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Abstract

Graphene-based polymer composites with improved physical properties are of great inter-
est due to their lightweight, conductivity, and durability. They have the potential to par-
tially replace metals and ceramics in several applications which can reduce energy and
cost. The obtained properties of graphene-based polymer composites are often linked to
the way graphene is dispersed in the polymer matrix. Preparation techniques like solution
mixing, melt blending, and in-situ polymerization have been used to obtain graphene-based
polymer composites. Dispersing and aligning graphene fillers within the composite is a
key factor in enhancing the thermal and electrical conductivity values of the composites
due to graphene’s anisotropic properties. The effect of the preparation methods of these
composites on their physical-chemical properties is discussed in this review where we pre-
sented the advances that were achieved so far in the preparation techniques used showing
the highest values ever achieved for electrical and thermal conductivity for these graphene-
based polymer composites. Also, we presented the possible applications where graphene-
based composites can be utilized.

Keywords Graphene-based polymer composites - Thermal conductivity - Preparation
methods - Electrical conductivity - Applications

1 Introduction

Graphene is a two-dimensional network of carbon atoms that are organized in a honey-
comb structure with a specific surface area of 2600 m?*/g and very high thermal, mechani-
cal, and electrical properties making it the wonder material of the 21% century [1]. It can
also be used as a filler that can dramatically improve the thermal, physical, and mechanical
properties of polymers even with low filler loading [2, 3]. The Young’s modulus and the
mechanical strength of a defect-free single monolayer of graphene can reach up to 1 TPa
and 130 GPa, respectively making it 200 times stronger than steel of a similar thickness
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[4]. The in-plane thermal conductivity for a defect-free single-layer of graphene has a ther-
mal conductivity value of 3000-5150 W/mK at room temperature making it one of the
most thermally conductive materials ever known [5]. The electrical conductivity of gra-
phene can reach up to 6000 S/cm making it a very conductive carbon-based filler con-
ducting electricity better than Copper [6]. In addition to that, graphene has other favorable
properties like being non-toxic, anti-microbial, and flexible as shown in Fig. 1 [1, 7, 8].
These superior properties of graphene attracted many researchers to use it as a filler
in different polymers to improve the electrical, thermal, and mechanical properties of
a polymer matrix that is usually thermally and electrically insulative [3, 12, 13]. Gra-
phene has a higher surface-to-volume ratio compared to Carbon nanotube (CNT), which
makes it a favorable filler for improving the properties of polymer matrices [12]. There-
fore, in the last decade, graphene was added to many polymers including polyvinylidene
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Fig. 1 Graphene is a transparent 2D material with incredibly high physical-chemical properties. It has a
Young’s Modulus of ~ 1 TPa, electrical conductivity of ~ 6000 S/cm, and in-plane thermal conductivity of
~ 5000 W/mK. Graphene and its derivatives have very promising antimicrobial properties and good flame-
retardant performance [9-11]
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fluoride (PVDF) [14], poly(ethylene-co-methacrylic acid) (PEMMA) [11], poly(vinylidene
fluoride-co-hexafluoropropylene) (PVDF-HFP) [4], and polyethylene (PE) [15]. For this
purpose, researchers used different manufacturing methods to fabricate graphene-based
polymer composites with enhanced physical properties using melt blending, solution mix-
ing and molding process, and in-situ polymerization. Researchers were able to achieve
graphene-based polymer composites with good thermal and electrical conductivity mak-
ing these composites semiconductors. These composites will partially replace metals
and ceramics because of their lightweight, low cost, and resistance to corrosion allow-
ing researchers to use this material in many applications like electronics, energy storage,
e-textiles, and heat sinks [16-20].

Different parameters affect the physical-chemical properties of the resulting graphene-
based polymer composites including (1) the type of graphene used and its intrinsic prop-
erties which are related to the purity, size, and aspect ratio of the graphene filler [4, 10],
(2) the level of wrinkling and defects in graphene and the polymer composite [21], (3) the
interfacial interaction between the polymer and graphene, and (4) the network structure of
graphene in the matrix [12]. All these parameters have a direct effect on the properties of
obtained graphene-based polymer composites affecting the thermal conductivity, the elec-
trical conductivity, and the mechanical properties of these composites.

Graphene can form a conductive network providing conductive channels within the
insulative polymer matrix. However, the dispersion of graphene within the polymer matrix
is usually a challenge as poor dispersion may occur due to the strong Van der Waals force
of attraction between graphene fillers during the preparation process [3]. The poor dis-
persion of graphene in various polymers and their tendency for agglomeration negatively
impact the physical properties of the resulting composites [10]. Nevertheless, with the
development of different fabrication techniques for graphene, and the techniques used to
improve the physical properties of obtained composites, these challenges are being gradu-
ally overcome. In this review paper, the preparation approaches of graphene-based polymer
composites are introduced, described, and compared. The parameters that are involved in
choosing the preparation process that is suitable for a specific graphene filler and polymer
types are also discussed showing the advances in the electrical and thermal conductivity
values that were achieved so far in the last decade. To the best of our knowledge, a limited
number of previous review papers studied thoroughly the effect of the preparation methods
on the properties of obtained composites with a pure focus on graphene-based polymer
composites [22-25].

