butylene terephthalate 
(CBT) oligomers. Before processing, the materials were moisture-freed 
by heating overnight at 110 ◦C then CBT and graphene powders were 
homogeneously mixed at 2000 rpm for 3 min by a high-speed Thinky 
mixer, and finally, the powder was used to prepare GNP-pCBT, GO- 
pCBT, and CCG-P-pCBT composites by heat pressing. Fig. 2 (a) Shows a 
detailed illustration of preparation steps.

2.2.2. Chemical modification
Chemical modification is an advanced approach to synthesizing 

graphene-based hybrid polymer composites with heavily modified 
properties. In this method, GO/rGO is chemically functionalized via 
covalent (e.g., adding carboxyl, and hydroxyl groups) or non-covalent 
(e.g., π-π stacking, hydrogen bonding) methods. These modifications 
enhance compatibility with the polymer matrix, improving dispersion 
and interaction, thus optimizing mechanical, thermal, and electrical 
properties of the composite Fig. 2 (b). The process involves different 
functionalization methods containing covalent functionalization. Here-
in, molecules are directly introduced onto the surface of graphene, and 
non-covalent functionalization involves non-bonding interactions to 
combine functional groups (Paniagua et al., 2014). Covalent function-
alization ways are usually followed by reactive functional groups, like 
epoxides or amines, to bond with the graphene surface. Non-covalent 
functionalization involves various interactions to attach molecules on 
the graphene surface, such as π-π stacking, hydrogen bonding, or elec-
trostatic forces. Finally, the chemically surface-modified graphene is 
introduced in the polymer matrix by solution blending, melt mixing, or 
in-situ polymerization. As a result, a well-dispersed composite with high 
mechanical strength and thermal and electrical properties is obtained 
(Liu et al., 2012). Chemical modification enhances biomedical applica-
tions, such as drug delivery systems and tissue engineering scaffolds, as 
well as environmental applications like water and air purification.

(Jakubczak and Jastrzębska 2021) reported RGO/Al2O3-Ag nano-
composite with surface modification of metal oxide nanoparticles 
(MxOy) onto graphene family nanomaterials (GFMs) for filtration of 
drinking water. Compared to other methods, chemical modification 
ensures uniform dispersion of graphene in the polymer matrix and 
prevents agglomeration.

2.2.3. Electrospinning
Electrospinning is an outstanding approach to developing graphene- 

based hybrid polymer composites with desired aspect ratios and 
improved filler dispersion. During the procedure, (Abdali and Ajji 2017) 
a uniform graphene-polymer solution is prepared using a compatible 
solvent. The electrospinning setup involves a high-voltage power source, 
a sharp-edge spinneret with polymer solution, and a grounded collector. 
The electric field is applied, and the charged polymer jet with interca-
lated nanofibers is deposited on the collector. Meanwhile, the solvent is 
evaporated, and the collected graphene-based hybrid polymer com-
posite undergoes post-curing and thermal annealing. The resulting 
composites exhibit improved mechanical, thermal, and electrical prop-
erties due to the strong interfacial bonding achieved through electro-
spinning. Compared to traditional methods, this method offers higher 
control over composite thickness, filler dispersion, nanoscale structure, 
and fiber orientation, which makes it suitable for applications involving 
high surface-to-volume ratios (Subramani and Rajiv 2021). Electro-
spinning produces nanofiber mats for filtration, energy devices, and 
biomedical scaffolds.

(Sarıipek et al., 2022) successfully prepared the poly(ε-caprolactone) 
PCL-GO-Ag hybrid composite via electrospinning. Initially, a magneti-
cally stirred solution was prepared containing Ag nanoparticles and 
graphene oxide (GO), then added to the PCL solution and magnetically 
stirred to achieve a homogeneous solution. Later, the PCL-GO-Ag com-
posite was obtained by electrospinning, as shown in Fig. 2 (b). The 

characterization results showed that the PCL-GO- 3.0 % Ag composite 
achieved higher tensile strength, higher resistance to elastic deforma-
tion, and good antibacterial activity.

