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A B S T R A C T   

Graphene and their derivatives exhibit interesting properties (mechanical properties, electrical and thermal 
conductivities). When incorporated into polymer matrices, many applications are possible in fields like elec
tronics, medicine, transportation. The goal of the present review is to highlight how graphene can influence the 
electrical properties of polymer nanocomposites. The first part explains the peculiar structure of graphene, the 
main ways to synthesize graphene and the influence on electrical conductivity. In this first part, it is also 
explained how orientation and alignment of graphene platelets or the presence of a second filler can influence the 
percolation threshold or electrical conductivity of a monophase polymer nanocomposite. Finally, in this first 
part, we present some generalities on the enhancement of electrical properties by chemical treatments performed 
on the graphene. The aim of the second part of this review is to show the effect of the incorporation of graphene 
into immiscible polymer blends on the microstructures and on the electrical properties. Especially, we focus on 
the concept of selective localization of nanoparticles into a blend: how to predict the localization of graphene and 
how to tailor the localization by chemical and kinetics factors. Several graphs were drawn, based on the data of 
73 publications, to exhibit the influence of different parameters on the electrical conductivity (in S.cm− 1) of 
graphene based polymer blend nanocomposites. Finally, the last part of this review is dedicated to the electrical 
applications of graphene-based polymer blend nanocomposites.   

1. Introduction 

The emergence of graphene nanoparticles and its remarkable prop
erties entailed the production of new conductive polymer nano
composites [1]. Due to its ultrahigh electrical performance, graphene 
has emerged as a promising nanoparticle for preparing high perfor
mance polymer nanocomposites. Its 2D structure have a potential to 
form a 3D network with reduced filler loading in a polymer matrix 
compared to a spherical filler like carbon black. It replaces microscopic 
fillers which need high amounts to obtain good performances with 
sometimes a degradation of mechanical properties [2]. Graphene 
showed its efficiency in several kind of polymer matrix which man
ifested an improvement of their mechanical, electrical, and thermal 
properties [3]. However, graphene is an expensive material and a 
random dispersion of graphene into a single polymer matrix led to 
relatively high percolation threshold. Several methods are also used to 
decrease the filler content that will be presented in this review. Part I of 
the present review summarizes the structure and electronic properties of 
graphene. It also explains the concept of percolation threshold and the 

influence of different graphene parameters on percolation threshold. 
Finally, part I summarizes how can chemical modification enhance the 
percolation. Another interesting way to reduce percolation threshold is 
to play with the morphology of the polymer composite material. The 
idea is to disperse graphene into immiscible polymer blends and espe
cially localize graphene fillers in the minor phase or at the interface of 
co-continuous polymer blends to reduce the percolation threshold [4-7]. 
Part II explains how to change the morphology of graphene based 
polymer blends to improve electrical conductivity. Finally, some appli
cations are exposed in part III of the present review. 

2. Graphene: electrical properties and percolation 

2.1. Electronic structure and electrical properties of graphene 

2.1.1. Electronic structure of graphene and their derivatives 
Graphene is considered as a multifunctional material thanks to its 

excellent mechanical, electrical and thermal properties. It owes this 
particularity to its 2D honeycomb structure only composed of carbon 
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atoms and some hydrogen atoms notably at the edge of sheets. Since the 
discovery of 2D materials and graphene, lots of articles broached the 
graphene electronic subject around 25,000 since the 2000’s. Understand 
the benefit of incorporating graphene into polymer matrices, it is 
important to be aware of intrinsic physical properties of graphene. In 
this review, the electrical conductivity of the graphene is investigated. 
Its structure without defects gives a high electrical conductivity of 106 S. 
cm− 1 and a high electron mobility of 250,000 cm2. V− 1. s− 1 [8]. Each 
carbon atom forms three σ bonds with neighboring atoms by over
lapping of sp2 orbitals. Each carbon atom has one pz electron and the pz 
orbital overlaps form a band of filled π orbitals (valence band) and a 
band of empty π* orbitals (conduction band) [9]. Electrons follow the 
“zigzag” structure to move on the graphene structure and this gives a 
corner shape of the bands (the Dirac cone) which touch at the K point. 
There is a zero density of states but no band gap. The armchair structure 
leads to a behavior similar to a semiconducting behavior at the M point 
(Fig. 1 a, b). The number of layers stacked in the final graphene has 
supposed to play an important role in the final electrical behavior [10]. 
Single layer (monolayer) and bilayer graphene perform a zero-gap 
semiconductor with single type of holes and electrons. This kind of 
gap forms a Dirac cone where valence and conduction bands are joined 
in one point named K point which results into an effective zero mass 
[11]. At this point, the energy-momentum relation dispersion becomes 
linear described by the relativistic equation (1). In a conventional 
semi-conductor, an effective mass m and energy E are ascribed to elec
trons as defined by equation (2) [12]: 

E = p × vf (1)  

E =
p2

2m
(2) 

p is the momentum and vf is the fermi velocity. Equation (1) shows 
that at the K point, electrons in graphene sheet behave like massless 
relativistic particles and entail a Quantum Hall Effect (QHE) at room 
temperature that is normally observed at ultralow temperature for 
metals [13]. The transport of electrons is considered like a ballistic 
transport [14]. These particularities give to graphene its exceptional 
electron mobility and electrical conductivity. Since monolayer is a no 

band gap, it makes its use impossible for digital electronic. However, the 
bilayer is more versatile because a transverse electrical field is enough to 
open the gap (Fig. 1c, d, e) [15]. This possibility to control interaction 
between the relativistic particles allows to alter these properties for 
several applications [16]. For multilayer, the valence and conduction 
bands begin to be separate. Zhu et al. [17], show that holes mobility is 
directly dependent on temperature variation. Different behaviors were 
observed between monolayer, bilayer and trilayer graphene deposed on 
SiO2 substrate. The mobility of holes for monolayer decreased when the 
temperature increased. It is due to scattering by thermally excited sur
face polar phonons of the SiO2 substrate. On the contrary, concerning 
bilayer and trilayer, the mobility increases proportionally to the tem
perature (Fig. 1 f, g, h). Coulomb scattering determined this dependence 
[18]. 

For most electrical applications, which use graphene, it is necessary 
to open an energy gap. A surface modification by the way of oxidant 
treatment or nanopatterning can induce an open energy gap [20]. For 
nanocomposite application, graphene under its oxide form (graphene 
oxide, GO) is most suitable in order to have a high affinity with polymers 
and a better dispersion in an organic matrix. Functional groups are 
grafted on GO basal plane and edges. It can interact with the polymer 
matrix. However, this graphene treatment drives down the electrical 
properties and GO is also insulating [21]. Indeed, the basic electronic 
structure of graphene is totally disrupted, and defects appear on the 
basal plane which prevent electron transport and it results in the 
remaining sp2 domains and the formation of sp3 domains (induced by 
bonded oxygen functional groups). The electronic properties of GO 
depend on the oxidation level and chemical composition. Chemical or 
thermal reduction of GO (rGO) allows to remove most of the oxide 
groups and recover a high electrical conductivity. For thermal reduc
tion, oxide groups are decomposed into CO2 and H2O and the critical 
temperature to obtain rGO with the highest conductivity is from 200 ◦C 
under nitrogen atmosphere [22]. Fig. 2 shows that, thanks to oxidation 
and reduction mechanisms, the electrical conductivity may be tuned by 
controlling the oxygen content. However, GO reduction never totally 
restored the pristine graphene. Control oxidation degree means control 
electron mobility and electrical conductivity. Chang et al. [23] 

Fig. 1. (a) Electron transport mechanism, (b) Schematic model of graphene band structure (c) Lattice structure and energy diagram for Graphene monolayer Dirac 
point (d) Graphene bilayer zero gap semiconductor, (e) Graphene bilayer under electric field [19]; Holes mobility versus temperature with different carrier density 
for (f) graphene monolayer (g) graphene bilayer (h) graphene trilayer [11,18]. Reproduced from Refs. [18,19]with permission. (A colour version of this figure can be 
viewed online.) 
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compared the GO reduction at 150 ◦C and different times of annealing 
under nitrogen. Results proved that the bandgap energy changes ac
cording to the annealing time. Indeed, for 20, 90, 260 min thermally 
reduction time, reduced GO have a band gap energy of 1.5, 1, 0.5 eV, 
respectively. For GO, electrons need too much energy to reach con
duction band with a band gap of 2.2 eV, and it is insulating. Reduced 
graphene oxide (rGO) is considered as a semiconductor or semimetal 
due to the low band gap of 1 eV or 0.5 eV (Fig. 2). This is the desired 
nanoparticles required to develop electrically conductive 
nanocomposite. 

2.1.2. Effect of graphene synthesis on electrical conductivity 
The electrical property of graphene depends on the synthesis used as 

shown in Fig. 3. Indeed, production method affects the final sp2 struc
ture and impressive properties of graphene are achieved for the highest 
quality material [25]. A high electrical conductivity is possible for a 
graphene sheet with low defects and few layers. Chemical vapor 

deposition (CVD) is a “bottom-up” process in which the synthesis of the 
bulk material starts with small entities. This method is known to produce 
high-quality graphene. It consists in depositing carbon atoms from gas 
on a metallic substrate at high temperature. Chemical-vapor-deposition 
(CVD) gives a large area graphene sheet and a high electrical conduc
tivity around 104 S.cm− 1 [26]. Despite these excellent properties, the 
preparation cost of this method is expensive. Mechanical exfoliation is 
another way to produce high quality graphene sheets easily. Contrary to 
CVD, this method is a “top-down” process. From graphite and via a 
mechanical strength induced by tape [27], it is possible to isolate few 
layers of graphene. An electrical conductivity of 104 S.cm− 1 was also 
obtained. However, this method allows to synthesize small quantities of 
graphene sheets. Consequently, for industrial operations, it is not a 
suitable synthesis. 

With CVD, exfoliation and reduction of graphite oxide technique 
appears as current graphene production used in industry. Several 
methods were used to oxidize graphite such as Brodie [28], Staudenmaier 

Fig. 2. Lattice structure and corresponding energy band diagrams of graphene, GO, rGO (CB: conduction Band, VB: Valence Band, Ef: Fermi energy) [24]. 
Reproduced from Ref. [24] with permission. (A colour version of this figure can be viewed online.) 

Fig. 3. Electrical conductivity according to the graphene method production [39]. Reproduced from Ref. [39] with permission. The measured conductivities of the 
available graphene sources. (A colour version of this figure can be viewed online.) 
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[29] and then Hummers and Offeman methods [30]. For example, gra
phene produced via graphite oxide is based on the oxidation of graphite 
by using Hummers’ method and then sonication to exfoliate graphite 
oxide sheet in order to obtain insulating GO. This Hummers’ method 
consists in insertion of strong acids and oxidizing reagents that create 
oxygen functional groups on the basal plane and at the edges of graphite 
[31]. Graphite is immersed in a H2SO4, NaNO3 and KMnO4 solution. The 
first step of Hummers’ method is the intercalation of H2SO4 molecules 
and HSO4

− ions between graphene layers. The oxidizing agent Mn2O7 
replaced the intercalant acid species in a second time [32]. The 
exothermic oxidative action of these species leads to the formation of 
hydroxylates, carboxylates and epoxy groups. The C–O covalent 
bonding increases the distance between the graphitic layers. Bourlinos 
et al. [33] measured by XRD an interlayer raise from 0.34 to 0.68 nm 
after oxidation by Brodie’s method. As indicated previously, graphene 
oxide can be reduced by thermal treatment (TrGO) or chemical treat
ment (CrGO) with reducing agents such as hydrazine to form rGO [34, 
35]. Thermal treatment (at high temperature) generally performs a 
better conductivity compared to the chemical treatment. Illustrating this 
fact, Vianelli et al. [36]prepared a rGO film by a thermal treatment at 
940 ◦C in a high vacuum (10− 6 mmbar) and measured a conductivity of 
103 S.cm− 1. Chemical reduction with hydrazine was studied in the same 
article, a conductivity of 5.101 S.cm− 1 was measured. Thermal reduction 
gives an electrical conductivity around 2 orders of magnitude higher 
than the chemical reduction. 

From GO structure, arc discharge method allowed to synthetize high 
electrical conductivity graphene sheets as shown in Wu et al. study [37]. 
The electrical conductivity measurements presented promising results 
such as a conductivity of 2.103 S.cm− 1. In insulating environment as 
polymer, the same behavior is observed. Ghislandi et al. [38] compared 
three different methods to obtain graphene. Graphite was oxidized 
firstly by Hummers’ method and reduced thermally or chemically. 
Another method was to produce graphene by dispersing graphite in 
water under ultrasonication. After incorporation in polystyrene, the 
highest electrical conductivity was obtained for the graphene that was 
chemically reduced (0.15 S.cm− 1 at low percolation threshold of 0.9 % 
wt). With the ultrasonication the electrical conductivity is lower and the 
percolation threshold is much higher. It proves by using the same based 
material (graphite in this article), that the type of synthesis will have an 
impact on the electrical property of the graphene/PS nanocomposite. 

2.2. Percolated graphene network 

In an insulating polymer matrix, nanoparticle percolation is an 
essential parameter to reach desired electrical properties. The concept of 
percolation has to be distinguished from that of dispersion (agglomer
ates are broken to their smallest size) and distribution (spatial ar
rangements of the particles) [40]. Fig. 4 explains those three concepts. 
The large aspect ratio of graphene and its high electrical conductivity 
make it one of the best candidates for a performant nanocomposite at a 
low percolation threshold. The percolation threshold is identified by an 
abrupt increase of the electrical conductivity at a fixed filler content, as 
seen in Fig. 5a. Properties are dramatically modified near the percola
tion threshold [41]. The main objective for nanocomposite is to obtain a 
low percolation threshold corresponding to a network formation at a 
low volume fraction of fillers. The percolation threshold can be calcu
lated with equation (3) [39,42]: 

σc = σgr
(
ψgr − ψC

)t (3) 

σc is the conductivity of the composite, σgr corresponds to the gra
phene conductivity, ψgr is the volume fraction of graphene, ψc is the 
percolation volume fraction and t is the critical exponent (normally 
t~1.33 for 2D materials). 

The dispersion, the distribution of the fillers, the aspect ratio and the 
size of the fillers have a direct impact on the percolation. The percola
tion theory said that, below a critical concentration, nanoparticles are 
considered to be individually isolated in the insulating matrix. When the 
nanoparticle concentration increases, the probability to have a 
connection between graphene nanosheets increases [43]. 

Mun et al. [44] reported that percolation threshold of polymer/
graphene nanocomposites are below 3 wt% which is significantly below 
the polymer/carbon black nanocomposites, but above the polymer/
carbon nanotube nanocomposites [45,46]. Moreover, in the same 
article, they compared solvent casting and melt mixing, and revealed 
that solution blending, thanks to sonication step, led to lower percola
tion threshold due to a disaggregation of nanoparticles (Fig. 5). 

Numerous articles were published with different techniques to ach
ieve a low percolation threshold with one type of filler by using func
tionalization, double percolation, triple percolation via multiphase 
immiscible polymer, or with the incorporation of a second filler 
[47–49]. Tkalya et al. tried to vary the state of dispersion of graphene 

Fig. 4. Scheme to explain the differences between dispersion, distribution and percolation. (A colour version of this figure can be viewed online.)  
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into a PS matrix in order to decrease the percolation threshold [50]. 
Nanocomposites were prepared from PS matrix and aqueous graphene 
dispersion. The state of dispersion for graphene was varied by changing 
the conditions of sonication. By measuring and theoretically predicting 
the percolation threshold, they observed that not only the stability of the 
aqueous graphene dispersion (Graphene nanosheets reaggregation due 
to their van der Waals interaction) and the degree of exfoliation play a 
crucial role, but also the polydispersity of size of the graphene platelets 
(measured by DLS). 

