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Preface to ”Graphene-Polymer Composites”

The mechanical, electrical, thermal, magnetic, optical and biological properties of graphene

have attracted a significant amount of attention from the research community since the isolation

of single-atom-thick graphene layers by Geim and co-workers in 2004. Presenting very high

surface-to-volume ratio, relatively simple processability and being low cost, graphene and

graphene-related materials were soon identified as promising nanofillers for polymer matrixes.

Reports have shown notable property enhancements for graphene–polymer composites (GPC) at very

low filler loadings. Uses of GPC in varied fields, such as energy, electronics, catalysis, separation and

purification, biomedicine, aerospace, tribology, etc., have been demonstrated and, in some cases, put

into industrial practice; however, challenges still exist. Platelet agglomeration within the polymer

matrix often hinders performance. Poor interfacial adhesion between filler and matrix is also a

limiting factor in many systems, necessitating tuning the surface chemistry to enhance physical or

chemical interactions with the polymer chains. The various routes for fabrication of graphene-related

materials, leading to different morphologies, oxidation states, and degrees of platelet exfoliation,

have an impact on the final properties of the composites and this has not yet been fully researched.

Some argue that the potential of graphene and its advantages in relation to other nanofillers, has

not yet been clearly demonstrated for polymer composites. On the other hand, the relevance of

graphene-related materials in polymer science is not restricted to physical–mechanical modifications

of the matrix properties, but extends to other aspects, such as polymer synthesis kinetics and catalysis.

In summary, this Special Issue provides a state of the art view of the different facets of

graphene–polymer composite materials, showing that this area of research is highly topical and major

advances can still be expected.

Fernão D. Magalhães

Special Issue Editor
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Abstract: Poly(lactic acid) (PLA) is a green alternative to petrochemical commodity plastics, used
in packaging, agricultural products, disposable materials, textiles, and automotive composites. It is
also approved by regulatory authorities for several biomedical applications. However, for some uses
it is required that some of its properties be improved, namely in terms of thermo-mechanical and
electrical performance. The incorporation of nanofillers is a common approach to attain this goal.
The outstanding properties of carbon-based nanomaterials (CBN) have caused a surge in research
works dealing with PLA/CBN composites. The available information is compiled and reviewed,
focusing on PLA/CNT (carbon nanotubes) and PLA/GBM (graphene-based materials) composites.
The production methods, and the effects of CBN loading on PLA properties, namely mechanical,
thermal, electrical, and biological, are discussed.

Keywords: PLA; graphene-based materials; carbon nanotubes; composites; mechanical properties;
thermal properties; electrical properties; biological properties

1. Introduction

The growing environmental awareness and new rules and regulations are forcing the industries
to seek more ecologically friendly materials for their products [1]. In the last two decades, industrial
and academic research on polymer composites was pursued to provide added value properties to the
neat polymer without sacrificing its processability or adding excessive weight [2].

Poly(lactic acid) (PLA), which is derived from natural sources, biodegradable, and bioabsorbable,
has had significant demand due to presenting versatile applications in packaging, pharmaceutical,
textiles, engineering, chemical industries, automotive composites, biomedical and tissue engineering
fields [3]. Its biodegradation time can be tuned, depending on the molecular weight, crystallinity,
and material geometry [4]. However, the relatively low glass transition temperature, low thermal
dimensional stability, and mechanical ductility limit the number of its applications. A significant body
of research has dealt with the use of fillers for improving the properties of PLA [5–7]. In this context,
carbon based nanomaterials (CBN), offer the potential to combine PLA properties with several of
their unique features, such as high mechanical strength, electrical conductivity, thermal stability and
bioactivity [8–16]. Carbon nanotubes (CNT) and graphene-based materials (GBM) are state of the art
and very promising representatives of these materials. CNT have exceptional mechanical properties,
aspect ratio, electrical and thermal conductivities, and chemical stability. However, their production
methods are usually more complex and expensive, often leaving toxic metal residues [17–20]. Hence,

Polymers 2017, 9, 269 1 www.mdpi.com/journal/polymers
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GBM provide an alternative option to produce functional composites due to their excellent properties
and the natural abundance of their precursor, graphite. Moreover, GBM can be produced by simple
and inexpensive physico-chemical methods [21–24].

In the last years there has been a surge of research works on PLA/CNT and PLA/GBM composites.
Due to the large amount of information available, there is the need to congregate, compare and
withdraw conclusions.

Several recent reviews have addressed PLA [3,25–30] and CBN [30–46] production, applications
and properties, however, none of these focus on PLA/CBN composites. This work presents a
comprehensive review on the current knowledge regarding the production of PLA/CBN composites
and the resulting properties, namely mechanical, electrical, thermal and biological.

2. Poly(lactic acid) (PLA)

PLA is a thermoplastic aliphatic polyester commonly produced by direct condensation
polymerization of lactic acid or by ring-opening polymerization of lactide. As lactic acid is a chiral
molecule, existing in L and D isomers, the term “poly(lactic acid)” refers to a family of polymers:
poly-L-lactic acid (PLLA), poly-D-lactic acid (PDLA), and poly-D,L-lactic acid (PDLLA). The 2 optically
active configurations of lactic acid, the L (+) and D (−) stereoisomers are produced, respectively by
bacterial homo- or hetero-fermentation of carbohydrates. A great variety of carbohydrate sources
can be used to produce lactic acid, like molasses, corn syrup, whey, dextrose, and cane or beet
sugar. Nowadays, industry only uses the fermentation process, because the synthetic routes have
major limitations, as the inability of selective production of the L-lactic acid stereoisomer, and high
manufacturing costs [47,48].

PLA can be polymerized by diverse methods, like polycondensation, ring opening polymerization,
azeotropic dehydration condensation, and enzymatic polymerization. Direct polymerization and ring
opening polymerization are the most used. Controlling polymerization parameters is important, since
PLA properties vary with isomer composition, temperature, and reaction time used [3,25,28,29,48–51].

Increasing interest in PLA is related to some characteristics that are lacking in other polymers,
namely regarding renewability, biocompatibility, processability, and energy saving [29]. PLA is derived
from renewable and biodegradable resources, and its degradation products are non-pollutant and
non-toxic. Thus, PLA is a green alternative to petrochemical commodity plastics, used in packaging,
agricultural products, disposable materials, textiles, and automotive [25]. Furthermore, PLA has
several bioapplications, such as biodegradable matrix for surgical implants, and in drug delivery
systems [3].

The use of PLA has some shortcomings, related to poor chemical modifiability (absence of readily
reactive side-chain groups), mechanical ductility [50], and relatively high price [28]. To overcome
some of these issues, some approaches are commonly used, like blending with other polymers [52–59],
functionalization [60–64], and addition of nanofillers [6,7,48,65–70]. The last is an interesting approach,
since with small filler amounts it is possible to enhance desired features, keeping PLA’s key properties
intact. The most used nanofillers are nanoclays [5,71–80], nanosilicas [6,68,69,73,81,82], and carbon
nanomaterials [7,77,83–88].

3. Carbon-Based Nanomaterials (CBN)

There are several types of carbon-based nanomaterials (carbon nanotubes, graphene-based
materials, fullerenes, nanodiamonds) and most have been tested to improve PLA properties. This
review is focused on the most widely tested and available: CNT and GBM. The high specific area of
these materials allows for low loadings to be sufficient to tune key properties concerning mechanical,
thermal, electrical, and biological performance.
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CBN Production Methods and Modifications

Graphene is the elementary structure of graphite, being a one carbon atom thick sheet, composed
of sp2 carbon atoms arranged in a flat honeycomb structure composed of two equivalent sub-lattices of
carbon atoms bonded together with σ bonds (in plane) and a π bond (out-of-plane), which contributes
to a delocalized network of electrons [39,46,89]. These unique characteristics explain its unmatched
electronic, mechanical, optical and thermal properties. For that reason, this material has been
studied to be applied in many fields, such as electronics [90–95], energy [96–99], membrane [100–103],
composite [21,22,24,104], and biomedical technology [11,105–107].

The intrinsic properties of graphene, and GBM in general, are affected by the production or
modification methods. For example, structural integrity of graphene sheets is disrupted by oxidation
and some other chemical modifications. The dimensions (diameter and thickness) of the final GBM
also depend on the raw materials and methods employed [11,34,35,46,90]. Thus, those should be
chosen according to desired applications.

GBM can be obtained by top-down and bottom-up approaches [104]. The first involves
exfoliating graphite to obtain few or single layer graphene sheets [38,108]. The second, consists
in assembling graphene from deposition of carbon atoms from other sources [109,110]. The main
difficulty in top-down methods is to overcome the van der Waals forces that hold the graphene layers
together in graphite, preventing reagglomeration and avoiding damages in the honeycomb carbon
structure [111,112]. Some examples of such methods are micromechanical exfoliation, direct sonication,
electrochemical exfoliation, and superacid dissolution. Bottom-up methods include chemical vapor
deposition (CVD), arc discharge, and epitaxial growth on silicon carbide [104].

The structure of CNT can be conceptualized by wrapping graphene into a cylinder. Typically, CNT
are classified as either single-walled carbon nanotubes (SWCNT) or multi-walled carbon nanotubes
(MWCNT). SWCNT exhibit better electrical properties, while MWCNT display better chemical
resistance [113].

CNT can be produced using different methods, which mainly involve gas phase
processes [114,115], like CVD, arc discharge, and laser ablation [116]. The most commonly used
and efficient methods are the ones involving CVD, in which a carbon containing source (e.g., methane,
acetylene, ethylene) reacts with a metal catalyst particle (e.g., iron, cobalt, nickel) which act as growth
nuclei for CNT, at temperatures above 600 ◦C. There are several substrate materials for catalyst particles,
as graphite, quartz, silicon, silicon carbide, amongst others. It is pertinent to mention that for graphene
production by this technique, no catalyst particles are used, being the substrate itself a catalytic metal,
often copper for monolayer or nickel for few layer graphene. Generally, CVD has the advantages of
allowing mild and controllable synthesis in large scale [117–120].

CNT are strong, flexible, electrically conductive, and can be functionalized [121]. Potential
applications of CNT have been reported such as in composite materials [122], electrochemical
devices [123], hydrogen storage [124], field emission devices [125], nanometer-sized electronic devices,
sensors and probes [126]. Determining the toxicity of CNT has been one of the most pressing questions
in nanotechnology [127]. There is still some controversy on this subject, thus continued research is
needed to assure that these materials are safe for biomedical applications [128,129]. Parameters such
as structure, size distribution, surface area, surface chemistry, surface charge and agglomeration state,
as well as the sample purity, have considerable impact on CNT properties [121].

In the research works reported in this review, CBN are both commercial products or lab-made
by the authors. Most commercial CNT are produced by CVD, with suppliers often making available
information about material dimensions and sometimes type of CVD used. On the other hand,
researchers usually produce GBM from graphitic precursors, using top-down methods involving
chemical oxidation and exfoliation, namely the Staudenmaier and modified Hummers methods
(Figure 1). Commercial GBM are also used, with suppliers giving information about dimensions, and
sometimes production methods. These involve direct exfoliation in a liquid, with or without the use of a
surfactant, or in the solid state by edge functionalization, or by first inserting a chemical species between
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the graphene layers in graphite to weaken their interaction, followed by expansion/exfoliation [130].
Commercial products offer insured reproducibility and widespread availability. Moreover, with
the optimization of the production processes, the costs of GBM are coming closer to its precursor,
graphite [11].

Figure 1. Scheme showing the different types of modifications performed on carbon-based
nanomaterials (CBN) prior to incorporation in poly(lactic acid) (PLA).
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CBN have been extensively used in polymer composites. In order to take advantage of their large
surface area maximizing its effectiveness as filler, dispersion must be efficient, so as to maximize the
amount of deagglomerated primary units. Functionalization is often used to improve compatibility
with the polymer matrix. However, this can disrupt the sp2 hybridization of CBN carbon structure
and subsequently hinder their properties [131]. Some examples of CBN modifications used on the
research works reported in this review are compiled in Figure 1. Some of these involve simple
chemical oxidation, prior to surface modification with isocyanates, polymers (ethylene glycol,
poly(caprolactone), methyl methacrylate, poly(vinyl pyrrolidone), and PLA), polyols or silanes.
The impact of these on the composite properties is discussed in Section 5.

4. Production of PLA/CBN Composites

Three methods are most frequently used to obtain a dispersion of CBN into a polymer matrix:
solution mixing, melt blending, and in situ polymerization [22,104]. Mechanical milling, also called
ball milling, has been gaining recognition as an alternative technique with specific advantages, but
it has not yet been reported for PLA/CBM composites. High impact milling is performed at room
temperature on dry powders, prior to melt processing. Its effectiveness and benefits in relation to other
methods have been shown for different polymer/filler systems [132].

4.1. Solution Mixing

Solution mixing is a simple procedure, requiring no special equipment, and allowing for
straightforward scale-up. This method typically consists of three steps: (i) dispersion of the
nanomaterial in a suitable solvent using sonication or mechanical stirring; (ii) dissolution of the
polymer in the previous dispersion, under appropriate stirring; and (iii) removal of the solvent by
distillation or lyophilization. Often the dispersion is cast into a flat mold, and then the solvent is
evaporated. Flat composite slabs are therefore obtained. For this reason, the procedure is often called
“solvent casting”. As an alternative, the dispersion may be cast onto a low surface energy material
(e.g., PTFE coated surface) using a blade applicator (doctor blading). After solvent evaporation, thin
composite films are obtained. The viscosity of the dispersion needs to be adjusted for this procedure,
which can be done by changing the concentration of polymer [133]. If production of fibers is desired,
the third step can be replaced by electrospinning. This technique allows obtaining fibers that are much
smaller in diameter (ranging from micrometers to nanometers) than those produced by conventional
techniques. The basis of electrospinning is to charge the polymer solution in the spinneret tip with a
high voltage, so that the electrostatic repulsion overcomes the surface tension of the solution, causing
its ejection. The solvent vaporizes while the jet is in the air, producing a continuous fiber which
deposits on the ground collector [27].

Complete solvent removal is a critical issue when using solution mixing to prepare composites,
since toxicity concerns may arise when organic solvents are used. In addition, presence of residual
solvent induces plasticization of the polymer matrix, which may alter significantly its mechanical
properties [134–136].

PLA is soluble in organic solvents such as chlorinated solvents, benzene, tetrahydrofuran
(THF), dimethyl formamide (DMF) and dioxane, but insoluble in ethanol, methanol, and aliphatic
hydrocarbons. CBN are hydrophobic, therefore cannot be easily dispersed in polar solvents. However,
they can be oxidized or modified with hydrophilic groups in order to allow dispersion in such solvents.
Solubility limitations can also be overcome to a certain point by using ultrasonication to produce
short-time metastable dispersions of CBN in organic solvents, which can then be mixed with polymer
solutions [137].

Chloroform is the most used solvent to prepare PLA/CNT composites [138–143]. Despite, some
authors obtain good results with THF [88,144], and dichloromethane [145,146]. McCullen et al. [147]
conclude that a combination of chloroform and DMF is beneficial. Sometimes the introduction of
new functional groups may originate incompatibility with the polymer matrix. To elude this problem,
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improvement of CNT dispersion by surfactant addition (e.g., polyoxyethylene 8 lauryl, dodecyl
octaethylene) may be used, which allows preserving the chemical structure of the nanofiller [148].
GBM have been often incorporated in PLA by solution mixing using chloroform [135,149–151] or
DMF [152–157] as solvents. Agglomeration of CBN may take place during solvent evaporation.
Composite formation by electrospinning allows minimizing this problem, but leads to formation of
fibers and not films [27,147,158].

4.2. Melt Blending

Melt blending is an economically attractive, environmentally friendly and highly scalable method
for preparing nanocomposites. This strategy involves direct addition of the nanomaterial into the
molten polymer, allowing optimization of the state of dispersion by adjusting operating parameters
such as mixing speed, time and temperature. Due to the absence of solvent, the only compatibility
issue is placed in terms of the nanofiller towards the polymer matrix [27,48]. The drawbacks of this
procedure are the low bulk density of CBN, that makes the feeding of the melt-mixer a troublesome task
and the lower degree of dispersion that is usually attained when compared to solvent mixing [137,159].

Most published research works use a lab-scale melt mixer to melt PLA and mix it with
the nanofillers. Typical processing conditions correspond to temperatures between 160 ◦C and
180 ◦C [160–166], mixing times of 5 to 10 min [160–162,164,165,167], and rotation speeds between 50
and 100 rpm [160–164,166–169]. After mixing, the composite materials are almost always molded into
flat sheets with controlled thickness in a hot press, however, other methods are also used (e.g., injection
molding and piston spinning). Typically, the pressing is performed between 160 ◦C and 190 ◦C for 2 to
5 min, under 110 to 150 Kgfcm−2 pressure [160,165–170].

In addition to melt blending not being as effective as the solution mixing method or in situ
polymerization in terms of the ability to achieve good filler dispersion, damage to the nanofillers or
polymer may occur under severe conditions. Some studies have shown that processing conditions can
have an impact on the molecular weight of PLA [171]. This can be mainly attributed to the presence of
impurities such as acidic species, peroxide groups, metallic ions or other residual products that can
increase the degradation of PLA during melt mixing [172].

4.3. In Situ Polymerization

In situ polymerization for production of polymer composites generally involves mixing the filler
in neat monomer, or a solution of monomer, in the presence of catalysts and under proper reaction
conditions [173]. The polymer chains grow on the filler surface, being covalently bonded. In situ
polymerization generally results in more homogeneous particle dispersion than melt blending [174].
Use of this approach for polymerizing lactide in the presence of CNT has been reviewed by Brzeziński
and Biela [175]. Contrary to CNT, that usually are post-treated, GBM already present some chemical
groups that can be used in further functionalization, such as grafting polymer chains via atom transfer
radical polymerization. Examples of in situ polymerization on GBM include polymers such as
polyaniline (PANI), polyurethane (PU), polystyrene (PS), poly(methyl methacrylate) (PMMA) and
polydimethylsiloxane (PDMS) [24].

Concerning the particular case of PLA/CBN, only a few examples of in situ polymerization can
be found in the literature. Ring opening polymerization of L-lactide in presence of GBM has been
reported by Yang et al. [176] and Promoda et al. [177]. Carboxyl-functionalized CNT have been grafted
with PLA by Li and co-workers [178].

The above-mentioned composite production methods can be used both with GBM and CNT, and
are congregated in Figure 2.

6
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Figure 2. Scheme showing the different production methods of PLA/CBN composites.

5. Properties of PLA/CBN Composites

Numerous researchers have studied the properties of PLA combined with other materials, in
order to tune key properties regarding specific applications [48]. The current review is focused on
the effect of incorporating two carbon-based nanomaterials, CNT and GBM, in PLA. CNT are known
for two decades and have well established large-scale production methods. GBM, which have been
raising a growing interest from the scientific community, are cheaper and, in principle, comparable in
properties to CNT [177].

5.1. Mechanical Properties

Physico-chemical interactions between fillers and polymer phase contribute to load transfer and
distribution along the CBN network. Table 1 shows that solution mixing is the most commonly reported
method for incorporation of CBN in PLA. The most frequently used solvents are chloroform, DMF and

7
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THF. The filler concentrations most often tested are between 0.1–2 wt %. Maximum improvements in
Young’s modulus (E), storage modulus (E’), and tensile strength (σmax) are found for concentrations
between 0.25–5 wt % for CNT, and between 0.1–1 wt % for GBM. The larger improvement in E, relative
to unfilled PLA, is of 372%, for 0.25 wt % MWCNT sonicated in a PLA/chloroform dispersion, followed
by compression molding of the dried mixture [138]. For GBM, the best performance is an increase of
156% with incorporation of 0.4 wt % GNP-M, also by sonication, but followed by film casting using
doctor blading. In this study, comparison is made with GO, which yields a maximum E increase at
0.3 wt % loading. Figure 3 presents microscopy images demonstrating good dispersion of the fillers in
the PLA matrix [135].

 

Figure 3. Microscopy images of PLA, PLA/GNP and GO 0.4 wt % films produced by solution mixing
followed by film casting using doctor blading, displaying good filler dispersion and interaction with
polymer matrix. Optical microscopy images of PLA (A); PLA/GO (B); and PLA/GNP (C); Scanning
electron microscopy image of PLA/GNP (D); Transmission electron microscopy images of PLA (E) and
PLA/GO (F–H) [179].
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The maximum increase on E’ is of 1500%, achieved with incorporation of 0.5 wt % rGO-KH792
in PLLA, by simple stirring, casting on PTFE mold, and vacuum drying the resultant films at 120 ◦C
for 48 h [157]. However, this increase only occurs around PLA transition temperature (60–65 ◦C).
At ambient temperature, the best result is an increase of 67% with incorporation of 3 wt % A-SWCNT-Si
(acid treated and grafted with 3-isocyanatoporpyl triethoxysilane) in PLA by sonication, followed
by drying and compression molding at 190 ◦C [144]. The maximum increase in σmax is of 129 wt %,
obtained with incorporation of 0.4 wt % GNP-M in PLA by sonication and film casting by doctor
blading [135]. For CNT the best result is an increase of 47% obtained with MWCNT grafted with PLA,
and then incorporated at a loading of 1 wt % in PLA by sonication in chloroform, separation, drying
and compression molding at 180 ◦C [141]. When considering CNT without modification, the best
result reported is an increase of 9% for 1.2 wt % MWCNT incorporated in PLA by solution mixing,
followed by drying and compression molding at 180 ◦C with a pressure of 1000 Kg [142].

Melt-blending is less frequently reported than solution mixing for production of PLA/CBN
composites, probably due to the lower availability of the necessary equipment. Results show that it
tends to be not as effective in improvement of mechanical properties, as solution mixing. The best
performance in terms of E (↑88%) and E’ (↑76%) is reported by Lin et al. [160] for an incorporation
of 3 wt % MWCNT grafted with stearyl alcohol (MWCNT-C18OH) in PLA by melt blending (180 ◦C,
5 min, 50 rpm), using Ti(OBu)4 for transesterification, followed by compression molding at the
same temperature. When PLA is not transesterified, E and E’ increases were of 74% and 44%,
respectively. The maximum increase in σmax (40%) is obtained incorporating 0.08 wt % rGO using
a twin-screw mixer (175 ◦C, 8 min, 60 rpm), followed by compression molding at 180 ◦C [168].
The incorporation by melt blending (180 ◦C, 20 min, 50 rpm) of 0.25 wt % GNP-M5 and C in PLA
followed by compression molding at 190 ◦C, prevented its mechanical properties decay after 6 months
degradation in phosphate-buffered saline at 37 ◦C [180].