2 Properties of Graphene and Carbon-Based Fillers

Two main kinds of conductive fillers can be added to polymers to improve their physical
properties: metallic fillers and Carbon-based fillers. Metallic fillers like Copper or Silver
particles are being added to polymers. Also, Carbon-based fillers that include graphene
oxide, graphite, and Carbon nanotubes (CNT) with their respective properties are shown
in Table 1.

The properties of the conductive filler will affect the physical properties of the obtained
polymer composites. For example, the effective thermal/electrical conductivity of the com-
posites obtained is usually approximated by the weighted average of conductivities of the
filler and the matrix according to the rule of mixing [4]. However, the purity of the fillers
and the interfacial bond between the filler and the matrix are critical. Fillers with high
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Table 1 Carbon-based fillers properties

Filler type Density [g/cm®] Electrical Thermal conductivity Reference
conductivity [S/cm]  [W/mK]

Carbon nanotubes 2.1 3.8x10° 2000-6000 [26, 27]
Graphene 1.06 6000 3000-5000 [9]
Graphite 2.25 10* 100-500 [28, 29]
Carbon Black 1.8-2.1 0.1-10? 0.1-0.5 [30, 31]
Carbon fibers 1.5-2.0 10%-10° 10-1000 [32]

purity will be more conductive and will have better intrinsic properties [21, 33]. Therefore,
achieving higher values for electrical and thermal conductivity for obtained composites
will be possible while using defect-free graphene fillers that are well dispersed and aligned
across the matrix. Another parameter that also affects the properties of these composites is
the shape, size, and aspect ratio of the Carbon-based filler [10]. One of the most challeng-
ing issues while using Carbon-based fillers is the dispersion of the filler within the poly-
mer matrix. Large amounts of wrinkling of graphene usually cause a low aspect ratio and
decrease the effectiveness of the graphene flakes within the composites [34]. Also, fillers
with large aspect ratios can help in achieving high electrical and thermal conductivity val-
ues, as presented by many researchers [9, 35]. Carbon-based fillers like CNT and graphene
tend to agglomerate within the polymer matrix, which may decrease the efficiency of these
fillers within the composite. If graphene layers are not well separated from each other, it
usually creates irreversible agglomerates or even restacks to form graphite through Van der
Waals interactions. The special properties of graphene are only associated with individual
sheets, so it is essential to have a uniformly distributed and segregated structure with no
aggregation based on the process that is suitable for graphene fillers. Therefore, it is very
critical to choose the right preparation process that can suit the shape and the size of the
filler within the polymer matrix.

3 Preparation Methods of Graphene-Based Composites

As shown in Fig. 2 most polymers that are thermally and electrically insulating become
semiconductors when adding graphene improving both the electrical and thermal conduc-
tivity of polymer composites [36].

Many techniques were studied to prepare graphene-based polymer composites with
improved properties, including melt blending, solvent blending, and in-situ polymeriza-
tion [37]. The key to obtaining enhanced properties by these preparation methods is the
uniform and proper dispersion of the graphene filler in the polymer matrix. These fillers
can form conductive networks to provide good conductivity for electrons and heat with
low resistance across the polymer matrix. The interface between the polymer and the gra-
phene filler plays a vital role in composites. Heat in composites is transported by phon-
ons which are the main form of thermal conductance in Carbon-based materials, but the
bad coupling in vibration modes at the graphene-polymer interface will generate mas-
sive thermal resistance causing these phonons to scatter reducing the thermal conductivity
of these composites. The excellent bonding between graphene and the polymer can effi-
ciently decrease the phonon scattering and eventually increase the thermal conductivity
of the composite [3]. Graphene-based conductive fillers that have a specific shape, size,
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Fig.3 (a) A schematic of a solvent-based blending process (b) A solution blending process where the poly-
mer (PVDF-HFP) and graphene flakes (GNF) were dispersed in a solvent DMF (Dimethylformamide) to
prepare graphene-based polymer composites [4] (¢) Schematic of melt blending process (d) Schematic of
in-situ polymerization process of graphene-based polymer composites

and aspect ratio can be added to insulating polymers to improve the properties of these
composites as shown in Fig. 2. The critical issue in any preparation process is distribut-
ing the graphene evenly in the polymer matrix to obtain efficient processability. An even
distribution will form multiple conductive channels where phonons and electrons can be
transported across the composite [6, 12].