2.2.1. Physical interactions to enhance percolation and electrical 
conductivity 

2.2.1.1. Second filler aid percolation. Some articles show that restacking 
graphene nanosheets can be removed by incorporating a second carbon 
filler such as carbon black (CB) or carbon nanotubes (CNT) [49,51]. In 
Fig. 6a a model is proposed that can explain how CNTs are intercalated 
between graphene sheet and prevent restacking. A synergistic effect can 
be visualized between CNT and graphene. This second filler prevent 
restacking of graphene nanosheets and increases the electrical conduc
tivity. Before CNT incorporation, the conductivity was 1.8.103 S.cm− 1 

and after incorporation of 20 wt% of CNT in CNT-GO solution, the 
conductivity reaches 2.7.103 S.cm− 1 [52]. CNTs can form bridges be
tween graphene nanosheets that make the network formation easier at a 
low percolation threshold (Fig. 6b). 

In the same way, Zhang et al. [53], compared the effectiveness of 
both functionalized graphene (f-G) and functionalized multi-walled CNT 
(f-CNT) nanoparticles added in a poly (ether sulfone), PES matrix. A 
ternary composite f-CNT-f-G/PES was prepared by solvent casting. 
Various ratios of f-CNT/f-G were incorporated in PES matrix at an 
amount of 5 wt%. The electrical conductivity increased progressively 
when graphene was replaced by CNT in the composite. Indeed, a lower 
electrical conductivity was measured for the nanocomposites containing 
only one of the two fillers. A ratio f-G:f-CNT of 1:3 displayed the best 
performance (Fig. 6c). Moreover, a percolation threshold as low as 0.22 
vol% was reached for the f-G-f- CNT (Wf-G/Wf-CNTs = 1:1)/PES com
posite. It proves that CNT makes easier the electron transport through 
graphene sheets. The synergistic effect for enhancing electrical con
ductivity is also approved. With the same idea, Maiti et al. [51] used 
hybrid fillers: MWCNT and graphene nanoplatelets (GNP) (at a 2:3 ratio) 
at an amount from 0.3 to 1 wt% in a PC polymer matrix and achieved an 
extremely low percolation threshold of 0.072 wt% for the (2:3) MWCNT: 

Fig. 5. (a) Schematic composite behavior at different nanoparticle contents, and corresponding evolution of the electrical conductivity [39], (b) Electrical perco
lation threshold values for polymer/graphene nanocomposites. Comparison between solution blending and melt blending [44]. Reproduced from Refs. [39,44] with 
permission. (A colour version of this figure can be viewed online.) 
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GNP loading. 
Concurrently, Chakraborty et al. [54] used a non-conductive second 

filler (silica) which was effective to help for the graphene dispersion in a 
PS matrix. Silica nanoparticles prevent graphene nanosheet restacking 
or agglomerate during solvent casting. These nanoparticles are inter
calated between graphene nanosheets and allow to remove weak van der 
Waals interaction (Fig. 7a). This better dispersion has a direct impact on 
electrical conductivity (Fig. 7b). 2.5 vol% of graphene was incorporated 
in PS matrix and gave a conductivity of 10− 12 S.cm− 1. For the same 
amount of graphene with 12 vol% of silica, the electrical conductivity 

reached 1.10− 2 S.cm− 1. This proves the real interest in having the best 
possible dispersion. 

2.2.1.2. Graphene sheets aligned composites (AGC). The filler orientation 
is another factor that can influence mechanical, thermal, and electrical 
properties. Aligned graphene composites (AGCs) is an effective way to 
reach a low percolation threshold [55]. These AGCs behave like an 
anisotropic material and lead to an improvement of the properties in one 
direction. Several methods were investigated to align fillers, under 
electric [56] or magnetic fields [57], mechanical stretching [58], uni
directional freeze-casting [59], liquid crystal [60], or solvent evapora
tion induction [61]. Wu’s et al. [62] introduced graphene nanoplatelets 
(GNP) in an epoxy matrix. An electric field was applied to GNP fillers in 
order to align them. After 20min under the apply electric field, the 
graphene sheets alignment was clearly visible as shown in Fig. 8a and b. 
This anisotropic behavior is effectively confirmed since the electrical 
conductivity in the direction of fillers is 2–3 orders of magnitude higher 
than along the transverse direction [62]. Moreover, the percolation 
threshold decreases with the electric field. Indeed, without alignment 
the percolation threshold was 0.55 vol% and with an electric field, it 
reaches 0.22 vol% for an electrical conductivity of 10− 7 S.cm− 1. The end 
of each graphene sheet presents opposite charge that tend to attract 
themselves which facilitates the contact between sheets. 

Le Ferrand et al. [63] prepared magnetically responsive reduced 
graphene oxide (m-rGO) via an adsorption of superparamagnetic iron 
oxide nanoparticles (SPION) onto graphene oxide flakes. The attach
ment of SPIONs was assisted by a bovine serum albumin (BSA). Hy
drazine was further used to convert GO into rGO. The presence of polar 
organic groups in the surface thanks to adsorbed SPIONs and BSA pre
vents from the reaggregation of graphene flakes and make easier the 
dispersion in polar solvent. The m-rGO flakes were incorporated in two 
fluids (gelatin from bovine and poly (2-acryl
amido-2-methyl-1-propanesulfonic acid, PAMPS) to form hydrogels. 
The magnetic synthetized m-rGO can be aligned thanks to a simple 
magnet. These hydrogels exhibit a liquid-to-solid transition while ori
enting the m-rGO flakes when applying a magnetic field as low as 50 mT. 
The flakes orientation was fixed in the hydrogel thanks to its state 
transition liquid-to-solid by decreasing temperature (Fig. 8d). It is also 
possible to control the spatial distribution of m-rGO flakes into the 
hydrogel while applying magnetic fields. The authors fabricated 

Fig. 6. (a) CNT between graphene sheets prevent restacking, (b) Bridging effect of CNT to graphene nanosheets [52], (c) Electrical conductivity of PES filled hybrid 
fillers at different weight ratio of f-G/f-CNTs for a filler content of 5 wt% [53]. Reproduced from Refs. [52,53] with permission. (A colour version of this figure can be 
viewed online.) 

Fig. 7. (a) Silica nanoparticles intercalation between graphene sheets for 
dispersion aid, (b) Silica impact on electrical conductivity [54]. Reprinted 
(adapted) with permission from Ref. [54]. Copyright 2023 American Chemical 
Society. (A colour version of this figure can be viewed online.) 
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oriented nanocomposites with an amount of 2 vol% of m-rGO, and an 
electrical conductivity of 2.10− 2 S.cm− 1 was reached. The percolation 
threshold was as low as 0.75 vol%. Finally, Wang et al. [59] proposed 
another method which manifested an extremely low percolation 
threshold. Unidirectional graphene aerogel (UGA)/epoxy nano
composite was prepared. The freeze-casting method followed by the 
thermal reduction was presented. Graphene sheets were also aligned in 
the ice growth direction (Fig. 8e) which gave the anisotropic electrical 
properties of UGA/epoxy material. This method gives the best results for 
the percolation threshold by creating a 3D interconnected structure with 
aligned graphene sheets and graphene bridges (Fig. 8c). Knowing that 
the conductivity of epoxy is 10− 12 S.cm− 1, with the addition of 0.01 vol 
% of graphene, an increase of 8 orders of magnitude in conductivity was 
measured. The ultralow percolation threshold obtained in this study 
reaches 0.007 vol% for an electrical conductivity of 10− 1 S.cm− 1. 

2.2.1.3. The effect of size and aspect ratio of graphene on percolation and 
electrical conductivity. Nanoparticle size was also an important factor to 
build a network at a low percolation threshold. Gao et al. [64] suggested 
to analyze the effect of different graphene aspect ratios on the me
chanical, electrical, and thermal properties of PLA. Nanocomposite 
materials were carried out by a melt compounding method. Two kinds of 
graphene were tested: GNP-S (small aspect ratio) and GNP-L (large 
aspect ratio) with a diameter of 1 μm and 15 μm, respectively. Obvi
ously, both allowed to improve the electrical conductivity of PLA matrix. 
An increase of electrical conductivity started at 7 wt% for the GNP-L 
while it started at 13 wt% for the GNP-S which proved that larger 

graphene platelets are more suitable to reduce the percolation threshold 
without treatment (Fig. 9a). However, it must be noticed that not only 
the length of the platelets but also the number of platelets (thickness) 
was varying between GNP-S and GNP-L. 

Han et al. [65] used freeze casting method to synthetize graphene 
aerogel as it was presented in the paragraph I.2.1.2. As well as graphene 
sheets are aligned (UGA) thanks to this method, three different sizes of 
sheets were investigated. The average areas of GO used as precursors are 
1.1 μm2 (S-GO), 838 μm2 (L-GO), (UL-GO) 1595 μm2 to obtain then 
(small) S-UGA, (large) L-UGA and (ultra large) UL-UGA. Fig. 9b, clearly 
displays an enhancement of 10 orders of magnitude for the electrical 
conductivity compared to the neat epoxy. Three different percolation 
threshold values can be seen and a real gap is highlighted between S-GO 
and L-GO. The values of percolation threshold are 0.154, 0.033, 0.0066 
vol% for S-GO, L-G, UL-GO, respectively. It shows that a higher sheet 
area is more suitable to reach lower percolation threshold. Large sheets 
need a lower quantity of nanoparticles to create an interconnected 
network. 

He et al. [66], prepared nanocomposites of polypropylene 
(PP)/graphene in twin screw extruder by comparing five platelets with 
different aspect ratios: 8 (PG-8), 400 (PG-40), 1000 (PG-100), 1300 
(PG-030), 1500 (PG-G5). PG-8, PG-40 and PG-100 display the same 
thickness (100 nm) but different diameters. The concentration of gra
phene was fixed at 12 wt%. PG-8 has no effect on electrical conductivity, 
as the electrical conductivity is close to the neat PP: 10− 13 S.cm− 1 

(Fig. 9c). On the other hand, Fig. 9c shows a significant increase of the 
electrical conductivity when the diameter is larger. The thickness is 
lower for PG-030 than for PG-40 and their diameter are equal. The 

Fig. 8. (a) Randomly oriented GNP without applied field, (b) Aligned GNP after the electric field was applied for 20min [62], (c) 3D interconnected structure of UGA 
[59], (d) Alignment of graphene sheets by applying a magnetic field [63], (e) Schematic representation of the ice growth direction [59]. Reproduced from Refs. [62, 
63] with permission and reprinted (adapted) with permission from Ref. [59]. Copyright 2016 American Chemical Society. (A colour version of this figure can be 
viewed online.) 
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difference of the electrical conductivity proved that the thickness plays 
an important role for improving conductivity of the nanocomposite. To 
summarize, a larger diameter and a thinner thickness, that give the 
highest aspect ratio, allow to transport more easily electrons between 
platelets and to drive down the percolation threshold. This part proves 
also that to produce performant nanocomposite, larger graphene parti
cles are preferred to smaller particles. 

2.2.2. Chemical interaction to enhance percolation and electrical 
conductivity 

Graphene functionalization is one of the ways to improve affinity 
with the polymer matrix and to get a better dispersion and a lower 
percolation threshold. Non-covalent functionalization allows to modify 
graphene behavior in a system by physical interaction with other mol
ecules such as surfactants. Covalent functionalization is another possi
bility which allows to attach organic molecules by chemical bond 
formation on graphene. On the one hand, to keep the graphene elec
tronic structure intact with sp2 domains, it is preferable to use non- 
covalent functionalization. This method is based on molecule adsorp
tion by π-π interaction between molecules bearing aromatic rings and 
graphene [68]. The non-covalent functionalization is used for pristine 
graphene because of its low surface reactivity. On the other hand, the 
chemical functionalization is particularly attractive, shows good pro
cessability and a real enhancement of nanoparticle/matrix interaction. 
The covalent functionalization occurs mainly on the oxygenated groups 
of graphene oxide such as epoxides and/or hydroxyls [69]. Chemical 
modification of graphene by covalent functionalization entails inevi
tably the formation of sp3 regions for the functionalized zone. If we 
consider graphene oxide (GO), the structure contains both sp2 (with π 
orbitals) and sp3 (π orbitals replaced by σ orbitals) regions [70,71]. This 
modification removed π electron vs the initial organization of carbons, 
which is responsible to the low energy band gap between the conduction 

band and valence band. Consequently, the carrier density, the electron 
mobility and electrical conductivity are affected. Even after a reduction 
of GO, disorders are still present in the structure. 

To enhance graphene dispersion in polar polymer matrix, two co
valent functionalization ways, “grafting from” and “grafting to”, are 
effective. It consists in modifying graphene structure by fixing polymer 
chains. “Grafting from” involves the use of graphene as an initiation site 
to grow a polymer. “Grafting to” consists in a chemical reaction between 
graphene with functional groups and a polymer [72]. “Grafting from” is 
more suitable for producing a high graft density but this process is less 
easy to implement than “grafting to” [73]. 

2.2.2.1. “Grafting to” method. The “grafting to” method is performed in 
two steps: firstly, the polymer chain is synthesized and then it is 
appended with the reactive graphene functional groups via esterifica
tion, amidation, click chemistry, nitrene chemistry or radical addition 
[74]. This method is a versatile approach for grafting polymers on 
graphene surface. The steric hindrance limits the production of gra
phene grafted with high molecular weight polymer contrary to the 
“grafting from” method. It is then preferable to use low molecular 
weight for “grafting to” method [75]. Park et al. [76] used a covalent 
functionalization carried out by grafting alkyl chains and benzyl moi
eties on graphene oxide surface that forms functionalized graphene 
oxide (FGO). Visual observations of cast films and optical micrographs 
show a better dispersion of graphene in PE matrix. Indeed, PE is a 
non-polar and hydrophobic polymer that makes difficult the dispersion 
of GO which is hydrophilic. This improvement is directly benefit for the 
electrical property of the nanocomposite as shown by the measurement 
of the film surface resistance (Fig. 10a and b). Indeed, at 3 wt% of 
nanoparticles for LLDPE, the resistance strongly decreases by going from 
1012 Ω with TRG (thermally reduced graphene) to 106 Ω with FGO. 
Other ways to functionalize with PE chains with two different paths 

Fig. 9. (a) Electrical conductivity of epoxy matrix filled with different aspect ratio of reduced graphene oxide and different annealing times [64], (b) Electrical 
conductivity of PLA matrix filled with different sheet sizes of graphene nanoplatelets according to the annealing time [67], (c) Electrical conductivity of PP matrix 
filled with different aspect ratio of graphene sheets [66]. Reproduced from Refs. [64,66,67] with permission. (A colour version of this figure can be viewed online.) 
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were tested by Guimont et al. [77], but with graphite instead of gra
phene. In the first way, a radical grafting reaction was carried out by 
using benzoyl peroxide approach in the presence of PE chains. The 
second way used azide end functionalized route. Graphite oxide was 
used as starting material and after each radical reaction the electrical 
conductivity of the powder was highest than graphite oxide due to the 
solvothermal reduction at 150 ◦C for 6 h. Highest grafting level was 
identified for the benzoyl peroxide route. With a high level of grafting 
and a better electrical property (1 order of magnitude) of the function
alized graphite powder, this approach could be suitable for the elabo
ration of PE/PE-g-rGO nanocomposite. 