In situ polymerization is the least used technique. It has been reported by Pramoda et al. [177],
who performed PLA ring-opening polymerization in presence of 1 wt % of GO functionalized with
butanediol and GO modified with POSS silsesquioxane. In the first case, improvements of 1% and 14%
in E and hardness are obtained, respectively. In the second, the performance is increased by 33% and
45%, in the same order.

Comparing the results for CNT and GBM, we can conclude that both can effectively improve PLA
mechanical properties, whether by solution mixing and melt blending. However, use of GBM usually
implies lower amounts of GBM than of CNT. Several chemical modifications have been tried to improve
compatibility with the polymer matrix, with ineffective results is some cases. Functionalization with
carboxyl groups is the most common and effective procedure to improve CNT compatibility with
PLA matrix [146]. On the other hand, no relation has been observed between CBN morphological
properties (size, length, and diameter) and the mechanical performance of the composites.
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5.2. Electrical Properties

Neat PLA is electrically insulating with a low electrical conductivity (σ ≈ 1 × 10−16 S m−1),
and high sheet resistance (ρ� ≈ 5 × 1012 Ω sq−1) [144,160]. Since CNT and reduced forms of GBM
present high electrical conductivity, they can be incorporated in PLA to improve its conductivity. This
sort of composites have potential to be used as electrical stimulating implants, since PLA is used as
a biodegradable matrix in orthopedic material. Other advantages of increasing PLA conductivity
are the possibility of using it as antistatic coating/material or for electromagnetic shielding [104].
The minimum amount of filler required to form a conductive network within the polymer is called
percolation threshold, and should be as low as possible in order to keep processing simple (relatively
low viscosity of the melt) and low costs. Table 2 shows that, once again, the most used method to
incorporate CBN on PLA for electrical properties evaluation is solution mixing. The amount of fillers
ranges from 0.01 to 10 wt %. The best result, considering electrical conductivity (σ) with CNT is
3.5 × 10−3 S m−1, obtained incorporating 10 wt % MWCNT in PLA by sonication in chloroform,
followed by drying and compression molding at 200 ◦C during 15 min [138]. Results are also often
presented in terms of sheet resistance (ρ�), being the lowest value reported by Shao et al. [183], of
1 × 102 Ω sq−1 achieved incorporating 5 wt % MWCNT previously oxidized (treated with HCl and
HNO3) in PLA by solution mixing, followed by electrospinning of aligned nanofibers (d ≈ 250 nm).
The alignment of the fibers slightly improved sheet resistance, comparing with random meshes.
Interestingly, Yoon et al. [143] observe a considerable sheet resistance of 1 × 105 Ω sq−1, with
incorporation of 1 wt % MWCNT-COOH, also oxidized by treatment with strong acids (H2SO4 and
HNO3). For GBM, the maximum conductivity reported is 2.2 S m−1, higher than for CNT, obtained
incorporating 1.25 wt % rGO-g (reduced with ammonia) in PLA by sonication in DMF. Interestingly,
the solvent used for dispersion of CNT in PLA is always chloroform and for GBM is always DMF.

Melt-blending is the second most used approach to disperse CBN in PLA in order to improve its
electrical properties, being most often performed by twin-screw extrusion, followed by compression
molding. The highest σ considering CNT is 50 S m−1, which is reported by Pötschke et al. [184].
These authors prepare MWCNT mixtures by twin-screw extrusion, followed by piston spinning at
different speeds. They conclude that non-spun mixtures with 5 wt % MWCNT in PLA present the
same conductivity as 3 wt % mixtures after piston spinning at a speed of 20 m min−1. Microscopy
images in Figure 4 allow to observe good MWCNT dispersion and orientation due to spinning process.

 

Figure 4. Optical microscopy image of a PLA/MWCNT 3 wt % mixture produced by twin-screw
extrusion (A)—illustrating the high degree of macroscopic filler dispersion. Transmission electron
microscopy image of a PLA/MWCNT 3 wt % mixture produced by twin-screw extrusion, followed
by piston spinning; (B)—arrow indicates that fillers are strongly oriented in fiber direction due to the
spinning process [185].

14



Polymers 2017, 9, 269

T
a

b
le

2
.

El
ec

tr
ic

al
pr

op
er

ti
es

of
PL

A
/C

BN
co

m
po

si
te

s
in

co
m

pa
ri

so
n

w
it

h
no

n-
m

od
ifi

ed
PL

A
.P

ro
du

ct
io

n
m

et
ho

ds
an

d
C

BN
ch

ar
ac

te
ri

st
ic

s.

M
e

th
o

d
P

ro
ce

d
u

re
C

N
T

C
h

a
ra

ct
e

ri
st

ic
s

C
N

T
C

o
n

te
n

t
(w

t
%

)

E
le

ct
ri

ca
l

P
ro

p
e

rt
ie

s
σ

:e
le

ct
ri

ca
lc

on
du

ct
iv

it
y

ρ
�

:s
he

et
re

si
st

an
ce

(P
LA

σ
≈

1
×

10
−1

6
S

m
−1

,
ρ
�
≈

5
×

10
12

Ω
sq

−1
)[

10
6,

12
2]

R
e

fe
re

n
ce

s

S
o

lu
ti

o
n

m
ix

in
g

So
ni

ca
tio

n
in

ch
lo

ro
fo

rm
,d

ry
in

g
an

d
co

m
pr

es
si

on
m

ol
di

ng
(2

00
◦ C

,1
50

K
gf

cm
−2

,1
5

m
in

)

M
W

C
N

T
D

ia
m

et
er

(d
)n

ot
gi

ve
n

Le
ng

th
(l

)=
±2

00
0
μ

m
M

W
C

N
T:

0.
5,

3,
5,

10
σ

=
1.

8
×

10
−3

an
d

3.
5
×

10
−3

S
m

−1
(3

an
d

10
w

t%
)

[1
38

]

So
ni

ca
ti

on
in

ch
lo

ro
fo

rm
,

co
ag

ul
at

io
n

w
it

h
m

et
ha

no
l,

fil
tr

at
io

n,
va

cu
um

dr
yi

ng
,a

nd
co

m
pr

es
si

on
m

ol
di

ng
(1

80
◦ C

)

M
W

C
N

T
(t

he
rm

al
C

V
D

,d
=

10
–1

5
nm

,
l=

10
–2

0
μ

m
,9

5%
pu

ri
ty

)
M

W
C

N
T

ca
rb

ox
yl

-f
un

ct
io

na
liz

ed
(M

W
C

N
T-

C
O

O
H

)b
y

H
2S

O
4

1:
3

H
N

O
3,

3
h,

12
0
◦ C

M
W

C
N

T
gr

af
te

d
w

it
h

PL
A

(M
W

C
N

T-
g-

PL
A

):
M

W
C

N
T-

C
O

O
H

+
L

-l
ac

ti
de

,1
2

h,
15

0
◦ C

,+
ti

n(
II

)c
hl

or
id

e,
20

h,
18

0
◦ C

,u
nd

er
va

cu
um

,
fil

tr
at

io
n,

va
cu

um
dr

yi
ng

M
W

C
N

T:
1

M
W

C
N

T-
C

O
O

H
:1

M
W

C
N

T-
g-

PL
A

:0
.1

,
0.

2,
0.

5,
1,

5

PL
A

/M
W

C
N

T:
ρ
�

=
1
×

10
12

Ω
sq

−1
(f

or
0.

1
an

d
0.

2
w

t%
is

si
m

ila
r

to
PL

A
),

1
×

10
5

an
d

1
×

10
4

Ω
sq

−1
(0

.5
w

t%
,a

nd
1–

5
w

t%
)

PL
A

/M
W

C
N

T-
g-

PL
A

:ρ
�

=
1
×

10
12

Ω
sq

−1
(0

.1
–5

w
t%

—
al

w
ay

s
si

m
ila

r
to

PL
A

)

[1
41

]

So
lu

ti
on

m
ix

in
g

in
ch

lo
ro

fo
rm

,
dr

yi
ng

an
d

co
m

pr
es

si
on

m
ol

di
ng

(1
80

◦ C
)

M
W

C
N

T,
M

W
C

N
T

gr
af

te
d

w
ith

PL
LA

af
te

r
re

ac
tio

n
w

ith
SO

C
l 2

an
d

et
hy

le
ne

gl
yc

ol
(M

W
C

N
T-

g-
PL

LA
)

D
im

en
si

on
s

no
tg

iv
en

95
%

pu
ri

ty

M
W

C
N

T
an

d
M

W
C

N
T-

g-
PL

LA
:0

.1
,

0.
2,

0.
4,

0.
6,

0.
8,

1.
2

PL
A

/M
W

C
N

T:
σ

=
2
×

10
−1

3
S

m
−1

(0
.1

–0
.4

w
t%

),
3
×

10
−9

S
m

−1
(0

.6
w

t%
),

an
d

2
×

10
−5

S
m

−1
(1

.2
w

t%
)

PL
A

/M
W

C
N

T-
g-

PL
LA

:σ
=

2
×

10
−1

3
S

m
−1

(0
.1

–0
.4

w
t%

),
5
×

10
−1

3
S

m
−1

(0
.6

w
t%

),
an

d
3

×
10

−8
S

m
−1

(1
.2

w
t%

)
In

cr
ea

se
s

w
it

h
fil

le
r

am
ou

nt

[1
42

]

So
lu

ti
on

m
ix

in
g

in
ch

lo
ro

fo
rm

,
fil

te
re

d,
w

as
he

d,
dr

ie
d

un
de

r
va

cu
um

,a
nd

co
m

pr
es

si
on

m
ol

de
d

(1
80

◦ C
,5

00
ps

i)

M
W

C
N

T,
M

W
C

N
T-

C
O

O
H

(b
ot

h
as

in
[1

01
])

,
an

d
M

W
C

N
T

gr
af

te
d

w
it

h
PL

A
ch

ai
ns

of
12

2–
53

0
g

m
ol

−1
by

ri
ng

op
en

po
ly

m
er

iz
at

io
n

(M
W

C
N

T-
g-

PL
A

12
2–

53
0)

.
d

=
10

–1
5

nm
l=

10
–2

0
μ

m
95

%
pu

ri
ty

M
W

C
N

T-
C

O
O

H
:1

M
W

C
N

T-
g-

PL
A

12
2-

53
0:

1

PL
A

/M
W

C
N

T-
C

O
O

H
:ρ

�
=

1
×

10
5

Ω
sq

−1
PL

A
/M

W
C

N
T-

g-
PL

A
11

2-
53

0:
ρ
�

=
2
×

10
6 ,

2
×

10
12

,a
nd

1
×

10
12

Ω
/s

q
(1

22
,2

50
,

53
0

g
m

ol
−1

)

[1
43

]

So
ni

ca
ti

on
in

TH
F,

va
cu

um
dr

yi
ng

,t
he

rm
al

co
m

pr
es

si
on

M
W

C
N

T
(d

=
8–

15
nm

,l
=

50
μ

m
)p

ur
ifi

ed
by

so
ni

ca
ti

on
w

it
h

H
2S

O
4

an
d

H
N

O
3

at
50

◦ C
,

fil
tr

at
io

n,
an

d
w

as
hi

ng

M
W

C
N

T
pu

ri
fie

d/
no

n-
pu

ri
fie

d:
1,

3,
5,

7

PL
A

/M
W

C
N

T
pu

ri
fie

d:
σ

=
4
×

10
−9

,
1
×

10
−9

,a
nd

2
×

10
−6

S
m

−1
(1

,5
,a

nd
7

w
t%

)
PL

A
/M

W
C

N
T

no
n-

pu
ri

fie
d:

σ
=

7
×

10
−1

1 ,
2
×

10
−8

,a
nd

5
×

10
−8

S
m

−1
(1

,5
,a

nd
7

w
t%

)
In

cr
ea

se
s

w
it

h
fil

le
r

am
ou

nt

[8
8]

So
lu

tio
n

m
ix

in
g

in
TH

F,
va

cu
um

dr
yi

ng
,t

he
rm

al
co

m
pr

es
si

on

SW
C

N
T

(d
<

2
nm

,l
=

5–
15

μ
m

,9
5%

pu
ri

ty
)

tr
ea

te
d

w
it

h
3:

1
H

2S
O

4/
H

N
O

3
(A

-S
W

C
N

T)
,

an
d

fu
nc

ti
on

al
iz

ed
(1

:2
v/

v)
w

it
h

3-
is

oc
ya

na
to

po
rp

yl
tr

ie
th

ox
ys

ila
ne

(I
PT

ES
)—

A
-S

W
C

N
T-

Si

SW
C

N
T,

A
-S

W
C

N
T

an
d

A
-S

W
C

N
T-

Si
:0

.1
,

0.
3,

0.
5,

1,
3

PL
A

/S
W

C
N

T:
σ

=
2
×

10
−1

6 ,3
×

10
−9

,a
nd

5
×

10
−8

S
m

−1
(0

.3
,1

,3
w

t%
)

PL
A

/A
-S

W
C

N
T-

Si
:σ

=
5
×

10
−1

5 ,5
×

10
−8

,a
nd

2
×

10
−6

S
m

−1
(0

.3
,1

,3
w

t%
)

In
cr

ea
se

s
w

it
h

fil
le

r
am

ou
nt

[1
44

]

15



Polymers 2017, 9, 269

T
a

b
le

2
.

C
on

t.

M
e

th
o

d
P

ro
ce

d
u

re
C

N
T

C
h

a
ra

ct
e

ri
st

ic
s

C
N

T
C

o
n

te
n

t
(w

t
%

)

E
le

ct
ri

ca
l

P
ro

p
e

rt
ie

s
σ

:e
le

ct
ri

ca
lc

on
du

ct
iv

it
y

ρ
�

:s
he

et
re

si
st

an
ce

(P
LA

σ
≈

1
×

10
−1

6
S

m
−1

,
ρ
�
≈

5
×

10
12

Ω
sq

−1
)[

10
6,

12
2]

R
e

fe
re

n
ce

s

S
o

lu
ti

o
n

m
ix

in
g

M
W

C
N

T-
ox

(H
C

l,
2

h
at

25
◦ C

+
H

N
O

3,
4

h
at

11
0
◦ C

)
N

an
ofi

be
rs

(M
W

C
N

T-
ox

so
ni

ca
te

d
in

D
M

F
2

h
+

SD
S,

ad
di

ng
to

PL
A

in
di

cl
or

om
et

ha
ne

,1
h

so
ni

ca
ti

on
be

fo
re

el
ec

tr
os

pi
nn

in
g)

M
W

C
N

T
(l

=
10

–2
0
μ

m
,d

=
10

–2
0

nm
)

N
an

ofi
be

rs
(P

LA
≈

40
0

nm
,P

LA
/M

W
C

N
T-

ox
≈

25
0

nm
)

PL
A

/M
W

C
N

T-
ox

(3
w

t%
)r

an
do

m
(R

)a
nd

al
ig

ne
d

(A
)n

an
ofi

be
rs

:
1,

2,
3,

4,
5

w
t%

PL
A

/M
W

C
N

T-
ox

-R
:ρ

�
=

1
×

10
4 ,

5
×

10
2

Ω
sq

−1
(3

an
d

5
w

t%
)

PL
A

/M
W

C
N

T-
ox

-A
:ρ

�
=

5
×

10
3 ,

1
×

10
2

Ω
sq

−1
(3

an
d

5
w

t%
)

In
cr

ea
se

s
w

it
h

bo
th

fil
le

rs
am

ou
nt

[1
83

]

M
e

lt
b

le
n

d
in

g

In
te

rn
al

m
ix

er
(1

80
◦ C

,5
0

rp
m

,
5

m
in

)w
it

h
an

d
w

it
ho

ut
tr

an
se

st
er

ifi
ca

ti
on

w
it

h
Ti

(O
Bu

) 4
,c

om
pr

es
si

on
m

ol
di

ng
(1

80
◦ C

)

M
W

C
N

T
(l

=
1–

10
μ

m
)f

un
ct

io
na

liz
ed

w
it

h
H

N
O

3
(1

20
◦ C

,4
0

m
in

)—
M

W
C

N
T-

C
O

O
H

,a
nd

m
od

ifi
ed

w
it

h
D

C
C

an
d

st
ea

ry
la

lc
oh

ol
(M

W
C

N
T-

C
18

O
H

)

PC
:M

W
C

N
T/

PL
A

PC
-1

8:
M

W
C

N
T-

C
18

O
H

/P
LA

PC
-1

8T
:

M
W

C
N

T-
C

18
O

H
/P

LA
tr

an
se

st
er

ifi
ed

0.
5,

1.
5,

3

PL
A

/P
C

:ρ
�

=
2
×

10
7 ,3

×
10

6 ,a
nd

3
×

10
5

Ω
sq

−1
(0

.5
,1

.5
,3

w
t%

)
PL

A
/P

C
-1

8:
ρ
�

=
8
×

10
5 ,9

×
10

4 ,a
nd

1
×

10
−1

Ω
sq

−1
(0

.5
,1

.5
,3

w
t%

)
PL

A
/P

C
-1

8T
:ρ

�
=

5
×

10
12

,
9
×

10
5 ,a

nd
9
×

10
−2

Ω
sq

−1
(0

.5
,1

.5
,3

w
t%

)

[1
60

]

Tw
in

-s
cr

ew
ex

tr
ud

er
(1

80
,2

15
an

d
25

0
◦ C

;1
00

,2
00

an
d

50
0

rp
m

;5
m

in
)

1s
t—

m
as

te
rb

at
ch

pr
od

uc
ti

on
2n

d—
di

lu
ti

on
of

m
as

te
rb

at
ch

es
an

d
co

m
po

si
te

s
pr

od
uc

ti
on

M
W

C
N

T
d

=
9.

5
nm

l=
1.

5
μ

m
90

%
pu

ri
ty

M
W

C
N

T:
0.

5,
0.

75
,1

,2
σ

is
be

lo
w

2.
5
×

10
−1

S
m

−1
(0

.5
–2

w
t%

)s
lig

ht
ly

de
cr

ea
si

ng
w

it
h

fil
le

r
w

t%
in

cr
ea

se
[1

62
]

Tw
in

-s
cr

ew
ex

tr
us

io
n

(1
50

–1
90

◦ C
,1

00
rp

m
),

in
je

ct
io

n
m

ol
di

ng
(1

60
–1

90
◦ C

)
H

ig
h-

cr
ys

ta
lli

ne
PL

A
(H

C
-P

LA
)

an
d

lo
w

-c
ry

st
al

lin
e

PL
A

(L
C

-P
LA

)w
er

e
te

st
ed

M
W

C
N

T
(l

=
5–

20
μ

m
,d

=
40

–6
0

nm
)

fu
nc

ti
on

al
iz

ed
w

it
h

m
al

ei
c

an
hy

dr
id

e
(M

W
C

N
T-

g-
M

A
)a

t8
0
◦ C

,4
h,

+
be

nz
oy

l
pe

ro
xi

de

LC
-P

LA
/M

W
C

N
T,

H
C

-P
LA

/M
W

C
N

T
an

d
M

W
C

N
T-

g-
M

A
:

0.
25

,0
.5

,0
.7

5,
1,

2,
4

LC
-P

LA
/M

W
C

N
T:

ρ
�

=
2
×

10
13

,5
×

10
3 ,a

nd
5

×
10

2
Ω

sq
−1

(0
.5

,2
,4

w
t%

)
H

C
-P

LA
/M

W
C

N
T:

ρ
�

=
1
×

10
14

,9
×

10
10

,a
nd

8
×

10
10

Ω
sq

−1
(0

.5
,2

,4
w

t%
)

LC
-P

LA
/M

W
C

N
T-

g-
M

A
:ρ

�
=

3
×

10
2 ,2

×
10

2 ,
an

d
7
×

10
1

Ω
sq

−1
(0

.5
,2

,4
w

t%
)

[1
63

]

Tw
in

-s
cr

ew
ex

tr
us

io
n

(1
80

◦ C
,

15
0

rp
m

,5
m

in
),

co
m

pr
es

si
on

m
ol

di
ng

at
18

0
◦ C

M
W

C
N

T
d

=
6–

13
nm

,l
=

2.
5–

20
μ

m
,s

pe
ci

fic
su

rf
ac

e
ar

ea
=

22
0

m
2

g−
1

pr
od

uc
ed

by
C

V
D

M
W

C
N

T:
1.

5,
3,

5
σ

=
1
×

10
−9

,1
×

10
−2

,a
nd

1
S

m
−1

(1
.5

,3
,

5
w

t%
)

[1
65

]

Tw
in

-s
cr

ew
ex

tr
ud

er
(1

80
–2

20
◦ C

,5
00

rp
m

)
Pi

st
on

sp
in

ni
ng

(2
0,

50
,1

00
m

m
in

−1
)t

o
pr

od
uc

e
m

ic
ro

-fi
be

rs
(2

20
◦ C

,3
m

in
)

M
W

C
N

T
d

=
9.

5
nm

l=
1.

5
μ

m
90

%
pu

ri
ty

M
W

C
N

T:
0.

5,
1,

2,
3,

5

Ex
tr

ud
ed

co
m

po
si

te
s:

σ
=

4,
14

,a
nd

50
S

m
−1

(2
,

3,
5

w
t%

)
Fi

be
rs

(3
w

t%
):

σ
=

50
,4

0,
an

d
1

S
m

−1
(s

pi
nn

in
g

sp
ee

ds
of

20
,5

0,
an

d
10

0
m

m
in

−1
)

[1
84

]

16



Polymers 2017, 9, 269

T
a

b
le

2
.

C
on

t.

M
e

th
o

d
P

ro
ce

d
u

re
G

B
M

C
h

a
ra

ct
e

ri
st

ic
s

G
B

M
C

o
n

te
n

t
(w

t
%

)

E
le

ct
ri

ca
l

P
ro

p
e

rt
ie

s
σ

:e
le

ct
ri

ca
lc

on
du

ct
iv

it
y

ρ
�

:s
he

et
re

si
st

an
ce

(P
LA

σ
≈

1
×

10
−1

6
S

m
−1

,
ρ
�
≈

5
×

10
12

Ω
sq

−1
)[

10
6,

12
2]

R
e

fe
re

n
ce

s

S
o

lu
ti

o
n

m
ix

in
g

So
ni

ca
ti

on
in

D
M

F,
co

ag
ul

at
io

n
w

it
h

m
et

ha
no

l,
dr

yi
ng

,
co

m
pr

es
si

on
m

ol
di

ng
(1

85
◦ C

)

TR
G

(c
om

m
er

ci
al

pr
od

uc
t,

t=
fe

w
la

ye
r,

d
=

hu
nd

re
ds

of
nm

)
TR

G
/P

LA
/P

y-
PL

A
:P

y-
PL

A
-O

H
(1

-P
yr

en
em

et
ha

no
l+

L
-l

ac
tid

e,
Sn

(o
ct

) 2
)+

TR
G

(1
0:

1)
—

so
ni

ca
ti

on
+

PL
A

—
co

ag
ul

at
io

n
an

d
dr

yi
ng

TR
G

an
d

TR
G

/P
y-

PL
A

-O
H

:
0.