2.2.4. Layer-by-Layer assembly
The layer-by-layer (LBL) assembly technique is another effective 

method for fabricating graphene-based hybrid polymer composites. LBL 
involves the sequential deposition of graphene and polymer layers to 
create highly ordered multilayer structures. This technique ensures 
uniform dispersion of graphene within the polymer matrix and strong 
interfacial interactions, leading to enhanced mechanical, thermal, and 
electrical properties of the composite. Compared to other methods, LBL 
assembly is a simple, inexpensive, and versatile process that allows for 
precise control over the composition and structure of the graphene- 
polymer composite. The resulting multilayer films exhibit improved 
performance characteristics that make them suitable for a wide range of 
applications (Wu et al., 2020). LBL assembly allows for precise control of 
composite structures, making it ideal for multifunctional coatings, 
photonic devices, and sensors.

(Wang et al., 2016) adopted LBL approach and developed poly-
ethyleneimine (PEI)/ carboxylic acrylonitrile butadiene rubber (XNBR)/ 
PEI/GO hybrid composite with negatively charged XNBR and GO was 
positively charged due to amino groups from PEI molecules as shown in 
Fig. 3. The performed analysis revealed highly ordered GO and XNBR 
sheets with enhanced mechanical and electrical properties. Fig. 3. (a) 
shows the assembly process of XNBR latex, PEI, and GO sheets, and 
Fig. 3. (b) represents the final construction of the composite on a glass 
slide or silicon substrate.

Graphene-Based Hybrid Polymer Composites.
Graphene-based hybrid polymer composites offer a groundbreaking 

performance due to the exceptional inherent properties of graphene and 
its synergistic relation with other fillers within a polymer matrix. Syn-
ergistic effects in graphene-based hybrid polymer composites arise from 
the combined properties of graphene with other fillers and the polymer 
matrix, leading to enhancements that exceed those of the individual 
components. This synergy results in composites with superior mechan-
ical strength, improved thermal and electrical conductivity, and 
enhanced durability (Zailan et al., 2024). Different processing tech-
niques impact the dispersion, interfacial bonding, and orientation of 
graphene within the polymer matrix, thereby influencing the properties. 
The choice of technique depends on the desired properties and appli-
cation requirements. (Wei et al., 2022) summarized different processing 
techniques to produce functional polymer composites and demonstrated 
that fabrication methods significantly affect the performance, structure, 
and properties of polymer composites. Fig. 4. (a) shows a connected 
network structured GO/MWCNT /epoxy composite, Fig. 4. (b) depicts 
the combination of filler particles localized on corners of the polymer 
matrix, Fig. 4. (c) shows the connected morphology of olefin block 
copolymer/carbon black/thermoplastic polyurethane (OBC/CB/TPU) 
ternary mixture composites and Fig. 4. (d) demonstrates different filler 
surface modification strategies.

Incorporating GNPs and CNTs into polymer composites enhances 
electrical conductivity anisotropy. GNPs align in-plane, while CNTs 
create 3D networks, bridging GNP layers and boosting through- 
thickness conductivity. (Luo et al., 2022) formed a 3-Dimensional (3- 
D) hybrid structure at various aspect ratios to achieve a synergistic effect 
with enhanced conductivity by introducing pristine carbon nanotubes 
(p-CNTs) and functionalized carbon nanotubes (f-CNTs) into conductive 
poly (methyl methacrylate)/graphene nanoplatelet (PMMA/GNP) 
composites. The composites were investigated for in-plane and through- 
plane electrical properties, and tunable conductivity anisotropy ranging 
from 0.01 to 1000 was achieved. Moreover, it was observed that, in the 
in-plane direction the synergies of hybrid fillers are highly dependent on 
total filler content. while, in the through-plane path, the GNP/CNT or 
GNP/f-CNT ratio was a key parameter. Fig. 5. Shows the evolution of a 
micro-structural conductive network with the volume ratio of GNPs/f- 
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CNTs.
Multi-walled carbon nanotubes (MWCNTs) have a high aspect ratio 