The same PE matrix was used by Castelain et al. [78] but with another 
strategy. They functionalized graphene via click chemistry method and 
tried to disperse it in a polyethylene matrix in order to obtain a nano
composite by solvent casting in xylene solution. Three different click 
reactions were carried out such as copper-catalyzed alkyne-azide 
(CuAAC), thiol-ene, thiol-yne, and the functionalized graphene are 
named respectively GAA, GTE and GTY. The degree of functionalization 
(mmol of PE grafted per g) was estimated thanks to Thermal Gravimetric 
Analysis (TGA) by comparing mass loss. TGA shows that GTY presents 
the largest functionalization degree. This result can be explained by the 
fact that thiol-yne allows the incorporation of two polymer chains. After 
graphene modification, Raman spectroscopy of GTE shows the lowest 
defect level which is logical since the TGA shown that GTE has the 
lowest functionalization degree so most of the sp2 domains are intact. 
Indeed, the measured electrical conductivity of GTE is relatively high 
(12.6 S.cm− 1) and closed to the starting graphene (25 S.cm− 1). The other 
modified GTY and GAA graphenes have lower electrical conductivities 
of 1.52.10− 4 S.cm− 1 and 3.35.10− 4 S.cm− 1, respectively. Raman char
acterization can explain the impact of functionalization on electrical 
property. Effectively, according to the type of functionalization, Id/Ig 
ratio value changed [79]. Ratio of Id/Ig changed strongly with the alkyne 

pretreatment from 1.5 (graphene) to 1.1. The other functionalization 
also modified ratio value with 1.75 for GAA, GTY and 1.9 for GTE. The 
addition of chemical modification inevitably leads to a drop in the 
electrical conductivity. The creation of defects by new covalent bonds 
disrupts sp2 graphene structure which entailed a decrease of the elec
trical conductivity. The greater amount of polymer coated on the gra
phene sheet and chemical modification performed on graphene prevents 
electron to circulate along the graphene structure. Moreover, graphene 
used at started material presents too many defects even before chemical 
modification. Indeed, Id/Ig graphene ratio must be lower than 1.5. The 
profile of the graphene spectra seems to be similar to the insulating 
graphene oxide [80,81]. Its electrical conductivity of 25 S.cm− 1 is low 
compared to several studies [82,83]. It is then expected to lead to low 
electrical performance for the nanocomposite. To illustrate the impact of 
these properties on the final nanocomposite, modified graphenes were 
mixed with an insulating HDPE matrix. The results show that GTE-HDPE 
nanocomposite is the only composition which can display an electrical 
conductivity measurement equal to 10− 7 S.cm− 1 for a graphene content 
of 0.74 wt% knowing that the electrical conductivity of HDPE is 10− 14 S. 
cm− 1. For the other modified graphenes, nanocomposites are insulating. 
The high degree of covalent functionalization for GAA and GTY 
destroyed too much the graphene sp2 structure that leads to an insuffi
cient electrical conductivity for improving final property of the nano
composite. In the case of pristine graphene, the insulating property of 
the nanocomposite is due to the bad dispersion in the matrix. This article 
shows that the control of covalent functionalization degree and disper
sion at the same time are the main issues to obtain the best material. 

Another way to functionalize graphene and improve its dispersion is 
by grafting polymer chains on its basal or edge sheets. Vuluga et al. [84] 
prepared rGO from GO grafted with PMMA and obtained relatively high 
electrical conductivity. They mixed GO with poly (methyl methacrylate) 
end-capped by an alkoxyamine (PMMA-ONR2) in a water/toluene 

Fig. 10. Surface resistance of PE matrix filled by (a) thermal reduced graphene oxide (TrGO) or by (b) functionalized graphene oxide (FGO) [76], (c) Electrical 
conductivity of nanocomposite PMMA filled different rGO structure [84]. Reproduced from Refs. [76,84] with permission. (A colour version of this figure can be 
viewed online.) 
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biphasic solution. At 50 ◦C, the alkoxyamine was removed and PMMA 
macroradicals were grafted on the sp2 carbons of GO that was simulta
neously reduced into rGO and transferred to the organic phase leading to 
a homogeneous distribution. The conductivity of the PMMA/rGO (5 wt 
%) was low and reached 2.10− 3 S.cm− 1 at 40 GHz due to the poor 
dispersion (Fig. 10c), while after the functionalization, the electrical 
conductivity of PMMA/rGO-g-PMMA (5 wt%) reaches 3.4.10− 2 S.cm− 1 

at the same frequency. This proves that the biphasic process allows to 
start from a homogeneous dispersion of exfoliated GO on which PMMA 
can graft and maintain this crucial exfoliation state during GO reduction 
in order to enhance the dispersion and the final electrical property. More 
recently, Lalire et al. [85] showed the possibility to combine covalent 
functionalization (by grafting onto method) and electrical conductivity 
of graphene-like powder. The copolymer of methyl methacrylate and 
hydroxyethyl methacrylate P (MMA-co-HEMA), P (MMA-co-HEMA) 
copolymer, was grafted by an esterification with carboxylic acid present 
in GO structure and alcohol function from HEMA. Different strategies 
were carried out with a soft route with nitric acid oxidation and strong 
oxidation with Hummers’ method. The soft route, even with the 
copolymer functionalization, allowed to maintain electrical property. 
The strong route required a reduction step thanks to hydrazine hydrate 
and the functionalization of the copolymer increased the resistivity but 
maintained sufficient electrical conduction. 

2.2.2.2. “Grafting from” method. Similarly, to “grafting to” method, 
“grafting from” method is a covalent functionalization. This kind of 
functionalization can disrupt the sp2 structure of graphene and also 
decrease the high electrical conductivity of graphene. In some cases, it is 
necessary to graft molecules with suitable electrical property to hope 
produce performant electrical nanocomposite. Actually, a recent study 
of Aguilar-Bolados et al. [86] tested a “grafting from” method which 
corresponds to an atom transfer radical polymerization using activators 
regenerated electron transfer (ARGET-ATRP). Graphene oxide was used 
as the started material. This method is a subclass of ATRP process, the 
most common is SI-ATRP. In this article [86], the impact of the graphene 
oxide modification with poly (monomethyl itaconate) (PMMI) by 
ARGET-ATRP method on electrical conductivity of the nanoparticle was 
studied. PMMI molecule has a high electrical conductivity and when it is 
grafted on graphene, the electrical conductivity goes to 5.04.10− 2 S. 
cm− 1. This value is high compared to GO powder which achieved an 
electrical conductivity of 10− 8 S.cm− 1. It proved that this kind of method 
is suitable for electrical application such as for electrode. 

2.2.3. Graphene functionalized by surfactant species 
A lack of articles has shown that the real efficiency of covalent 

functionalization of graphene for electrical applications is currently not 
assured since the covalent modification of graphene leads to a destruc
tion of the sp2 structure and consequently disrupts the electrical con
ductivity [87]. 

Non-covalent functionalization can also improve the dispersion of 
graphene in the polymer without disrupting the sp2 structure of gra
phene thanks to physical interaction between graphene and surfactants. 
As first glance, this kind of functionalization can allow to obtain high 
electrical conductivity. However, results of Lotya et al. [88] showed that 
the conductivity of their graphene functionalized with sodium dode
cylbenzene sulfonate (SDBS) decreased by adding surfactant. Another 
study of Mohamed et al. [50] contradicts these observations by incor
porating graphene functionalized with surfactants such as SDBS and 
showed that electrical conductivity of graphene/rubber nanocomposite 
increased. The natural rubber displayed an electrical conductivity 
equals to 1.51.10− 14 S.cm− 1 while the nanocomposite rubber/graphene 
without surfactant (pure graphene) reached 3.56.10− 12 S.cm− 1. The 
graphene/SDBS, enhanced the electrical conductivity of 6 orders of 
magnitude with a value equal to 3.04.10− 6 S.cm− 1. It seems that the 
SDBS surfactant stabilizes the graphene dispersion. By comparing these 

two articles of Lotya et al. [87] and Mohamed et al. [88], it proves that it 
is preferable to use modified graphene, even if it decreases its electrical 
conductivity, with high stabilization in polymer matrix than to use pure 
graphene with high electrical conductivity but with a low stabilization 
in polymer matrix with aggregated graphene. 

Other methods are known such as functionalization with plasma or 
with chlorine which are more appropriate to not disturb the structure of 
graphene [89]. 

3. Graphene/multiphase polymer blends nanocomposites 

3.1. Polymer blend morphology 

Improving the electrical conductivity can be achieved by localizing 
filler in one component or at the interface. The latter morphology can be 
explained by the double percolation concept. This concept was for the 
first time proposed by Sumita et al. [90] for carbon black particles in a 
co-continuous polymer blend which proved an improvement of the 
electrical conductivity. Then, several investigations were based on 
double percolation with different fillers such as carbon nanotube, car
bon fiber and graphene [91–93]. The understanding of fillers migration 
mechanism and the morphology of polymer blends is essential to predict 
graphene localization and performance. 

3.1.1. Thermodynamic for binary polymer blends 
Polymer blends are obtained by mixing two or more polymers in 

order to acquire new material with improved properties. The first 
element to take into account is the miscibility of these polymers to know 
if the mixture will be heterogeneous or homogeneous, in other words, 
immiscible or miscible, respectively. It can be predicted by calculating 
the free Gibbs energy, given by equation (4): 

ΔGm =ΔHm − TΔSm (4) 

ΔGm is the free energy of mixing per unit volume, ΔHm is the 
enthalpy and ΔSm the entropy of mixing. For a homogeneous system, Δ 
Gm is negative but most of the times, polymer blends are immiscible and 
give ΔGm positive due to a negligible entropy. Indeed, number of mo
lecular configurations are restricted, and the entropy is also extremely 
low [94]. By mixing two polymers, miscible polymers lead to one-phase 
morphology. Whereas, immiscible and in some cases partially misci
bility polymers show two-phases morphology. Immiscible polymer 
blends are the suitable morphology for nanocomposite systems with 
ultralow percolation thresholds. Hence, next parts of this article will 
deal with immiscible polymer blends only. 

3.1.2. Effect of different parameters on polymer blending 

3.1.2.1. Binary polymer blends. By changing the polymer proportions, it 
is possible to control the blend morphology. Indeed, in a binary polymer 
blend, the increase proportion of one phase allows to go from a dispersed 
phase/matrix morphology to co-continuous phases morphology. One 
polymer phase at lower proportion tends to be dispersed into droplets in 
the major phase, leading to a “sea-island” morphology. The co- 
continuous behavior is illustrated by a phase inversion interval at 
which volume fraction values form a perfect co-continuous morphology 
(Fig. 11a). The length and the position of the dual phase region in 
Fig. 11a, depend on several parameters such as the polymer viscosity 
and elasticity and their interfacial tension [95]. When the volume 
fraction value is higher than the phase inversion interval, the dis
persed/matrix morphology is observed again. A coalescence phenome
non can explain the morphology evolution [96]. The transition from 
nodules shape (dispersed phase) to continuous domains is possible using 
four steps as shown in Fig. 11b. 

It is possible to predict the phase inversion interval. One of the 
simplest models was described by Paul and Barlow [98] which allows 
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estimating the phase inversion point from the viscosity ratio (Fig. 12). 
By using this simple model, two-phase polymer blends show that for 
components of equal viscosity, phase inversion occurs at a volume 
fraction of 0.5. If the viscosity of one component differs significantly 
from the other, the phase inversion point is shifted towards composi
tions richer in the high viscosity phase [99]. This is due to the fact that 
the less viscous component tends to encapsulate the more viscous one. 
However, other models exist that include the mixing conditions, the 
capillary instabilities, the phases elasticity [100]. 

Another important parameter for phase inversion is the interfacial 
tension. As shown by Bhadane et al. [101] in the case of a PP/EPDM 
blend with low interfacial tension, a small difference in the viscosity 
ratio of the two phases does not affect the morphology. Moreover, lower 
interfacial tension leads to a broader composition range of 
co-continuous structures. 

3.1.2.2. Ternary polymer blends. Like binary polymer blend, ternary 
polymer blend morphology is depending on interfacial tension, viscos
ity, and proportion of each polymer phase. For ternary polymer blend, 
one phase tends to be located between the two others which gives a 
complete wetting (Fig. 13a). Another morphology is the partial wetting 

where all phases are in contact to each other. Both morphologies can be 
predicted by the spreading coefficient theory defined by Harkins equa
tion (5): 

λij = γjk − γik − γij (5) 

λij is the spreading coefficient which defines the tendency of polymer 
i to encapsulate polymer j in polymer matrix k. γ are the interfacial 
tensions. A positive λij corresponds to a complete wetting where polymer 
i spreads over polymer j, leading to a matrix/core-shell morphology such 
as in Fig. 13a. A negative value of the three spreading coefficients 
(λij, λik, λjk) gives a partial wetting behavior (Fig. 13b). Ravati et al. [97] 
studied the case of a PS/PMMA/HDPE blend, for which the spreading 
coefficient λPS/PMMA is positive (2.6 mN m− 1). Considering this value, we 
can predict that PS spreads over PMMA. This is confirmed by the 
FIB-AFM image of a PMMA/PS/HDPE (40/20/40) polymer blend 
(Fig. 13c). The proportion plays an important role to determine the 
morphology (Fig. 13d). Indeed, by modifying the proportion of the three 
polymers (PMMA/PS/HDPE), four sub-morphologies can be observed 
such as matrix/core-shell dispersed phase, tri-continuous, matrix/two 
separate dispersed phases and bi-continuous/dispersed phase mor
phologies. To reach a tri-continuous structure, the third minor polymer 
phase can be a copolymer which has a certain affinity with the two other 
phases to act like a compatibilizer, or a polymer for which thermody
namic allows it to be localized at the interface of the two other major 
polymers. 

Besides thermodynamic considerations, final morphology of a 
ternary blend can also be dictated by viscosities of each polymer phase 
[103]. The ideal tri-continuous structure depends on the viscosity ratio 
between each component. Different viscosity ratio between two polymer 
phases can totally change the morphology of the polymer blend [104]. 
The lowest viscosity phase tends to encapsulate the highest viscosity 
phase [105]. 

3.2. Nanoparticles influence the blend morphology 

As known and developed in several reviews, articles and books 
bearing with polymer blend nanocomposites, nanoparticles can greatly 
affect the final morphology of the material [106,107]. All types of 
nanoparticles have an influence on the final morphology. Nanoparticles 
can cause a refinement, a coarsening, an irregular shape or a 
co-continuity (Fig. 14A). It depends on their size, shape, aspect ratio and 
surface chemistry. As shown by Cai et al. [108] who used TiO2 nano
particles in a PA6/PS polymer blend, a variation of nanoparticle loading 
affects the continuity of the PA6 phase and the morphology of the entire 
system (Fig. 14B). 

Fig. 11. (a) Morphology evolution versus volume fraction of one phase in an immiscible binary polymer blend [97], (b) Coalescence phenomenon illustration [96]. 
Reproduced from Refs. [96,97] with permission. (A colour version of this figure can be viewed online.) 

Fig. 12. Relation between the volume range of a co-continuous structure and 
the viscosity ratio [102]. Adapted from Ref. [102] with permission. (A colour 
version of this figure can be viewed online.) 
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The final morphology is greatly influenced by the localization of the 
nanoparticles, and especially the localization of graphene in the present 
case. Whereas this localization is itself influenced by several parameters 
depending on the polymers, the graphene, and the process. Indeed, a 
localization of nanoparticles at the interface can suppress the coarsening 
mechanism. This phenomenon was observed several times with a 
localization at the interface of graphene or even with other nano
particles like silica which stopped the coarsening during the annealing 
[109,110]. 

Regarding the co-continuous morphology, generally speaking, the 
polymer amount at which phase inversion occurs is expanded when 
nanoparticles are added. In other words, the zone of co-continuity in a 
graph bearing both polymer continuity percentages versus polymer 
amounts is larger. In the next parts we will first explore the thermody
namic prediction of graphene localization in an immiscible polymer 
blend. Then, kinetics parameters will be considered to explore the 
localization. Finally, we will focus on the influence of graphene on the 
co-continuity of binary blends. 