3.1 Solvent-Based Blending Method

The solvent-based blending method is mainly based on a solvent system where the polymer
is soluble, and the graphene filler is added to the solution and mixed. In general, solution
blending methods can be categorized into multiple techniques including Casting/molding,
electro-spinning, and coating which are all solvent-based methods that can be used to pre-
pare graphene-based polymer composites. The solution blending process is a widely used
method for the preparation of graphene-based polymer composites since it is relatively
direct, quick, and scalable. Tarhini et al. used this method to prepare their graphene-based
polymer composites as shown in Fig. 3a-b [4, 11]. The molding process involves dissolving
the polymer and suspending the filler (graphene as a Carbon-based filler) in a solvent as
shown in Fig. 3b under continuous mixing. Both solutions were mixed to form composites
with various graphene weight %. The mixed solution was poured into a silicon mold and
dried to evaporate the solvent to obtain graphene-based polymer composites. Therefore,
the solvent-based blending method that includes the molding technique is usually a process
with three parts that include first dispersing the graphene and the polymer in a suitable
solvent, then mixing the graphene suspension with the polymer solution, and finally pour-
ing the mixture into a mold to dry the composites and evaporate the solvent. During this
process, proper dispersion of the graphene filler is needed in the polymer matrix, and this
can be achieved by vigorous stirring and ultra-sonication to make sure that graphene fillers
are not aggregated in the mixture. After solvent evaporation, the polymer chains reassem-
ble, and this will hold the graphene filler together in the composite creating multiple con-
ductive channels. The advantage of this preparation method is that using a solution-based
method allows researchers to obtain a lower viscosity solution allowing uniform dispersing
and mixing of the graphene filler across the polymer matrix. One disadvantage of this pro-
cess is that finding a compatible solvent for the polymer and the filler can be challenging.
Also, one of the main concerns in solvent-based blending is the cost of a large amount of
solvent used during this process. The evaporated solvent should be recovered and reused to
safeguard the environment and reduce the cost of preparation. The precipitated composite
can then be extracted, dried, and then processed using other techniques. This process has
been widely reported in the literature before [9, 11, 38]. It was used for graphene and gra-
phene derivatives like Graphene oxide (GO). Also, it was applied to various polymers like
polyacrylamide, poly (methyl methacrylate) (PMMA), polycarbonate, and polyimides [4,
11]. This technique offers a simple route to disperse Carbon-based fillers in different poly-
mers as shown in Figs. 2 and 3.

Different researchers tried to use solvent-based blending methods to fabricate Carbon-
based composites with enhanced properties. Yu et al. used this solution blending to prepare

@ Springer



Applied Composite Materials (2023) 30:1737-1762 1743

E - Mixing Molding + Graphene based
Solvent
PVDF-HFP
PVDF-HFP + DMF Graphgne Evaporation composites
dispersion (90 “C for 24 hr)

(b)

PVDF-HFP
VUEHEP

Electric oven

Solution g ;
Mixing & Molding 1 i
mp | t

90°C for

4

24 hr

(c)

Polymer Graphene

Filler
Yo No solvent is added in melt blending process

Screw mixer |

Graphene-based polymer
composite is extruded and
cooled

Heating is applied to melt the
polymer with continuous
mixing

C))

Graphene is incorporated during the polymerization of the

monomer
8 ooo Initiator
00°
Monomer Graphene Polymerization Graphene-based
Filler polymer composite

@ Springer



1744 Applied Composite Materials (2023) 30:1737-1762

graphene-based PVDF composites and they improved the in-plane thermal conductivity of the
polymer reaching a value of 0.45 W/mK only by adding 0.5 wt% of the graphene filler [39].
Cao et al. used solution blending and used different Carbon-based fillers: two-dimensional
graphene Sheets, one-dimensional Carbon Nanotubes (CNT), and zero-dimensional fuller-
ene with PVDF under the same loading [38]. The thermal conductivity of graphene/PVDF
reached a value of 2.06 W/mK at a filler loading content of 20 wt%, which is an increase
of about ten times higher than that of neat PVDF. Coating and laminating substrates with
a protective layer of polymer containing graphene to enhance their in-plane thermal and
electrical conductivities were also done by other researchers [40]. Malekpour et al. pre-
pared some highly conductive graphene laminates on polyethylene terephthalate (PET)
substrates using a slit coating machine [41]. They succeeded in coating PET films with a
graphene layer improving the thermal conductivity of the composite by 600 times that of the
original film. Figure 4a-b presents cross-sectional SEM images of an uncompressed sam-
ple and a compressed sample of graphene laminate on PET with the corresponding thermal
conductivity value as a function of graphene flake size. Compressed samples with larger
average graphene flake size showed higher in-plane thermal conductivity than uncom-
pressed samples with lower average graphene flake size which show the importance of large
average graphene flake size and compressing graphene-based composites in improving the
in-plane thermal conductivity of the samples obtained. Other coating techniques, such as
the air-brush technique, are also used and being widely studied to obtain some conductive
composites that can be used for many applications [3, 42]. Delfaure et al. used this technique
for the fabrication of electrodes and supercapacitor cells [43]. They reported an air-brush
technique with specific parameters that they used to produce highly regular mats with finely
tuned thicknesses and graphene weight [43]. The airbrush technique is easy and scalable,
but the main disadvantage is that it is hard to control the orientation and the dispersion of
the graphene filler across the substrate using this technique.