25
,1

PL
A

/T
R

G
:σ

=
1
×

10
−1

6
an

d
1
×

10
−6

S
m

−1
(0

.2
5

an
d

1
w

t%
)

PL
A

/T
R

G
/P

LA
/P

y-
PL

A
-O

H
:σ

=
1
×

10
−1

6
an

d
1
×

10
−7

S
m

−1
(0

.2
5

an
d

1
w

t%
)

[1
54

]

So
ni

ca
ti

on
in

D
M

F,
co

ag
ul

at
io

n
w

it
h

m
et

ha
no

l,
dr

yi
ng

,a
nd

co
m

pr
es

si
on

m
ol

di
ng

(2
10

◦ C
)

G
O

:f
ro

m
gr

ap
hi

te
fla

ke
s

(m
od

ifi
ed

St
au

de
nm

ai
er

m
et

ho
d)

rG
O

-p
:G

O
+

Po
ly

vi
ny

lp
yr

ro
lid

on
e

(1
:5

),
so

ni
ca

ti
on

at
60

◦ C
rG

O
-g

:r
ed

uc
ed

by
st

ir
ri

ng
w

it
h

gl
uc

os
e

in
am

m
on

ia
so

lu
ti

on
at

95
◦ C

,6
0

m
in

D
im

en
si

on
no

tg
iv

en

G
O

rG
O

-p
rG

O
-g

(0
.5

–2
.5

vo
l%

)

PL
A

/G
O

:σ
=
↑6

.5
×

10
−1

3
S

m
−1

PL
A

/r
G

O
-p

:σ
=
↑4

.7
×

10
−8

S
m

−1
PL

A
/r

G
O

-g
:σ

=
2.

2
S

m
−1

(f
or

1.
25

vo
l%

fo
r

al
l)

In
cr

ea
se

s
w

it
h

fil
le

r
am

ou
nt

[1
55

]

M
e

lt
b

le
n

d
in

g

Tw
in

-s
cr

ew
m

ix
er

(1
75

◦ C
,

60
rp

m
,8

m
in

),
co

m
pr

es
si

on
m

ol
di

ng
at

18
0
◦ C

G
O

pr
ep

ar
ed

ac
co

rd
in

g
to

M
H

M
an

d
ch

em
ic

al
ly

re
du

ce
d

to
rG

O
.T

hi
ck

ne
ss

0.
4–

0.
6

nm
an

d
la

te
ra

ld
im

en
si

on
0.

1–
0.

5
m

m
.

rG
O

:0
.0

2,
0.

04
,0

.0
6,

0.
2,

0.
5,

1,
2

σ
=

1
×

10
−1

3
an

d
1
×

10
−9

S
m

−1
(0

.2
an

d
2

w
t%

)
In

cr
ea

se
s

w
it

h
fil

le
r

am
ou

nt
[1

68
]

In
te

rn
al

m
ix

er
(1

80
◦ C

,8
0

rp
m

,
10

m
in

)

G
O

(M
H

M
)+

SD
S,

ul
tr

as
ou

nd
s,

st
ir

ri
ng

12
h,

25
◦ C

M
et

hy
lm

et
ha

cr
yl

at
e

(M
M

A
),

st
ir

ri
ng

12
h

+
am

m
on

iu
m

pe
rs

ul
fa

te
(A

PS
)1

2
h,

80
◦ C

+
re

du
ct

io
n

w
ith

di
m

et
hy

lh
yd

ra
zi

ne
,1

00
◦ C

,2
h

(P
FG

—
po

ly
m

er
-f

un
ct

io
na

liz
ed

gr
ap

he
ne

na
no

pa
rt

ic
le

s)
t=

2.
4

nm

PF
G

:1
,2

,3
,4

,5
σ

=
5.

6
×

10
−1

4
an

d
2.

6
×

10
−4

S
m

−1
(1

an
d

5
w

t%
)

In
cr

ea
se

s
w

it
h

fil
le

r
am

ou
nt

[1
64

]

In
si

tu
p

o
ly

m
e

ri
z

a
ti

o
n

R
in

g-
op

en
in

g
m

el
t

po
ly

m
er

iz
at

io
n

of
la

ct
id

e
in

pr
es

en
ce

of
tr

G
O

G
O

pr
ep

ar
ed

ac
co

rd
in

g
to

M
H

M
an

d
th

er
m

al
ly

re
du

ce
d

to
tr

G
O

D
im

en
si

on
s

no
tg

iv
en

Tr
G

O
:0

.0
1,

0.
1,

0.
5,

1,
1.

5,
2

σ
=

5
×

10
−6

an
d

1.
6
×

10
−2

S
m

−1
.

(1
.5

an
d

2
w

t%
)

In
cr

ea
se

s
w

it
h

fil
le

r
am

ou
nt

[1
76

]

17



Polymers 2017, 9, 269

Considering ρ�, the best performance is obtained incorporating 3 wt % MWCNT-C18OH
(MWCNT modified with DCC and stearyl alcohol) using and external mixer, followed by compression
molding at 180 ◦C during 5 min, resulting in a ρ� of 1 × 10−1 Ω sq−1 [160]. This is the most effective
modification performed, considering the sheet resistance values obtained with incorporation of the
same amount of non-modified MWCNT, which was 3 × 105 Ω sq−1. For GBM, the higher σ is
2.6 × 10−4 S m−1, resultant from dispersion using an internal mixer at 180 ◦C, of 5 wt % PFG (graphene
nanoparticles functionalized with methylmethacrylate) [164]. For rGO, a non-functionalized GBM,
the best conductivity value is obtained for 2 wt % incorporation in PLA using a twin-screw extruder
and compression molding. The value obtained is of 1 × 10−9 S m−1, being higher than for the other
concentrations tested. It can be compared, for example, with a σ of 1 × 10−13 S m−1 for 0.2 wt % [168].
In most works evaluated, electrical properties improve with the increase of filler amount.

In situ polymerization is the least explored technique, despite interesting results being obtained
by Yang et al. [176], which incorporate 0.01–2 wt % trGO (thermally reduced) in PLA by ring-opening
melt polymerization of L-lactide in presence of the filler. As example, σ obtained is 5 × 10−6 and
1.6 × 10−2 S m−1 for 1.5 and 2 wt %, respectively.

An interesting study by Chiu et al. [88], shows that purification of MWCNT by sonication with
strong acids improved fillers compatibility and dispersibility in PLA, resulting in better electrical
conductivity. The values of σ for incorporations of 7 wt % are 5 × 10−8 and 2 × 10−6 S m−1, respectively
for non-purified and purified MWCNT. Purification introduced polar functional groups on the CNT
surface, allowing better dispersion, which resulted in more deagglomerated particles that formed a
wider conductive network on PLA matrix.

5.3. Thermal Properties

Several works studied thermal properties of PLA containing CBN. CNT incorporations range
from 0.01 to 15 wt %, while for GBM lower amounts are needed 0.01–2 wt % (Table 3). However, for
both CBN, slight or no changes are observed in the composites’ thermal properties, especially when
low fillers amounts are used [135,146,156,157,160–162,167]. The most frequently used techniques to
evaluate thermal properties in polymer composites are thermogravimetric analysis (TGA), differential
scanning calorimetry (DSC), and dynamic mechanical analysis (DMA). TGA allows determination of
thermal degradation temperatures (Td) and DSC and DMA phase transition temperatures (Tg—glass
transition temperature, Tm—melting temperature, and Tc—cold crystallization temperature).

A positive deviation in Td is expected when there is good compatibility between CBN and the
polymer matrix, combined with good dispersion of the fillers. This leads to restriction of PLA’s chains
motions, delaying thermal decomposition. Also, CBN can induce the formation of a crystallization
region on their surfaces, which absorbs some heat as temperature of the composite increases. However,
the incorporation of too high amounts of CBN can lead to the formation of agglomerates, which
represent structural defects in the matrix, decreasing thermal stability [145]. Some works also attribute
improvements in thermal stability to the barrier effect caused by the CBN, which creates a “tortuous
path” delaying permeation of oxygen and the escape of volatile degradation products, and also to
char formation [146,150,167]. Increases in Tg are usually also associated with good interaction between
CBN and polymer matrix, leading to constraint of PLA’s molecular mobility by hydrogen bonding
and electrostatic attraction [139,140,146,150]. Tm increases are usually attributed to a nucleation effect
caused by the CBN, which increases the degree of crystallinity [146,150,176]. For the same reason, Tc

usually decreases with CBN incorporation [141,146,153,162,170,176].
When using solution mixing, the highest variation in terms of Tg is an increase of 10 ◦C, obtained

using 1 wt % MWCNT purified by treatment with strong acids. Comparing with non-purified filler
at the same loading, the increase is 5 ◦C higher. This is explained by purified MWCNT having
stronger interfacial interactions with PLA matrix, imposing increased restriction to the mobility of
macromolecular chains, and therefore rising Tg. Also, Td (decomposition temperature) presents an
increase of 10 ◦C for purified materials [88]. For Tm, the higher increase is of 16 ◦C for 0.3 and

18



Polymers 2017, 9, 269

1 wt % MWCNT-PCL (functionalized with poly(caprolactone)) incorporated in PLA aligned fibers
by sonication in dichloromethane and electrospinning. Also, Tc decreases more than 10 ◦C, due to
MWCNT inducing heterogeneous crystallization [145]. However, the higher decrease in Tc (<20 ◦C),
is obtained by Moon et al. [138], with the incorporation of 3–10 wt % MWCNT, with a length of
about 2000 μm. In literature, the degradation temperatures of the polymeric materials determined
by TGA are presented in different terms. For example, as Tdi (beginning of thermal degradation),
Td5 (decomposition temperature for 5 wt % loss), and Td50 (decomposition temperature for 50%
weight loss). For Tdi, the highest increase is of 20 ◦C, obtained incorporating 2.5 wt % MWCNT-COOH
(carboxylated with strong acids) by sonication in PLA dispersed in dichloromethane and THF, followed
by vacuum drying and compression molding [146]. Considering Td50, the best result is an increase of
1–3 ◦C, in a work above described [145].

GBM incorporation also induces changes on thermal properties of PLA. For Tg, an increase of 7 ◦C
was obtained sonicating 0.4 wt % GNP in PLA films prepared by solvent casting [135]. The highest
increases in Tm have been of 5 ◦C, for samples obtained by compression molding of PLA with 0.5 wt %
GO grafted with PLA, produced by vacuum drying a dispersion in chloroform [150]. Significant
decrease in Tc, of 20 ◦C, is observed for PLA with 2 wt % GO, obtained by solvent mixing [153].
Thermal stability of PLA has been shown to improve with addition of GBM. 2 wt % GONSs (graphene
oxide nanosheets) increases Tdi by 16 ◦C in samples produced by solvent mixing [156]. Also, Td5 is
increased by 11 ◦C sonication of 0.2 wt % GNSs (graphene nanosheets) in PLA dispersed in DMF, dried
under vacuum to produce composites [152]. Finally, Td max (T of maximum degradation rate) increases
33 ◦C for PLA filled with TRG, produced by solution mixing [154]. Chemical modifications of MWCNT
are reported to increase thermal properties of the composites. For example, directly comparing with
PLA/MWCNT(non-modified), the incorporation of 1 wt % MWCNT grafted with PLA in the same
PLA matrix, results in increases of about 3 ◦C in Tg and decreases of 9 ◦C in Tc [141]. Treatment with
strong acids followed by silanization of SWCNT [144], which are incorporated in PLA at loading
ranging from 0.1 and 3 wt %, results in increases of about 5 ◦C in Tg.

Concerning composites produced by melt-blending, the highest increases in Tg are of 5–6 ◦C,
for PLA micro-fibers with 3 wt % MWCNT to PLA [184]. Also, Tc is observed to decrease at most
12 ◦C with incorporation of 0.5 and 2 wt % MWCNT [170]. Chieng et al. [167], study on the thermal
properties of PLA/PEG (9:1) blends with addition of 0.1–1 wt % GNP, reveals no variations on Tg, Tm,
and Tc. However, Tdi, Tmax, and T50, increase by 56, 53, and 44 ◦C, respectively, for 0.5 wt % loadings.

In situ polymerization of L-lactide in presence of TRG in amounts from 0.01 to 2 wt % result in
considerable increases on Tg, Tm, and Tdmax. For example, at 2 wt % loading, increases of 5, 14, and
18 ◦C are obtained, respectively [176]. In a different work reporting in situ polymerization of L-lactide,
covalent functionalization of GO with both 1,4-butanediol, and polyhedral silsesquioxane results in
increases in Tg (18, 20 ◦C), Tc (15, 8 ◦C), Tm (7, 5 ◦C), and Td5 (23, 11 ◦C) comparing with PLA/GO
composites at 1 wt % loadings [177].
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5.4. Biological Properties

Most nanomaterials may present toxicity at concentrations above a certain threshold when in
isolated form, i.e., when not incorporated in a polymer matrix [40,186]. Biocompatibility of the
composites must be tested when considering uses as biomaterials. Table 4 shows that PLA/CBN
composites (films and nanofibers) do not tend to decrease in vitro metabolic activity of several
cell types, or cause increases up to 40% until 72 h incubations. Also, the selection of production
method used (melt blending or solvent mixing followed by casting, doctor blading, spin coating
or electrospinning), does not seem to influence cell proliferation. For long term incubations,
McCullen et al. [187] shows that scaffolds of PLA with 1 wt % MWNTs do not to influence metabolic
activity of adipose-derived human mesenchymal stem cells (hMSCs) at 7 days. At 14 days, cells present
increased metabolic activity and longitudinal alignment induced by the scaffolds. Sherrell et al. [188]
reports PLGA (1:1) with a surface layer of graphene applied by CVD to increase PC-12 cells average
length of neurites by 2.5 fold when electrical stimulated. Also, hemocompatibility improvements are
reported with both incorporation of 0.4 wt % GNP by solvent mixing followed by doctor blading [149]
and 4 wt % MWCNT by extrusion followed by injection molding [189] in PLA. In the last case, MWCNT
alignment is associated with decreased platelet adhesion and activation. Thus, alignment seems to
be generally benefit for biocompatibility. The bioeffectiveness of electrical stimulation together with
nanofibers and its fillers alignment is confirmed by Shao et al. [183], which cultures osteoblasts at the
surface of PLA/MWCNT-ox (3 wt %) produced by solution mixing followed by electrospinning. They
observe improvements in cell elongation (190%) and metabolic activity (20%) for random nanofibers
(d ≈ 250 nm) under DC 100 μA, comparing to unstimulated controls. For aligned fibers the previous
values increase by 90 and 40%, respectively. The aspect ratio is higher for the latter, comparing
with random stimulated fibers (Figure 5). Finally, An et al. [190] find that PLA composite films
and nanofibers with 3 wt % PU and 5 wt % GO almost completely suppress Escherichia coli and
Staphylococcus aureus growth after 24 h, not affecting MC3T3-E1 cells metabolic activity. This effect is
attributed to GO potentially inducing oxidative stress or physical disruption on bacteria.

 

Figure 5. Cont.
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Figure 5. Scanning electron microscopy images of osteoblasts cultured on random (R) and aligned (A)
nanofiber meshes of PLA/multi-walled carbon nanotubes (MWCNT)-ox 3 wt % produced by solution
mixing followed by electrospinning, without or with electrical stimulation 0-200 μA (a); Osteoblast
elongation is presented as the aspect ratio (b,c). Scale bars represent 30 μm [191].

In an in vivo study, Kanczler et al. [192] observe that PLA-CB 0.1 wt % scaffolds seeded or not with
fetal femur-derived cells, when implanted in a murine critical-size femur segmental defect model aid
the regeneration of bone defect. Pinto et al. [193] report both PLA/GNP-M5 (2 wt %) and CNT-COOH
(0.3 and 0.7 wt %) to be biocompatible, both in vitro and in vivo (2 weeks subcutaneous implantation
in C57Bl/6 mice). Also, PLA/GNP-M5 and C 0.25 wt % composites have not release toxic products
after 6 months degradation in phosphate-buffered saline at 37 ◦C [180]. This is relevant considering
that long-term biocompatibility must be assured for safe PLA/CBN composites implantation.
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6. Conclusions

Both CNT and GBM nanofillers are effective at improving PLA thermo-mechanical and electrical
properties. However, lower amounts of GBM (0.1–1 wt %) are usually needed when comparing
with CNT (0.25–5 wt %). Melt-blending is less reported than solution mixing for production of
PLA/CBN composites, maybe because it implies use of specialized equipment. Moreover, results
show that melt blending suffers from some drawbacks, since viscous shear is less effective than
solvent sonication for promoting exfoliation/deagglomeration of CBN. In situ polymerization is the
least reported technique, with further research being needed to demonstrate its advantages over the
previous production methods.

Surface modifications of CBN can be used to improve compatibility with a polymer matrix.
Functionalization with carboxyls is the most common and effective procedure to improve CNT
dispersibility and compatibility with PLA. Some authors refer that purification with strong acids
introduces polar groups in the carbon surface, which results in positive interaction with PLA.
Besides straightforward chemical oxidation of CBN, other chemical modifications which lead to
better performance after incorporation in PLA, comparing with non-modified CBN, include reaction
with isocyanates, polyols, or silanes, and grafting with polymers (ethylene glycol, poly(caprolactone),
poly(methyl methacrylate), poly(vinyl pyrrolidone), and PLA).

When comparing reduced and oxidized forms of GBM as PLA fillers, like rGO and GO, only in
the case of increasing electrical conductivity the reduced forms show clearly better performance.

Based on the available data, no relation can be determined between CBN morphological properties
(size, length, and diameter) and the composites performances.

The alignment of PLA/CNT fibers, has been shown to improve electrical conductivity. Electrical
properties also improve with the increase of the amount of CBN incorporated.

Concerning biological properties, the composite production process does not influence cell
metabolic activity, which does not decrease comparing to non-filled PLA. Furthermore, increases up
to 40% in cell viability can be induced by GBM incorporation. Improvements in hemocompatibility
are achieved with incorporation of both CNT and GBM. Also, both fiber/filler alignment and
electrical stimulation, improve cell metabolic activity and elongation. Short term in vivo studies
reveal PLA/CBN composites to be biocompatible, and no release of toxic degradation products is
found up to 6 months in vitro degradation of PLA/GBM composites. Incorporation of GO has lead to
suppression of Escherichia coli and Staphylococcus aureus growth, without compromising the composite
biocompatibility. However, there is still no information on antimicrobial activity of these composites
on other types of microorganisms or with other types of GBM. Also, long-term in vivo biocompatibility
of PLA/CBN composites needs to be assured prior to their clinical use.

Some other relevant topics for future research include obtaining a better understanding of how the
fillers physico-chemical properties, and their alignment inside the polymer matrix, affect the composites
properties. In situ polymerization of PLA in presence of CBN is a not well developed topic, being
worthwhile of further exploration due to the potential for optimization of the degree of interaction
and dispersion of CBN in the polymer matrix. Mechanical milling is an increasingly interesting
technique for mixing filler nanoparticles with a polymer matrix, but has not yet been reported for
producing PLA/CBN composites. This is expected to change in the near future. Finally, emerging
technologies, like 3D printing, will surely contribute to the conception of materials appropriate for the
broad potential applications of PLA/CBN composites.
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Abstract: With the integration and miniaturization of electronic devices, thermal management has
become a crucial issue that strongly affects their performance, reliability, and lifetime. One of the
current interests in polymer-based composites is thermal conductive composites that dissipate the
thermal energy produced by electronic, optoelectronic, and photonic devices and systems. Ultrahigh
thermal conductivity makes graphene the most promising filler for thermal conductive composites.
This article reviews the mechanisms of thermal conduction, the recent advances, and the influencing
factors on graphene-polymer composites (GPC). In the end, we also discuss the applications of
GPC in thermal engineering. This article summarizes the research on graphene-polymer thermal
conductive composites in recent years and provides guidance on the preparation of composites with
high thermal conductivity.

Keywords: graphene; polymer composites; thermal conductivity; mechanisms; properties; applications

1. Introduction

Thermal management has become a crucial issue in the modern electronics industry as electronic
devices have become more integrated and miniaturized. The power required for some processor
modules can reach 250 W in a high-performance computer, leading to heat loads as large as 1 kW in
this system [1]. If the heat can-not be dissipated promptly, the lifetime and the efficiency of the system
could be reduced, or even breakdown. In this situation, materials with high thermal conductivity are
strongly needed to dissipate the heat and solve the problem [2].

Polymers have a lot of advantages, such as being lightweight, low cost, easy to process,
and exhibiting good corrosion resistance. However, most polymers are heat insulators and have a
thermal conductivity between 0.1 and 0.5 W m−1 K−1 [3], which is due to their amorphous state. There
are three kinds of carriers in solids to transport energy: phonons, electrons, and photons [4]. Phonons
are quantized modes of vibration in a rigid crystal lattice, which is the fundamental mechanism of
heat conduction in most polymers. Polymers in amorphous state are usually considered to have lots of
defects that contribute to numerous phonon scatting, leading to a low thermal conductivity [5].

In past years, a lot of works have studied thermal conductive polymer-based composites.
Many different materials with high thermal conductivity have been used as fillers to improve the
thermal conductivity of composites, such as boron nitride (BN) [6–9], carbon nanotubes (CNTs) [10–14],
aluminum oxide [15–17], diamond [18–21], and graphene [22,23].

Graphene has attracted great attention because of its unique two dimensional (2D) structure
and novel properties, such as the zero-gap band structure, high electron mobility, and high thermal
conductivity [24]. Balandin and his co-workers reported a measurement of the thermal conductivity
of suspended single-layer graphene around 5000 W m−1 K−1, which was one of the highest
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thermal conductivities of currently known materials [25]. Although there are lots of reviews on
the thermal conductivity of polymer-based composites, system summaries on thermal conductive
graphene-polymer composites are rare [2–4]. In this situation, it is necessary to review the advances in
the thermal conductivity of graphene-polymer composites.

In this article, we review the advances in thermal conductivity of graphene-polymer composites
in recent years. Special attention is given to the mechanism, the properties, and the influence factors
of graphene-polymer composites. Additionally, we discuss the applications of thermal conductive
graphene-polymer composites.