Nanoparticles have also an impact on the matrix viscosity. Usually, 
whatever the nanoparticle surface treatment or aspect ratio, the vis
cosity of the matrix/nanoparticle composite is intended to increase. 
Improvement of modified filler-matrix interaction normally leads to an 
increase of the viscosity polymer due to chain entanglement [111]. 
However, some authors reported a decrease of the viscosity of the matrix 
when graphene, and especially rGO were added. Indeed, Shen et al. 
[112] showed the evolution of the complex viscosity before and after 
adding 5 wt% of rGO in PLA and EVA matrix (Fig. 15). They explained 
this decrease by a possible chemical interaction between unremoved 
oxygen-containing groups on rGOs and PLA chains. Besides the possible 
degradation of the matrix during the melt-compounding or the presence 
of solvent which increase free volume, the viscosity reduction was 

already explained in the literature by several mechanisms [113,114]. 
These phenomena have already been reported a few times and are 
generally encountered with nanoparticles with low charge quantity in 
polymer matrices and is called “Non-Einstein like” behavior [115,116]. 
The low surface friction of graphene or graphite can also induce a vis
cosity reduction due to an interfacial slippage between polymer chains 
and the graphite surface [117]. It was also demonstrated with nano
particles grafted with single PS chains mixed in PS matrix and a low 
friction of the nanoparticle was associated to the viscosity reduction 
[118]. Despite the improvement of the matrix-filler affinity, the low 
surface friction can lead to viscosity decrease. Other explanation is a 
selective adsorption mechanism described as a physisorption of the 
highest molar mass polymer chains onto the nanoparticle surface with a 
surrounding lower molar mass molten matrix [119]. 

3.3. Selective localization of graphene filler 

Graphene localization depends on thermodynamic parameters 
(wetting coefficient or wettability parameter), kinetic effects (mixing 
sequence, mixing time, shear rate) and rheological properties (viscosity 
of each polymer phase). The final properties of filled polymer blends are 
largely influenced by the graphene localization. That is why studies 
about phenomenon which reign around graphene behavior in multi
phase structures are necessary. Theoretically, to significantly reduce the 
percolation threshold, achieve a co-continuous structure with filler 
localized at the interface is essential [120]. 

3.3.1. Thermodynamic predicts the graphene localization 

3.3.1.1. Prediction of the graphene localization with wetting parameter. 
The graphene localization in a polymer blend can be predicted by 

Fig. 13. Schematic representation of (a) complete wetting: the case that one phase locates between two other phases, and (b) partial wetting: the case that all phases 
are in contact with each other. (c) FIB-AFM image of complete wetting morphology for ternary 40/20/40 HDPE/PS/PMMA blend showing the layer of PS at the 
interface of HDPE and PMMA. (d) Evolution of the morphology in a ternary A/B/C blend demonstrating complete wetting as a function of the concentration of phases 
B and C. Phase A concentration is held constant. (e) Triangular concentration diagram showing the composition of the various ternary HDPE/PS/PMMA blends [97]. 
Reproduced from Ref. [97] with permission. (A colour version of this figure can be viewed online.) 
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calculating the wetting parameter. The Young’s equation (equation (6)) 
allows to estimate the thermodynamic equilibrium [121]: 

ωa =
γg− A − γg− B

γA− B
(6) 

γx− y is the interfacial tension between two components, g corre
sponds to graphene, A and B are polymers. The graphene localization 
can be predicted according to the wetting parameter, as shown Table 1. 

Interfacial tension between the two polymers is classically calculated 
from the surface tension of the two polymers using the Wu’s harmonic 
mean average equation given in equation (7): 

γij = γi − γj − 4

(
γd

i γd
j

γd
i + γd

j
+

γp
i γp

j

γp
i + γp

j

)

(7) 

Fig. 14. (A) Schematic of different nanoparticles effect on morphology [107] (B) Dependence of the PA6 continuity fraction on TiO2 content for PS/PA6/TiO2 
mixtures with various weight ratios of PS to PA6 [108], (C) Phase sizes of pure and nano-SiO2 particle filled 50/50 PP/PS blends after annealing at 190 ◦C for various 
time [109]. Reproduced from Refs. [107–109] with permission. (A colour version of this figure can be viewed online.) 

Fig. 15. Variation of complex viscosities of the PLA, EVA, PLA/rGOs, and EVA/ 
rGOs. The content of rGOs is 5 wt% [112]. Reproduced from Ref. [112] with 
permission. (A colour version of this figure can be viewed online.) 

Table 1 
Graphene localization in a co-continuous structure of an immiscible 
polymer blend.  

Wettability coefficient ωA Graphene localization 

ωA < − 1 Polymer A 
− 1 < ωA < 1 AB Interface 
ωA > 1 Polymer B  
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d and p represent dispersive and polar contributions of the surface 
tensions. 

Whereas, the interfacial tension between the filler and one polymer 
is classically calculated from the surface tension of the two components 
using Wu’s geometric mean equation (not shown here) [122]. However, 
generally speaking, there are lots of different ways to estimate the 
interfacial tension between two polymers [123], especially ones taking 
into account the melting state and the processing temperature [124]. 
The surface tension of the filler can be estimated by different methods 
more or less reliable [125], that we will discuss in the paragraph II.3.1.2. 

This model seems to be promising to predict the localization. How
ever, discrepancies are inevitable between experimental and theoretical 
approaches since predictions are based on thermodynamic calculations. 
Indeed, kinetic and processing parameters are essential to take into ac
count. These factors alter inevitably the migration of graphene and its 
final localization. For polymer blends with high interfacial tension, 
graphene nanoparticles can be localized at the interface to reduce the 
interfacial tension and obtain a stable thermodynamic system. 

Hadaeghnia et al. [126], predicted the localization of graphene 
nanoparticles in a blend of PA6/POE by thermodynamic calculation 
(wettability coefficient). Surface tensions were first measured by contact 
angle at room temperature (Table 2) and interfacial tension were 
determined with Wu’s mean and harmonic equations (Table 3). The 
extrapolation of the surface energy at 240 ◦C, showed a decrease for 
each component. Interfacial tensions of graphene/polymer showed a 
better affinity of graphene for PA than POE. The Young’s equation was 
used to determine wettability coefficient and to predict localization of 
graphene. 

By comparing Tables 1 and 3, graphene should be located at the 
interface with more affinity with PA6. However different morphologies 
were observed and did not matched with the thermodynamic pre
dictions due to kinetic factors. For a ratio of 60/40 (PA6/POE), in the 
case of a POE masterbatch (graphene was previously melt mixed with 
POE), small amounts of graphene were located at the interface and the 
rest in the POE. In the case of a PA6 masterbatch, graphene was located 
in the PA6 phase. This article proved that considering only thermody
namic parameter can be limited to get the final morphology. Other 
factors must be taken into account and techniques to determine surface 
energy of each material are important and must be considered. 

3.3.1.2. Interfacial tension calculation method. As shown in the previous 
section, to predict wetting parameter, we must estimate the surface 
energy of each component used in the system. To estimate interfacial 
tension between a polymer and graphene, one favored method is the 
contact angle measurement [127]. It is important to note that several 
parameters must be fixed and checked at each measurement to obtain an 
efficient contact angle comparative study. Indeed, environment, type of 
substrate, and liquid used can change the wettability of the graphene 
sheet [118,128,129]. Since graphene is a 2D material and does not have 
a bulk phase, the surface energy cannot be applied to an isolated gra
phene monolayer. Graphene must be grown or transferred on a substrate 
to perform the contact angle measurement. The type of liquid used for 
the measurement allows to determine polar or dispersive components. 
The water generates polar interaction and non-polar liquid such as 
diiodomethane generates dispersive interactions. The substrate which is 
used to deposit graphene has an influence on the surface energy and the 
wettability [130]. Indeed, numerous articles tried to measure the con
tact angle of graphene on different substrates (Table 4). Graphene has a 
wetting-transparency behavior regarding the interaction between water 
and underlaying substrate that can also perturb the contact angle mea
surement and then give a wrong value of graphene surface energy. 
That’s why it is important to fix parameters in order to be in the same 
conditions. The contact angle does not allow to access the surface energy 
directly. Several models must be used like Owens and Wendt [131], 
Fowkes [132], or Li and Neumann [133] to determine the surface energy 
from the contact angle. However, these contact measurements can be 
influenced by airborne contaminants adsorption [134]. 

Van Engers et al. [135] directly measured adhesive forces and sur
face energies of a CVD-grown graphene in dry nitrogen, water, and so
dium chlorate by using a modified surface force balance presented 
schematically in Fig. 16a and b. Graphene sheets are mounted on two 
cylindrical lenses. The measurement can give a precise value of the 
mechanical pull-force by using Hooke’s law: Fadh = kspring.djump. 

Table 2 
Surface energy of polymers and graphene at different temperatures.  

Material Surface energy at room temperature Surface energy at 240 ◦C 

PA6 37.34 22.94 
PEO 25.58 14.40 
Graphene 54.37 32.82  

Table 3 
Interfacial tension and wettability coefficient to predict graphene localization.  

Method γPA6/Graphene γPOE/Graphene γPA6/POE ω 

Mean harmonic equation 3.75 7.25 3.50 − 0.99 
Mean geometric equation 1.91 3.78 2.03 − 0.92  

Table 4 
Different surface energy measurements by contact angle according to the substrate and the graphene synthesis.  

Graphene synthesis Graphene substrate Surface energy of graphene (mJ/m2) Surface energy of substrate (mJ/m2) Ref. 

Chemically exfoliated flakes Silicon 46.7 – [128] 
CVD Copper 62.2 – [129] 
CVD PDMS 40.4 24.1 [130] 
CVD Glass 48.8 72.6  

Fig. 16. (a) Schematic illustration of the crossed-cylinder, (b) Scheme of 
multilayer geometry consisting of a smooth sheet of single layer graphene (SLG) 
or few layer graphene (FLG) glued onto epoxy, supported by a gold-covered 
silica lens of curvature RL = 10 mm. Because of thickness inhomogeneity in 
the epoxy layer (exaggerated in the figure), the actual surface curvature (RG) 
differs from RL [135]. Reprinted (adapted) with permission from Ref. [135]. 
Copyright 2017 American Chemical Society. (A colour version of this figure can 
be viewed online.) 
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kspring is the spring constant and djump is the distance of the jump out. 
Then, the Johnson, Kendall, and Roberts (JKR) relation allows to 

determine the surface energy γ from the Fadh (8): 

γ =
Fadh

3πRG
(8)  

Fadh is the pull-force, RG is the actual surface curvature. Contact angle 
method gives a graphene energy surface around 50 mJ/m2. However, by 
surface force balance (SFB) method and with JKR theory the obtained 
surface energy is around 115 mJ/m2. This large disparity between those 
values questions the validity of the SFB method. 

3.3.1.3. Surface energy of different graphene structure to predict the af
finity with polar and apolar polymers. Modification of graphene via 
oxidation, or functionalization entails variation of its surface energy and 
also entails variation in thermodynamic prediction. Wang et al. [128] 
measured contact angle and calculated surface energy with Young’s 
equation for three materials: graphite, graphene and graphene oxide. 
Graphite exhibited a surface-energy of 54.0 mJ m− 2, graphene: 46.7 mJ 
m− 2 and graphene oxide: 62.1 mJ m− 2. The presence of functional 
groups on graphene entails an increase of the polarity and also an in
crease of the surface energy. This was proved by Bai et al. [136,137], by 
comparing C/O ratio with XPS and the surface energy. Three powders 
GNP, GO and rGO were analyzed that display a C/O ratio of 50.7, 10.3 
and 1.5, respectively. Surface-energies associated are 29.42 mJ m− 2, 
31.2 mJ m− 2, and 46.6 mJ m− 2 for GNP, rGO and GO, respectively. The 
polarity component δp follows the reverse evolution of C/O ratio values. 
These evolutions will have an impact on nanoparticles affinity with 
polymer matrices. If the polarity changes, that induces a modification of 
the surface energy. It leads to a modification of the affinity between 
nanoparticles and polymer and also of the interfacial energy. Effectively, 
PLA has a surface energy of 41.48 mJ m− 2 and PS of 29.54 mJ m− 2. PLA 
shows a higher polar component than PS due to the presence of oxygen 
group on PLA. In these articles, rGO seems to be located at the interface 
of the co-continuous PLA/PS blend. On the contrary, GNP nanoparticles 
are located in the PS matrix. These behaviors are logical, the most polar 
GO nanoparticles tend to be located at the interface. On the contrary, 
GNP, the less polar nanoparticle, tends to penetrate in the PS matrix due 
to a better affinity, a smaller interfacial energy with PS. 

To resume, uncertainties of surface tension measurements and the 
existence of numerous models to calculate interfacial tension can lead to 
differences between the reality and the predictions. Moreover, it is 
necessary to investigate the mechanism of graphene migration and all 
the parameters that can influence the final graphene localization. 

3.3.2. Mixing sequence and time effect 
Kinetics parameters must be considered for the final localization of 

nanoparticules into a blend. This is especially linked with the migration 
mechanisms of NPs (and graphene in our present case) that are briefly 
described previously. To bring into play those migration mechanisms, it 
is possible, during the melting step, to vary the sequence of mixing of the 
three components (two immiscible polymer and one nanoparticle). Four 
mixing sequences are possible.  

• Polymers and nanoparticles are mixed simultaneously.  
• Nanoparticles are added to the pre-mixed molten blend.  
• Nanoparticles are pre-mixed with the polymer with which they have 

the best affinity. And the second polymer is further added.  
• Nanoparticles are pre-mixed with polymer with which they have the 

lowest affinity. And the second polymer is further added. 

Liebscher et al. [138] showed that the mixing sequence, mixing time 
and screw speed of a melt blending process have a real impact on gra
phene nanoplatelets (GNPs) localization in a PC/SAN polymer blend 
prepared by melt mixing. 1 wt% of GNPs were added into a 

co-continuous PC/SAN blend. Thermodynamic predicted that GNPs 
preferred the PC phase. When GNPs were pre-mixed in PC phase, results 
showed that they remained in PC matrix after blending with SAN. On the 
other hand, when graphene was pre-mixed with SAN before adding PC, 
it tended to migrate through the interface to join the PC phase 
depending on the mixing speed and mixing time. Longer mixing time 
and higher rotation speed resulted in smaller GNP platelets dimension. 
This improves the transfer through the interface to the PC phase. When 
mixing conditions are softer, some GNPs can stay at the interface. This 
result is in good agreement with the previous results of the same team 
[139]. 

With the same idea, Aguiar et al. [140] studied the mixing sequence 
effect on the graphene localization in a polymer blend composed of 
80/20 PLA/PCL. In this study, graphene nanoplatelets (GNP) were 
added at a rate of 0.5 wt%. Regarding the parameters that influenced the 
final localization: (1) ηPLA > ηPCL, (2) Tm (PLA) ≫ Tm (PCL) and (3) GNP 
should prefer the PCL dispersed phase regarding the wetting parameter. 
As shown in Table 5, whatever the mixing sequence, GNP were almost 
all the time localized in the PCL phase (except for the formulation with a 
pre-mixed in PLA). Since there is not a real difference on the interfacial 
tension between GNP/PCL and GNP/PLA, and since the interfacial 
tension between PLA and PCL is low (0.19 mJ m− 2), the graphene did 
not stay in the most viscous phase such as in the case of the system 
described by Plattier et al. [141] for 60/40 co-continuous PP/PCL filled 
with carbon black (γPP/PCL = 3.2 mJ m− 2). Indeed, GNP had a high 
tendency to be encapsulated by the PCL phase and to migrate into this 
low viscosity PCL phase. However, for a pre-mixing of PLA/GNP, where 
PLA presented a weaker affinity with GNP, finally, nanoparticles were 
observed in both phases. This was explained by the graphene geometry 
which exhibited a rapid transfer through the interface. 