(c)
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Fig.4 SEM images for the cross-section of the (a) uncompressed composite and (b) compressed graphene
layer on Polyethylene terephthalate (PET) (c) In-plane thermal conductivity of polymer composites as a
function of graphene average flake size. [41] (adapted from [41], copyright 2014, with permission from
American Chemical Society)
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3.2 MeltBlending

Melt blending is a preparation process that is usually used with thermoplastic polymers.
During this process, the polymer is first melted and then combined with a specific amount
of Carbon-based filler using high-shear mixers at a temperature above the melting tem-
perature of the polymer or the glass transition point as shown in the schematic of Fig. 3c.
Hence, it does not require a solvent to combine both the graphene filler and the polymer. It
is usually the preferred method for industrial applications because it can be used simply for
large-scale production systems because of its low cost and simplicity. It is also known to be
environmentally friendly because it does not need any solvent during the process. There-
fore, this process avoids the use of solvents that may harm the environment later. However,
melt blending is not as effective as a solution blending method, in terms of the ability to
achieve good dispersion of the graphene filler within the polymer matrix [44]. Also, the
use of high shear forces can sometimes break the graphene flakes and reduce their effec-
tiveness in the matrix. Melt blending was used a lot with CNT, and it was reported for vari-
ous polymer types, including polyesters, polyolefins, polystyrene, polyamides, and polyu-
rethane. However, melt blending is generally less effective compared to solvent blending
with dispersing CNT in polymers, and it is only limited to lower concentrations of the filler
because of the high viscosity of the composites at higher nanotube loadings [26]. Simi-
larly, to CNT, melt blending is less effective in dispersing graphene sheets compared to
solvent blending due to the higher viscosity of the composite at increased sheet loading.
Besides, this process can be applied to both polar and non-polar polymers. However, it is
more practical with thermos-plastic polymers, especially in large-scale production systems
[45]. Melt blending or mixing can also be categorized into multiple categories: Extrusion,
hot-pressing, and compaction/injection molding. These are different manufacturing tech-
niques that are based on melting and mixing the polymer with Carbon-based fillers without
the presence of any solvent. The main parameters that are considered in these manufactur-
ing processes are temperature, pressure, and time [46]. Usually, a higher temperature is
used than the melting temperature of the polymer coupled with shear forces to incorporate
the graphene filler with the polymer matrix. Also, high pressure is applied to shape melted
blends in a specific mold, as for screw mixers that are used to mix both the polymer with
the graphene filler. Compaction molding is a process that was used by Jung et al. due to
the anisotropic behavior of the graphene flakes, un-aligned graphene composites had infe-
rior properties compared to aligned-graphene composites [47]. Jung et al. tried to have a
proper orientation of graphene layers along the matrix direction using a melt compression
process using an L-shaped tube increasing the thermal conductivity to 10 W/mK at 25
vol % of graphene flakes in PVDF [47]. Also, the electrical conductivity of the compos-
ites obtained increased to reach 30 S/m for 25 vol % of graphene flakes. Therefore, they
were able to achieve high in-plane thermal conductivity values for the composites obtained
using the compaction molding technique since they directed most of the graphene flakes in
one direction, improving the alignment of these flakes across the composite. Also, injec-
tion molding is a standard method that is used where specific molds are used to inject the
melted blend of the polymer with the graphene filler in defined shapes at high pressure to
achieve the intended design. Complex structures with excellent finish can be obtained by
injection molding. Therefore, it is commonly used in the automotive industry, where many
structures are created using this technique. Graphene 3D printing is becoming very popular
in many industries, especially for nano-scale industries like biomedical applications, and it
is based on the extrusion method. A suspended conductive graphene-based solution with a
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specific viscosity is used within extrusion-based 3D printers to print nano-electric circuits
that can be used for many applications. Inkjet-printed thin films of liquid-exfoliated gra-
phene were reported by various researchers lately [13]. Araby et al. reported that printing
graphene flakes to form a film with different thicknesses is possible while improving the
electrical conductivity of the film up to 3000 S/m. Another method that is based on melt
blending is hot pressing. In the hot-pressing technique, a thin film for a graphene-based
composite can be obtained when the film is placed between two heated flat plates at high
pressure to obtain a thin film with improved physical properties. This process is commonly
used with thermoplastic polymers. Many researchers checked the effect of hot pressing on
graphene-based composites, and they found that this technique decreases porosities within
the composite and lowers the distance between the graphene flakes by heat pressing, thus
improving the physical properties in terms of thermal and electrical conductivity of the
composites obtained [48].