2. Thermal Conductive Mechanisms

2.1. Thermal Conductive Mechanisms in Graphene

In solid materials, heat is carried by phonons and electrons [26]. In metals, thermal conductivity
is due to free carriers of electrons. Copper is a good thermal conductor with a thermal conductivity
of 400 W m−1 K−1 at room temperature, and the attribution from phonons is limited to 1–2% of
the total [27]. The thermal conductivity of graphene is attributed to phonons and electrons because
of its metallic property [28]. However, the contribution of electrons to the thermal conductivity of
graphene is relatively rare. In general, it is believed that the thermal conductivity of graphene is mainly
accomplished by phonons [27]. Figure 1 is a schematic of heat conduction in crystalline materials,
which can also be applied to graphene [29]. When one side of the crystal lattice makes contact with the
heat source, heat conducts to the first layer atoms in the form of vibrations. Due to the dense packing of
atoms in the lattice and the strong chemical bonds between them, the vibrations of the first layer atoms
quickly spread to the neighboring atoms, and the neighboring atoms pass the vibrations to the other
neighboring atoms, which results in rapid heat transfer in crystalline materials. In graphene, which
has the ideal structure, all of the carbon atoms are fixed by a covalent bond to a layer. When some of
the atoms in the graphene come into contact with the heat source and begin to vibrate, the vibrations
will quickly pass to the surrounding atoms by the strong force of the covalent bond. In other words,
the heat transfers from one position to another in graphene. In some studies, the researchers believe
that the heat in graphene is transferred by the form of phonon waves, and some researchers have
detected and proved this speculation [30–32]. In fact, most of the graphene used to manufacture the
thermal conductive composites is multilayer graphene, such as graphene nanosheets and graphene
nanoplatelets. When one of the layers in multilayer graphene begins to vibrate, due to the weak
force of the van der Waals force between each layer, vibrations are difficult to pass on to the adjacent
graphene layers. That is, heat is difficult to transfer through the interlayer of graphene. As a result,
anisotropic heat conduction exists in the multilayer graphene. This phenomenon has been proved by
many researches [25,33–36].

2.2. Thermal Conductive Mechanisms in Polymers

Thermal conduction through a polymer is a complicated process, which is influenced by many
parameters like crystallinity, temperature, orientation of the macromolecules, and so on [37–39].
Phonons are usually considered to be thermal carriers in polymers because there is a mere free
electron [40]. Burger and her colleagues discussed the mechanism of heat transfer in an amorphous
polymer and described it using a schematic diagram, which is presented in Figure 2 [29]. When the
surface of the polymer makes contact with the heat source, heat transfers to the first atom of the
molecular chain in the form of a vibration, then the nearest atom, and then the next. Heat will not
propagate as a wave, like in graphene, but diffuse slower. Heat transfer in a molecular chain will
also cause the disordered vibration and rotation of atoms, which significantly reduces the thermal
conductivity of the polymer. A good conductor has a complete lattice structure, and atoms accumulate
closely. When heat reaches the first atom, it will quickly transfer to the last one. However, heat transfer
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in a bad conductor causes the vibration and rotation of atoms, which will significantly reduce the
thermal conductivity [29].

 

Figure 1. The schematic of thermal conductance in a crystalline material [29]. Copyright (2016),
with permission from Elsevier.

 

Figure 2. Schematic of thermal conductive mechanisms in polymer [29]. Copyright (2016),
with permission from Elsevier.

2.3. Thermal Conductive Mechanisms in Graphene-Polymer Composites

The thermal conductive mechanism of graphene in polymers is more complex. In general,
graphene has a very high specific surface area. When being added in a polymer, large numbers of
interfaces are produced [41]. These interfaces will lead to phonon scattering and introduce ultrahigh
interfacial thermal resistance. Therefore, it is difficult for heat to transfer through the graphene-polymer
interface [42]. There is much research discussing the thermal conductive mechanisms in the interface
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of graphene-polymer composites [2–4,29]. Since mismatches between graphene and the polymer exist,
the interface will result in phonon scattering and hinder the heat transfer [43]. For example, supposing
that during the same time of Δt, the heat transfers from one side of the graphene to the other. But in the
polymer, the heat passes over a very short distance attributed to phonon scattering. When the loading
of the filler is below the percolation threshold, the fillers cannot connect to each other to form a thermal
conduction pathway. In this case, the interfacial thermal resistance of graphene and the polymer will
be the main factor determining the thermal conductivity of the composite. Surface modification of
the graphene has been proved to be an applicable method to enhance graphene-polymer interface
interaction, and an efficient technique to decrease interfacial thermal resistance. In a composite,
graphene acts as a highly thermal conductive channel, while the modified surface affords covalent
and non-covalent bonding with the molecular chains of the polymer matrix, which will facilitate the
phonon transfer from the graphene to the polymer and also promote the phonon transfer from the
polymer to the graphene [44]. In many studies, researchers have considered that the molecular chains
of polymer and the molecular chains on the surface of graphene can intertwine with each other and
form an interlayer. This interlayer will decrease the interfacial phonon scattering and minimize the
interface thermal resistance by intertwined molecular chains [45,46]. However, when the loading
is above the percolation threshold, the heat in the composite mainly transfers through the thermal
conduction pathway, due to the high thermal conductivity of graphene. Figure 3 shows the case of
graphene acting as an efficient thermal conduction channel. In the course of time Δt, the heat could
transfer over a longer distance in graphene than the polymer matrix. When composites make contact
with the heat source, heat transfers though graphene very quickly, which will increase the thermal
conductivity. Increasing the number of thermal pathways and reducing the thermal resistance between
graphene and the graphene-polymer interface are recommended steps for preparing a composite with
high thermal conductivity [3].

 
Figure 3. Thermal conductivity by graphene in a graphene-polymer composite [29]. Copyright (2016),
with permission from Elsevier.

3. Recent Advances in Thermal Conductivity of Graphene-Polymer Composites

In recent years, more studies have been using graphene and its derived materials to prepare
thermal conductive composite materials. The morphology of graphene in the polymer matrix
significantly affects the thermal conductivity of the composites [2]. In this section, we review
the advances in thermal conductivity of graphene-polymer composites. To review them more
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systematically, this section is divided into two parts, according to the different morphology of graphene
in the polymer matrix. In the first part, the random dispersion of graphene in yjr polymer matrix is
discussed. Random dispersion refers to the addition of graphene to the matrix, which is performed
by a simple method, such as agitation, sonication, and blending, etc. Besides, there is no special
method employed to control the orientation of graphene in matrix. In the second part, we discuss
graphene with a specific orientation in the polymer matrix. This refers to the unusual structures of
graphene in the polymer matrix, including the orientation, three-dimension structure (3D), and separate
structure, etc. The term “graphene-related materials” is used to refer to the materials associated with
graphene, which have different names in different literatures. These include graphene nanosheets,
graphene nanoplatelets, graphene sheets, graphene flakes, graphene film, reduced graphene oxides,
and graphene foam, etc.

3.1. Graphene with Random Orientation in the Polymer Matrix

Graphene with a random orientation in the polymer matrix can be manufactured by many
methods, such as solution mixing, melt mixing, and in-situ polymerization, etc. [47–52]. Table 1 lists
the thermal conductivity, thermal conductivity enhancement (TCE) per wt %, preparation methods,
and surface preparation methods of graphene with a random orientation. The thermal conductivity
enhancement is measured by a term of TCE per wt %, which refers to the enhancement of thermal
conductivity by per weight content of graphene in composites [53]. In order to find the most effective
methods to enhance the thermal conductivity of composites, we compared the TCE per wt % of every
composite shown in Table 1. The results are shown in Figure 4. From Figure 4, we can see that graphene
is an efficient filler for enhancing the thermal conductivity of the polymer matrix. The TCE per wt %
of graphene is around 50%, which means several percent of graphene can significantly increase the
thermal conductivity of the composite. But the TCE per wt % of unmodified graphene is difficult to
exceed 100%. However, when using graphene modified by covalent or noncovalent bonds, the TCE
per wt % can be very close to 100%. When using a titanate coupling agent to modify graphene, the TCE
per wt % is as high as 357.8%. The researchers believe the interfacial force between graphene and
polymer has been enhanced by surface modification. This enhancement could reduce the interfacial
thermal resistance and disperse graphene more uniformly [54].

Figure 4. TCE wt % of composites in Table 1.
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3.2. Graphene with Specific Orientation in the Polymer Matrix

There are a variety of specific orientations of graphene in the polymer matrix, such as orientation,
segregated structure, 3D structure, and so on [53,71–75]. Specific orientations of graphene give special
properties to the composites. The thermal properties of recent studies in graphene-polymer composites
are listed in Table 2, and the enhancements of each composite are compared in Figure 5. From Figure 5,
it seems that the orientation and 3D structure are more efficient structures for improving the thermal
conductivity of composites. By comparing Figures 4 and 5, we also find that graphene with a specific
orientation is more efficient than that with a random orientation. The researchers believe that this is
mainly because that graphene plays the role of the thermal conduction pathway in the polymer matrix,
and the heat transfers through the graphene pathway preferentially [76]. The purpose of orientation,
a segregated structure, and 3D structure is establishing the thermal pathway in the polymer matrix,
which can transfer heat more efficiently [77–80].

 

Figure 5. TCE wt % of composites in Table 2.

Table 2. Thermal conductivity of polymer composites filled with graphene and graphene-related
materials with a specific orientation.

Sample
Graphene

content (wt %)
Thermal conductivity

(W m−1 k−1)
Thermal conductivity

enhancement (TCE) per wt %

Specific
orientation of

graphene

VAGF/PDMS [76] 92.3 614.85 3329% orientation
MLG/epoxy [77] 11.8 33.54 1412.7% orientation
NFC/RGO [81] 1 12.6 910% orientation

rLGO/PVDF [82] 27.2 19.5 ~323.5% orientation
PVDF/oGNF [83] ~36.8 ~10 ~113.2% orientation

epoxy/GNS–Fe3O4 [84] ~1.74 ~0.6 ~79.9% orientation

GNP/PE [85] 10 1.84 45.7% segregated
structure

GNP/PP [85] 10 1.53 59.5% segregated
structure

GNP/PVA [85] 10 1.43 58% segregated
structure

GNP/PVDF [85] 10 1.47 67.3% segregated
structure

44



Polymers 2017, 9, 437

Table 2. Cont.

Sample
Graphene

content (wt %)
Thermal conductivity

(W m−1 k−1)
Thermal conductivity

enhancement (TCE) per wt %

Specific
orientation of

graphene

GNP/PS [86] ~9.2 ~0.9 43.3% segregated
structure

RGO/TPU [87] 1.04 0.8 288% segregated
structure

PA6/graphene foam [78] 2 0.847 150% 3D structure
Octadecanl/graphene [88] 12 5.92 216% 3D structure

GF/epoxy [89] 5 1.52 170% 3D structure
GF/PDMS [90] 0.7 0.56 285% 3D structure
PEG/HGA [79] 1.8 1.43 200.6% 3D structure

4. Influence Factors on Thermal Conductivity of Graphene-Polymer Composites

There are many factors affecting the thermal conductivity of graphene-polymer composites,
such as the defects on graphene, the orientation of graphene in the polymer, the graphene loading,
and the surface modification, etc. [3–5]. In this section, we mainly review the influence of the
characteristics of graphene (such as the defect, morphology, number of layers, and size), the loading of
graphene, the orientation of graphene in the polymer matrix, and the interface between graphene and
the polymer on the thermal conductivity.

4.1. The Characteristics of Graphene

The characteristics of graphene have a great influence on the thermal conductivity of
graphene-polymer composites [80,91–93]. Hoda et al. investigated the thermal conductivity of
graphene as a function of the density of defects. Graphene was suspended over ~7.5 μm size square
holes and the optothermal Raman technique was employed to measure the thermal conductivity of
graphene in air. They found that the thermal conductivity of suspended graphene decreased from
~1.8 × 103 W m−1 K−1 to ~4.0 × 102 W m−1 K−1 near room temperature as the density of defects
changed from 2.0 × 1010 cm−2 to 1.8 × 1011 cm−2 [94]. Xin et al. employed a high temperature
to obtain defect-free graphene and investigated the thermal conductivities of polymer composites
filled with graphene of different defect contents. The graphene annealing at 2200 ◦C had the least
amount of defects, and the composite filled with it had the highest thermal conductivity, reaching
3.55 W m−1 K−1. This is because the high-temperature annealing heals defects and removes oxygen
functional groups on graphene, thus reducing the phonon scattering centers [95]. The morphology
of graphene also has an influence on the thermal conductivity of composites. Chu et al. pointed out
that when using graphene nanoplates with more wrinkles as a filler, the composites will exhibit lower
thermal conductivity. The reason for this is that the waviness of GNPs significantly affects the intrinsic
characteristics of GNPs (such as thermal conductivity, aspect ratio) and the interfacial phonon coupling
behavior between GNPs and polymers [96]. Kim et al. investigated the effects of the graphene layer
and size on the thermal conductivity of composites and found that the thermal conductivity across the
graphene/epoxy interface increases when increasing the number of graphene layers [97]. Kim et al.
prepared composites filled with graphene of varied sizes and thicknesses. A similar result is found
that a larger size and thickness of the graphene nanoplatelets results in an effective improvement in
the thermal conductivity and heat dissipation ability of the composite [98].

4.2. The Loading of Graphene

The loading of graphene exerts a significant effect on the electrical and thermal conductivity
of the composites [22,99,100]. It is found that there is a critical loading (percolation threshold)
of graphene when the conductive composite is prepared. When the loading exceeds this value,
the electrical conductivity of the composite material is improved significantly. However, it is difficult to
determine whether there is a percolation threshold phenomenon in thermally conductive composites.
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Khan et al. researched the thermal conductivity of graphene sheets-epoxy composites. The thermal
conductivity increases with increasing graphene loading and there is no percolation threshold [101].
Fazel investigated the thermal conductivity of graphene/1-octadecanol (stearyl alcohol) composites
and reported a similar finding [22]. Michael et al. found strong evidence for the existence of a thermal
percolation threshold in graphene nanoplatelets (GnPs)-polymer composites. Below the percolation
threshold (loading < 0.17), the polymer mediates between adjacent GnPs and the GnP cannot make
sufficient contact, resulting in gaps. Above the percolation threshold (loading > 0.17), there is a sharp
rise in the thermal conductivity, which means that direct GnP-GnP contacts have been formed [23].
Li et al. also found a similar phenomenon in graphene-epoxy composite [102].

4.3. The Orientation of Graphene in the Polymer Matrix

Many researchers believe that graphene with a specific orientation, like orientation and 3D
structure, is much better than graphene with a random orientation when preparing thermal conductive
composites [76–79,81–90]. Zhang et al. poured polydimethylsiloxane (PDMS) into a vertically aligned
graphene film (VAGF) to manufacture a high-orientation graphene-polymer composite. The thermal
conductivity of this composite was as high as 614.85 Wm−1 K−1, which is higher than copper at room
temperature. It is claimed that this dramatic enhancement is attributed to the rapid and effective
heat-transfer path formed by orientated graphene [76]. Zhao et al. prepared a GF/PDMS composite
with a thermal conductivity of 0.56 W m−1 K−1, 20% higher than that of GS/PDMS composite at the
loading of 0.7 wt %. They believe that the unique interconnected structure of GF acts as an efficient
thermal pathway in the polymer matrix [90]. Figure 6. is the schematic of thermal conductance in a
polymer, oriented graphene/polymer composite, and 3D graphene/polymer composite.

Figure 6. Schematic of thermal conductance in a polymer, oriented graphene/polymer composite,
and 3D graphene/polymer composite.

4.4. The Interface between Graphene and the Polymer

It is considered that the interface between graphene and the polymer plays an important role
in thermal conductive composites. Since phonons are the main form of thermal conductance in
graphene-polymer composites, bad coupling in vibration modes at the graphene-polymer interface
will generate huge interfacial thermal resistance. Chemical bonding between graphene and the
polymer can efficiently decrease the phonon scattering at the interface and reduce interfacial thermal
resistance [69]. Gao et al. investigated the influence of surface-grafted polymer chains on the thermal
conductivity of a graphene-polyamide-6,6 nanocomposite. It was found that the through-plane
interfacial thermal conductivity is proportional to the grafting density. Meanwhile, it first rises and
then saturates as the grafting length increases. However, the in-plane thermal conductivity of graphene
decreases rapidly as the grafting density increases. There is a maximum thermal conductivity of the
composite because of these two competing factors [103]. Wang et al. studied the interfacial thermal
resistance for polymer composites reinforced by various covalently functionalized graphene using
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molecular dynamics simulations. Among the various functional groups, like methyl, phenyl, butyl,
formyl, carboxyl, amines, and hydroxyl, butyl is found to be the most effective one in reducing the
interfacial thermal resistance [104]. Eslami et al. investigated the heat transport between graphene and
polyamide-6,6 oligomers. They found that well-organized (chain stretching) polymer layers between
the graphene show an interesting anisotropic heat conduction. The heat conduction in the parallel
direction to the graphene surface is higher than that in the perpendicular direction [105,106].

5. Applications of Graphene-Polymer Composites in Thermal Engineering

Nowadays, with the improving demand in emerging industries, thermal conductive materials
with novel properties are widely required [107–109]. Compared with other thermal conductive
materials (metal, ceramics, carbon-related materials), polymer matrix composites have many
outstanding properties, such as being lightweight and easy to process, and exhibiting good corrosion
resistance and vibration damping, etc. In this section, some emerging applications of graphene-polymer
composites are listed, such as electronic packaging, batteries, and energy storage.

5.1. Electronic Packaging

In the electronic industry, thermal management has been a serious challenge because of the
miniaturization and functionalization of electronic devices. To control the temperature of all
components in devices, an effective thermal conductive path must be used [47]. Thermal interface
materials (TIM) are used to provide an effective heat conduction path between the two solid surfaces
due to their ability to conform to rough surfaces and high thermal conductivity [110]. Figure 7 is a
schematic diagram of TIM [101]. The international technology roadmap for high-performance chips
at 14 nm is a power density greater than 100 W/cm2 and junction-to-ambient thermal resistance
of less than 0.2 ◦C/W [2]. There is a need for TIM to dissipate heat when the chip is operating.
However, the thermal conductivity of commercial TIM is relatively low as most of them are less
than 5 W m−1 K−1. Employing graphene to prepare a thermal conductive material as TIM has been
attracting a lot of attention.

Figure 7. Schematic illustrating the action of thermal interface material, which fills the gaps between
two contacting surfaces and conducts the heat produced by electronic drives [101]. (Copyright (2012)
the American Chemical Society).

5.2. Thermal Energy Storage

The effort towards thermal energy storage has been intensified over the past years. Thermal
conductivity is an important parameter in thermal energy storage materials, which significantly
influences the rate of heat storage and extraction [111]. Therefore, graphene and graphene derivatives
are used as thermal conductive carriers to improve the thermal conductivity of thermal energy storage
materials. Ji et al. embedded continuous ultrathin-graphite foams (UGFs) in phase change materials
to manufacture a composite, and improved the thermal conductivity by 18 times [112]. Mehrali et al.
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prepared phase change materials by the vacuum impregnation of paraffin within graphene oxide,
and the maximum energy storage value was 64.89 kJ/kg [113]. A phase change material consisting
of graphene aerogel and octadecanoic acid was produced by Zhong et al. When the loading of GA
reached 20 vol %, the thermal conductivity of this composite achieved 2.635 W/m−1 K−1, which is
about 14 times that of the OA [114].

5.3. Batteries

As batteries have become more powerful in recent years, thermal management has turned into
a special issue in the battery system. When a battery is used at a high charging/discharging rate,
the rate of heat generation may exceed the rate of heat dissipation. In this situation, the battery may be
inefficient or even catch fire. A thermal management system is needed to maintain the battery pack at
an optimum temperature. Khan et al. incorporated 8 wt % graphene nanoflake in polyacrylonitrile
(PAN) fiber separators, and the thermal conductivity increased from 3.5 to 8.5 W m−1 K−1. They think
Lithium-ion batteries have become the major source of power for portable electronic devices. Separators
are one of the major components of these batteries, and the improvement of thermal conductivity
in separators is an option for long-lasting Li-ion battery fabrications [115]. Hallaj et al. presented a
novel thermal management system and investigated it for electric vehicle applications. They think it is
important to manage the heat in a battery under both cold and hot conditions [116].

6. Conclusions

In this paper, we have reviewed the graphene-polymer thermal conductive material in recent
years. The thermal conductive mechanisms in graphene, polymers, and their composites have been
discussed. The recent advances on thermal conductivity of graphene-polymer composites have also
been reviewed. Furthermore, we have discussed the factors influencing the thermal conductivity of
graphene-polymer composites, such as the characteristics, the loading, the orientation of graphene,
and the interface. Finally, the applications of thermal conductive graphene-polymer composites have
been demonstrated. This review reveals the relationship between thermal conductive mechanisms and
properties and also provides guidance on the preparation of composites with high thermal conductivity.
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Abbreviations

Py-PGMA-GNS/epoxy Pyrene-end poly(glycidyl methacrylate)-graphene nanosheet/epoxy composite
f-GFs/epoxy Non-covalently functionalized graphene flakes/epoxy composite
GnP-C750/epoxy Graphene nanoplatelets (sizes < 1 μm)/epoxy composite

DGEBA-f-GO/epoxy
Diglycidyl ether of bisphenol-A functionalized graphene oxide/epoxy
composite

GS@Al2O3/PVDF Alumina-coated graphene sheet/poly(vinylidene fluoride) composite
Al2O3@GNP/epoxy Alumina nanoparticles decorated graphene nanoplatelets/epoxy composite
GNP/PBT Graphene nanoplatelet/polybutylene terephthalate composite
GNPs/PPS Graphene nanoplatelets/polyphenylene sulfide composite
PI/SiCNWs-GSs Polyimide/SiC nanowires grown on graphene sheets composite
GP/SR Graphene/silicone rubber
PA6/graphene-GO Polyamide-6/graphene-graphene oxide composite
GNP/epoxy Graphene nanoplatelets/epoxy composite

PVDF/FGS/ND
Poly(vinylidene fluoride)/functionalized graphene sheets/nanodiamonds
composite
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ApPOSS-graphene/epoxy
Aminopropylisobutyl polyhedral oligomeric silsesquioxane grafted
graphene/epoxy composite

IL-G/PU
1-allyl-methylimidazolium chloride ionic liquid modified
graphene/polyurethane composite

PA/TCA-rGO Titanate coupling agent modified reduced graphene/polyamide composite
BE/graphene Bio-based polyester/graphene composite
GNPs/silicone Graphene nanoplatelets/silicone composite
VAGF/PDMS Vertically aligned graphene film/polydimethylsiloxane
MLG/epoxy Multilayer graphene/epoxy composite
NFC/RGO Nanofibrillated cellulose/epoxy composite

rLGO/PVDF
Highly self-aligned large-area reduced graphene oxide/poly (vinylidene
fluoride-co-hexafluoropropylene) composite

PVDF/oGNF Oriented graphene nanoflake/poly(vinylidene fluoride) (PVDF) composite
epoxy/GNS–Fe3O4 Epoxy/graphene nanosheets-Fe3O4

GNP/PE Graphene nanoplatelets/polyethylene
GNP/PP Graphene nanoplatelets/polypropylene
GNP/PVA Graphene nanoplatelets/poly(vinyl alcohol)
GNP/PVDF Graphene nanoplatelets/poly(vinylideneuoride)
GNP/PS Graphene nanoplates/polystyrene; RGO/TPU
RGO/TPU Reduced graphene oxide/thermoplastic polyurethane
PA6/graphene foam Polyamide-6/graphene foam
GF/epoxy Graphene foams/epoxy
GF/PDMS Graphene foam/polydimethylsiloxane
PEG/HGA Polyethylene glycol/hybrid graphene aerogels
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Abstract: The rapid development of society has promoted increasing demand for various polymer
materials. A large variety of efforts have been applied in order for graphene strengthened
polymer composites to satisfy different requirements. Graphene/polymer composites synthesized
by traditional strategies display some striking defects, like weak interfacial interaction and
agglomeration of graphene, leading to poor improvement in performance. Furthermore, the
creation of pre-prepared graphene while being necessary always involves troublesome processes.
Among the various preparation strategies, an appealing approach relies on intercalation and
polymerization in the interlayer of graphite and has attracted researchers’ attention due to its reliable,
fast and simple synthesis. In this review, we introduce an intercalation polymerization strategy
to graphene/polymer composites by the intercalation of molecules/ions into graphite interlayers,
as well as subsequent polymerization. The key point for regulating intercalation polymerization
is tuning the structure of graphite and intercalants for better interaction. Potential applications
of the resulting graphene/polymer composites, including electrical conductivity, electromagnetic
absorption, mechanical properties and thermal conductivity, are also reviewed. Furthermore, the
shortcomings, challenges and prospects of intercalation polymerization are discussed, which will be
helpful to researchers working in related fields.