Tu et al. [142] prepared PE/PP and graphene nanocomposites by 
melt-compounding. A fraction of 60/40 (PE/PP) was tested and several 
weight % of graphene were incorporated in this blend according to the 
type of the mixing sequence in order to determine a percolation 
threshold. The microstructure of the blend (either co-continuous or PE 
matrix/PP dispersed phase) is not clearly discussed. Wetting parameter 
shows that graphene prefers the PE phase. The impact of the mixing 
sequence on nanocomposite electrical performance was clearly 
demonstrated (Fig. 17). A premixing with the PP matrix gives the lowest 
percolation threshold (around 2 wt%) compared to a mixing with all 
components together (around 3 wt%). Moreover, the electrical con
ductivity was higher for the premixing with PP with a value of 
7.35.10− 7 S.cm− 1 compared to 3.18.10− 8 S.cm− 1 in the case of pre
mixing with PE. The sequence of (Graphene/PP)/PE leads to a graphene 
localization at the interface and in one matrix phase, this is why 
percolation threshold decreases. Mixing sequence has an impact on 
electrical performance for the melt blending process. But finally, it is 
thermodynamic laws that guide us in the choice of the mixing sequences. 
According to the thermodynamic, a specific mixing sequence will be 
privileged to allow the localization of nanoparticles at the interface. 

Göldel et al. [139] studied the transfer through the interface of a 
co-continuous PC/SAN blend of two kinds of carbon based NPs (carbon 
nanotubes, CNT and carbon blacks, CB). They showed that the migration 
depends on mixing time and aspect ratio of nanoparticles. The conclu
sion of this study is that nanoparticles with high aspect ratio are easier to 
transfer through the interface than particles with low aspect ratio. 

Table 5 
Graphene localization according to the mixing sequences at a constant 
proportions PLA/PCL (80/20 wt%) and 0.5 wt% of graphene [140].  

Melt mixing sequence Graphene localization 

PLA/PCL/GNP (all together) PCL 
(PLA/PCL) + GNP PCL 
(PLA/GNP) + PCL PLA and PCL 
(PCL/GNP) + PLA PCL  
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Meaning that low aspect ratio CB have a high tendency to localize at the 
interface whereas high aspect ratio CNT goes to the PC phase. At the end 
of the article [139], they proposed a table classifying the transfer speed 
of several NPs versus their aspect ratio. Stacked microparticles of 
graphite belong to the group of slow transfer fillers whereas graphene 
belongs to the intermediate transfer speed (CNT belonging to the fast 
transfer group). Kou et al. [143], tried also different mixing times of 
graphene nanoplatelets (GNPs) dispersed in a PLA/EVA immiscible 
polymer blend by melt-blending. Electrical measurements confirmed 
that mixing time impacts electrical property of the nanocomposite. 
Effectively, according to the mixing time and the nanoparticles migra
tion, a range of time can be defined corresponding to the graphene 
localization at the interface before the transfer of graphene to the other 
polymer phase. This localization favors the contact between graphene 
and also decreases the percolation threshold at the same time. 

Another study of Bai et al. [136] showed the impact of kinetics factor 
such as mixing sequence and mixing time on graphene localization by 
preparing nanocomposites with co-continuous PLA/PS and graphene 
(GNP) via a melt blending process. Knowing that graphene thermody
namically preferred the most viscous PS phase, different mixing se
quences displayed different graphene localization. When GNPs were 
pre-mixed with PLA and then melt-compounded with PS matrix, a 
high number of GNPs were found at the interface (Fig. 18a). This is due 
to the high viscosity of PS and relatively large lateral dimensions of 
GNPs that entrapped the GNPs at the interface. And it is shown that in 
that case, GNPs remained at the interface even after 60 min of annealing. 

However, for (GNP/PS) + PLA mixing sequence, GNPs remained in the 
PS phase (Fig. 18b). 

This study highlights that in the case of a relatively high interfacial 
tension blend (γPLA/PS = 2.39 mJ m− 2), and with a more viscous 
preferred phase, it is possible to kinetically trap graphene nanoplatelets 
at the interface via the control of the melt-mixing sequences, mixing 
time and shear rates. Then, it is in good agreement with Göldel et al. 
results shown above [139]. Even though, the electrical conductivity 
measurements were relatively low (10− 6 S.cm− 1 with 0.5 wt% of GNPs), 
this seems promising for antistatic applications. 

More recently, Hadaeghnia et al. [126] compared thermodynamics 
predictions and kinetics factor and showed that kinetics factors gov
erned the nanoparticles localization. A blend of polyamide 6 (PA6) 
polyolefin elastomer (POE) and graphene was performed by melt 
blending. This article proves also that graphene localization is strongly 
dependent on mixing-sequence. 

3.3.3. Geometrical factor and migration mechanism 
The migration mechanism of nanoparticles depends on many factors 

such as the shape, size and chemical surface of the nanoparticles but also 
on the polymer parameters and on melt properties of the polymer blend. 
Migration through the interface can be illustrated by the motion of fillers 
in one component, followed by a contact between nanoparticles and 
blend interface. And in a second step, the nanoparticles are transferred 
from the first to the second phase. This phenomenon requires driving 
forces thanks to thermodynamics effects, diffusion, and hydrodynamic 
stress. Elias et al. [144] illustrated three possible mechanisms, in the 
case of silica. Brownian motion is one of the three possible mechanisms 
and depends strongly on polymer viscosity and nanoparticle size. The 
time required to travel a distance equal to the nanoparticle diameter can 
be predicted by equation (9). In the case of 2D nanoparticle like gra
phene, the corresponding rotary diffusivity is determined by equation 
(10) [145]: 

td =
D2

4Dro
9  

Dro =
3KBT
4ηsD3 10 

Dro is the rotary diffusivity, td is the required time for a nanoparticle 
to travel a distance equal to its diameter D, ηs is the viscosity of the 
polymer, KB is the Boltzmann constant and T is the temperature. How
ever, this Brownian motion contribution to the migration of platelets 
shape nanoparticles is very small due to the high viscosity of the polymer 

Fig. 17. Electrical conductivity PE/PP/graphene nanocomposites according to the mixing sequence and the graphene content [142]. Reproduced from Ref. [142] 
with permission. (A colour version of this figure can be viewed online.) 

Fig. 18. (a) (PLA/GNP) + PS mixing, (b) (PS/GNP) + PLA mixing; GNP at the 
interface are indicated by white arrows and GNPs in the matrix by yellow ar
rows [136]. Reprinted (adapted) with permission from Ref. [136]. Copyright 
2018 American Chemical Society. (A colour version of this figure can be 
viewed online.) 
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matrices. 
Another mechanism is the shear-induced migration. During the melt- 

process, there are collision between droplets of the minor polymer phase 
and the nanoparticles, that can lead to an incorporation of the NPs into 
the droplets. 

The third mechanism is called “bridging-dewetting” (shown in 
Fig. 19). Bridging effect is defined as nanoparticles adsorbed on two 
approaching droplet surfaces, and then these particles are trapped be
tween two drops (Fig. 19e). Other phenomena, when NP is moving into 
the blend, are explained in Fig. 19. 

Few studies addressed graphene migration mechanism at the poly
mer blend interface. Kou et al. [143], proposed a migration process in 
four steps (Fig. 20). Graphene nanoparticles seem to firstly drain the 
polymer blend interface. The film drainage time depends on the contact 
length between nanoparticle and interface. Perpendicular orientation of 
the nanoparticle according to the interface direction allows faster 
migration rates. The displacement velocity (noted V) can be predicted 
for nanoparticle at the interface: V = F

ξL. With F the thermodynamic 
driving force, and ξ is the friction coefficient and L is the contact length. 

As discussed previously, Göldel et al. [139] explain the transfer 
through the interface for low and high aspect ratio fillers based on the 
orientation of the filler and the difference of interfacial tension of 
polymers and fillers. 

3.3.4. Polymer viscosity ratio 
The importance of the polymer viscosity ratio was already exposed in 

the previous parts. To study the influence of this factor it is necessary to 
get rid of other factors and especially the sequence of mixing. It seems 
that when carbon blacks (CB) are added to a relatively high interfacial 
tension co-continuous PP/PCL premixed blend, the CB have a high 
tendency to stay in the most viscous phase, even if it is not the preferred 
one [141]. In the case of a lower interfacial tension blend, when gra
phene is added to the pre-mixed 80/20 PLA/PCL blend, the influence of 
viscosity ratio is less important as graphene reaches the less viscous and 
preferred PCL phase. The impact of viscosity on nanoparticle (and more 
specifically graphene) migration are currently not sufficiently exposed. 
Indeed, it is difficult to realize an experiment to explain nanoparticle 
migration in which only viscosity parameter is changing and the other 
parameters (thermodynamic, kinetic) are unchanged. Some articles 
have attempted to prove the importance of polymer viscosity on the 
migration and localization of nanoparticles. Fenouillot et al. [146] 
explained also that it is difficult to decouple thermodynamic, kinetic 
effects and viscosity. Since 2009, this problematic is still topical. 

With other types of nanoparticles such as carbon blacks, an article 
from Feng et al. [147] tried to study the impact of viscosity on CB 
localization by testing three different PMMA matrix with three different 
molecular weights. Polypropylene (PP), PMMA and CB were added at 

Fig. 19. (A) Droplets containing adsorbed particles on their surfaces will collide, (B) Particles prefer to be wetted by the dispersed phase, θ < 90◦, (C) Coalescence 
phenomenon,(D) Particles prefer to be wetted by the continuous phase, θ > 90◦, (E) A bridge is formed [145]. Reproduced from Ref. [145] with permission. (A colour 
version of this figure can be viewed online.) 

Fig. 20. Scheme of the four steps of graphene migration from the PLA (less preferred) phase to the EVA (more preferred) phase: (a) migration from PLA matrix to 
interface, (b) film drainage of the departing phase at the interface, induced by the attractive interactions between graphene and EVA, (c) the displacement of the 
three-phase contact line at the filler surface, and (d) eventual particle migration across the interface into the preferred EVA phase [143]. Reproduced from Ref. [143] 
with permission. (A colour version of this figure can be viewed online.) 
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the same time in a Haake mixer. Thermodynamically, CB preferred 
PMMA phase. It was observed that at a low PMMA viscosity with a 
viscosity ratio (ηPP/ηPMMA) of 1, CB was located in PMMA matrix. When 
PMMA viscosity increased, CB particles tended to be located at the 
interface and in the PP matrix for the highest PMMA viscosity. However, 
shape and size of particles have also an impact on the migration and on 
the localization so in the case of graphene, the result could not be the 
same. 

3.3.5. Graphene functionalization or janus nanoparticles to influence 
localization in polymer blend 

3.3.5.1. Graphene functionalized by copolymer. This subsection relates 
chemical modification methods on graphene allowing its migration at 
the interface in order to minimize the percolation threshold. Graphene is 
often oxidized as a pre-functionalization because oxygen groups allow 
the grafting of molecule or polymer chains by creating covalent bond, 
for example via esterification between carboxylic acid of GO and hy
droxyl group or an amidation between epoxide group of GO and amine 
[148,149]. 

Tan et al. [150] tried to graft poly (styrene-co-methyl methacrylate) 
(P(St-co-MMA)) copolymer on graphene thanks to a mini-emulsion 
polymerization. The high surface reactivity of GO was used to facili
tate the functionalization. GO was firstly functionalized with γ-meth
acryloxypropyl trimethoxysilane (MPS) which could ensure a covalent 
grafting of the copolymer chains (Fig. 21a). The presence of MPS was 
proven by FTIR with the Si–O–C stretching vibrations at 1090 cm− 1. The 
obtained product is P(St-co-MMA)-g-GO which was then reduced by 
hydrazine to obtain a conductive P(St-co-MMA)-g-rGO. This modified 
graphene was incorporated in a PMMA/PS blend (1/1 vol) in order to 
check its impact on electrical conductivity of the nanocomposite. To 
prove the interest functionalizing graphene with this copolymer, P 
(St-co-MMA)-g-rGO was compared to rGO regarding the electrical con
ductivity of the polymer blend nanocomposite. Fig. 21b displays an in
crease of the electrical conductivity of PMMA/PS blend thanks to P 

(St-co-PMMA)-g-rGO addition. Indeed, the electrical conductivity at 
0.4 %vol is 4 orders of magnitude higher for P 
(St-co-MMA)-g-rGO/PS/PMMA (σ = 10− 7 S.cm− 1) than for 
rGO/PS/PMMA (σ = 10− 11 S.cm− 1). About the percolation threshold, it 
is estimated at 0.35 %vol and 0.02 %vol for rGO and P 
(St-co-MMA)-g-rGO, respectively. Thanks to SEM characterization, the 
migration of grafted graphene to the interface becomes undeniable 
(Fig. 21 c,d). It explains why the electrical conductivity increases. 

In order to localize graphene at the interface and enhance properties 
of the nanocomposite, Kol et al. [151] dispersed graphene oxide and 
graphene oxide functionalized with aminosilane (GOAS) (Fig. 22a) in a 
PP/PA blend. Graphene oxide is known to be a good compatibilizer in 
immiscible polymer blends due to its polarity structure, and hydrophi
licity property [152]. However, an oxidized structure is not suitable to 
reach a performant nanocomposite in electrical or thermal conductivity 
fields. In this article, GOAS tend to have more affinity with PA matrix. 
Another advantage is the reduction of GO during the blending that al
lows to reduce GOAS to obtain rGOAS. The localization of rGOAS was 
verified by HRSEM (Fig. 22c). GOAS were premixed with PP matrix by 
melt blending to form PP-rGOAS and then PA was added by melt 
blending. By adding PA, rGOAS tend to migrate at the interface of PA/PP 
blend after 15 min of mixing whereas rGO (without functionalization) 
tends to remain in the PP phase. The percolation of rGOAS is proved by 
rheological measurements (Fig. 22b). A solid-like behavior takes place 
around 2 wt% of nanoparticles which proves that rGOAS is located at the 
interface and facilitate the percolation. 

An amphiphilic graphene oxide (AGO) was already carried out 
[153]. The possibility to localize AGO at the interface of a polymer blend 
constituted of a polar and a non-polar polymer can be an effective way. 
Pu et al. [154] tried this experiment and found effectively a preferential 
localization at the interface of the AGO in a LLDPE/EVA polymer blend. 
GO was functionalized with diphenylmethane 4,4-diisocyanate MDI and 
benzyl-2-hydroxy-N,N-dimethylethaammonium bromide to obtain AGO 
nanoparticles. Several mixing sequences were tested and the LLDPE/E
VA/AGO simultaneous mixing allowed a localization at the interface of 

Fig. 21. (a) Synthesis of P(St-co-MMA)-g-GO, (b) Electrical conductivity of rGO/PS/PMMA and P(St-co-MMA)-g-rGO/PS/PMMA according to filler content in % 
volume, TEM micrographs of: (c) rGO in PMMA/PS blend at 0,46 %vol, (d) P(St-co-MMA)-g-rGO in PMMA/PS blend at 0.46 %vol (the scale bars represent 1µm) 
[150]. Adapted from Ref. [150] with permission. (A colour version of this figure can be viewed online.) 
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AGO nanoparticles. The interest localizing AGO at the interface was 
given directly by tensile measurement such as an enhancement of the 
yield strength. Another study, of Kar et al. [155] proved that modified 
graphene were localized at the interface and could give better me
chanical properties contrary to a random dispersion in one polymer 

phase. 