and can form interconnected 3D conductive networks, while GNPs have 
large surface areas that facilitate efficient heat transfer. When com-
bined, the MWCNTs can bridge the GNP layers, creating a more effective 
heat dissipation pathway. This synergistic effect allows for a significant 
improvement in thermal conductivity. (Huang et al., 2012) designed 
GNP, MWCNT, and highly loaded epoxy composites and achieved a 
synergistically enhanced thermal conductivity with 10 − 50 vol% 
nanocarbon filler, e.g., (the composite with 20 vol% CNTs and 20 vol% 
GNPs shows a thermal conductivity up to 6.31 Wm− 1 K− 1). Fig. 6. 
Represents (A) the thermal conductivity comparison for individual 
CNTs, GNPs and hybrid CNT+GNP filler at 40 vol% and (B) shows the 

morphology of the fractured surface of epoxy composites with indi-
vidual CNT, GNP, and hybrid CNT+GNP fillers at 20 vol% to 40 vol%.

(Yang et al., 2011) designed epoxy composites with multi-graphene 
platelets (MGPs) and MWCNTs and achieved improved mechanical 
properties and thermal conductivity due to the synergetic effect. 
MWCNTs bridge adjacent MGPs and offer a high contact area between 
the MGP/MWCNT structures. Scanning electron microscope images 
showed that MWCNT/MGP hybrid nanofillers presented higher solubi-
lity and better compatibility than individual MWCNTs and MGPs, and 
the tensile strength of GD400-MWCNT/MGP/epoxy composites was 
35.4 % higher than that of pure epoxy and thermal conductivity 
increased by 146.9 % using GD400-MWCNT/MGP hybrid fillers. Fig. 7. 
Demonstrates the preparation process of epoxy composites with 

Fig. 3. Schematic representation (a) to develop PEI/XNBR/PEI/GO hybrid composite and (b) final design of composite using LBL approach. Reprinted with 
permission from Ref. (Wang et al., 2016).

Fig. 4. (a) Network structure of GO-MWCNT /epoxy composite. (b) Formation of segregated system by localized filler particles at the boundaries between the 
polymer grains. (c) Graphical interpretation of network structure of olefin block copolymer/carbon black/thermoplastic polyurethane (OBC/CB/TPU) ternary 
mixture composites. (d) Typical procedures associated with filler surface modification. Adopted with consent from Ref. (Wei et al., 2022).
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different nanofillers.
Graphene-based hybrid filler polymer composites exhibit enhanced 

mechanical, thermal, and electrical properties compared to pure poly-
mers and single-filler composites, achieved through sophisticated mea-
surement techniques like tensile testing, Dynamic Mechanical Analysis 
(DMA), four-point probe, laser flash analysis, SEM, TEM, AFM, and XRD. 
These hybrids combine the strengths of various fillers, resulting in su-
perior tensile strength, Young’s modulus, thermal stability, and elec-
trical conductivity due to improved filler dispersion, load transfer, and 
conductive network formation. Microstructural analysis using SEM, 
TEM, and XRD reveals better filler-matrix adhesion and synergistic in-
teractions in hybrid composites, distinguishing them from the simpler 
structures of pure polymers and single-filler composites. These advanced 
materials, therefore, hold significant promise for high-performance ap-
plications in engineering, electronics, and thermal management.

3. Mechanical and structural properties

The presence of graphene and intercalated fillers through a polymer 
matrix offers a paradigm shift in material engineering due to its unique 
structural properties. Graphene-based hybrid polymer composites 
possess remarkable tensile strength, high Young’s modulus, and signif-
icant resistance to deformation due to graphene’s intrinsic strength, 
stiffness, and ability to form strong interfacial interactions with other 
fillers and the polymer matrix (Li et al., 2023). These composites can be 
customized to achieve specific mechanical properties by handling filler 
content, orientation, and interactions to fulfill the demands of heavy 
industries. The filler content and orientation significantly impact the 
mechanical properties of graphene-based hybrid polymer composites. 
Increased filler loading enhances moduli and tensile strengths, but this 
depends on dispersion and interfacial interactions. Proper alignment 
and synergistic interactions between fillers create a strong network, 
enhancing structural integrity and load transfer efficiency. Recent ad-
vancements in graphene-based polymer composites focus on function-
alization to enhance compatibility with polymers, hierarchical 

structures for optimized load transfer, and hybridization with nano-
materials for synergistic effects. Advanced processing techniques enable 
precise control over graphene dispersion, tailoring mechanical proper-
ties for diverse applications like automotive and aerospace. Table 1. 
summarizes the recent values obtained for the increased mechanical 
properties (modulus, tensile strength) of graphene-based polymer 
composites and percentage % enhancement @ pure polymer matrix 
prepared by various processing techniques.