Keywords: graphene/polymer composites; intercalation of graphite; exfoliation intercalation
polymerization; interaction

1. Introduction

Graphene, a single atom-thick sheet composed of sp2-hybridized carbon, has received
considerable attention since its first fabrication through mechanical exfoliation in 2004 [1]. Favored
for its unique two-dimensional structure and extraordinary electrical [2,3], thermal [4,5], mechanical
properties [6–9], graphene is widely researched in energy storage and conversion, spintronic devices,
photonics and optoelectronics and other kinds of materials. In recent years, the hybridization or
composites based on graphene and its derivatives has attracted much interest in physics, chemistry
and materials domains. Among this research, the introduction of graphene in polymer significantly
increases Young’s modulus [10–12], and electrical [13–15] or thermal conductivity [16–18] of polymer
composites, particularly at low volume fractions (<1 wt %). Moreover, some special properties of
the polymer composites such as shape memory [19–21], chemiluminescence [22] and microwave
absorption [23–26] may emerge, resulting from the interaction between graphene and polymer.
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Melting blend and solution mixing are the most economically attractive and scalable methods
for prepared graphene/polymer composites [27–31]. However, agglomerate pre-prepared graphene
is always hard to disperse in polymer melt or solution because of their high viscosity. Moreover,
interfacial interactions between the graphene and polymer matrix are weak, resulting in low
enhancement of polymer properties. In situ polymerization after the dispersion of graphene in a
monomer is another way to synthesize graphene/polymer composites [32,33]. On the one hand, a
particular monomer can be used to disperse graphene in the system [34]. On the other hand, dispersed
graphene layers act as the hard template of polymerization, leading to strong intercalation between
graphene and polymer [35,36].

Pre-prepared graphene is needed when the aforementioned methods are used to process the
graphene/polymer composites. According to recent reports, bottom-up approaches, including
chemical vapor deposition (CVD) [37,38] and epitaxial growth [39], are widely used to produce
high-quality graphene. Although large crystal domain, specific layer graphene can be synthesized via
tuning of carbon source and growth conditions, the high cost and low yield of these methods associated
with difficulties in exfoliating graphene from the substrate limit their application in industrial
production. Therefore, most of the graphene used in the further processes is produced by exfoliation of
natural graphite (NG) or highly ordered pyrolytic graphite, named top-down approaches. Among these
approaches, dry exfoliation performed by using mechanical, electrostatic or electromagnetic forces
can result in grain boundary-free graphene [1]. However, these approaches are impractical for
large-scale applications. The thickness and size of graphene layers can hardly be controlled, and
it is thus unsuitable for use in composite preparation. By comparison, sonication-assisted liquid phase
exfoliation in reasonable solvents has been considered as one of the most promising routes for the
mass production of low-cost and high-quality graphene [40–42]. However, the long time required
for sonication and the further purification process (always involving ultracentrifugation) may limit
the production period when applied in industry-scale production. For the reduction of graphene
oxide (GO), the synthesis of graphite oxide (GtO) always involves successive oxidative treatments
containing a strong acid and oxidant. Only in recent years have some efforts been made to avoid
of using such environmentally damaging substances [43,44]. Moreover, chemical oxidation always
introduces an oxygen-containing functional group in the basal plane or edges, acting as active sites for
further modification and functional applications such as biosensing, catalytic, electromagnetic waves
absorption, supercapacitors etc. [45] On the other hand, oxidation of graphene leads to damage of
the basal plane, thus degrading some properties relying on the perfect crystalline structure (typically
tensile strength and electrical or thermal conductivity) [44]. But the π–π conjugate can be partially
recovered relying on the reduction degree of GO [46]. Furthermore, even if high-quality graphene
could be produced on a large scale, the pre-prepared graphene powder or concentrated slurry is
always difficult to disperse uniformly whether in a polymer matrix or monomer solution. This usually
results in a limited performance improvement in graphene/polymer composites.

In recent years, the exfoliation of graphite intercalated compounds (GIC) has been deemed
another interesting approach to realizing the exfoliation of graphite to the graphene layer. GIC is
formed by insertion of particular atomic or molecular layers between the layers of graphite. The
weak Van der Waals interaction, a distance of 3.35 Å, and an abundant π-electron cloud between
graphite layers ensure the intercalation process of alkali metal [47,48], sulphuric [49] and some metal
chloride [50,51]. The graphene layer can be then easily exfoliated with the assistant of mechanical
or heat treatment [52]. This approach has gained attention due to easily available raw materials, its
simple operation and high-quality products. Furthermore, industry-scale production can be expected
to be based on this method.

Inspired by the exfoliation of GIC, in situ intercalation polymerization using organic monomers
was recently proposed for synthesizing a graphene/polymer composite in a one-step process [53].
Benefiting from an abundant π-electron cloud, different kinds of monomer cation can penetrate into
the interlayer of graphite and subsequently polymerize in the gap of the planes. While the intercalants
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weaken the inter-planar bonding, polymerization then separates the layers from the intergallery,
resulting in the formation of graphene/polymer composites. Interest in the reliable, fast and simple
synthesis means that intercalation polymerization has gained more attention in the strategies of
graphene/polymer composites preparation. Therefore, how to intercalate molecules/ions/clusters
into graphite, and how to conduct polymerization in the graphite interlayers, are now research
topics. In this review, we discuss the recent progress of the intercalation of graphite, including
inorganic-GIC mostly synthesized by two-zone vapor transport and electrochemistry methods; and
organic intercalating compounds synthesized by electrochemistry, cation exchange or chemical
methods. Furthermore, polymerization conducted in graphite interlayers, which can be divided into
monomers initiated by pre-intercalated compounds and polymerization of intercalative monomers
(in situ intercalation polymerization), are reviewed here. Some regular results, shortcomings,
challenges, and prospects of intercalation methods and interlayer polymerization are also suggested.
Potential applications of graphene/polymer composites prepared by intercalation polymerization,
including electrical conductivity, electromagnetic absorption, mechanical properties and thermal
conductivity, are introduced, which will be helpful to people working in related fields.

2. Intercalation of Graphite

2.1. Traditional Graphite Intercalated Compounds (GIC)

The capture of organic monomers in the interlayer of graphite is the prerequisite for intercalation
polymerization and the consequent exfoliation of graphene. Therefore, the intercalation of molecules,
ions or clusters is one of the key issues in the process. In fact, the intercalation of graphite has been
researched for more than one hundred years since the first synthesis of GIC reported by Schaffäutl
(1841). Owing to the layered structure, natural graphite provides shelter for guest molecules with
subnanometer interlayer distance. While graphite can act as an electron donor or acceptor based
on the reaction conditions [54], hundreds of kinds of atomic and molecular layers with various
physical/chemical characteristics, have been intercalated into the interlayer space of graphite host
material to form GIC [55].

GIC can be generally classified in terms of a “stage index n”, where n means the number of
graphite layers between two adjacent intercalant layers. As shown in Figure 1, for example, GIC with
stage of 1 indicates that 1 graphene layer is covered by adjacent intercalant layers. What should be
mentioned here is that the intercalant layers can be more than 1 atom thick. Since most intercalants are
inorganic, the formed GIC are generally classified according to the electrons that are donors or acceptors
of intercalants. The most widely used donor intercalants are alkali metals [48]. Other donors like
alkaline earth metals [56,57] and lanthanides [58–60] can also be used to synthesize donor GIC. When
it comes to electron acceptor intercalants, a very large variety of compounds have been prepared using
Lewis acid intercalants such as halogen [61], metal chlorides [50,51,62], bromides [63], fluorides [64]
and oxyhalides [55], acidic oxides such as SO3, and strong Brønsted acids [65,66] such as H2SO4 or
HNO3. The dominant method for synthesizing GIC is the two-zone vapour transport method [67–69].
Intercalation in intercalants that are molten [62,70] or in solution [71] can also obtain GIC. Apparently,
the intercalation process is dominated by the donor–acceptor interaction between host graphite
and guest intercalants. Another way to achieve intercalation is to utilize electrochemical reactions.
The graphite can act as either an anodic electrode or cathodic electrode depending on the electrophile
or nucleophile of intercalants [72–76]. It is worth mentioning that if the graphite was applied as
an anode, the lithium ion can penetrate into the graphite layer and recombine with electrons in
the intergallery to form stable intercalation compounds [77]. This process has been developed to
commercialize lithium-ion batteries [78,79] and further improved in aluminum-based batteries [80]
when an aluminum foil anode and ionic liquid electrolyte are used.
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Figure 1. Schematic illustration of graphite intercalated compounds (GIC). Adapted with permission
from [81]. Copyright © 2012 Elsevier.

2.2. Organic Intercalating Compounds

2.2.1. Electrochemical Methods

Similarly, organic molecules or ions can also achieve intercalation, but only a few studies have
been reported. The intercalation of organic molecules by electrochemical methods is always regarded
as a side effect of lithium-ion battery charging. Ionic liquids like N-butyl-N-methylpyrrolidinium
bis(trifluoromethanesulfonyl)imide (Pyr14TFSI) or its smaller derivative, and other carbonates like
propylene carbonate (PC), dimethyl sulphoxide (DMSO) and dimethylformamide (DMF)s are typically
applied as an electrolyte for a lithium-ion battery. When charging, the N-butyl-N-methylpyrrolidinium
cation (Pyr14

+) [82,83] or PC [84] or other electrolyte molecules [85–88] can easily co-intercalate into
the graphite anode with lithium ions. Besides the lithium-ion battery system, intercalation of organic
molecules/ions by electrochemical methods mostly exist in the co-intercalation phenomenon with
AlCl4−, PF6

−, ClO4
− et al. [80,89–91]. Palermo et al. [91] reported that acetonitrile can co-intercalate

with ClO4
−, and ClO4

− and is indispensable in the intercalation process. This process involves
intercalation of the large and negatively charged ClO4

− through grain boundaries or defect sites
of a graphite anode, which favor the further penetration of the smaller, uncharged acetonitrile
molecules. What should be mentioned here is that although most research focuses on organic
molecules for co-intercalation, sporadic investigations indicate that organic ions can singly penetrate
the interlayer of graphite in a special environment, for examples, dual-graphite cells [82,83] schemed
in Figure 2. When Pyr14TFSI and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) were applied
as an electrolyte, the graphite anode can be intercalated by bis(trifluoromethanesulfonyl)imide anion
(TFSI−) individually in the charging process.

Figure 2. Schematic illustration of a dual-graphite cell with no effective solid electrolyte interphase
layer at the graphite anode during the charge process. The negative graphite electrode suffers from
exfoliation reactions caused by co-intercalation of the relatively large Pyr14

+ cations [82]. Published by
The Royal Society of Chemistry.
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2.2.2. Cation Exchange Methods

Cation exchange is another effective method for the intercalation of organic compound [92,93].
This idea follows a similar mechanism to the intercalation of montmorillonite [94], but unfortunately,
no cation lives in the intergallery of pure graphite. Therefore, graphite should be pre-treated to ensure
enough cation in its interlayers. Lerner et al. [95] used GIC as raw material, and the Na-ethylenediamine
complex in the interlayers can be easily displaced by tetrabutylammonium ion (TBA+) in DMF through
a cation-exchange reaction. Moreover, cation exchange can also perform in the electrochemical process.
While Li+ have intercalated into the graphite cathode in charging, positively charged TBA+ can
penetrate into the graphite lattice by cation exchange with the intercalated lithium ions [96]. However,
electrodecomposition of the intercalated TBA+ appears in this reaction, and thus it is hard to obtain a
stable TBA+ intercalated compound.

2.2.3. Chemical Methods

Organic molecules can also directly intercalate into graphite layers by chemical methods, but
this method always involve co-intercalation with alkali metal cations [71,97]. Metallic Li, Na, or K
together with 1,2-diaminopropane (1,2-DAP) can realize co-intercalation with the protection of inert
gas, but this process always takes a long time (1–3 days) [71]. The resulting compounds show different
orientations of 1,2-DAP in the interlays, depending on the co-intercalated alkali metal.

However, the intercalation of pure organic molecules by chemical methods is far more difficult
than co-intercalation with the help of alkali metals. Limited research has been done to successfully
synthesize organic GIC using only graphite and organic intercalants. Although it is hard to form an
organic layer in the graphite gallery, a limited number of organic molecules can still intercalate into
graphite by π–π or cation–π intercalation between intercalants and graphite. Naphthalene, which
consists of a fused pair of benzene rings, can penetrate into the edge of graphite, without further
intercalation, acting as a “molecular wedge” [98]. This result was confirmed by the slight shift
and obvious intensity decrease of the (002) plane of graphite in an X-ray diffraction (XRD) pattern.
Similar results were obtained for the intercalation of cationic aniline (denoted as ANi+) [53] and
caprolactam onium ion (denoted as CL+) [18], although the major driving force for intercalation is
cation–π intercalation rather than π–π intercalation.

The intercalation of organic molecules into the graphite crystal is intrinsically impeded by the
interlay’s Van der Waals interaction. Therefore, weakening of the inter-plane interaction would
significantly facilitate the intercalation process. The most widely used method is oxidation of
graphite. As schemed in Figure 3, natural graphite oxidized by low-concentration KMnO4 at relatively
higher temperature can lead to edge-selectively oxidized graphite (EOG) with low-degree oxidation.
Long-chain tetradecyl-ammonium cation (C14N+) can then spontaneously intercalate into graphite,
forming an integrated C14N+ layer in the graphite gallery [99]; in other words, intercalation compounds.
If there is a higher oxidation degree for graphite, it may transform into graphite oxide with a larger
distance and weaker interaction between graphite planes, making it easier to capture more and larger
molecules, for example, tetraalkylammonium ions (TAA+) [100], alcohol [101] or even polymers
like poly(vinyl alcohol) (PVA) [102], poly(diallyldimethylammonium chloride) (PDDA) [103] and
poly(vinyl acetate) (PVAc) [104] etc.

Despite the difficultly in forming an organic layer, the intercalation of special molecules into
expanded graphite (EG) or natural graphite has been confirmed, as mentioned above. Basically, the
driving force for intercalation was firstly due to π–π intercalation between intercalants and graphite.
This idea is proved by the fact that naphthalene and aniline (ANi), both of which possess benzene
rings, can intercalate into graphite layers [53,98]. As shown in Figure 4, first-principle simulation of the
intercalation of ANi molecule into bilayer graphene was performed by Zhou et al. [53]. The positive
formation energy of 2.01 eV proved its energetically favorable reaction. Meanwhile, it was noticed
that the cationic ANi would be easier to intercalate into the graphite layers as ANi+ obtains higher
formation energy of 2.81 eV, and experimental data further confirmed the simulation results. It seems
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that the cation–π interaction between the intercalary cation and the graphite interlayer of the π-electron
is another important force for intercalation. This theory was soon authenticated by the further study
on the intercalation of CL+ [18]. By comntrast with ANi+, CL+ do not have a benzene-like structure,
and thus there is no π–π intercalation between CL+ and graphite. Consequently, the intercalation
force is almost all attributed to the cation–π interaction. Moreover, research also indicates that the
adsorption of cation on the graphite surface can significantly decrease the interaction between the
graphite layers [18], facilitating the succeeding intercalation of organic cation.

Figure 3. (a) Schematic illustration of the intercalation of edge-selective oxidized graphite (EOG);
(b) micro-Raman spectra measured at the edge and on the basal plane of EOG; and (c) X-ray diffraction
(XRD) of graphite, EOG, graphene oxide (GO) and EOG-C14N+ intercalated compound. Adapted with
permission from [99]. Copyright © 2013 Springer Nature.

Figure 4. (a) The geometric structures of bilayer graphene and CL+ intercalated bilayer graphene; and
(b) the calculated interlayer binding energy of the AB stacking bilayer graphene and CL+ absorbed
bilayer graphene. Adapted with permission from [18]. Copyright © 2017 Elsevier.

3. Polymerization in the Interlayers of Graphite

3.1. Intercalation Polymerization Methods

Polymerization in the interlayers of graphite can be generally divided into two strategies as
illustrated in Figure 5: polymerization initiated by pre-intercalated compounds and polymerization
initiated after the intercalation of monomers (in situ intercalation polymerization).
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Figure 5. Schematic of the two kinds of polymerization in the interlayer of graphite: (a) polymerization
initiated by pre-intercalated compounds; and (b) polymerization initiated after intercalation of
monomers (in situ intercalation polymerization).

3.1.1. Polymerization Initiated by Pre-Intercalated Compounds

For this situation, GIC is always used as pre-intercalated compounds. When graphite is
intercalated by alkali metals, an electron cloud of the alkali metal tends to migrate to graphite, thus
forming an ionic compound [55]. Then, anionic polymerization of vinyl or epoxide monomers can
be initiated by the negatively charged graphite layer of the alkali metal–GIC [105,106]. However,
limited by the interlayer distance of GIC, monomers are hard to absorb into the interlayer of graphite
in solution for further polymerization [107]. Instead, unsaturated hydrocarbon vapor such as styrene
or isoprene were used to penetrate the interlayer galleries of potassium intercalated graphite, and then
these underwent anionic polymerization, leading to the gradual expansion of the distance between
graphite layers and the final exfoliation of graphite nanosheets [108,109]. It should be noted that
the stage of alkali metal–GIC seems to be important for controlling the intercalation polymerization.
For example, when KC24 (stage 2 potassium intercalated graphite) is used as the initiator, the reaction
rate of intercalation polymerization can be several times faster than that of KC8 (stage 1 potassium
intercalated graphite) [108]. However, KC8 exhibits much more effective exfoliation of graphite layers,
while the products obtained from higher-stage GIC are mixed with un-exfoliated graphite [105].

Besides the intercalation polymerization initiated by alkali metal–GIC, some interesting work has
been reported to synthesize polymer functionalized graphene nanoribbons (GNRs) using multiwalled
carbon nanotubes (MWCNTs) as raw material [110]. In an analogy to the intercalation chemistry of
graphite, the intercalation of potassium vapor or solvent-stabilized potassium cations into MWCNTs
can lead to an expansion of the d-space between MWCNT layers, causing the MWCNTs to partially
or fully split [111–113]. Thus, the fissures are functioned with aryl anions and their associated
metal cations and converted into edge-negatively charged macroinitiators for the subsequent anionic
polymerization of vinyl monomers [110]. This strategy can be described in Figure 6. Furthermore, the
active carboanionic edge of unzipped MWCNTs can be further functioned by N-vinylformamide to
act as nucleophilic agents and initiate a polymerization of epoxy resin (Figure 7) [106]. Thus, GNR
functioned with different kinds of polymers can be synthesized following this idea [114–116]. Since the
active carboanionic site mostly appears at the edges of GNR, it would always result in site-selective
polymerization. Therefore, this strategy leads to polymer functionalized edges of graphene nanoribbon,
but the basal planes can still remain sp2-hybridized carbon [110].
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Figure 6. Reaction scheme of multiwalled carbon nanotubes (MWCNTs) unzipping and edge-selective
in situ polymerization of vinyl monomers. (a) Intercalation of MWCNTs by potassium naphthalenide;
(b) formation of longitudinal fissure in the walls; (c) polymerization of styrene assists in exfoliation of
MWCNTs; (d) polymer functionalized GNRs. Adapted with permission from [110]. Copyright © 2013
American Chemical Society.

Figure 7. Reaction scheme of unzipping and edge-functioned MWCNTs for initiating polymerization
of the epoxy resin. (a) intercalation of MWCNTs by alkali metal; (b) longitudinal unzipping and
formation of carbanions, stabilized by cation; (c) in situ functionalization of unzipped MWCNTs by
N-vinylformamide; (d) edge-functioned MWCNTs formation upon N-vinylformamide hydrolysis.
The polymerization reaction is marked by dashed box. Adapted with permission from [106].
Copyright © 2016 Elsevier.

3.1.2. In Situ Intercalation Polymerization

As mentioned, some kinds of organic molecules can intercalate into graphite by π–π or
cation–π intercalation between intercalants and graphite interlayers. Although a limited amount
of molecules can penetrate into the interlayer of graphite, these polymerizable monomers can be
initiated by subsequently added initiators. Zhou et al. performed the polymerization of aniline
confined in graphite layers, resulting in graphene/polyaniline (PANi) hybrids by a one-step in situ
intercalation polymerization [53]. An alogous method was then applied to prepare polypyrrole
(PPy) or polyamide-6 (PA-6)/graphite nanoflake composites, confirming the universality of in situ
intercalation polymerization [18,117]. This strategy is summarized in Figure 8. Monomer cations
absorb on the surface of graphite to decrease the interaction between graphite layers, which facilities
the following intercalation of monomer cations by π–π or cation–π intercalation. As more cationic
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complexes insert into the layers, the graphite interlayer space turns to a larger space and thus further
weakens the intercalation between interlaminations. After initiating the polymerization, monomer
cations confined in graphite interlayers grow into polymer chains gradually. A large amount of heat
would be generated in this process, involving the movement of long-chain molecules. These effects lead
to a violent separation of graphite and exfoliate into graphene. Furthermore, the exfoliated graphene
is pasted and stabilized by the onsite synthesized polymer molecules to prevent its agglomeration.