3.3.5.2. From graphene to janus graphene nanoparticles. In the previous 
part, molecules or copolymers reacted with one of the GO oxygen groups 
like epoxide, carboxylic acid in order to be grafted randomly on the edge 

Fig. 22. (A) Functionalization of GO with aminosilane (GOAS), (B) Rheological properties (G′ vs ω) of PP-rGOAS (20% of oxygen from the oxidation step)/PA at 
different weight loadings, (C) SEM images of rGO and rGOAS in PP/PA blend [151]. Reproduced from Ref. [151] with permission. (A colour version of this figure can 
be viewed online.) 

Fig. 23. (A) Schematic representation of Janus particles and their adsorption at the blend interface of a PS/PMMA blend, (B) PMMA domain diameter as a function of 
the content of Janus particles for a PS/PMMA (6/4) blend, (C) Evolution of the PMMA domain diameter as a function of the content of compatibilizer for different 
types of stabilizers, SBM and Janus particles, and varying blending ratios as indicated in the graph [157] (D) Pickering emulsion for JGN synthesis [161]. Reprinted 
(adapted) with permission from Ref. [157]. Copyright 2008 American Chemical Society. Adapted from Ref. [161] with permission. (A colour version of this figure 
can be viewed online.) 
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or side of sheets. The objective was to improve the affinity of the 
modified GO to locate them at the interface of a polymer blend while 
playing with the mixing sequences. Janus nanoparticles are particles at 
the nano-scale that have two or more distinct physical properties, 
namely one hydrophilic hemisphere and one hydrophobic one. In the 
case of a polymer blend, adding Janus particles offers the possibility to 
match the chemistry of each part of the particle to that of the blend 
components [156]. Walther et al. [157] proved that Janus nanoparticles 
can saturate the interface of a polymer blend, compatibilizing it with 
much more efficiency then copolymers. Their Janus particles are the 
result of a crosslinked polybutadiene nanoparticle core surrounded by 
13 chains of each PMMA and PS (Fig. 23A). In this article, the compa
tibilizing effect of Janus particles (JPs) compared to that of a terpolymer 
polystyrene-block-polybutadiene-block-poly (methyl methacrylate) 
(SBM) with a 60/40 and an 80/20 PS/PMMA polymer blends was 
analyzed. If the nanoparticle has a compatibilizing role by placing at the 
interface of the immiscible blends, the higher the quantity of compati
bilizer, the smaller the size of the dispersed domains. This evolution has 
been verified in more recent publications [158,159]. Fig. 23B illustrates 
the precedent affirmation. JPs were placed at the interface of the 
PS/PMMA blend and avoid coalescence of the dispersed phase. It shows 
that the greater the JPs loading, the more difficult it is for the dispersed 
phase to coalesce. Fig. 23C shows that JPs are more efficient compati
bilizer then SBM as the PMMA dispersed phase diameter is lower. Janus 

nanoparticles are very promising fillers for nanocomposite constituted 
of polymer blends with the objective to thermodynamically localize 
them at the interface of a polymer blend [155]. Janus graphene nano
particle (JGN) is a functionalization of graphene which can be defined 
by a nanoparticle with asymmetric properties. For example, graphene 
sheets can be hydrophobic for one of the sheet side and hydrophilic for 
the other. Several methods were developed to obtain Janus graphene 
nanoparticles like the Pickering emulsion (Fig. 23D) [160–163]. 
Nowadays, JGNs are mainly used for surface modification, sensing, 
electronics, biology, medicine, actuators. JGNs could also localize at the 
interface in order to decrease the electrical percolation threshold. 
However, JGNs require at this time further investigation to prove the 
efficiency of this modification for the graphene localization control, and 
also for the development of performant electrical nanocomposites. JGNs 
look promising to localize at the interface of a co-continuous polymer 
blend to improve electrical conductivity. However, there is no article in 
the literature dealing with this subject. 

3.4. Impact of graphene localization in a co-continuous polymer blend 
structure on electrical conductivity 

3.4.1. Double percolation phenomenon 
Previous parts showed that graphene localization was influenced by 

several parameters. It also pointed out, that while varying those 

Fig. 24. Electrical conductivity of (a) PLA/G and HDPE/G and (b) HDPE/PLA/G, (PLA/G) + HDPE and (HDPE/G) + PLA as a function of graphene concentration 
[44], (c) SEM of (PLA/G) + HDPE nanocomposite [44], (d) TEM images of (PTT/G)/PLA and (e) TEM images of (PTT/rGO-PGMA)/PLA [164]. Reproduced from 
Ref. [44] with permission. Reprinted (adapted) with permission from Ref. [164]. Copyright 2021 American Chemical Society. (A colour version of this figure can be 
viewed online.) 
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parameters it is possible to take advantage of the interfacial localization 
of graphene and decrease the percolation threshold while increasing the 
electrical conductivity. This part illustrates the effect of the localization 
of graphene in the co-continuous blends on percolation threshold and 
electrical conductivity. 

The concept of interfacial localization of graphene into a co- 
continuous polymer blend is called double percolation and was well 
explained by Mun et al. [44], who prepared two different co-continuous 
polymer blend nanocomposites by melt compounding HDPE/PLA/
Graphene and LLDPE/PLA/Graphene with a rate of graphene up to 0.4 
vol% (1 wt%). For each nanocomposite, the impact of the morphology 
and mixing sequences on electrical conductivity was investigated. It 
must be noticed that graphene has a better affinity with HDPE and 
LLDPE than PLA. Fig. 24 a,b shows that percolation threshold decreases 
by mixing two polymers and creating a continuous interface. Indeed, 
percolation thresholds are between 0.5 and 1 vol%, and between 1 vol% 
and 2 vol% for PLA/G and HDPE/G, respectively. After adding a second 
polymer phase, it is possible to obtain a percolation at 0.05 vol% for a 
pre-mixed of G in PLA, and further adding of HDPE. This result is due to 
a specific localization of graphene nanoparticles at the PLA/HDPE 
interface. Graphene mixed with PLA tends to migrate toward the HDPE 
phase, then localized at the PLA/HDPE interface (Fig. 24c). The 
PLA/HDPE blend is the most interesting blend as the high interfacial 
tension between HDPE and PLA can lead to a large domain size and 
dispersed graphene sheets can cover the entire interfacial area as an 
interconnected network. More recently, Kultravut et al. [164] dispersed 
graphene (G) and reduced modified graphene oxide with a poly 

(glycidyl methacrylate) grafting (rGO-PGMA) in an immiscible PLA/PTT 
(poly (trimethylene terephthalate) polymer blend. Fillers were premixed 
in the PTT matrix by melt-blending. As shown in Fig. 24d graphene 
seems to be localized preferentially in the PTT matrix. By grafting PGMA 
on reduced graphene oxide, nanoparticles were transferred from PTT 
phase to the PTT/PLA interface. This nanoparticle transfer at the 
interface impacts directly the percolation threshold and the electrical 
conductivity. The percolation threshold decreases strongly in Fig. 24e. 

3.4.2. Correlation between graphene localization, polymer blend 
morphology stabilization and electrical conductivity 

In some articles, it was explained that fillers localized at the interface 
of a polymer blend can entail a phenomenon of suppression of the 
coarsening. The characteristic size variation of the polymer phase is 
stopped by the presence and the mechanical resistance induced by fillers 
localized at the polymer blend interface [165]. The coarsening can have 
an impact on the electrical performance of polymer nanocomposites 
[136]. 

The coarsening suppression was observed by preparing co- 
continuous nanocomposites with PLA/PS (51.2/48.8 wt%) and gra
phene nanoplatelets at 0.5 wt% (GNPs) via a melt blending method 
[137]. Mixing time, mixing sequence, and annealing time influence the 
graphene localization and then the electrical conductivity of a 
PLA/PS/GNP blend. Since GNPs preferred thermodynamically PS ma
trix, a pre-mixed of PLA/GNP was more suitable to place fillers at the 
interface (Fig. 18a). Moreover, when the mixing time was increased, 
fillers tended to migrate in the PS matrix whereas they stayed at the 

Fig. 25. PLA/PS/GNPs blend nanocomposites (a) Characteristic domain size (ξ) as a function of annealing time at 180 ◦C, for PLA/PS neat blend and (PLA/GNPs)/ 
PS-0.5 wt % blend with melt-compounding times of 30 s, 5 min, and 10 min; (b) Electrical conductivity at ωAC = 20 Hz, as a function of annealing time at 180 ◦C, for 
(PLA/GNPs)/PS-0.5 wt % blend with different melt-compounding times; TEM micrographs of (PLA/r-GO)/PS-0.28 vol% [137]: (c) without annealing, (d) after 1 h 
annealing; (e) Characteristic domain size (ξ, as a function of annealing time at 180 ◦C for PLA/PS and different mixing sequence of PLA/PS/rGO at different filler 
contents (f) Relationship between DC conductivity (σ) and characteristic domain size (ξ) [136]. Reprinted (adapted) with permission from Ref. [136]. Copyright 2018 
American Chemical Society. Reproduced from Ref. [137] with permission. (A colour version of this figure can be viewed online.) 
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interface with a small mixing time. Annealing process after melt com
pounding allowed the filler to be trapped at the interface via Brownian 
motion. A sufficient amount of GNPs at the interface led to a suppression 
of the blend coarsening. Thus, the evolution of the characteristic domain 
size during annealing can be used as an indicator to reflect the per
centage of interfacial GNP. A smaller domain size was due to a higher 
percentage of interfacial graphene. Indeed, for 30 s of mixing and after 
30 min of annealing at 180 ◦C, the domain size stopped to increase due 
to the suppression of the coarsening related to the high amount of gra
phene at the interface. Moreover, other mixing times were tested and the 
highest amount of GNP at the interface was for 30 s mixing time 
(Fig. 25a). This was confirmed by the electrical conductivity measure
ment. After 10 min of annealing, the electrical conductivity of the 30 s 
melt compounding was 3 orders of magnitude higher than for 5 or 10 
min of melt compounding (Fig. 25b). The percolation threshold can be 
estimated at 5 min of annealing for 30 s of mixing time and at 15 min of 
annealing for 5 and 10 min of mixing time. Same results were observed 
in another study of Bai et al. [136], dealing with r-GO. A mixing of 
PLA/PS (48/52 vol%) + rGO by melt blending was carried out. GNPs 
were replaced by rGO in this article, but polymer matrices were the 
same. Fig. 25c shows some rGO remained in PLA matrix and others at 
the interface. Fig. 25 d proved the interest of the 1 h-annealing by 
transferring large quantities of fillers at the interface. (PLA/rGO) + PS 
was the ideal mixing sequence with rGO localization at the interface it 
was proven by a smallest characteristic domain size for this sequence 
(Fig. 25e). Fig. 25e also shows that with a higher amount of rGO, the 
coarsening is stopped at lowest annealing time due to higher amount of 
rGO at the interface. However, some rGO aggregates remained in PLA 
due to low impact of kinetics effect during the annealing. Moreover, it 
was supposed that there were van der Waals attractions between rGO 
and PS from the other side of the polymer blend interface, which keep 
fillers trapped at the interface. On the other hand, the coarsening flow 
facilitates the rGO interfacial trapping by moving fillers at a smallest 
distance of the interface. This article confirmed that a smallest charac
teristic domain after annealing means a greatest filler network by an 
increasing of electrical conductivity (Fig. 25f). 

The same phenomenon was observed by Kurusu et al. [166] with a 
co-continuous structure composed of two polymers (EVA and LLDPE). 
Interfacial tension between those two polymers is relatively low (0.9 
mN m− 1) and their viscosities are similar (around 500 Pa s at 100s− 1). 
Consequently, according to Fig. 12, a co-continuous structure is 

obtained at a volume ratio of 50/50 (EVA/LLDPE). In this study, 
regarding the wettability coefficient, even if the interfacial tension be
tween graphene and LLDPE is close to that between EVA and graphene 
(3.8 and 2.8 mN m− 1, respectively), it is predicted that graphene tends to 
migrate to the EVA phase. Two masterbatches were carried out: gra
phene nanosheets (GN) were pre-mixed in EVA in one case and in LLDPE 
in other case. A smaller characteristic domain size and a higher electrical 
conductivity were obtained for the LLDPE masterbatch samples after 
annealing for amounts of graphene higher than 1.3 vol%. It is explained 
that graphene nanosheets localization at the interface in the case of 
LLDPE masterbatch should stop the coarsening (Fig. 26a). Graphene acts 
like a physical barrier between the polymer domains. This is confirmed 
by the electrical conductivity measurement (Fig. 26b) where the 
percolation threshold appears at a lower graphene quantity for LLDPE 
MB (masterbatch) between 1.3 and 2 vol%. A diminution of character
istic domain size or a suppression of its coarsening significates that 
graphene nanosheets are forming a percolated network which is benefit 
for an improvement of the electrical conductivity. 

Recently, Kou et al. [167] studied a co-continuous polymer blend 
nanocomposite PMMA/SAN filled with graphene nanoplatelets. The 
co-continuity was obtained by a spinodal decomposition of a PMMA/
SAN homogeneous polymer blend. The spinodal decomposition was 
obtained by annealing well above the lower critical solution tempera
ture. It allows to keep an equilibrium during the processing contrary to 
immiscible polymer blends which tends to lose their co-continuous 
structure. A co-continuous and spatially regular morphology in which 
conductive GNP fillers percolate entirely within the SAN-rich phase was 
obtained. 

3.4.3. Correlation between rheology and electrical conductivity 
Small Amplitude Oscillatory Shear tests (SAOS) performed on 

nanocomposites allow to identify networks formed by the nanoparticles. 
Indeed, at high frequencies, the viscosity is dominated by that of the 
matrix, whereas at low frequencies, the elastic contribution to the vis
cosity is dominated by the solid network formed by the nanoparticles. 
Moreover, it is well-known that nanoparticle aspect ratio plays a key role 
on the viscosity of the polymer at the melt state. Fig. 27 shows that rod 
and plate particles drastically increase the viscosity even at low 
amounts. 

The rheological behavior in SAOS tests can inform on the formation 
of a network for graphene nanoplatelets. Indeed, a plateau of G’ versus ω 

Fig. 26. (a) Characteristic domain size before and after annealing of each nanocomposite elaborated from different masterbatches, (b) Electrical conductivity before 
and after annealing for the samples prepared from either EVA or LLDPE masterbatch (MB) [166]. Reproduced from Ref. [166] with permission. (A colour version of 
this figure can be viewed online.) 
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at low frequency inquires on the formation of a network informing that 
the percolation threshold is potentially achieved, and that the electrical 
conductivity is high. And it is known that the localization of the gra
phene nanoplatelets plays a role on the formation of this network. 

The suppression of coarsening during annealing is due to a 

stabilization of the system morphology. It proves that it is possible to 
make a link between stabilization of the morphology thanks graphene 
nanosheets and electrical conductivity. Indeed, Helal et al. [169] tried to 
find a correlation between rheological behavior and electrical behavior. 
They used a LLDPE/EVA blend filled with graphene nanoplatelets 
(GNP). These nanocomposites were prepared by melt blending via a 
twin-screw extrusion to obtain a co-continuous morphology for a 50/50 
blend composition. Rheological tests were made on EVA/LLDPE/GNP 
blend nanocomposite and on single filled matrices (EVA/GNP, 
LLDPE/GNP). Results confirmed that the rheological percolation was 
lower for the blend nanocomposite (Fig. 28a and b). Rheological 
percolation was obtained when nanocomposites exhibited a 
pseudo-solid-like behavior at low frequencies represented graphically 
by a plateau on G’ [110,170]. Rheological tests were carried out after 
the annealing at 160 ◦C during 2 h. G’ was measured according to the 
angular frequency for each nanocomposite from different masterbatchs. 
For LLDPE masterbatch, the rheological percolation seems to be 
confirmed at around 1.3 vol % while for EVA masterbatch the zero slop 
at low frequencies is more pronounced at 1.3 vol % so the percolation 
threshold is lower than this value. Electrical conductivity and electrical 
percolation threshold were determined and compared to the rheological 
percolation threshold. After annealing, electrical percolation threshold 
for each nanocomposite reaches 1.21 and 0.5 vol% for LLDPE 

Fig. 27. Evolution of viscosity according to the shape and amount of nano
particles [168]. Adapted from Ref. [168] with permission. (A colour version of 
this figure can be viewed online.) 