3.3 In-situ polymerization

In-situ polymerization is used in preparing graphene-based polymer composites where gra-
phene derivatives are incorporated during the polymerization of the monomer to improve
the dispersion of the derivative between two phases as shown in Fig. 3d. In this pro-
cess, a monomer solution and suspensions of graphene-based materials are mixed under
suitable reaction conditions and in the presence of catalysts to obtain a graphene-based
polymer composite providing a strong interaction between the matrix and the filler. Epoxy
is usually a typical polymer that is suitable for in-situ polymerization. A graphene sus-
pension can be mixed with epoxy resins and subjected to high-shear mixing. While stir-
ring and heating the mixture to remove the solvent, the epoxy curing agent can be added
to finalize the polymerization process [49]. This technique can be used on graphene and
graphene derivatives like Graphene oxide (GO) and Reduced Graphene Oxide (rGO). In-
situ polymerization is significant for the preparation of insoluble and thermally unstable
polymers because such matrices cannot be dissolved in solvents or fused. Therefore, they
cannot be processed by solution or melt blending [25]. Furthermore, in-situ polymeriza-
tion methods enable covalent bonding between functionalized Carbon-based filler and the
polymer matrix using various chemical reactions. In-situ polymerization has also shown
great potential in manufacturing polyolefin/graphene nanocomposites, mainly graphene-
based polypropylene, Linear low-density polyethylene, and ultra-high-molecular-weight
polyethylene composites [25]. Song et al. prepared graphene/epoxy composites using in-
situ polymerization and succeeded in enhancing the thermal conductivity of the compos-
ites by 66.5% [50]. Also, in-situ polymerization was used by Ma et al. on Carbon-based
filler with polyurethane achieving a high thermal conductivity of 0.3 W/mK for a filler
weight % of 0.6% [51]. Wang et al. dramatically improved the mechanical and thermal
properties of epoxy by adding graphene platelets using in-situ polymerization. This tech-
nique was used by Kim et al. where they dispersed thermally reduced graphene within
thermoplastic polyurethane using all three techniques (solution mixing, melt blending, and
in situ polymerization) and studied the distribution obtained by TEM images [52]. They
found that in-situ polymerization produced the best dispersion for the graphene filler in the
matrix. Despite its several advantages including presenting an effective method that allows
Carbon-based fillers to be dispersed uniformly in the matrix, thereby providing a strong
interaction between the matrix and the filler, the in-situ polymerization has some short-
comings. It is not very popular for the preparation of specific sets of materials because it
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requires low-viscosity monomers and other starting materials. Furthermore, the major dis-
advantage of this method is the increase of viscosity along with the preparation progress of
the polymerization process which hinders the manipulation and limits the load fraction of
the graphene filler in the polymer matrix [53]. By employing the methods above (solution
blending, melt blending, in-situ polymerization), graphene and graphene derivatives are
mostly dispersed in the polymer matrix. The advantages and shortcomings of each prep-
aration method are summarized in Table 2. Multiple techniques can be used to enhance
the dispersion and alignment of graphene filler in the composites including hot pressing
and ultrasonication. These techniques have a direct effect on the thermal, electrical, and
mechanical properties of the obtained composites.

4 Electrical Conductivity of Graphene-Based Composites

The electrical conductivity is dictated by the flow of free electrons in the lattice. In elec-
trically conductive metals, free valance electrons can be excited quickly due to their band
structure in crystalline structures. Whereas in insulators large excitation energy is needed
due to the large bandgap [37]. Most polymers are insulators with electrical conductivity
values ranging between 10'* to 107" S/cm [54]. Due to graphene’s large aspect ratio, gra-
phene is considered one of the most efficient fillers for improving electrical conductivity as
simulation and experimental results showed that fillers with large aspect ratios led to better
electrical conductivity [13]. Table 3 summarizes the recent values obtained for the electri-
cal conductivity of different graphene-based polymer composites that were prepared using
different preparation methods.

The enhancement of electrical conductivity depends on the preparation method used to
fabricate graphene-based polymer composites. The polymers used are usually insulators,
and the corresponding electrical conductivity of the graphene-based polymer composites
corresponds to a significant improvement in the electrical conductivity making these com-
posites comparable to conductive metals. Moreover, this conductivity is also attributed to
good interfacial interaction between the graphene filler and the polymer matrix, the high
aspect ratio of the graphene filler, and the preferential orientation of graphene fillers along
the film direction which improves the electrical pathway where electrons can pass across
the composite [9, 60, 61]. The improvement of the electrical conductivity of the graphene-
based polymer composite usually follows a percolation model where the filler volume frac-
tion should surpass a threshold value for the polymer composite to be conductive as shown
in Fig. 5 [13, 62].