Figure 8. (a) Schematic for the in situ intercalation polymerization of ANi+ into EG to synthesize
graphene/polyaniline hybrids; (b) scanning electron microscope (SEM) image of expanded graphite;
and (c) transmission electron microscope (TEM) image of graphene/polyaniline hybrids obtained by in
situ intercalation polymerization. Adapted with permission from [53]. Copyright © 2014 Royal Society
of Chemistry.

Since the interlayer distance of graphite is 3.35 Å, it can be thought as a natural nanoreactor,
and in situ intercalation polymerization performed in the graphite interlayers can be recognized as a
typical 2D-confined polymerization. Moreover, sp2-hybridized carbon in graphite provides abundant
π-electrons, leading to a special 2D electron-rich confined space. Polymer synthesized in such a
unique nanoscale-confined space is partitioned from that of the surrounding bulk space. In situ
polymerization in the interlayer of graphite results in the hybridization of graphene/polymer induced
by the nano-confined effect and electron interaction, which may further influence the band structure
of hybrids [53,117,118]. In addition, a nano-confined space always causes geometric conformational
transformation or orientation of confined molecules [71], which might be used for the further study of
molecular structure.

Owing to its larger interlayer distance and functioned oxygen-containing group, graphite oxide
can be more easily intercalated than graphite by not only the cationic complex but also molecules like
vinyl alcohol [107], vinyl acetate [104] and methyl methacrylate [119] for interlayer polymerization.
Sandwich-like polymer/graphene oxide composites with highly crumpled and intercalated structures
can be obtained by the in situ interlayer polymerization [107,119,120]. The extraordinary crumpled
structure might be attributed to the interlayer chain movement and hybrid interactions between the
polymer and graphene oxide. Besides weakening of interlayer interaction, some research indicates
that the surface wettability of graphite to monomers is another critical factor for the exfoliation of
graphene [119]. Chemical expanded graphite (CEG) is used for further oxidization to introduce oxygen
functional groups on the graphite surface. Benefiting from its open and highly surface-accessible pore
structures, diffusion resistance of the oxidizer in the interlayers of CEG significantly reduces [121].
The two-stage oxidization (as illustrated in Figure 9a) results in the spatially uniform oxidization of
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graphite layers (Figure 9b) which is different from traditional graphite oxide functioned mostly in the
peripheral region [122,123]. In this way, the wetting capability of CEG to monomers can be improved
by the uniformly grafted oxygen functional groups, and finally leads to spontaneously and uniform
exfoliation of CEG into single- and few-layer graphene in graphene/polymer composites during the
interlayer polymerization.

Figure 9. (a) Schematic of the preparation of polymethyl methacrylate (PMMA)/graphene composites
by interlayer polymerization; and (b) SEM image of freeze-fractured cross sections of composites.
Adapted with permission from [119]. Copyright © 2017 American Chemical Society.

3.2. Characterization of Intercalation Polymerization

For the characterization of intercalation polymerization, the primary consideration is to focus on
the intercalation and exfoliation of graphite, and XRD is the most important test. The XRD pattern
of graphite always exhibits sharp characteristic diffraction peaks at 2θ = 26.5◦ (d = 3.35 Å), which
are assigned to the (002) plane of graphite. The interlayer distance will be enlarged if graphite is
intercalated by a guest molecule, leading to intensity decrease or disappearance of this peak. Instead,
new diffraction peaks corresponding to the changed interlayer distance may appear as shown in
Figure 10. Once intercalation polymerization achieves the exfoliation of graphene, these peaks will
disappear due to the separation of graphite layers. Therefore, the XRD pattern can be used to effectively
analyze the intercalation and exfoliation of graphite.

Figure 10. (a) XRD patterns of graphite, FeCl3 and FeCl3-GIC; insert is the schematic of graphite and
FeCl3-GIC. Adapted with permission from [62]. Copyright © 2014 Royal Society of Chemistry. (b) XRD
patterns of natural graphite, expanded graphite (EG) and graphene/polyaniline (PANi)/EG hybrids
synthesized by intercalation polymerization. Adapted with permission from [53]. Copyright © 2014
Wiley Online Library.
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Exfoliated graphene can also be distinguished by morphology characterization using a scanning
electron microscope (SEM), transmission electron microscope (TEM) and atomic force microscope
(AFM) etc. Highly-stacked natural graphite or worm-like expanded graphite are significantly different
from exfoliated single- and few-layer graphene, as depicted in Figure 11. Furthermore, high-resolution
TEM and AFM can be helpful in confirming the number of graphene layers. It must be noted that
sometimes the number of graphene layers calculated from thickness are not accurate due to the coated
polymer on the graphene.

Figure 11. SEM images of (a) natural graphite and (b) expanded graphite; (c) atomic force microscope
(AFM) image and (d) TEM image of PMMA/graphene composites. Adapted with permission
from [119]. Copyright © 2017 American Chemical Society.

As the intercalation polymerization goes on in a typical 2D-confined space, the structure
of graphene may change due to the hybridizing interactions between exfoliated graphene and
synthesized polymer. Therefore, some forms of structural characterization can also be applied to
analyse intercalation polymerization such as Fourier-transform–infrared (FT–IR) spectra and laser
Raman spectroscopy. For example, the interaction between the N-atom in PANi and π-electrons in
graphene leads to the blue shifts of C–N, C=N stretching vibrations (Figure 12a). Meanwhile, the
exfoliation and hybridization of graphene influence the π-electron cloud in graphite, resulting in
overlapping of the D band (at 1350 cm−1) and G band (at 1580 cm−1), and the disappearing of the 2D
band (at 2700 cm−1) in the Raman spectra (Figure 12b) [53].

Figure 12. (a) Fourier-transform–infrared (FT–IR) and (b) Raman spectra of expanded graphite (EG),
PANi and PANi/EG composites. (PANi/EG grinding mixture was denoted as PANi/EG-0, the
intercalation polymerization and in situ polymerization of ANi+ into 1 wt % EG was denoted as
PANi/EG-1 and PANi/EG-2, respectively.) Adapted with permission from [53].Copyright © 2014
Royal Society of Chemistry.
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Besides the above-mentioned methods, many other characterizations have been used to study the
intercalation polymerization and synthesized composites, such as X-ray photoelectron spectroscopy
(XPS), differential scanning calorimetry (DSC) and polarized optical microscopy (POM) etc. [18,119]
However, some fundamental research, for example that on intercalation efficiency, are still challenging,
and require further study. With the development of in situ characterization and theoretical simulation,
a better understanding of intercalation polymerization can be achieved.

3.3. Influence Factors on Intercalation Polymerization

As presented above, intercalating molecules/ions/clusters into graphite, and polymerization in
the graphite interlayers, are the key points for intercalation polymerization. There are many factors
affecting this process. Therefore, based on literature results, we mainly review the influencing factors
on intercalation polymerization from three aspects, i.e., the source of graphene, intercalant species,
and process parameters of intercalation polymerization.

3.3.1. Source of Graphene

The source of graphene in resulting graphene/polymer composites is important in the
intercalation polymerization. It can be divided into natural graphite, expanded graphite, modified
graphite and carbon nanotube. Because of the differences in structure, their performances in
intercalation and exfoliation are also different.

Natural graphite with a complete crystal structure and large planes are the first choice for
preparing high-quality graphene. Most research into traditional GIC used NG as raw materials.
As mentioned above, NG can be fully intercalated by alkali metal, but few studies have achieved the
intercalation of organic monomers [55]. That might be due to its highly stacked layers. Thus, until
now NG has only been used as an initiator for anionic polymerization after the intercalation of alkali
metal. However, only thick graphite flakes are exfoliated in related reports, indicating an insufficient
contact between polymerizable monomers and the initiating segment of GIC [105,108,109]. It seems
that monomers can only contact the edge of the GIC without further penetrating into the interlayer
galleries, leading to limited exfoliation. Potassium intercalated MWCNTs are in a similar situation
when applied in intercalation polymerization. While intercalation of MWCNTs leads to a partial or full
split, monomers can only polymerize at the edges of fissures without further intercalating [106,110].
Actually, when MWCNTs are used for polymerization, as shown in Figure 13a,b, the size of GNR in the
resulting composites is quite small and limited by the superficial area of pristine MWCNTs [106,115].

 

Figure 13. TEM images of (a) partially unzipped MWCNTs, inset is the unzipped layer; and
(b) graphene nanoribbon (GNR)/epoxy nanocomposites. Adapted with permission from [106].
Copyright © 2016 Elsevier. (c) Polypyrrole (PPy)/GO synthesized by intercalation polymerization.
Adapted with permission from [120]. Copyright © 2016 Elsevier.

The intercalation of organic monomers is impeded by the highly-stacking layers due to strong
interlayer interaction of natural graphite. The stacked layers of NG also lead to a limited area
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of accessible surface for monomers. Therefore, EG with an open, highly surface-accessible pore
structure (Figure 11a,b) is the best substitute for NG, which facilitates the access and intercalation of
monomers [53,117]. As more monomers are able to absorb on the surface of EG due to the worm-like
structure, single- or few-layered graphene with large scale (Figure 8c) can be effectively exfoliated
by the subsequent polymerization [53]. However, the exfoliation of EG is insufficient at relatively
higher filler loading (more than 4 wt %), indicating the limitation of utilizing the physical structure
of graphite.

Comparing with NG and EG, GtO and CEG possess not only larger interlayer distance due to
weakened inter-plane interaction, but also abundant functional groups including hydroxyl, carboxyl
and grafted molecules. These functional groups induce strong interaction between monomers
and graphite layers, thus making for effective intercalation and exfoliation (Figure 13c) [119,120].
Furthermore, the modification of graphite significantly improves the surface wettability of graphite
layers to monomers, resulting in the spontaneous exfoliation of graphene. It seems that reasonable
modification of graphite can be helpful in intercalation polymerization together with the highly
accessible surface area of graphite layers, which inspire us to tune the structure of graphite for more
efficient intercalation polymerization.

3.3.2. Intercalant Species

The choosing of intercalant is another key factor for graphite intercalation. Traditional intercalants
for synthesising GIC have been systematically reviewed in ref. [55], but the organic intercalants have
not been discussed before. In order for the one-component organic molecules to intercalate, their
structure should be carefully considered. Intercalation of naphthalene or aniline molecules infers
that π–π interactions can be utilized in this process [53,98]. However, the incomplete intercalation
indicates that π–π interactions are not strong enough for sufficient intercalation. Benefiting from the
strong cation–π interactions, aniline cation exhibits a more pronounced effect in intercalation and
exfoliation [53]. Moreover, the successful intercalation of pyrrole cation or caprolactam onium ion
further confirms the contribution of a positive charge [18,117]. Thus we can say that the intercalative
process is dominated by the strong cation–π interactions between monomers and graphite, and π–π
interactions may also help this process.

3.3.3. Process Parameters of Intercalation Polymerization

Feeding a ratio of monomers to graphite can significantly influence the exfoliation and dispersion
of graphene in the polymer matrix. Because of its poor ability in dissolution, the addition of
graphite is always less than 1 wt % of monomers, otherwise exfoliated graphene would be difficult to
homogeneously disperse in the matrix [117]. But for hydrophilic CEG or GtO, their content can even
be increased up to 10 wt % with only a few aggregations, as shown in Figure 14 [119].

 
Figure 14. SEM image of freeze-fractured cross sections of PMMA/chemical expanded graphite (CEG)
with CEG contents of (a) 1 wt %, (b) 4 wt %, (c) 10 wt %; graphene sheets are denoted by the arrows, and
the ovals indicate aggregations of graphene sheets. Adapted with permission from [119]. Copyright ©
2017 American Chemical Society.
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Moreover, ultrasonication is necessary to help the monomers intercalating into the interlayers of
graphite. With the ultrasonication-assisted intercalation, worm-like EG or stacked GtO can be separated
and dispersed into flakes [53]. However, it is easy to understand that violent ultrasonication may break
the complete graphite layers into small fragments. With short-duration ultrasonic exfoliation, large
GO flakes (lateral size of 10–20 μm) can be obtained. Long-duration ultrasonic also results in flakes
smaller than 1 μm, with more than 75% of them having a size in the range 0.1–0.4 μm [124]. Thus,
a mild and reasonable power of ultrasonication is of importance in the intercalation process, which
facilities high-efficient exfoliation in the polymerization.

4. Application of Graphene/Polymer Composites

Intercalation polymerization provides a new method for synthesizing graphene/polymer
composites. Polymerization conducted in the 2D-confined space of graphite layers leads to graphene
and polymer hybrids which can be easily distinguished from general polymers synthesized in normal
environment. Strong hybridization interaction between polymer molecules and graphene can induce
some amazing performance change. In this section, some emerging applications of graphene/polymer
composites synthesized by intercalation polymerization are reviewed, including electrical conductivity,
electromagnetic absorption, mechanical properties and thermal conductivity.

4.1. Electrical Conductivity

Graphene is widely used as nanofiller for improving the electrical conductivity of polymers
and decreasing the percolation threshold, because of its large specific surface area and extraordinary
electrical property. But contrary to original intentions, the agglomerate of graphene sheets in polymer
composites during processing always inhibits the expected effects. In situ polymerization conducted
in the interlayer of graphite not only exfoliates graphene layers, but also isolate layers by onsite
synthesized polymer. For the PMMA/graphene composite synthesized by intercalation polymerization
with the addition of 1.5 wt % of CEG, electrical conductivity increases about 12 orders of magnitude to
1.63 × 10−2 S/m [119]. This value is far beyond the percolation threshold, implying the good dispersion
of exfoliated graphene in composites. Even more astonishing, a PMMA/graphene composite with an
extremely high electrical conductivity of 1719 S/m can be obtained when 10 wt % of CEG was used
in polymerization, which is one of the highest values reported for graphene/polymer composites as
compared in Table 1.

Table 1. Comprehensive comparison of the electrical conductivity of graphene/polymer composites.

Material Synthesis method Filler content Electrical conductivity (S/m) Reference

PMMA/Graphene Intercalation polymerization 4 wt % 17.55
[119]10 wt % 1719

PMMA/rGO In situ polymerization 3 wt % 1.5 [125]
PMMA/rGO Aqueous mixing 2 wt % 3.7 × 10−2 [126]

PEO/Graphene Aqueous mixing 2 wt % 6 × 10−2 [127]
PBT/rGO Aqueous mixing 10 wt % 9 × 10−2 [128]

PET/Graphene Melt mixing 7 wt % ~10−4 [129]
PI/rGO In situ polymerization 30 wt % 11 [130]

Epoxy/Graphene foam Prepreg-hot press 10 wt % 230 [131]

However, interesting results are reported when conducting polymers were used for interlayer
polymerization. Polyaniline/graphene hybrids synthesized by in situ intercalation polymerization
display obvious decrease in electrical conductivity as compared to those of HCl doped polyaniline
or expanded graphite [53]. This can mostly be attributed to the hybridizing intercalation between
polyaniline molecule and graphene. While the interlayer of graphite acts as nanoreactors, the strong
confined effect would occur during the confined polymerization, which behaves as electron cloud
migration between graphene and polymer molecules. The hybridizing intercalation, on the one
hand, reduces the doping degree of polyaniline, leading to lower carrier concentration, and, on the
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other hand, affects the conjugated system in graphene. Furthermore, π–π staking might also exist in
graphene/polyaniline hybrids. Taken together, the electrical conductivity of the hybrids exhibits an
unusual decrease when compared to pure polyaniline or expanded graphite.

4.2. Electromagnetic Wave Absorption

While digital devices and rapid development of radar detecting technology change our lifestyle,
the electromagnetic waves (EM) generated also lead to the grim problem of EM interference. Thus the
protection and shielding of electromagnetic radiation has been widely considered as a serious problem,
and the microwave absorbing materials is desperately desired by society. As is known, impedance
matching and EM-wave attenuation in the interior of materials are two principles for promoting
EM-wave absorption. The former ensures as little reflection as possible at the surface of materials, and
the latter leads to energy dissipation of the EM wave. Therefore, synergistic effects of the dielectric
loss and magnetic loss are important for promoting EM absorption.

Intercalation polymerization has brought some obvious change in physical parameters for
graphene/conductive polymers. For example, the conductivity and permittivity of the hybrids
exhibit extraordinary change as compared with pure conductive polymers or graphite. A much better
impedance match can be obtained for graphene/polyaniline hybrids synthesized by intercalation
polymerization, facilitating the improvement of microwave absorption [53]. Besides, defects and
hybridizing points induced by hybridizing interaction between polyaniline and graphene act as an
extra polarization center and cause additional relaxation. As shown in Figure 15, the resulting hybrids
show significant enhancement in microwave absorption, and the minimum reflection loss (RL) reached
−36.9 dB with a thickness of 3.5 mm. Moreover, absorption bandwidth with RL below −10 dB is in
the frequency range of 5–18 GHz, depicting a broad frequency band for the application. Furthermore,
based on intercalation polymerization, our group has also developed other similar works such as
graphene/polypyrrole or graphene oxide/polypyrrole hybrids for microwave absorption [117,120].

Figure 15. (a) TEM image of PANi/EG hybrids hybrids synthesized by intercalation polymerization of
ANi+ into 1 wt % EG; and (b) the calculated RL in the frequency range of 2–18 GHz (PANi/EG grinding
mixture was denoted as PANi/EG-0, the intercalation polymerization and in situ polymerization
of ANi+ into 1 wt % EG was denoted as PANi/EG-1 and PANi/EG-2, respectively). Adapted with
permission from [53]. Copyright © 2014 Royal Society of Chemistry. (c) Calculated RL of PPy/EG
with a thickness of 2.7 mm in the frequency range of 2–18 GHz (hybrids with different addition of EG
were denoted as PPy/EGx, where x = 0, 0.5, 1.0, 1.5, 2.0 wt %). Adapted with permission from [117].
Copyright © 2015 Elsevier.

Among these hybrids, PPy/GO exhibits the best result for microwave absorption. The minimum
RL reaches −58.1 dB at 12.4 GHz with a thickness of 2.96 mm, and a wide broad bandwidth (< −10 dB)
of 6.2 GHz (Figure 16a) indicates its extraordinary performance among different microwave-absorbing
materials [120]. For graphene/conductive polymer composites, their EM loss mainly comes from
dielectric loss with almost no magnetic response. Benefiting from the strong hybridization effect, the
interaction between –NH in PPy and –CO in GO introduce new unsymmetrical centers, which results
in additional charge rearrangement and orbital hybridization due to electric dipole polarization. In
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addition, crumpled structures of PPy/GO (as shown in Figure 13c) would lead to more interfacial
losses or relaxations at a higher frequency. The mechanism for the dielectric loss enhancement of
PPy/GO composite is illustrated in Figure 16b. Recent work on microwave absorption of polymer
composites is summarized in Table 2. It can be seen that intercalation polymerization plays a key role
in the polymer composites to improve their performance in microwave absorption.

Figure 16. (a) The reflection loss (RL) of the samples with a thickness of 2.96 mm; and (b) schematics
of electromagnetic waves (EM) loss-enhancement mechanism of PPy/GO. Adapted with permission
from [120]. Copyright © 2016 by the Elsevier.

Table 2. EM wave absorption of different graphene/polymer composites.

Absorber
Synthesis
method

Matrix
Absorber
content

Thickness
(mm)

RL min
(dB)

RL < −10 dB
bandwidth (GHz)

Reference

PPy/GO Intercalation
polymerization Wax 30 wt % 2.96 −58.1 6.2 [120]

PANi/Graphene Intercalation
polymerization Wax 10 wt % 3.5 −36.9 5.3 [53]

PPy/Graphene Intercalation
polymerization Wax 10 wt % 2.7 −48.0 3.4 [117]

PANi/Graphene In situ
polymerization Wax 25 wt % 3.04 −38.8 2.3 [132]

PEO/rGO Aqueous mixing PEO 2.6 vol % 1.8 −38.8 4.1 [133]

NBR/GO Aqueous mixing NBR 10 wt % 3 −57.0 4.5 [134]

PANi/Graphene
foam

In situ
polymerization

Graphene
foam - 2 −52.5 3.0 [135]

PANi/rGO In situ
polymerization Wax 50 wt % 2 −41.4 4.2 [136]

4.3. Mechanical Properties

The mechanical properties of composites are worth expecting because of the homogeneous
disperse of graphene and the strong interfacial interactions induced by in situ intercalation. When GtO
is intercalated and exfoliated, the tensile strength of PVA increases from 42.3 MPa of pure PVA to
50.8 MPa with only 0.04 wt % GtO loading, and Young’s modulus increases from 1477 to 2123 MPa [107].
The significant improvement of mechanical properties at such low loading of GO can be due to the
uniform dispersion of exfoliated GO, the aligned GO parallel to the film and the hydrogen bonding
interaction between GO and polymer chains. But, limited by the initial strength of a dilapidated GO
plane and the efficiency of intercalation polymerization, the mechanical properties of PVA are difficult
to improve further. Thus, stronger interfacial interactions between graphene planes and polymer
matrix are expected. Therefore, uniform oxidized graphite layers are functioned by introducing
polymerizable C=C bonds on the graphene surface, ensuring polymer molecules covalent grafting
onto graphene in subsequent interlayer polymerization, as shown in Figure 17 [119].
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Figure 17. (a) Storage modulus; and (b) damping loss of PMMA/chemical expanded graphite (CEG)
composites with different filler contents as a function of temperature. Adapted with permission
from [119]. Copyright © 2017 American Chemical Society.

Covalent bonding between polymer chains and graphene planes leads to better interfacial
interaction, cooperating with the good dispersion of graphene, composites exhibit a 3-fold increase in
the storage modulus with 10 wt % functioned CEG [119]. As summarized in Table 3, the intercalation
polymerization significantly improves the mechanical properties of composites when compared to
other synthesis methods. Furthermore, gradually decreasing transition temperature and decreasing of
damping loss indicates a typical restricted relaxation behavior and effective interface load transfer,
which is reasonably related to the modified in situ intercalation polymerization.

Table 3. Improvement in the mechanical properties of composites synthesized by different methods.