Fig. 28. SAOS tests performed at 160 ◦C after stabilization for 30 min on LLDPE/EVA/GN composites: (a) G′ for LLDPE MB, (b) G′ for EVA MB, (c) Electrical 
percolation threshold of the LLDPE/EVA/GN for a LLDPE masterbatch and EVA masterbatch [169]. Reproduced from Ref. [169] with permission. (A colour version of 
this figure can be viewed online.) 
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masterbatch and EVA masterbatch, respectively (Fig. 28c). These values 
are closed to those estimated for rheological percolation which proves 
that rheological characterization is useful to predict an improvement of 
the electrical conductivity. 

In some cases, rheological and electrical percolation can show some 
different thresholds for the same nanocomposite. Indeed, Hu et al. [171] 
found for a PET/MWCNT (multiwalled carbon nanotube) nano
composite different percolation threshold when measuring the conduc
tivity and the rheological properties. 

3.5. Comparison of the electrical conductivity of graphene/multiphase 
polymer nanocomposites 

A high number of electrical conductivities σ in S.cm− 1 were collected 
from 73 publications in order to distinguish the effect of (1) the type of 
graphene (among expanded graphite, graphene nanoparticle (GNP), 
graphene oxide (GO), reduced graphene, reduced graphene oxide (rGO) 
and functionalized graphene), (2) the vol% of graphene, (3) the polymer 
matrix for monophasic nanocomposites (among several thermoplastics, 
amine modified carbon nanofibers (CNF), polydimethylsiloxane 
(PDMS), water-borne polyturethane (PU), cellulose fibers, styrene 
butadiene rubber (SBR) epoxy resin) (4) the type of binary polymer 

Fig. 29. Graphs representing the electrical conductivity versus vol% of graphene based on references [3,7,59,60,62,66,78,84,111,126,136,137,143,148,150,152, 
166,167,169,172]– [178,180–226]. (a) Effect of process and the number of polymer phases (one or two phases), (b) effect of the polymer matrices for one phase 
nanocomposites, (c) effect of the polymer matrices for two phases nanocomposites, (d) effect of the type of graphene or graphite used and (e) effect of the nano
particle localization into the blend among the references dealing with polymer blends. (A colour version of this figure can be viewed online.) 
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blends, their microstructure (co-continuous or matrix/dispersed phase) 
and the final localization of the nanoparticles in the blend (5) the pro
cessing used (among microcompounder, twin-screw extrusion (TSE), 
solvent casting followed by melt mixing, solvent casting, aligned gra
phene, internal mixer, in situ polymerization, latex/suspension or 
coating, and foaming). Regarding Fig. 29a, it is seen that very low 
amounts of graphene (0.015, 0.02 and 0.025 vol%) [172] in thermo
plastic polyurethane (TPU) can lead to high electrical conductivity 
(measured as DC surface resistance and converted to σ); and that -in that 
case-solvent casting gives the lowest percolation threshold compared to 
melt blending or in-situ polymerization. Generally, foaming and in-situ 
polymerization give the best electrical conductivities thanks to the or
ganization and orientation induced by those two processing. It was 
demonstrated that the conductive polyaniline (PANI) can be polymer
ized in situ leading to graphite exfoliation and high values of σ [173]. 
Poly (methyl methacrylate) (PMMA) was also synthesized in situ with 
high amounts of expanded graphite (8 wt% equivalent to 5.53 vol%) 
[174] leading to high electrical conductivity (77.7 S.cm− 1). Foams or 
expanded nanocomposites can be processed by creating a high density 
3D hollow material containing interconnected graphene and infiltrated 
with a polymer [175–177]. Solvent casting is the third most efficient 
processing to lead to high electrical conductivities. This process allows 
to reach high amounts of dispersion of graphene. Regarding Fig. 29a, 
and expect the previous remarks, it is difficult to highlight a clear in
fluence of each process on the final electrical conductivity. Fig. 29b al
lows to view all the polymeric matrices that were reported in those 
graphs. Fig. 29c represents again the electrical conductivity versus vol% 
of graphene differentiating the influence of the type of graphene used. 
Here again it is difficult to highlight a trend. Reduced graphene and 
graphite seem to be the worst nanoparticles to improve the electrical 
conductivity. Finally Fig. 29d represents σ versus vol% of G for polymer 

blends [7,126,136,137,143,150,166,167,178]. Legend differentiates 
the localization of the graphene NPs. The highest value of σ was ob
tained for an 80PA/20POE blend with 3 wt% of graphene nanoplatelets 
[179]. The authors explain that a peculiar microstructure was obtained 
for this formulation with graphene dispersed in POE domains with a 
small portion of graphene within the PA phase that creates bridges be
tween two discrete POE domains. Regarding the other articles, while 
using immiscible polymer blends, authors often tried to dispersed gra
phene at the interface of a co-continuous system. However the best 
electrical conductivity measured was only 10− 4 S.cm− 1 that limits there 
final application [164]. 

3.6. Impact of a third polymer phase in polymer blend nanocomposite on 
electrical conductivity 

The ultralow percolation threshold stays difficult to obtain in binary 
polymer blend structures. As it was presented in the previous section, 
graphene has to be localized at the co-continuous interface of the two 
polymers. However, a complete percolation of graphene nanosheets at 
the interface is not so easy regarding the processability. Another way is 
the incorporation of a third polymer phase that contains graphene 
(Fig. 30). This third polymer phase should localize at the interface of the 
two others, forming a tri-continuous morphology. This is the case of the 
complete wetting in (Fig. 13a) when one phase locates between two 
other co-continuous phases [48,227,228]. The interest of this ternary 
structure is to achieve an ultralow percolation threshold of nano
particles. An article studied ternary blend nanocomposites with different 
types of nanoparticles for electrical applications [44]. 

Few publications deal with graphene in ternary polymer, such as 
Mun et al. [44] (Fig. 31A) or Parameswaranpillai et al. [229]. Mun et al. 
showed an ultralow percolation threshold (Fig. 31B,C) for a 

Fig. 29. (continued). 
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nanocomposite of HDPE/PLA + (PS/G) (45/45/10). The percolation 
threshold was measured between 0.1 and 0.2 vol%. In the same study, as 
explained in the paragraph II.4.1, a nanocomposite of HDPE/PLA/G 
gave a percolation threshold around 0.5 and 2 vol% which is higher than 
that of the ternary blend. This proves the interest of using a system with 
two polymers matrix at equal volume and one minor polymer matrix 
which contains graphene. Effectively, the SEM image of Fig. 31A shows 
graphene sheets located at the interface or in the third minor polymer 
matrix. It facilitates the network of graphene sheets formation. 

To compare, Brigandi et al. [230] studied a ternary nanocomposite 

with other carbon nanofillers such as carbon blacks (CB) and carbon 
nanotubes (CNT) in tri-continuous structure. Three phases of PP/PMMA 
as major polymers and EAA (ethylene acrylic acid) as the minor poly
mer, which encapsulates PP phases, are clearly visible in the SEM images 
of Fig. 31E. EAA containing conductive fillers corresponds to the bright 
domain and is located at the interface. The particularity of CB, CNT and 
graphene is their different aspect ratio: CB1<CB2<Graphene < CNT. 
High aspect ratio nanofillers such CNT and graphene entail high vis
cosity and difficulties to disperse it in the polymer matrix. In this article, 
electrical conductivity was analyzed to determine the percolation 

Fig. 30. Scheme of a ternary system with two major polymers (polymer A and B), and one minor polymer (polymer C) which contains graphene. (A colour version of 
this figure can be viewed online.) 

Fig. 31. PS/PLA/HDPE/G nanocomposites: (A) TEM images of (PS/G) + HDPE/PLA nanocomposites (0.2 vol%). The volume ratio of HDPE, PLA, PS/G is 40/40/20: 
Electrical conductivity of (B) PS/G premixtures and (C) (PS/G) + HDPE/PLA (50/50) [44]. PP/PMMA/EAA ternary blend with CB or CNT: (D) Comparison of the 
resistivity of the nanocomposites containing different fillers, (E) SEM images for different fillers and filler contents [230]. Reproduced from Refs. [44,230] with 
permission. (A colour version of this figure can be viewed online.) 
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threshold according to the type of conductive filler and also their aspect 
ratio. Nanocomposites containing fillers with the highest aspect ratio 
display the smallest percolation threshold around 0.2 vol% for CB2 and 
CNT whereas it is 1.0 vol% for CB1 (Fig. 31D). With the same nano
composite structure but different matrices, graphene displays an ultra
low percolation threshold at 0.2 vol%. It proves that aspect ratio and 
blend morphology are essential to obtain performant nanocomposite at 
extremely low loadings. 

The number of publications dealing with those co-continuous ternary 
blends containing graphene (or any other nanoparticles) remains low 
probably because it is hard to obtain those peculiar morphologies. 
Indeed, the final microstructure depends on several parameters such as 
polymer proportion, viscosity and interfacial tension and graphene 
parameters. 

4. Polymer blend electrical applications 

Polymer/graphene nanocomposites are also used in a large variety of 
applications and some reviews already addressed this topic [3, 
231–236]. This part is only focused on polymer blend nanocomposite 
systems and their relative electrical applications. In general, electrical 
polymer blend nanocomposite can be used for the same application as 
the single polymer matrix nanocomposite. Effectively, the primary 
benefit of polymer blend is to reduce the percolation threshold. Targeted 
applications depend only on the material electrical conductivity 
whether it is a polymer blend or a single phase matrix. 

According to the polymer blend morphology, polymer blend nano
composite electrical property can be adjusted, and different applications 
are targeted. It depends if nanoparticles are localized in the dispersed 
phase or in the continuous phase. Polymer blend nanocomposite is 
promising for electromagnetic interference shielding (EMI shielding) or 
dielectric materials. 

4.1. Dielectric applications 

A dispersed phase/matrix microstructure is not suitable for electrical 
conductive nanocomposites especially if nanoparticles are localized in 
the dispersed phase. However, this morphology is suitable for the 

elaboration of dielectric materials for charge storage applications 
(Fig. 32a). The dielectric permittivity corresponds to the polarizability 
of a material in presence of an electric field. It allows the development of 
nano-capacitors for example. To determine the capability of a material 
to store charge, the real part ε’ is determined from the relative dielectric 
permittivity complex form: ε = ε′ + iε″ [237]. It is also related to the 
charge polarization. The interfacial polarization occurs due to the 
accumulation of charge carrier at the interface of two materials with 
different electrical conductivities. Graphene oxide is an insulating 
nanoparticle which led to poor dielectric permittivity in polymer 
matrices due to their insulating behavior. In Fig. 32b, when epoxy was 
filled with GO, only a few polarizations occurred in the interface due to 
the electrical insulated nature of GO. The dielectric constant of epox
y/GO is very low. The imaginary part ε” is related to the capacity of a 
material to dissipate the current. Dielectric materials require conductive 
nanoparticles with non-contact between them to avoid current leakage. 
A localization in a dispersed matrix system or at the interface, like in 
Fig. 32a, allows a non-contact of nanoparticles. If the percolation is 
reached, current leakage occurred, and the material recover electrical 
conduction. Hence, an insulator-to-conductor percolating transition can 
be created by the increase of the filler content [238,239]. In the case of 
reduced graphene oxide dispersed in epoxy, the dielectric constant was 
increased compared to GO/epoxy, due to the large difference of con
ductivity between rGO and epoxy matrix that induced a lot of accu
mulation of charge carriers at their interface (Fig. 32c). Indeed, in 
addition to this high interfacial polarization, the probability of contact 
between rGO platelets is high and by increasing nanoparticle content, 
dielectric loss becomes high and leads to current leakage (Fig. 32c) 
because percolation is reached. 

In the last case (Fig. 32d), rGO was functionalized with DGEBA to 
firstly improve interface and benefits from the formation of more micro- 
capacitors. Moreover, as for rGO/epoxy composites, the difference of 
electric conductivity between matrix and fillers entraps the free charges 
that accumulate at the interface. And finally, as no contact are present 
between fillers due to the functionalization, these conditions lead to 
good dielectric performances, that is to say high dielectric constant and 
low loss. Some articles report that graphene was functionalized by 
different ways to avoid contact between nanoparticles [238,239]. 

Fig. 32. (a) Matrix/dispersed phase microstructure with conductive nanoparticles from lowest to highest dielectric performance (from left to right) [240], (b) 
Graphene oxide filled epoxy matrix, (c) Reduced graphene oxide filled epoxy matrix (d) Functionalized graphene in epoxy matrix [239]. Reproduced from Refs. [239, 
240] with permission. (A colour version of this figure can be viewed online.) 
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Other recent works report an increase in dielectric constant ε’ while 
incorporating graphene into polymer blends. With 2 wt% of graphene 
oxide incorporated into a PMMA/cellulose acetate blend, the dielectric 
constant was improved from 2.25 to 2.25.103 [241]. Saboor et al. [242] 
reported a higher dielectric constant when incorporating graphene into 
a PANI/SAN blend thanks to the accumulation of electric dipoles at the 
insulator conductor-interface. Goodarzi et al. [243] varied the GNP 
types (by varying the chemical functionalization) and GNP amounts in 
an 80/20 polystyrene/ethylene- α-octene copolymer (EOC) to vary the 
microstructure and then the dielectric properties. They reported the 
highest dielectric properties for the co-continuous PS/EOC blend con
taining 1.5 wt% of GNPs dispersed at the interface. 

Finally, dielectric properties are very important in energy storage 
materials for applications such as battery, solar cell, chemical sensors 
and supercapacitors. Indeed, charge carriers, ionic conductivity and ion 
mobility are electrochemical properties that can be evaluated by 
measuring dielectric constant. Films based on (PVP-PVA)-5wt.% 
NaHCO3 and 15 wt% rGO (reduced graphene oxide) were prepared and 
reached the highest dielectric constant value that allows a larger 
dissociation of dopant salt ions leading to ionic conductivity [244]. 

4.2. Electrically conductive applications 

As described previously, co-continuous morphology is suitable for 

electrical conduction application which allows the formation of a 
percolated network. For sensors elaboration (thermal, strain, and 
chemical sensing), their efficiency is defined by the quality of the elec
trical conduction. A piezoelectric sensor allows to convert variation of 
mechanical stress in electrical signal. A mechanical contribution to the 
sensor will change the conductive path and a different electrical signal 
will be produced. This electrical signal variation is necessary for appli
cation in biorobotics or artificial muscles [245]. EMI shielding is also a 
target application for electrically conductive materials. This application 
requires material which can inhibit electromagnetic wave transmission 
to protect electrical devices from interference or for military airplane, 
boat stealth. EMI shielding can be effective through several mechanisms 
such as reflection (reflection Shielding Effectiveness, (SER), absorption 
(SEA) and multiple reflection (SEM) of the electromagnetic wave. The 
difference signal intensity of the wave before and after the contact with 
the material is converted in decibel unit. A minimum of 20 dB of 
attenuation is required to confirm that the material is performant. The 
performance is strongly linked to the electrical conductivity of the ma
terial. Conductive material led to electromagnetic waves reflection due 
to the mobility of charge carrier. Absorption mechanism is favored with 
a high dielectric constant material. The complete efficiency protection is 
the addition of these three mechanisms: SET = SEA + SER + SEM. In the 
case of polymer blend, the co-continuous morphology is crucial for the 
improvement of EMI shielding which favors graphene percolation and 

Fig. 33. (a) From one matrix to co-continuous structure with conductive nanoparticles from highest to lowest percolation threshold (from left to right) [240], (b) 
EMI shielding mechanisms with multiple reflection thanks to the co-continuous structure [246]. Reproduced from Refs. [240,246] with permission. (A colour version 
of this figure can be viewed online.) 
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the high conductivity of the material (Fig. 33a). Moreover, the perco
lated network allows EM wave reflection due to the electrical conduc
tivity, but also multiple reflection as shown Fig. 33b due to the 
closed-cell network [246]. EMI shielding can be improved, as Dou et al. 
[48] demonstrated, by using a multiphase structure with three polymers 
matrix (PVDF, HDPE in major proportions and PS is the minor phase). 
The localization of MWCNT nanoparticles in the minor phase favors 
nanoparticle percolation and the formation of a strong network. This 
strong closed-cell network shows also a high wave absorption. 