For a random distribution of Graphene in the polymer matrix, a conductive network of
graphene after a specific loading of the filler is called the percolation threshold. Then after
adding more filler, the electrical conductivity of the graphene-based polymer composite
increased rapidly and the graph of the electrical conductivity takes an S shape with three
main sections of the graph: The insulating region, the percolation region where tunneling
between graphene happens within the composite, and the conductive region as shown in
Fig. 5 [4, 13]. In the insulative region, there is no conductive path, then the electrons can-
not flow, and the composite remains insulative due to the insulative matrix. However, when
the graphene fillers can form multiple conductive channels across the composite, elec-
trons can flow, and the composite becomes conductive. Agglomerations, defects, and the
size of the graphene filler affect the percolation threshold as seen by both simulations and
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Fig.5 (a) The electrical conductivity of the composite plotted follows a percolation model [13]. (b) A plot
of the electrical conductivity as a function of the filler loading for graphene and graphite filler in PET [63]
(adapted from [63], copyright 2010, with permission from Elsevier). (¢) Example plot of percolation thresh-
old of CNT and graphene in High-density polyethylene (adapted from [64], copyright 2011, with permis-
sion from Elsevier)

experiments [6, 10, 12, 59]. Graphene fillers with large aspect ratios lead to reduced perco-
lation thresholds and higher electrical conductivity [10, 13].

5 Thermal Conductivity of Graphene-Based Polymer Composites

Most polymers have very low thermal conductivities in the range of 0.1 - 0.5 W/mK. How-
ever, metals have very high thermal conductivity values that can reach up to 385 W/mK
for copper, for example. Polymers are made from repeated structural unit chains like pro-
pylene, vinyl chloride, ethylene, and styrene. In polymers, heat will reach first the units
in the structure that are the closest to the heat source then it will slowly propagate to the
neighbor units. Heat is modeled as vibrational waves that at low frequencies (less than 100
kHz) are referred to as phonons [65]. Phonons can travel linearly through a continuous
path of chemically bonded atoms in solids. Therefore it is expected that phonons would be
affected and scattered by the random curvature along a polymer chain axis [65]. This scat-
tering across the polymer makes heat propagate slower which reduces the value of the ther-
mal conductivity for the polymer matrix [48]. So it is reported that phonons in amorphous
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Fig.6 Multiple Schemes of phonon and electron transport at graphene-graphene interface (A and D), Gra-
phene-Graphene oxide interface (B and E), and Graphene Oxide-Graphene oxide (C and F) interfaces [68].
(adapted from [68], copyright 2015, with permission from RSC Adv)

polymers typically propagate for less than 10 nm since they cannot propagate far away due
to the random curvature and structure of the polymer chains which is different than crystal-
line structures like in metals [66]. In crystalline structures, heat dissipates as a wave across
the whole lattice structure. Due to this reason, the thermal conductivity values for metals
are much higher than for polymers. Researchers expected a dramatic enhancement in the
thermal conductivity of graphene-based polymer composites after adding high conductive
graphene fillers with thermal conductivity of ~3000-5000 W/mK into polymers that have
low thermal conductivity value (typically in the range of ~0.2 W/mK). Following the rule
of mixing the expected value of the obtained thermal conductivity of the polymer compos-
ites should be in the range of ~300 W/mK for 10 wt.% of graphene [38, 47]. However, that
was not the case, and the values were instead in the range of 0.3-10 W/mK. This was due
to many parameters that affect the properties of graphene-based composites including the
graphene shape and properties, the interface between the graphene and the polymer, and
the polymer properties. After adding graphene to the polymer matrix, many interfaces are
produced, which lead to phonon scattering and the presence of high interfacial resistance
called Kapitza resistance as shown in Fig. 6 [67].
The thermal conductivity in solids can be separated into two main components:

k=k,+k,
where k is the thermal conductivity of the composite, &, is the thermal conductivity that
is caused by energized electrical motion, and k, is due to energized collisions (phonons)

motion. For conductive polymers, the thermal conductivity that happened because of elec-
tron motion can be estimated using the Wiedermann-Franz law:

k, = Lyo,T
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where the thermal conductivity is caused by the motion of electrons in the composite k, can
be obtained by multiplying the Lorentz constant (L, = 2.44 X 1078 QWK=2) to the elec-
trical conductivity of the graphene-based composite (c,) and temperature (T). And since
most graphene-based polymer composites are semiconductors with an electrical conductiv-
ity reaching a range of 2000 S/m, then the thermal conductivity that is contributed by the
motion of electrons in graphene-based composites can reach a range of 0.01 W/mK which
is very low compared to the total thermal conductivity of the composite. Thus, we can esti-
mate in graphene-based composites that phonons only contributed to the thermal conduc-
tivity of these polymer composites. And the focus while studying the thermal conductivity
of these composites can be the scattering mechanisms of these phonons in graphene-based
polymer composites. Different scattering mechanisms may happen across graphene-based
polymer composites from boundary scattering to impurity scattering and defect scattering.
The recommended step for preparing a composite with high thermal conductivity would be
using a very pure and conductive graphene filler in the polymer matrix. Also, it is advised
to use a preparation method that would increase the number of graphene pathways through
the proper orientation of graphene filler. This will reduce the resistance between graphene
and the graphene-polymer interface, thus reducing the Kapitza resistance [69]. Table 4
summarizes the recent values achieved so far for in-plane thermal conductivity by different
research groups recently. Researchers use different techniques like hot-pressing and milling
to properly disperse and align graphene flakes in a specific direction across the polymer
composite trying to improve the thermal conductivity value of the composite.