Material Synthesis method Filler content
Mechanical properties relative to neat

polymer (ΔE, ΔE’, Δσmax, ΔKIC) *
Reference

PMMA/Graphene Intercalation
polymerization 10 wt % ΔE’ = 299% (at 45 ◦C) [119]

TPU/GNR Intercalation
polymerization 0.5 wt % ΔE = 70%, ΔE’ = 175% (at −25 ◦C),

Δσmax = 15% [115]

Epoxy/GNR Intercalation
polymerization 0.15 wt % ΔE = 11%, ΔKIC = 43% [106]

PVA/GO Intercalation
polymerization 0.04 wt % ΔE = 43%, Δσmax = 20% [107]

PMMA/rGO In situ
polymerization 2 wt % ΔE = 13%, Δσmax = −41% [137]

PMMA/Graphene Twin screw
extruding 20 wt % ΔE = 7%, ΔE’ = 22% (at 100 ◦C), Δσmax

= 3% [138]

Epoxy/rGO Ball mill 2 wt % ΔE = 5%, Δσmax = 0%, ΔKIC = 50% [139]

Epoxy/Functioalized-GO In situ
polymerization 0.5 wt % ΔE = 16%, Δσmax = −75%, ΔKIC = 33% [140]

Thermoplastic
polyurethane

(TPU)/Graphene
Aqueous mixing 3 wt % ΔE = 43%, Δσmax = −22% [141]

* ΔE: maximum Young’s modulus improvement; ΔE’: maximum storage modulus improvement; Δσmax: maximum
tensile strength improvement; ΔKIC: maximum fracture toughness improvement.

4.4. Thermal Conductivity

Since most polymers exhibit poor ability in conducting heat flow, graphene has long been
expected to promote their thermal conductivity (TC). Similar to electrical conductivity, the dispersion
of graphene in the polymer matrix is one of the key points for higher thermal conductivity. Thus,
in situ intercalation polymer can be a useful method for fabricating polymers with high thermal
conductivities. As depicted in Figure 18, polyamide-6/graphite nanoflakes synthesized by intercalation
polymerization exhibits significant thermal conductive improvement to 2.49 W/(m·K) with 12 wt %
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EG loading, as that of pure polyamide-6 is only 0.32 W/(m·K) [18,142]. Compared with composites
prepared by in situ polymerization or melt mixing with EG, intercalation polymerization results in
not only better dispersion of graphite nanoflake but also better interfacial connections. Generally,
better compatibility always means a better phonon match between EG and the polymer matrix, further
decreasing the thermal interface resistance and improving the percolation. Moreover, the thermal
conductivity of PA-6 composites synthesized by the intercalation polymerization is much higher
than that of most reported graphene/polymer composites (Table 4). Therefore, in situ intercalation
polymerization provides a good idea for constructing highly efficient thermal conductive pathways
within the matrix network.

Figure 18. Schematic for the in situ intercalation polymerization of CL+ into EG to synthesize
polyamide-6/graphite nanoflakes composites. Adapted with permission from [18]. Copyright ©
2017 Elsevier.

Table 4. Thermal conductivity polymer/graphene composites synthesized by different methods.

Material Synthesis method Filler content TC (W/(m·K))
TC enhancement compared

to neat polymer
Reference

PA-6/Graphite
nanoflakes

Intercalation
polymerization 12 wt % 2.49 678% [18]

PA-6/rGO In situ polymerization 10 wt % 0.416 112% [143]

PA-6/Graphene
foam In situ polymerization 2 wt % 0.847 300% [144]

PA-6/Graphene-GO In situ polymerization 10 wt % 2.14 569% [142]

PA-6/Graphite Twin screw extruding 30 wt % 1.37 350% [145]

PS/Graphite
nanoflakes Melt mixing ~9.2 wt % 0.9 398% [146]

PP/Graphite
nanoflakes Aqueous mixing 10 wt % 1.53 595% [147]

PVA/Graphite
nanoflakes Aqueous mixing 10 wt % 1.43 580% [147]

PBT/Graphite
nanoflakes In situ polymerization 20 wt % 1.98 1320% [148]

4.5. Other Applications

Except for the above applications, graphene/polymer composites synthesized by intercalation
polymerization have also been used in other fields like sensing, electrochemical supercapacitor and
gas barriers. For examples, PVA/GO synthesized by intercalation polymerization can form an
optically transparent, flexible film with much lower water vapor permeability than neat PVA, as
shown in Figure 19a,b [107]. Similar results are reported for thermoplastic polyurethane (TPU)/GNR
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composites. Nitrogen gas effective diffusivity decreased by 3 orders of magnitude with only 0.5 wt %
GNRs (Figure 19c) [115]. Some other applications of synthesized graphene/polymer composites
are summarized in Table 5. Although a few researches, these works give a sight for expanding the
application fields of intercalation polymerization.

Figure 19. (a) Digital image of poly(vinyl alcohol (PVA)/GO composites film synthesized by
intercalation polymerization; and (b) its water vapor permeability. Adapted with permission from [107].
Copyright © 2016 Royal Society of Chemistry. (c) Pressure drop curves of thermoplastic polyurethane
(TPU)/GNR composites. Adapted with permission from [115]. Copyright © 2013 by the American
Chemical Society.

Table 5. Other applications of graphene/polymer composites synthesized by intercalation polymerization.

Application Material Description Reference

Sensing of serotonin PLA/GO Electrochemical detection with high concentration range (0.1–100.0 μM)
and low detection limit (0.08 μM, where s/n = 3) [149]

Sensing of methanol PANi/GO High sensitivity (ΔR/R0 = 20.9–37) for methanol vapor (100–500 ppm) * [150]
Electrochemical
supercapacitor PANi/GO High specific capacitance of 543.75 F/g and reversible electrochemical

response up to 150th repeated cycles [151]

Water vapor barrier PVA/GO Water vapor permeability declines about 5-fold to
0.66 × 10−12 g·cm·(cm2·s·Pa)−1 by adding 0.04 wt % GO [107]

Nitrogen gas barrier TPU/GNR Nitrogen gas effective diffusivity decreased by 3 orders of magnitude
with only 0.5 wt % GNRs. [115]

* ΔR/R0 = (R − R0)/R0, where, R0 and R are the initial resistance of sensor in the air and in target gas, respectively.

5. Conclusions and Outlook

Based on the above generalizations about intercalation polymerization, it can be concluded that the
intercalation chemistry of graphite and subsequent interlayer polymerization have attracted increasing
attention, and research of intercalation polymerization and the resulting composites has indeed
become attractive. The presented review has highlighted recent developments relating to intercalation,
polymerization and the performance of the as-synthesized graphene/polymer composites.

For intercalation polymerization, what is important is the interaction between organic monomers
and graphite interlayers. If the interaction is not strong enough, monomers cannot penetrate into the
deep intergallery for sufficient exfoliation, which leads to only thick graphite flakes or edge-functioned
layers. In situ intercalation polymerization successfully disperses graphene in synthesized polymer
composites. However, the intercalation efficiency of monomers is still too low to form GIC, thus
limiting the content of graphene in the matrix. Moreover, once organic monomer-GIC is successfully
synthesized, the layer number of exfoliated graphene will be theoretically controllable. Therefore,
improving the intercalation efficiency becomes a serious issue for intercalation polymerization, and
tuning the interaction between monomers and graphite can be an effective way of doing this. What
we can do to tune the interaction is to carefully design the structure of intercalative monomers and
graphite. Cation–π interactions play an essential role in the intercalation process, and therefore cationic
monomers or oxidized graphite achieve a better intercalation effect. If a conjugated structure exists in
intercalants, π–π interactions may also assist the intercalation process. The oxidation and modification
of graphite can significantly reduce the resistance of intercalation and exfoliation, and the introduced
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active sites facilitate the functional applications of composites. However, traditional methods prefer to
attack the carbon atoms in the peripheral region, leading to inhomogeneous distribution of functional
groups. In recent years, controllable and spatially uniform oxidation has been achieved using K2FeO4

or H2O2 [43,44]. These results inspire us to comprehensive consider when graphite oxide or modified
graphite are used in intercalation polymerization. For example, the slightly but uniformly oxidized
graphite achieve fully intercalation, spontaneous exfoliation and homogeneously dispersed graphene,
thus leading to highly conductive and mechanically strong polymer composites [119]. The graphite
oxide with a high degree of oxidation also improves the EM absorption of PPy [120].

Recently, graphene/polymer composites synthesized by intercalation polymerization have
exhibited a significant improvement of performance in various fields. However, some related
fundamental scientific issues should be studied. For instance, it is important to understand the
structural evolution of polymers during polymerizing in the 2D space of the graphite interlayers.
Thereafter, we can reveal the interaction mechanism between graphene and polymer molecules in
the process of intercalation polymerization, which may aid in the further molecular regulation and
functional design of polymer materials. It is believed that intercalation polymerization will offer a
bright future in the field of the synthesis and application of graphene/polymer composites.
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Abbreviations

CVD Chemical vapor deposition
NG Natural graphite
GO Graphene oxide
GtO Graphite oxide
GIC Graphite intercalated compounds

Pyr14TFSI
N-butyl-N-methylpyrrolidinium
bis-(trifluoromethanesulfonyl)imide

PC Propylene carbonate
DMSO Dimethyl sulfoxide
DMF Dimethylformamide
Pyr14

+ N-butyl-N-methylpyrrolidinium cation
LiTFSI Lithium bis(trifluoromethanesulfonyl)imide
TFSI− Bis(trifluoromethanesulfonyl)imide anion
TBA+ Tetrabutylammonium cations
1,2-DAP 1,2-diaminopropane
XRD X-ray diffraction
ANi+ Aniline cation
CL+ Caprolactam onium ion
EOG Edge-selectively oxidized graphite
C14N+ Tetradecyl-ammonium cation
TAA+ Tetraalkylammonium ions
PVA Poly(vinyl alcohol)
PDDA Poly(diallyldimethylammonium chloride)
PVAc Poly(vinyl acetate)
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EG Expanded graphite
ANi Aniline
KC24 Stage 2 potassium intercalated graphite
KC8 Stage I potassium intercalated graphite
GNRs Graphene nanoribbons
MWCNTs Multiwalled carbon nanotubes
PANi Polyaniline
PPy Polypyrrole
PA-6 Polyamide-6
CEG Chemical expanded graphite
PMMA Polymethyl methacrylate
SEM Scanning electron microscope
TEM Transmission electron microscope
AFM Atomic force microscope
FTIR Fourier transform infrared
XPS X-ray photoelectron spectroscopy
DSC Differential scanning calorimetry
POM Polarized optical microscopy
rGO Reduced graphene oxide
PEO Polyethylene oxide
PBT Poly(butylene terephthalate)
PET Poly(ethylene terephthalate)
PI Polyimide
EM Electromagnetic waves
RL Refection loss
NBR Nitrile butadiene rubber
TPU Thermoplastic polyurethane
TC Thermal conductivity
PS Polystyrene
PP Polypropylene
PLA Poly(lactic acid)
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Abstract: Self-healing materials have attracted much attention because that they possess the ability to
increase the lifetime of materials and reduce the total cost of systems during the process of long-term
use; incorporation of functional material enlarges their applications. Graphene, as a promising
additive, has received great attention due to its large specific surface area, ultrahigh conductivity,
strong antioxidant characteristics, thermal stability, high thermal conductivity, and good mechanical
properties. In this brief review, graphene-containing polymer composites with self-healing properties
are summarized including their preparations, self-healing conditions, properties, and applications.
In addition, future perspectives of graphene/polymer composites are briefly discussed.
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1. Introduction

Regenerative abilities allow creatures to repair damaged functions to prolong their life span.
Researchers are inspired to design and prepare self-healing materials to increase the lifetime of
materials and reduce the total cost of systems during the process of long-term use. Recently, great
progress has been made in self-healing composite materials that possess the ability to restore their
structure and functionality after damage. Early self-healing materials were focused on microcapsule or
microtubule by release of healing agents to achieve repairing. However, the self-healing times of these
methods are dependent on the amounts of healing agents in the microcapsule or microtubules [1].
To address these limitations, dynamic chemistry involving dynamic covalent chemistry (e.g., imine
bonds [2,3], disulfide bonds [4–6], acylhydrazone bonds [7–9], and boronate ester bonds [7])
and non-covalent interactions, such as hydrogen bonds [10,11], π−π stacking [12], hydrophobic
interactions [13,14], host-guest interactions [15], ionic interactions [16], electrostatic interactions [17],
and metal-coordination interactions [18–20], has been recently introduced to construct self-healing
materials with multiple reversible healing ability.

Graphene, as a new type of two-dimensional planar monolayer of sp2 carbon atoms, has attracted
widespread attention in all kinds of research areas due to its large specific surface area, excellent
electrical conductivity, thermal conductivity, and unique mechanical properties [21–25]. Recently,
graphene or graphene derivatives have been widely introduced into polymer matrices. The excellent
performance of graphene or graphene derivatives, combined with the advantages of the polymer
matrix, makes graphene/polymer composites suitable for application in conductive devices, coating,
and biological and pharmaceutical field [26–30]. Although graphene-based composites have been
well established [31–34], graphene-containing composites with self-healing capacity have not been
summarized up to now. Introduction of self-healing capability into graphene/polymer composites
will endow them with the ability of repairing themselves after damage and enlarge their service life.
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A lot of studies have been reported on the self-healing of the graphene/polymer composites due to
their wide applications (Figure 1). Therefore, it is necessary to review self-healing graphene/polymer
composites, which combine the outstanding properties of graphene with advantages of the polymeric
matrix and can be used in the field of mechanics, thermology, photology and electricity.

In this review, the current advances in self-healing graphene/polymer composites have been
summarized, including their preparation methods, self-healing conditions, properties and applications.
Finally, the future prospects of the self-healing graphene/polymer composites are discussed.

Figure 1. Applications of self-healing graphene/polymer composites.

2. Fabrication Methods

2.1. Simple Mixing

The simple mixing is the simplest and commonest method for preparing graphene or graphene
derivative/polymer composites [35–43]. Usually, graphene or graphene derivatives are blended with
polymers by mechanical mixing or ultrasonic dispersion. For example, Sabzi et al. [44] prepared
poly(vinyl alcohol) (PVA)/Agar/graphene self-healing hydrogels by simply mechanical stirring
and ultrasonication.

Considering its easy agglomerate due to the strong π-π interactions, usually, graphene has been
oxidized into graphene oxide (GO). Yan et al. fabricated chitosan/GO supramolecular hydrogels
with self-healing properties [45]. It was found that at high GO concentration, a hydrogel can be
obtained by simple mixing chitosan and GO at room temperature. However, at low GO concentration,
the supramolecular hydrogel formed only at high temperature (95 ◦C). Walther et al. fabricated
rapid self-healing supramolecular elastomers by simple mixing graphene and supramolecular
pseudo-copolymer [37]. The copolymer system was formed by co-assembly of diaminotriazine (DAT)
functionalized polyglycidols (PG) and cyanuric acid (CA) functionalized PG. Thermally reduced
graphene oxide (TRGO) was added from a freshly sonicated dispersion to a heated supramolecular
pseudo-copolymer to reach 0.1 wt % in the final nanocomposite. The excellent photothermal
effect was enhanced by TRGO, which made the hydrogen bonds break and bond in co-assembled
elastomers (Figure 2).
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Figure 2. Remote, spatiotemporal, light-fueled modulation of the mechanical properties of
co-assembled PG-DAT/PG-CA films hybridized with TRGO. The incorporation of TRGO in low
amounts (0.1 wt %) allows localized heating via a NIR laser (808 nm) to break the hydrogen bonds,
thus allowing molecular motion and relaxation. Reproduced with permission from [37]. Copyright
(2017) Advanced Functional Materials.

2.2. In Situ Polymerization

In situ polymerization can be interpreted to mean that the monomer and graphene or graphene
derivative were mixed firstly and subsequently polymerized by the addition of initiators [46–58].
For example, Green et al. demonstrated physically cross-linked graphene-polyacrylamide (PAM)
self-healing hydrogels with increased thermal stability and electrical conductivity [54]. All the reactants,
acrylamide (AM), N,N-methylenebisacrylamide (MBA), and potassium persulfate, were added to the
graphene dispersion in water and polymerized.

Taking advantage of this method, our group fabricated cationic PAM/GO self-healing
hydrogels with tough, stretchable, compressive property [46]. The GO aqueous dispersion
was adjusted to pH 10 by dropping ammonium hydroxide. Successively, the monomers
2-(dimethylamino)ethylacrylatemethochloride (DAC) and AM were added into the GO suspension
under stirring followed by the addition of MBA. After adding initiators, polymerization was carried
out in an oven at 35 ◦C for 12 h. Ran et al. fabricated self-healing GO/hydrophobically associated
polyacrylamide (HAPAM) composite hydrogels [49]. During the synthesis, GO, the hydrophilic
monomer AM and the hydrophobic monomer stearyl methacrylate were mixed to make a uniform
solution. After that, potassium persulfate was added to the solution to initiate the polymerization.
As shown in Figure 3, a dual cross-linked network was formed after introducing GO into HAPAM
through a facile one-pot in situ polymerization.

During the in situ polymerization process, graphene can also be modified and participate in the
polymerization, forming the covalent bond between graphene and polymers. For example, Karak et al.
fabricated a tough self-healing elastomeric nanocomposite containing a castor oil-based hyperbranched
polyurethane (PU) and an iron oxide nanoparticle decorated reduced graphene oxide (IORGO)
nanohybrid [59]. The IORGO was prepared by the co-precipitation of ferrous and ferric ions on
the GO sheets, followed by the reduction of GO. The reaction was carried out by in situ polymerization
of poly(ε-caprolactone) diol, 1,4-butanediol, 2,4/2,6-toluene diisocyanate and IORGO. After formation
of pre-polymer, a monoglyceride of castor oil as a chain extender was added to form the resulting
PU/IORGO nanocomposites. The reaction process is a conventional condensation reaction and is
shown in Figure 4a. The same group also prepared sulfur nanoparticle decorated reduced graphene
oxide (SRGO) [60] and fabricated self-healing hyperbranched PU/SRGO nanocomposites [61].

Similarly, Kim et al. synthesized a phenyl isocyanate modified GO and obtained the self-healing
composites by condensation reaction of poly(tetramethylene glycol) and 4,4′-methylene diphenyl
diisocyanate and phenyl isocyanate modified GO in the presence of phenylhydrazine [62] (Figure 4b,c).
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Figure 3. A proposed structure illustration of GO/hydrophobically associated polyacrylamide
(HAPAM) composite hydrogels. Reproduced with permission from [49]. Copyright (2015) Journal of
Materials Chemistry A.

Figure 4. (a) Synthesis of a hyperbranched PU/IORGO nanocomposite. Reproduced with permission
from [59]. Copyright (2015) New Journal of Chemistry. (b) Modification of graphene oxide (GO) by
phenyl isocyanate. (c) Overall reaction scheme to prepare a PU/MG nanocomposite. Reproduced with
permission from [62]. Copyright (2013) European Polymer Journal.
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2.3. Diels-Alder (DA) Reactions

The DA reaction and its retro-Diels-Alder (rDA) analogue is a promising route to introduce
self-healing properties to polymeric systems, which can be performed under mild conditions without
any catalyst or healing agent [63–66]. To realize the DA reaction, GO is usually functionalized to
react with polymers. For example, Liu and coworkers synthesized the maleimide functionalized
GO [67], which can produce a DA cross-linked bond with furan groups of the polyurethane chains
(Figure 5). Zhang et al. synthesized an ultrafast self-healing composite material based on DA reactions.
The surface modification of graphene involved hydramine-functionalized graphene oxide (FGO) and
reduction of FGO to afford hydramine-functionalized graphene nanosheets. The resulted composite
was formed by introduction of functionalized graphene nanosheets into the pre-PU which was
prepared from the condensation of NCO-terminated PU and a DA resultant of furfury alcohol and
bismaleimide [68,69].

Figure 5. Synthetic routes of nanocomposites. Reproduced with permission from [67]. Copyright (2017) Polymer.

2.4. Layer-by-Layer Self-Assembly Technique

The layer-by-layer (LBL) self-assembly technique is a versatile approach to fabricate multilayered
nanostructural composites [70–73]. The first implementation of this technique is attributed to
J. J. Kirkland and R. K. Iler, who carried it out using microparticles in 1966 [74]. The LBL self-assembly
technique now can be accomplished by using various methods such as immersion, spin, spray,
electromagnetism, or fluidics. For example, Fan et al. introduced a self-healing anticorrosion coating
on a magnesium alloy (AZ31) substrate [75]. Firstly, cerium nitrate hexahydrate was coated on AZ31
substrate and then the sample was heated at 80 ◦C for 30 min to partially convert the oxide Ce(III) to
Ce(IV). Subsequently, poly(ethyleneimine) (PEI) and GO was coated on the sample to form the PEI/GO
layer. Finally, the PEI/GO coated sample was immersed in PEI, deionized water, poly(acrylic acid)
(PAA), and deionized water, alternatively (Figure 6a). Graphene oxide was incorporated as corrosion
inhibitor and the self-healing ability was attributed to the PEI/PAA multilayers. Ge et al. also prepared
a self-healing multilayer polyelectrolyte film based on branched PEI, PAA and graphene by a LBL
self-assembly technique [76].
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Sun and coworkers reported an intrinsically healable, reduced graphene oxide (RGO)-reinforced
polymer composite film via LBL assembly [77]. RGO modified with β-cyclodextrin (β-CD) (denoted
as RGO-CD) can complex with branched PEI grafted with ferrocene groups (Fc) (denoted as bPEI-Fc)
based on host-guest interactions to form bPEI-Fc&RGO-CD complexes. The bPEI-Fc&RGO-CD
complexes are LBL assembled with PAA to fabricate PAA/bPEI-Fc&RGO-CD composite films.
The reversible host-guest interactions between nanofillers and LBL-assembled polyelectrolyte films
make the composites possess excellent mechanical robustness and highly efficient self-healing
properties simultaneously (Figure 6b,c).

Figure 6. (a) Preparation process of the self-healing anticorrosion coating. Reproduced with permission
from [75]. Copyright (2015) ACS Applied Materials and Interfaces. (b) The chemical structures of
bPEI-Fc, PAA and RGO-CD. (c) Schematic illustration of the fabrication and healing process of the
PAA/bPEI-Fc&RGO-CD composite films. Reproduced with permission from [77]. Copyright (2017)
ACS Nano.

2.5. Hydrothermal Methods

Apart from the aforementioned fabrication methods, there are other ways to fabricate self-healing
graphene/polymer composites. Tang et al. reported conductive and self-healing nanocomposite
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hydrogels though a simple hydrothermal method [78]. All the reagents were poured into a Teflon-lined
stainless steel autoclave and heated at 100 ◦C for 10 h, forming nanocomposite hydrogels.

3. Self-Healing Condition

To restore their original properties, graphene/polymer composites need to repair themselves
autonomously or require external energy/stimuli such as mechanical force, light, heat, pH changes.
In this section, different self-healing conditions of graphene/polymer composites were summarized.