4. Thermal properties

Graphene, with its high intrinsic thermal conductivity (≈5000 W m 
− 1 K − 1 at room temperature) (Ali et al., 2024), is ideal for producing 
polymer composites with substantial increase in thermal stability. For 
instance, with a 2 wt% loading of graphene foams, the thermal con-
ductivity of the composite was successfully increased from 0.19 W m − 1 

K − 1 to 0.42 W m − 1 K − 1 (Zhang et al., 2022). These composites have 
found applications in high-temperature environments due to their 
enhanced thermal stability. Furthermore, Thermogravimetric analysis 
(TGA) is pivotal for evaluating the thermal properties of graphene-based 
polymer composites. It reveals that graphene enhances thermal stability 
by acting as a heat transfer barrier, reducing polymer matrix decom-
position rates (Kumar et al., 2023). For instance, studies like that by 
(Farivar et al., 2021) show TGA-derived temperature of maximum mass 
change rate (Tmax) values increase with graphene particle size, high-
lighting TGA’s role in optimizing these composites’ thermal perfor-
mance. Graphene interplay with various fillers offers synergistic effects 
within the polymer matrix and produces thermally conductive pathways 
that provoke heat transmission (Hassanzadeh-Aghdam et al., 2022). 
Furthermore, the combination of fillers like nanoparticles, carbon fibers, 
and carbon nanotubes offers more efficient heat transfer mechanisms as 
each filler contributes to heat transmission. Carbon fibers improve 
thermal diffusivity, while nanoparticles enhance thermal conductivity 
through filler dispersion and aspect ratios. The combination of these 
fillers with graphene leads to synergistic improvements in thermal 

Fig. 5. Schematic representation of conductive 3D network structure of PMMA/GNP/f-CNT composites as a function of decreasing content of GNPs/f-CNTs to 
interpret different synergistic behaviors. Conductive polymer composites containing (a) single GNPs (b) GNPs/f-CNTs ≥ 4/1 (c) 4/1 > GNPs/f-CNTs ≥ 1/1 (d) 1/1 >
GNPs/f-CNTs ≥ 1/4 (e) 1/4 > GNPs/f-CNTs, and (f) single f-CNTs. Reprinted with permission from Ref. (Luo et al., 2022).
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properties, making these composites highly effective for thermal man-
agement applications (Liu et al., 2022). Table 2. reviews the enhanced 
thermal conductivities of graphene hybrid polymer composites and 
percentage % enhancement @ pure polymer matrix prepared by 
different preparation methods reported in published work.

5. Electrical properties

Graphene’s exceptional electrical properties make it a promising 
material for polymer nanocomposites. The electrical conductivity of 
these composites increases sharply with the incorporation of graphene 
due to its high aspect ratio and ability to form conductive networks for 
electrons to flow. For example, graphene enables the insulator-to- 
conductor transition at significantly lower loading by providing perco-
lated pathways for electron transfer. These synergistic networks provide 
a percolation network with enhanced interfacial interactions and create 
efficient conductive pathways. These networks significantly boost 
electron mobility by providing continuous conductive channels and 
reducing electron scattering (Lalire et al., 2024). Consequently, the 
composites exhibit improved electrical conductivity making them ideal 

for advanced sensors, electromagnetic interference shielding, and flex-
ible electronics (Tarhini and Tehrani-Bagha 2023). Furthermore, gra-
phene’s two-dimensional structure and high surface area allow for 
efficient heat dissipation, which is advantageous in electronic packaging 
and thermal management applications. Graphene-enhanced polymer 
composites are increasingly being integrated into heat sinks, thermal 
interface materials, and circuit boards where they effectively dissipate 
heat generated by high-power electronics, improving overall device 
performance and reliability in demanding conditions. To further explain 
Table 3. summarizes the enhanced electrical conductivities of graphene 
hybrid polymer composites from published research.