Polycarbonate//ethylene methyl acrylate (EMA)/graphene nano
composites were prepared and exhibit total EMI shielding of − 52 dB for 
15 phr graphene loading, which indicates that these nanocomposites can 
be used for commercial applications and can also be used against elec
tromagnetic pollution as effective lightweight shielding materials [247]. 
SAN/PANI/few layer graphene nanocomposites were developed and 
exhibited interesting EMI shielding response (24.3 dB) at 0.1 wt% 
loading of graphene. This was attributed to the network formation of 
both PANI and graphene in the SAN matrix [242]. 

Even if the number of applications for graphene based polymer blend 
nanocomposites remains low, it is probable that it will grow up in the next 
years in the domain of textile and biomedical. Graphene can replace 
carbon nanotubes that are hazardous, either in conductive textiles [248, 
249] but also for flexible devices in biomedical domain [250]. Moreover, 
there is a growing interest for biochars as new conductive particles from 
biogenic carbon and dispersing this kind of particle into polymer blends 
can allow to get interesting electrical or dielectric properties [251]. 

5. Conclusion 

Graphene has proven to be an excellent candidate for the develop
ment of conductive materials thanks to its structure. The way of syn
thesis for graphene production greatly impacts the properties of 
graphene. That’s why it is important to control the graphene structure 
before its use for development of electrical nanocomposites. Despite this 
high potential in electrical nanocomposite development, the dispersion 
of graphene in polymer matrices is still a challenge. The large lateral size 
and small thickness of graphene nanosheets favor the restacking and the 
formation of aggregates in polymer matrix due to π-π interaction. This 
phenomenon tends to increase the percolation threshold. Several stra
tegies were exposed in this review to counter this problematic by using 
chemical or physical methods such as covalent or non-covalent 

graphene functionalization, nanoparticles alignment. But these tech
niques can disturb the graphene structure or require implementation 
steps that are difficult to use at an industrial scale. Polymer blend with 
two polymer phases appears like an innovative way for development of 
electrical nanocomposites with a low graphene quantity due to the 
control of nanoparticles localization in this immiscible system. Several 
publications show the interest of this morphology with different type of 
fillers or matrices [252–256]. The localization depends on many pa
rameters such as the thermodynamic, the mixing sequence, the mixing 
time, the nanoparticle aspect ratio and the polymer viscosities. Con
trolling graphene localization requires taking these parameters into 
account and also adjusting these conditions depending on the nature of 
the nanoparticles and polymers. The best performances are shown with 
a localization of nanoparticles at the interface of an immiscible polymer 
blend. Effectively, the lowest percolation threshold is obtained with 
interfacial localization and confirmed by rheological analyses and 
electrical measurement which can be correlated. 

A third polymer phase can be added in the polymer blend which is 
filled with graphene. In Fig. 34, polymer blend with three polymer 
phases do not appear due to a low number of articles regarding this 
system. However, it is mentioned previously that a percolation threshold 
as low as 0.1 vol% can be reached for these co-continuous systems. 
Hence, those systems, with a third polymer phase, are very promising. 
The reduction of percolation threshold is essential for industrial appli
cations. Obtaining a performant material with excellent electrical 
properties at a small proportion of graphene is a big challenge. In fact, 
the production costs are low, but performances are high. In this context, 
polymer/graphene nanocomposites have established itself as the future 
materials in aeronautic, energy storage and other fields … This material 
already appears in aeronautic for electromagnetic shielding, in energy 
storage for supercapacitors production thanks to a fast discharge/charge 
of graphene/polymer electrodes [51,52,257–259]. Indeed, this kind of 
material combines flexibility, high electrical conductivity and high 
specific surface area which makes it the best nanocomposite for elec
trode and for a coating. 

At this moment, several aspects like the graphene migration in 
polymer matrix or the transfer mechanism at the interface are still not 
completely understood and must be studied to hope an improvement in 
the production and properties of graphene-based polymer blend 
nanocomposites. 
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[102] P. Pötschke, D.R. Paul, Formation of co-continuous structures in melt-mixed 
immiscible polymer blends, J. Macromol. Sci. Polym. Rev. 43 (2003) 87–141, 
https://doi.org/10.1081/MC-120018022. 

[103] P. Le Corroller, B.D. Favis, Effect of viscosity in ternary polymer blends displaying 
partial wetting phenomena, Polymer (Guildf). 52 (2011) 3827–3834, https://doi. 
org/10.1016/j.polymer.2011.06.032. 

[104] Y. Shao, R. Dou, S. Li, B. Yin, M. Yang, Morphology evolution and the tri- 
continuous morphology formation of a PVDF/PS/HDPE ternary blend in melt 
mixing, RSC Adv. 6 (2016) 38803–38810, https://doi.org/10.1039/ 
C6RA07877J. 

[105] R. Tol, G. Groeninckx, I. Vinckier, P. Moldenaers, J. Mewis, Phase morphology 
and stability of co-continuous (PPE/PS)/PA6 and PS/PA6 blends: effect of 
rheology and reactive compatibilization, Polymer (Guildf). 45 (2004) 2587–2601, 
https://doi.org/10.1016/j.polymer.2003.12.072. 

[106] A. Taguet, P. Cassagnau, J.-M. Lopez-Cuesta, Structuration, selective dispersion 
and compatibilizing effect of (nano)fillers in polymer blends, Prog. Polym. Sci. 39 
(2014) 1526–1563, https://doi.org/10.1016/j.progpolymsci.2014.04.002. 

[107] M. Salzano de Luna, G. Filippone, Effects of nanoparticles on the morphology of 
immiscible polymer blends – challenges and opportunities, Eur. Polym. J. 79 
(2016) 198–218, https://doi.org/10.1016/j.eurpolymj.2016.02.023. 

[108] X. Cai, B. Li, Y. Pan, G. Wu, Morphology evolution of immiscible polymer blends 
as directed by nanoparticle self-agglomeration, Polymer (Guildf). 53 (2012) 
259–266, https://doi.org/10.1016/j.polymer.2011.11.032. 

[109] J.M. Feng, X.Q. Liu, R.Y. Bao, W. Yang, B.H. Xie, M.B. Yang, Suppressing phase 
coarsening in immiscible polymer blends using nano-silica particles located at the 
interface, RSC Adv. 5 (2015) 74295–74303, https://doi.org/10.1039/ 
c5ra13637g. 

[110] X.Q. Liu, Q.Y. Wang, R.Y. Bao, W. Yang, B.H. Xie, M.B. Yang, Suppressing phase 
retraction and coalescence of co-continuous polymer blends: effect of 
nanoparticles and particle network, RSC Adv. 4 (2014) 49429–49441, https:// 
doi.org/10.1039/c4ra09138h. 

[111] H.-B. Zhang, W.-G. Zheng, Q. Yan, Z.-G. Jiang, Z.-Z. Yu, The effect of surface 
chemistry of graphene on rheological and electrical properties of 
polymethylmethacrylate composites, Carbon N. Y. 50 (2012) 5117–5125, https:// 
doi.org/10.1016/j.carbon.2012.06.052. 

[112] Y. Shen, T.T. Zhang, J.H. Yang, N. Zhang, T. Huang, Y. Wang, Selective 
localization of reduced graphene oxides at the interface of PLA/EVA blend and its 
resultant electrical resistivity, Polym. Compos. 38 (2017) 1982–1991, https://doi. 
org/10.1002/pc.23769. 

[113] J. Li, Z. Li, H. Chen, L. Yang, H. Zheng, Y. Shang, D. Yu, J. de Claville 
Christiansen, S. Jiang, A qualitative analysis of particle-induced viscosity 
reduction in polymeric composites, J. Mater. Sci. 51 (2016) 3080–3096, https:// 
doi.org/10.1007/s10853-015-9618-4. 

[114] M. Wang, R.J. Hill, Anomalous bulk viscosity of polymer-nanocomposite melts, 
Soft Matter 5 (2009) 3940–3953, https://doi.org/10.1039/b905686f. 

[115] M.E. Mackay, T.T. Dao, A. Tuteja, D.L. Ho, B. Van Horn, H.C. Kim, C.J. Hawker, 
Nanoscale effects leading to non-einstein-like decrease in viscosity, Nat. Mater. 2 
(2003) 762–766, https://doi.org/10.1038/nmat999. 

[116] R. Eslami, S.R. Ghaffarian, M. Salehi, M. Rafizadeh, Evaluation of non-Einstein 
rheology behavior of soft nanoparticles/epoxy nano-composites and their 
multifunctional effects on curing kinetics, Polym. Test. 66 (2018) 350–359, 
https://doi.org/10.1016/j.polymertesting.2018.02.007. 

[117] E. Nilsson, H. Oxfall, W. Wandelt, R. Rychwalski, B. Hagström, Melt spinning of 
conductive textile fibers with hybridized graphite nanoplatelets and carbon black 
filler, J. Appl. Polym. Sci. 130 (2013) 2579–2587, https://doi.org/10.1002/ 
app.39480. 

[118] T. Chen, H.-Y. Zhao, R. Shi, W.-F. Lin, X.-M. Jia, H.-J. Qian, Z.-Y. Lu, X.-X. Zhang, 
Y.-K. Li, Z.-Y. Sun, An unexpected N-dependence in the viscosity reduction in all- 
polymer nanocomposite, Nat. Commun. 10 (2019) 5552, https://doi.org/ 
10.1038/s41467-019-13410-z. 

[119] S. Jain, J.G.P. Goossens, G.W.M. Peters, M. Van Duin, P.J. Lemstra, Strong 
decrease in viscosity of nanoparticle-filled polymer melts through selective 
adsorption, Soft Matter 4 (2008) 1848–1854, https://doi.org/10.1039/ 
b802905a. 

[120] S.P. Pawar, S. Bose, Peculiar morphological transitions induced by nanoparticles 
in polymeric blends: retarded relaxation or altered interfacial tension? Phys. 
Chem. Chem. Phys. 17 (2015) 14470–14473, https://doi.org/10.1039/ 
c5cp01644d. 

[121] S. Wu, Calculation of interfacial tension in polymer systems, J. Polym. Sci. Part C 
Polym. Symp. 34 (2007) 19–30, https://doi.org/10.1002/polc.5070340105. 

[122] S. Steinmann, W. Gronski, C. Friedrich, Influence of selective filling on 
rheological properties and phase inversion of two-phase polymer blends, Polymer 

(Guildf). 43 (2002) 4467–4477, https://doi.org/10.1016/S0032-3861(02)00271- 
9. 

[123] P. Xing, M. Bousmina, D. Rodrigue, M.R. Kamal, Critical experimental comparison 
between five techniques for the determination of interfacial tension in polymer 
blends: model system of polystyrene/polyamide-6, Macromolecules 33 (2000) 
8020–8034, https://doi.org/10.1021/ma000537x. 

[124] L. Elias, F. Fenouillot, J.C. Majeste, P. Cassagnau, Morphology and rheology of 
immiscible polymer blends filled with silica nanoparticles, Polymer (Guildf). 48 
(2007) 6029–6040, https://doi.org/10.1016/j.polymer.2007.07.061. 

[125] A. Barber, S. Cohen, H. Wagner, Static and dynamic wetting measurements of 
single carbon nanotubes, Phys. Rev. Lett. 92 (2004) 186103, https://doi.org/ 
10.1103/PhysRevLett.92.186103. 

[126] M. Hadaeghnia, S. Ahmadi, I. Ghasemi, P.M. Wood-Adams, Manipulating the 
morphology of PA6/POE blends using graphene to achieve balanced electrical 
and mechanical properties, Compos. Sci. Technol. 200 (2020) 108412, https:// 
doi.org/10.1016/j.compscitech.2020.108412. 

[127] L.A. Belyaeva, G.F. Schneider, Wettability of graphene, Surf. Sci. Rep. 75 (2020) 
100482, https://doi.org/10.1016/j.surfrep.2020.100482. 

[128] S. Wang, Y. Zhang, N. Abidi, L. Cabrales, Wettability and surface free energy of 
graphene films, Langmuir 25 (2009) 11078–11081, https://doi.org/10.1021/ 
la901402f. 

[129] A. Kozbial, Z. Li, C. Conaway, R. McGinley, S. Dhingra, V. Vahdat, F. Zhou, 
B. Durso, H. Liu, L. Li, Study on the surface energy of graphene by contact angle 
measurements, Langmuir 30 (2014) 8598–8606, https://doi.org/10.1021/ 
la5018328. 

[130] F. Du, J. Huang, H. Duan, C. Xiong, J. Wang, Wetting transparency of supported 
graphene is regulated by polarities of liquids and substrates, Appl. Surf. Sci. 454 
(2018) 249–255, https://doi.org/10.1016/j.apsusc.2018.05.098. 

[131] D.K. Owens, R.C. Wendt, Estimation of the surface free energy of polymers, 
J. Appl. Polym. Sci. 13 (1969) 1741–1747, https://doi.org/10.1002/ 
app.1969.070130815. 

[132] F.M. Fowkes, Attractive forces at interfaces, Ind. Eng. Chem. 56 (1964) 40–52, 
https://doi.org/10.1021/ie50660a008. 

[133] D. Li, A.W. Neumann, Equilibrium of capillary systems with an elastic liquid- 
vapor interface, Langmuir 9 (1993) 50–54, https://doi.org/10.1021/ 
la00025a014. 

[134] Z. Li, Y. Wang, A. Kozbial, G. Shenoy, F. Zhou, R. McGinley, P. Ireland, 
B. Morganstein, A. Kunkel, S.P. Surwade, L. Li, H. Liu, Effect of airborne 
contaminants on the wettability of supported graphene and graphite, Nat. Mater. 
12 (2013) 925–931, https://doi.org/10.1038/nmat3709. 

[135] C.D. Van Engers, N.E.A. Cousens, V. Babenko, J. Britton, B. Zappone, N. Grobert, 
S. Perkin, Direct measurement of the surface energy of graphene, Nano Lett. 17 
(2017) 3815–3821, https://doi.org/10.1021/acs.nanolett.7b01181. 

[136] L. Bai, R. Sharma, X. Cheng, C.W. Macosko, Kinetic control of graphene 
localization in Co-continuous polymer blends via melt compounding, Langmuir 
34 (2018) 1073–1083, https://doi.org/10.1021/acs.langmuir.7b03085. 

[137] L. Bai, S. He, J.W. Fruehwirth, A. Stein, C.W. Macosko, X. Cheng, Localizing 
graphene at the interface of cocontinuous polymer blends: morphology, rheology, 
and conductivity of cocontinuous conductive polymer composites, J. Rheol. (N. 
Y., NY, U. S.) 61 (2017) 575–587, https://doi.org/10.1122/1.4982702. 
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