These high thermal conductivity values were attributed to the increasing thermal trans-
port capacity in these graphene-based polymer composites due to the alignment of gra-
phene layers across the composite film. The proper orientation of the graphene filler within
the composite would provide a path of lower thermal resistance for phonon travel which
explains the high thermal conductivity values for some composites that were prepared with
specific preparation techniques that provided proper dispersion and alignment of graphene
filler in a specific direction. Other factors like the purity of the graphene filler, the crystal-
line morphology of the polymer matrix, and the hydrophobic interaction between graphene
and the polymer are also some factors that can reduce the thermal resistance between the
graphene filler and the polymer matrix reducing the boundary phonon scattering across the
polymer composites and thus improving the in-plane thermal conductivity values [4].

6 Applications of Graphene-based Polymer Composites

In the last decade, polymer materials with high thermal and electrical conductivity values
were required in many emerging industries. Graphene-based polymer composites can be
used in many applications such as wearable/stretchable electronic devices, E-textile, bat-
teries, and sensors [3, 28, 72-74]. They are lightweight, durable, and conductive materials
and they can be metallic components that are typically rigid, heavy, rigid, and prone to cor-
rosion with a high thermal expansion coefficient.

6.1 Energy Storage

Many advances are happening in energy storage systems like batteries and capacitors in
the last few years. Due to the high charging/discharging rates of batteries in some cases,
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Fig.7 (a) cyclic voltammetry for different graphene-based composite films (b) Charge-storage capacity
of graphene-based composites with various graphene wt% (c) Electrochemical impedance spectroscopy of
composite films across a different frequency range [77]

the heat generated by these batteries can be larger than the heat dissipated. This mismatch
can cause the overheating of the battery causing the battery to be very inefficient with time
and maybe catch fire in other cases. Therefore, some researchers tried to use new materials
like graphene to improve the performance of batteries in many applications. Graphene fill-
ers were used in lithium-ion batteries to improve their sustainability and performance [75].
Many researchers like Song et al. have developed a new cathode by combining graphene
with other polymers like (poly(anthraquinonyl sulfide) and polyimide) in lithium batteries
to improve the performance of the battery. Graphene and its derivatives were combined
with other polymers in supercapacitors showing a very high electrochemical capacitance
(210 F/g) at a discharge rate of 0.3 A/g [76]. Graphene can reduce the charging time and
extend the battery’s while having excellent electrical conductivity and a large surface area
which improves the efficiency of batteries. The electrochemical analysis was presented in
Fig. 7 for different graphene-based polymer composite films to study their efficiency and
performance as a material used in batteries showing their electrochemical impedance under
typical aqueous conditions. the cyclic voltammetry curves for graphene-based composites
showed a typical rectangular behavior depicting an excellent super capacitive behavior.
Also, the charge-storage capacity of the composites increased for higher graphene wt% and
the impedance values dramatically decreased after adding graphene filler to PVDF-HFP
polymer as shown in Fig. 7 [77].
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Fig.8 Various images with the time-instant response curves of the graphene/textile composite as a sensing
system for human motion monitoring: (a) finger, (b) wrist, (c) elbow joint, and (d) knee joint [17] (adapted
from [17], copyright 2022, with permission from John Wiley and Sons)

6.2 E-Textile

Smart fabric or electronic textiles (E-textiles) are a new segment in the wearable cloth cat-
egory where embedded electronic devices like sensors, batteries, and computing devices
are being added to the cloth to improve their functionality. This can be either aesthetic or
performance-enhancing and monitoring. Different materials can be used in smart fabrics
which can range from traditional materials like polyester, nylon, and cotton, to advanced
composites where conductive graphene-based composites can be used. Producing gra-
phene-based polymer composites with high electrical conductivity and flexibility will be
of massive interest in this industry as these composites will sustain the properties of the
polymer matrix (flexibility and resistance to corrosion) while being very conductive. Also,
many researchers tried to incorporate graphene in textiles for human sensing applications
as shown in Fig. 8 where the finger, wrist, elbow, and leg movements were recorded using
the change in the resistance of graphene/textile composites [17].