Graphene hybrid fillers are revolutionizing various industries due to 
their superior mechanical, electrical, and thermal properties. In auto-
motive and aerospace industries, graphene-reinforced composites, such 
as graphene oxide polymers and graphene-nanotube hybrids, provide 
lightweight, strong, and thermally stable components for improved 
performance (Ali et al., 2024). In electronics and electrical applications, 
hybrids like graphene-silver nanowires and graphene-polymer com-
posites offer high conductivity and EMI shielding for flexible electronics 
and conductive materials (Sahoo et al., 2024). Energy storage devices, 
including batteries, fuel cells, and supercapacitors, benefit from 
graphene-metal oxide and graphene-conducting polymer composites for 
enhanced energy density and stability (Wang et al., 2015). Biomedical 
applications use graphene-based hydrogels and graphene-silver nano-
particles for biocompatible materials, drug delivery systems, and anti-
microbial coatings (Bellier et al., 2022). Environmental applications, 
such as water purification, leverage graphene-activated carbon and 
graphene-biopolymer composites for effective pollutant adsorption and 
sustainability, emphasizing recyclability and biodegradability (Karthik 
et al., 2021).

Graphene, despite its remarkable properties, faces several technical 
and economic challenges. The scale-up of production is a significant 
hurdle, with current methods struggling to produce high-quality gra-
phene in large quantities. Achieving uniform dispersion and reproduc-
ibility in graphene production is also challenging (Lou et al., 2024). 
Economically, the cost of graphene and hybrid fillers, along with pro-
cessing costs, pose limitations. Advances in large-scale production 
methods are being explored, but these methods are still expensive and 
resource-intensive. Cost reduction strategies include the use of cheaper 
raw materials and process optimization (Ikram et al., 2020). However, 
Graphene and its fillers pose environmental and health concerns due to 
their potential toxicity. Studies suggest that graphene’s ultrafine parti-
cles could pose risks similar to other nanomaterials, including potential 
respiratory and cellular health impacts if not handled properly. More-
over, the environmental impact of graphene disposal and degradation 
remains uncertain. Safety measures are crucial and include guidelines 
for safe handling, such as using protective equipment during production 
and processing, and establishing protocols for waste disposal to mini-
mize environmental contamination. Strict adherence to these guidelines 
is essential to mitigate risks associated with graphene and ensure its safe 
integration into various industries (Lin et al., 2024). Future research in 
graphene and hybrid fillers should prioritize innovative synthesis tech-
niques to enhance production scalability and quality, such as advanced 
chemical vapor deposition (CVD) and novel exfoliation methods. 
Exploration into new hybrid filler combinations will drive the devel-
opment of materials with enhanced properties and performance, 
potentially revolutionizing industries like electronics, aerospace, and 
energy storage. Furthermore, focusing on advanced applications in 
emerging fields such as flexible electronics, biomedical devices, and 
environmental remediation holds promise for commercialization, 
pushing the boundaries of graphene’s utility and economic viability in 
diverse technological landscapes (Sabet 2024, Mombeshora and 
Muchuweni 2023, Zhang et al., 2022).

Fig. 6. (A) Comparison of thermal conductivity of CNTs/GNPs epoxy com-
posite to individual CNTs and GNPs at 40 vol% (B) SEM images showing the 
morphology of fracture surface of the epoxy composites: (a) epoxy/CNT50, (b) 
epoxy/GNP50, and (c,d) epoxy/CNT25/GNP25. The arrows indicate the 
through-thickness direction of the composite samples, while the insets in the 
figures exhibit the nanocarbon dispersion in the composites. Reproduced and 
reprinted with permission from Ref. (Huang et al., 2012).
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6. Conclusion and Outlook

This literature review summarizes the panorama of graphene-based 
hybrid filler polymer composites involving conventional and advanced 
preparation techniques, and a detailed analysis of graphene-based 
hybrid polymer composites related to enhanced mechanical, thermal, 
and electrical properties reported in different research papers. It was 
concluded that traditional preparation techniques are beneficial for 
their simplicity and scalability but show deficits in the homogeneity, 
surface integrity, and balanced dispersion of fillers through the polymer 
matrices. However, modern fabrication techniques, e.g., surface func-
tionalization, electrospinning, and additive manufacturing, offer supe-
rior dispersion and interfacial bonding and highly facilitate the synthesis 
of graphene hybrid fillers and introduction to polymers. The synergistic 
effects of graphene are widely explored, as many studies reported that 
incorporating graphene hybrid fillers in polymers drastically enhanced 

the mechanical strength, Young’s modulus, and bending strength. 
Moreover, the thermal ability and electron mobility were highly 
expanded.

Although many practical and theoretical studies have been proposed, 
several challenges exist to attain the expected results. Firstly, achieving 
homogeneous dispersion of fillers is challenging due to the strong van 
der Waals forces between graphene sheets, which lead to aggregation. 
Additionally, the difference in surface energies between graphene and 
the polymer matrix hinders uniform distribution. Secondly, large-scale 
production is challenging, due to the high cost of high-quality gra-
phene and the complex, energy-intensive processes required for uniform 
dispersion. Additionally, the need for specialized equipment and precise 
control over manufacturing parameters further complicates scalability. 
Lastly, addressing the environmental impact and safety concerns of 
graphene-based hybrid polymer composites is crucial for their com-
mercial use to ensure sustainable development and regulatory 

Fig. 7. Preparation of epoxy composites with different nanofillers (a) MGPs (b) P-MWCNTs (c) P-MWCNTs/MGPs and (d) GD400-MWCNTs/MGPs, via solution 
mixing method. Reprinted with permission from Ref. (Yang et al., 2011).

Table 1 
Enhanced mechanical properties of graphene hybrid composites reported in research literatures.

Hybrid Filler Hybrid Filler 
Content

Matrix Preparation 
technique

Young’s 
modulus and 
enhanced %

Tensile 
strength 
and 
enhanced %

Ref.

Multi-walled carbon nanotubes/multi- 
graphene platelets (MWCNTs/MGPs)

0.1/0.9 wt% Epoxy Melt-blending 3350 MPa 22.6 
%

64.5 MPa 
14.5 %

(Yang et al., 
2011)

GNP/Carbon black (CB) 2/24 wt% Ethylene–propylene–diene 
terpolymer rubber (EPDM)

Roll milling 20 MPa 198.5 % 19.9 MPa 
≈17.06 %

(Valentini 
et al., 2016)

Graphene foam/CF 0.5/10 wt% PDMS Chemical vapor 
deposition (CVD)

3.05 MPa 185 % 2.50 MPa 63 
%

(Zhao et al., 
2016)

GO/Short glass fibers (GF) 0.5/-wt.% Polyether-sulphone (PES) Extrusion 
compounding and 
Injection molding

7.3 GPa 25.4 % 119 MPa 
10.2 %

(Du et al., 
2016)

GO/CFGO 0.1/1 wt% Polyurethane (PU) Mechanical mix and 
Electrophoretic 
deposition

23.18 MPa − 62.04 MPa 
46.4 %

(Jiang et al., 
2016)

Reduced graphene oxide/ Silica (rGO/ 
SiO2)

1/99 30 phr 
(parts per 
hundred)

Styrene butadiene rubber (SBR) Electrostatic assembly/ 
Roll mill

2.7 MPa 170 % 17.34 MPa 
1204 %

(Lin et al., 
2016)

GNP/GF 5/10 wt% PP Melt mixing and 
injection molding

4.47 GPa − 45.4 MPa − (Pedrazzoli 
et al., 2015)

Short CFs /GO 12.5/0.5 wt% PES Solution and melt 
mixing

7.79 GPa 31.7 % 119.09 MPa 
12.1 %

(Li et al., 
2015)

3-aminopropyltriethoxysilane 
− functionalized graphene oxide 
(APTSi-GO)

1.5 wt% Polyimide (PI) In situ polymerization 
and thermal 
imidization

− 132 % − 79 % (Qian et al., 
2015)
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compliance. Potential risks include toxicity to humans and ecosystems, 
necessitating thorough assessment and mitigation strategies.
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