6.3 Thermal Interface Materials (TIM)

Thermal management is the process of monitoring and controlling temperatures pro-
duced by devices in electrical enclosures and is a very crucial issue for electronic devices.
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Fig.9 (a) Enhancement of thermal conductivity graphene-based nanocomposites used as TIM (b)
Enhancement of thermal conductivity as a function of the graphene filler volume loading fraction [16]
(adapted from [16], copyright 2012, with permission from American Chemical Society)

Electronic devices have become smaller with high power density which dictates the pres-
ence of an effective heat conduction path that can lower the temperature of the components
in the whole device. Therefore, thermal interface materials (TIM) with high thermal con-
ductivity values are used to provide this effective heat conduction path in these devices.
And with the increasing power density of electronic devices, there has been a massive
demand for the development of a lightweight TIM with very high thermal conductivity
for handling the problem of system overheating within different electrical devices [74].
The thermal conductivity for a single layer of the graphene sheet is in the range between
3080-5150 W/mK which makes graphene and its derivatives a very promising filler [78,
79]. So, developing a light polymer composite with low density and high thermal conduc-
tivity is very critical in electronic devices. The role of a TIM is to have a considerable drop
in the temperature of the whole system when filling the gaps with a TIM. This need for
TIM to dissipate heat very quickly when the electronic chips are working can be very excit-
ing since existing commercial TIM has a relatively low thermal conductivity value which
is less than 5 W/mK and improving their conductivity by adding graphene filler will gain
a lot of attention in the electronics industry. Shahil et al showed that graphene nanocom-
posite can be used as the thermal interface material, and it performed better than compos-
ites with carbon nanotubes or metal nanoparticles due to graphene’s aspect ratio and lower
Kapitza resistance at the graphene—matrix interface as shown in Fig. 9 [16].

6.4 Biomedical Applications

Graphene-based polymer composites have many interesting properties such as biocompat-
ibility, and high physical, chemical, optical, and sensing properties that allow researchers
to use this material in many biomedical applications [24]. Graphene has been conjugated
with chitosan and biocompatible polyethylene glycol (PEG). This composite showed bet-
ter stability and solubility in physiological solutions and has been studied for in vitro
drug delivery, imaging, and in vivo photothermal therapy for tumors [45]. Other graphene-
based hybrid materials were tested and used in drug and gene delivery, tissue engineer-
ing, bio-sensing, molecular imaging, and bioelectronics [80-82]. Also, graphene-based

@ Springer



Applied Composite Materials (2023) 30:1737-1762 1757

(a) GB sensor for nervous system (b) GB Metabolic sensor (C)GB bioelectrical electrode

)]‘g

11

(d) GB strain sensor (e) GB sensor for nervous system

P |

Graphené vs.  Platinum

Fig. 10 Graphene-based polymer composites have the potential to be used in many biomedical applications
(a) Sensing applications for the nervous system (b) Metabolic sensors (¢) Bioelectric electrodes (d) Strain
sensors (e) Biological receptors (f) Invasive sensor [24]. (adapted from [24], copyright 2022, with permission
from Informa UK Limited)

material can be used as transducers for biosensors because of their electrical conductivity,
large surface area, and high electron transfer rate [24, 80] (Figs. 8 and 10).

7 Summary and Outlook

In this review, we introduced different preparation methods for fabricating graphene-based
polymer composites. These methods are essential in dictating the physical properties of
obtained composites. For fabricating graphene-based composites with high thermal, elec-
trical, and mechanical properties, proper dispersion, and alignment of Carbon-based filler
are required. Although there are a lot of advantages to using solution mixing and in situ
polymerization methods to produce composites with a high degree of dispersion and
homogeneity, as shown by many researchers, these processes have other drawbacks, espe-
cially the environmental concerns that are needed to be considered while applying these
methods. The melt-mixing process is a commonly used method in industrial applications
since it is easy to scale up, but the user will not get a similar dispersion as in the meth-
ods above. Incorporating Carbon-based filler in polymer composites usually enhanced the
thermal, electrical, and mechanical properties. However, these enhancements are subject to
many parameters such as the dispersion of graphene filler in the matrix, the graphene prop-
erties and filler loading, the interfacial contact between the graphene filler and the matrix,
and the preparation method. Usually, the fabrication method of graphene polymer compos-
ites affects the dispersion of the filler in the polymer composites and thus results in dif-
ferent influences on the physical properties of the composites obtained. Also, usually, the
highly dispersed graphene filler provides a much higher enhancement in the physical prop-
erties than the poorly dispersed ones due to the improved interfacial interactions between
the filler and the matrix. Based on the development of graphene-based composites, the use
of Carbon-based fillers is very efficient and effective in improving the thermal, mechani-
cal, and electrical properties and thus overcoming some of the disadvantages of the poly-
mer matrix. Graphene and graphene derivatives like graphene flakes and graphene oxide
can further improve the physical properties of graphene-based composites. Therefore,
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this family of graphene-based composite materials with excellent physical and functional
properties shows promising results in both conventional and advanced applications rang-
ing from sensors to electronic devices, to heat sinks, to the automotive industry, and many
more. In the future, more studies should be done for better incorporation of graphene in
polymer matrices where 3D graphene structures can be tested to make very conductive net-
works across polymer composites. Also, graphene can be added to self-healable polymers
where their conductivity can be tested under harsh conditions.
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