3.1. Heating

Heating is a common self-healing condition due to its easy operation. By heating, the
mobility of polymer chains increases, thus facilitating the self-healing of graphene/polymer
composites [40,41,43,48,51,53,54,56,67,79–82]. Pugno and Valentini’s group fabricated a negative
temperature coefficient (exhibiting electrical resistance decrease with temperature increase) silicone
rubber (SR)-graphene nanoplatelets (GNPs) composite that can be healed by simple thermal annealing
in an oven up to 250 ◦C for 2 h [43]. After heating treatment, the composite showed a healing efficiency
of ~87% by tensile strength. The reversible crosslinking among the damaged network of SR/GNP
composite can be thermally activated due to free silanol groups. In conductive composites, the electrical
conductivity commonly decreased due to the destroyed conductive network during tensile cycles.
However, Zhan et al. reported a conductive graphene/natural rubber composite [40], in which the
electrical conductivity rose to nearly two times higher than that of the original one after four tensile
cycles and subsequently thermal treatment. The increased conductivity indicates that the destroyed
networks, which occur during the tensile process, can be healed during the post thermal treatment.

3.2. Light Radiation

Although heating is an easy way to repair damaged graphene/polymer composites, during
heating other parts of devices are susceptive to heat, thus heating will cause interference of other parts
of the devices and result in the deterioration of devices. Therefore, light radiation is an alternative way
to repair the damaged composites. Graphene has good ability of photothermal energy transformation
that makes the self-healing graphene/polymer composites usually show the same capacity [83].
Zhang et al. synthesized an ultrafast infrared (IR) laser-triggered self-healing composite material [68].
Due to the IR absorbing capacity of functionalized graphene nanosheets (FGNS), the temperature of the
composites increased from 30 ◦C to 150 ◦C over within 20 s under IR laser irradiation, which reaches
the healing temperature of rDA chemistry. The healing efficiency of the snipped specimen reached
more than 96% in terms of Young’s modulus, fracture strength, fracture elongation only by IR laser
irradiation in 1 min (Figure 7).
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Figure 7. Illustration of the self-healing process of FGNS-PU-DA nanocomposite. Reproduced with
permission from [68]. Copyright (2017) ACS Applied Materials and Interfaces.

The near-infrared (NIR) irradiation has been suggested as a non-invasive, harmless and highly
efficient skin-penetrating biomedical technique [84,85]. Tong and coworkers demonstrated a fast
self-healing GO-hectorite clay-poly(N,N-dimethylacrylamide) hybrid hydrogel realized by NIR
irradiation for only 2~3 min up to the strength recovery of ~96% [52]. GO acted not only as
a collaborative cross-linking agent, but also as a NIR irradiation energy absorber to transform it
to thermal energy rapidly and efficiently to promote the mutual diffusion of the polymer chains across
the cut interface. Liang and coworkers reported a self-healing bilayer hydrogel system [86]. When the
fracture surfaces of the cut hydrogel were contacted, the healing is achieved by irradiating with a NIR
illuminant with a wavelength of 808 nm and a power of 1.25 W. The self-healing behavior was ascribed
to the photothermal energy transformation property of GO. With the increase of GO content, the heating
rate of the hydrogels increased. Kim et al. synthesized self-healing PU/graphene nanocomposites with
mechanical, thermal, optical properties [62]. The self-healing ability of PU/graphene nanocomposites
was achieved because of intermolecular diffusion of polymer chains, which can be accelerated by
NIR absorptions.

Considering NIR as a non-invasive, harmless and highly efficient biomedical technique, it can be used in
photothermal therapy. Wang et al. reported a hydrogel made by cross-linking poly(N,N-dimethylacrylamide)
chains on 3D graphene networks that exhibits good neural compatibility, high conductivity, low
impedance and efficient NIR-triggered photothermal self-healing [57,87]. The self-healing hydrogel
can act effectively as a promising artificial tissue material.

In addition to IR or NIR, other wavelengths of light radiation can also achieve self-healing
capability. For example, Fei et al. fabricated a tri-layered, light-triggered healable and highly electrically
conductive fibrous membrane by depositing RGO and silver nanowires onto gold nanoparticles
incorporated poly(ε-caprolactone). The polymer chains interdiffuse across the crack surface of the
damaged fibrous membrane under 532 nm light irradiation, and recrystallize upon cooling after
turning off the continuous-wave diode laser. The surface conductivity recovery by 91% and tensile
strength of the membrane are still well maintained after multiple cutting-healing cycles [88].
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3.3. Microwave

Graphene has an excellent microwaves absorption capability due to its large area conjugated
π-structure [89,90]. Under microwaves absorption, the π-structure of graphene will make it
a giant electric dipole and transform microwaves into heat in the form of dipoles distortion [91],
thus the microwaves absorption can also be used for self-healing of the graphene/polymer
composites. For example, Zhang et al. utilized DA chemistry to prepare covalently crosslinked reduced
functionalized GO/PU composites with self-healing ability using microwaves [63]. The two broken
surfaces were immediately reunited when subjected to a gentle pressure and exposed to a 800 W
domestic microwave oven operating at 2.45 GHz for 5 min followed by 2 h at 70 ◦C without any
continuous pressure. The microwaves absorbed by reduced functionalized GO turned into heat and
then promoted the healing process of the composites based on DA chemistry. The healed samples still
possess good Young’s modulus, fracture strain and fracture stress. Iron oxide (IO) nanoparticles have
intrinsic microwave absorbing capacity and high thermal conductivity, which can also be incorporated
in self-healing composites. Karak et al. reported a tough self-healing elastomeric nanocomposite
containing IORGO, which exhibits the healing efficiency of 99% or more by microwave treatment [59].

3.4. Solvent-Assistant Self-Healing

Deionized water or organic solvent is a practicable external stimulus to heal damage [71,92–94].
Solvents can be helpful to the recombination of chemical bonds. In our group the hydrogels fabricated
by copolymerization of AM and DAC in the presence of GO can be healed by dropping of water [46].
The cut pieces were slightly put together with the fracture surfaces contacting each other. Because
the fresh fracture surfaces are relatively adhesive when the hydrogel was cut, no additional external
force is required for connecting the broken parts. After a drop of water was dropped on the fracture
surfaces, the healed sample can be stretched to a large strain by hand (Figure 8a–c). Without water
assistance, the healed hydrogel has a fracture stress of 248.9 kPa and the healing efficiency is about
45.6%. After self-healing with water assistance, the hydrogel reaches a stress of 503.4 kPa and the
healing efficiency on the base of fracture stress is 92.3%. These results indicate that ionic bonds and
hydrogen bonds can be reformed via water assistance.

In addition, salt solution can also facilitate the self-healing process. For example, Wang and Tong et al.
prepared a multiple shape memory, self-healable, and super tough PAA-GO-Fe3+ hydrogel [47].
The self-healing process is due to the strong ionic binding of Fe3+ ions to the carboxyl groups on the
PAA chains. Keeping the cut surfaces in contact and immersing them in FeCl3/HCl solution for a certain
time gave rise to the self-healing process. After 15 h immersion, the healed hydrogel can bear a dumbbell of
5.5 kg. Importantly, the break position of the healed hydrogel after tensile test is not the healing position,
proving the perfect connection of cut surfaces by Fe3+ ions (Figure 8d–i).
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Figure 8. Self-healing properties of hydrogels. A pristine cylinder of the sample was cut in half (a).
The two-halves were simply brought into contact, and a drop of water was dropped on the cut
surface (b). After standing for 24 h, the sample can be stretched to a large strain by hand (c). Reproduced
with permission from [46]. Copyright (2017) ACS Applied Materials and Interfaces. Photos of the
self-healing hydrogel: (d) as-prepared; (e) cut sample; (f) contacted and immersed in FeCl3/HCl;
(g) stretched to ≈600% after immersing in FeCl3/HCl for 5 h; (h) loaded with ≈5.5 kg after healing
for 15 h; (i) the healing surface and broken surface after tensile test of the hydrogel healed for 15 h.
Reproduced with permission from [47]. Copyright (2016) Macromolecular Materials and Engineering.

3.5. Simple Contacting without Any External Stimuli

This self-healing process is realized at room temperature without any external stimuli,
which is more practical considering the economic and operation aspects [78,95–99]. For instance,
Peng and Turng et al. fabricated a mussel-inspired electroactive chitosan/GO composite hydrogel [95].
The self-healing property was due to dynamic covalent bonds, hydrogen bonding and π-π
stacking. The two pieces of the hydrogel can be reconnected when the fractured surface contacts.
The stress–strain curves of the recovered hydrogel almost coincided with that of the original one.
Polyborosiloxane (PBS) is a well-known “solid–liquid” material whose viscoelastic properties (it flows
as a highly viscous liquid at low strain rates but behaves as a solid at high strain rates) promote fast
and complete healing due to its dynamic dative bonds. However Saiz et al. developed self-healing
graphene-based PBS composites [98]. The mechanical and electrical properties of the composites
can be autonomously and fully healed no matter scratched or complete ruptured just by placing the
fracture surfaces in contact at ambient conditions for 10 min without external stimulus. Since the
healing is driven by polymer flow and the dynamic dative bond interactions between polymer chains,
the self-healing can be repeated multiple times.

Self-healing speed is another key factor for practical application. Designing materials with high
self-healing speed without any external stimuli is highly desired. Bao et al. synthesized a rapid and
efficient self-healing thermo-reversible elastomer (HBN-GO) based on GO and amine-terminated
randomly branched oligomers [99]. Both the amorphous structure of the elastomer and its low glass
transition temperature (Tg) allow the polymer chains to diffuse and mix at room temperature, and be
able to self-heal at room temperature without the need of any plasticizer, solvent, healing agents or
external stimuli. Two cut pieces of samples were gently brought into contact and healed in less than
60 s. The obtained stress–strain curves were similar to that of the original uncut samples (Figure 9).
The HBN-1% GO sample can be healed to 60% of its original tensile strength prior to cutting by
bringing the two cut pieces back in contact for 1 min. In addition, complete healing of the mechanical
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properties can be obtained in 1 h. Increasing the amount of GO allows for more covalent cross-linking
and more restricted movement of polymer chains, which may explain the observed trend for increased
time for the self-healing process. Both the samples in HBN-2% GO and HBN-4% GO also possess fast
self-healing capabilities, in which they are able to recover 36% and 20% of their original extensibilities,
respectively, in 1 min. the self-healing capability only dropped to 90% efficiency after the two fractured
surfaces were left apart for 24 h, and dropped further to 50% after 96 h (Figure 9).

Kim et al. developed a mussel-mimetic nanocomposite hydrogel based on catechol-containing
polyaspartamide and GO [97]. Two pieces of damaged gels can be strongly healed by contacting with
each other due to the dynamic complexation between B3+ and catechol. No obvious cut line was seen
and the healed sample can be stretched without fracturing by the tweezers.

Figure 9. Strain-stress curves of the self-healing composites with GO at (a) 1 wt %, (b) 2 wt % and
(c) 4 wt % (termed HBN-1% GO, HBN-2% GO, HBN-4% GO, respectively) upon different healing time
at room temperature; (d) Strain-stress curves of the HBN-2% GO samples of 10 min healing at different
waiting time. The waiting was performed at approx. 0% relative humidity from [99]. Copyright (2013)
Advanced Materials.

3.6. Microcapsules and Others Healing Methods

Apart from the aforementioned self-healing conditions, microcapsules are also utilized to heal
the damaged composites, although this method cannot realize multiple healing in one damaged area.
Gao et al. fabricated GO microcapsules (GOMCs) in Pickering emulsions containing linseed oil as the
healing agent [36]. The GO microcapsules were embedded into a waterborne PU matrix to prepare
self-healing and anticorrosive coatings. The self-healing of graphene/polymer composites can be
achieved through multiple methods. For example, Huang and Chen et al. synthesized mechanical
enhanced graphene-thermoplastic PU composites [91], which can be self-healed by IR light, electricity
and electromagnetic waves with high healing efficiencies (Figure 10). Zhang et al. also reported
a recyclable epoxy resin (ER)/graphene nanocomposite, where a graphene crosslinked ER matrix via
DA reaction can be rapidly and efficiently healed via multiple approaches, including heat, IR light,
and microwave [35].
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Figure 10. The graphene-thermoplastic PU composites were healed by IR light, electricity and
electromagnetic waves with high healing efficiencies. Reproduced with permission from [91].
Copyright (2013) Advanced Materials.

4. Properties and Applications

4.1. Mechanical Property

Self-healing materials usually have poor mechanical properties, which limit their applications.
In order to improve the mechanical behaviors, graphene and its derivates were usually added into the
polymer matrix [36,52,63,67,81,100]. For instance, Deng and Wang et al. synthesized a gar-PAM/GO
nanocomposite double network (DN) hydrogel with good fatigue resistance and self-healing ability [48].
The hydrogels exhibit excellent mechanical properties with a fracture strain of 4600%, fracture
strength of 332 kPa and fracture dissipated energies of 11.5 MJ m−3. The healed hydrogels also
have favorable mechanical properties with a fracture strain of 2000% and a fracture strength of 153 kPa.
GO played a role as the cross-link agent in the polyacrylamide network, which improved the tensile
property (Figure 11).

The distribution of GO sheets in the composites affects the properties of the polymer composites
especially the mechanical property. GO sheets were slightly agglomerated at high contents
(0.5 wt %, 1.0 wt %). Primary GO sheets are well dispersed in the polymer matrix at low content
(0.1 wt %). Sun et al. fabricated a covalent bonding GO/PU composite with significant mechanical
reinforcement and thermal healable property. The Young’s modulus (21.95 ± 2.56 MPa) and fracture
strain (449 ± 16%) increased twice and the fracture stress (8.01 ± 0.71 MPa) even increased nearly
4 times at a GO loading of only 0.1 wt %. The enhanced mechanical properties of the composites
are ascribed to the good dispersion of GO and covalent linking based on DA chemistry [79].
To improve the mechanical properties, functional groups are usually introduced on the graphene
surface. Liu et al. synthesized maleimide functionalized GO and then added it into a PU matrix,
forming the self-healing composite [67]. The composites with maleimide functionalized GO exhibit
higher self-healing efficiency and mechanical properties than the composites with unmodified GO
because the maleimide functionalized GO serves as cross-linking points, improved the dispersion
and interfacial interaction with the polymer matrix, which effectively dissipates energy and obviously
increases the mechanical properties.
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Figure 11. (a) Tensile stress–strain curves, and (b) elastic modulus and fracture dissipated energy of
a PAM/GO single network (SN) gel, agar-PAM DN gel, and agar-PAM/GO DN gel. (c) Loading–unloading
cyclic tensile stress–stain curves at a maximal strain of 1000%, and (d) corresponding dissipated energy of
three gels. (e) Photos of the stretching process of agar-PAM/GO DN gel (from i to iii). Reproduced with
permission from [48]. Copyright (2016) Advanced Engineering Materials.

4.2. Shape Memory Property

Besides high mechanical properties, shape memory behavior is an attractive property for
self-healing graphene/polymer composites due to their wide applications in machinery, electronic
device, chemical industry, biology and other fields [47,50,59,61,80,82]. For instance, Weng and Dai et al.
prepared a series of graphene–poly(acrylamide-co-acrylic acid) hybrid materials with shape memory
behavior and self-healing ability [80]. An unfolded cube box was designed as the original shape and
heated at 35 ◦C. The compressed box can recover its original shape after heated at 37 ◦C for 30 s and
can be repeated 10 times (Figure 12a). The hyperbranched PU–TiO2/RGO nanocomposite fabricated
by Karak et al. also possessed excellent shape memory behavior [50]. As RGO is a conducting material,
it absorbs the energy from sunlight and efficiently transfers the absorbed energy to the PU matrix.
Therefore, the nanocomposite reaches its transition temperature easily to recover its shape. The surface
temperature was measured to be 38.1–38.4 ◦C at the time of shape recovery.

For conductive graphene/polymer composites, the shape memory can be realized by electrical
conductivity. When the content of conductive filler in a polymer matrix exceeds the percolation
threshold, the conductive network can generate Joule heating. Therefore, the speed of the shape
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memory depends on the electrical conductivity of the filler. For instance, Mohammad and coworkers
synthesized fast electroactive shape memory and self-healing PVA/graphene nanocomposites.
The electrically triggered shape recovery experiments of the composite containing 3 and 4.5 wt % of
graphene (designated as PVA/Gr3 and PVA/Gr4.5, respectively) were conducted under four different
DC voltages (40, 50, 60 and 70 V) and the resulting recovery ratio as a function of recovery time is
presented in Figure 12b,c, respectively. It can be clearly seen that increasing the graphene content from
3 to 4.5 wt % leads to a dramatically faster recovery response [41].

Figure 12. (a) The shape memory behavior of an unfolded cube box (10 mm × 10 mm × 10 mm) (top).
Photographs demonstrating the shape memory behavior of the unfolded cube box in different times
(bottom). Scale = 10 mm. Reproduced with permission from [80]. Copyright (2013) Macromolecular
Rapid Communications. Electrically activated shape recovery ratio as a function of time under various
triggering voltages for (b) PVAc/Gr3 and (c) PVAc/Gr4.5. The inset shows the sample geometry.
Reproduced with permission from [41]. Copyright (2016) Society of Chemical Industry.

4.3. Conductivity and Electrical Devices

Generally, a polymer is partially an insulator because the covalent bond of the polymer chain
does not have free carries (electrons), on the other hand, as the polymer molecules pile together
by van der Waals forces, the distances between the molecules are large, electrons overlap between
the molecules are poor, so the free carries are very difficult to mobile in polymer [101]. Therefore,
graphene can be used as an ideal filler to prepare conductive self-healing composite due to its
inherent good conductivity [57,68,88,99,102]. The content of graphene highly affects the conductivity
of self-healing composites and the conductivity of composites increases with the increase of graphene
content. The charge-transfer resistance of a bPEI/(PAA-graphene) multilayer polyelectrolyte film
electrode prepared by Ge et al. is 750 Ω, which is better than the pure bPEI/PAA electrode without
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graphene [76]. In conductive hydrogels, the water content of hydrogels is also a factor affecting
the conductivity [103]. For example, Tang et al. fabricated a versatile hydrogel composite based on
a commercial superabsorbent polymer and a hyperbranched polymer with RGO though a simple
hydrothermal method [78]. The hydrogel possesses a super water-absorption ability and a fast
electrical self-healing ability. The main factor influencing conductivity is the water content, and the
RGO nanosheets improve the sensitivity of samples of water content because RGO can contribute to
water dispersion and free ion (e.g., Na+) transportation.

Figure 13. Electrochemical measurements and application for as-prepared stretchable and self-healing
supercapacitors. (a) Photographs, (b) cyclic voltammogram curves, and (c) evolutions of specific
capacitance of the supercapacitor before and after stretching to 100%. (d) Cyclic voltammogram curves,
(e) galvonostatic charge−discharge measurements, and (f) Nyquist plots of the supercapacitor before
healing and after self-healing cycles. (g) Illustration of the supercapacitor driving a photodetector
of perovskite nanowires. (h) Photographs of the supercapacitor before and after self-healing.
(i) Photocurrent dependence on time of the photodetector under illumination of on/off states driven
by the original and self-healing supercapacitor after a healing cycle; red corresponds to the self-healing
supercapacitor and black to the original. Reproduced with permission from [39]. Copyright (2017) ACS
Nano. (j) Fabricated supercapacitor temperature dependence of cyclic voltammetry profiles at a scan
rate of 20 mV s−1. The arrow indicates the direction of increasing temperatures. (k) Galvanostatic
charging–discharging profiles at a current density of 1 A g−1. The inset indicates calculated specific
capacitance with respect to temperature change. Reproduced with permission from [104]. Copyright
(2017) Scientific Reports.
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Supercapacitors are very common applications of conductive self-healing composite. For instance,
Liu and Gao et al. assembled a stretchable and self-healable supercapacitor [39]. The supercapacitor
was fabricated on two parallel RGO-based fiber springs wrapped with gel electrolyte and PU.
After being cut and healed, the electrochemical performances of the device were still maintained
at a high level (Figure 13a–i). Low temperature is a big challenge for applications of conductive
self-healing composite. Chung and Ok et al. reported a supercapacitor with a high energy density that
can work at low temperatures (even dropped to −30 ◦C) [104]. The supercapacitor was fabricated
with a combination of biochar-RGO electrodes and a polyampholyte hydrogel. The reason why the
supercapacitor performance is improved at low temperature is that water molecules strongly adsorbed
on hydrophilic polymer chains cannot participate in ice formation (Figure 13j,k).

4.4. Anticorrosive Coating

Fabrication of self-healing anticorrosive coatings has attracted attentions as it has the ability to extend
the service life and prevent the substrate from corrosive attack. The self-healing coating on the surface
of the material can repair the damaged surface automatically to protect the material [35,36,38,75,105–110].
For example, Lu and coworker reported a novel nanocomposite coating that consisted of lignin-modified
graphene and waterborne PU [38]. The self-healing, electrically conductive coatings with UV resistant can
be used as corrosion preventive or antistatic coatings. Gao et al. prepared a self-healing and anticorrosive
coating [36]. The anticorrosion properties of neat PU coatings and GOMCs/PU composite coatings were
characterized by the salt spray test on hot-dip galvanized steel (HDG) substrates with a 5% NaCl solution.
The HDG plate coated with GOMCs/PU coatings showed no visual evidence of corrosion even after
116 h of salt spray test, while some white corrosion products were observed on the neat PU coated HDG
plate (Figure 14).

Figure 14. Schematic and images of (a) neat PU coating and (b) GOMCs/PU coatings subjected to the
salt spray test for 116 h. Schematic and images of (c) neat PU coating and (d) GOMCs/PU coatings
after scratching and 15 days of healing, subjected to the salt spray test for 43 h. Inset: the enlarged
view of the white block. Reproduced with permission from [36]. Copyright (2016) Composites Science
and Technology.

4.5. Biological and Pharmaceutical Applications

One of the threats to human health is microbial contaminations or infections. Microbial fouling is
the critical factor to degradation of polymeric self-healing materials. Therefore, antimicrobial activity is
a fantastic property of self-healing composites. The nanocomposites prepared by Karak et al. exhibited
good antimicrobial activity against Staphylococcus aureus, Escherichia coli and Candida albicans
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because sulfur-containing compounds and polysulfanes are generally considered to be antimicrobial
agents [61].

The medical field also has great interest in self-healing materials. For example, Hu et al. fabricated
a double network hydrogel based on β-CD functionalized graphene and N,N-dimethylacrylamide that
can achieve a self-healing ability at 37 ◦C [53]. Camptothecin (CPT) as a model anticancer drug was
loaded into the hydrogel before the second hydrogel network was introduced. The content of loaded
CPT and the cumulated CPT release in a β-CD functionalized graphene hydrogel are both better than
that of a pristine graphene hydrogel (Figure 15a). Therefore, this system had potential capacity as
anticancer drug carrier.

Due to the biocompatibility of DNA, the hydrogels can possess a variety of biological and
environmental applications. Shi et al. reported GO/DNA self-healing hydrogels with high mechanical
strength, excellent environmental stability, high dye-adsorption capacity and can be applied in tissue
engineering, drug delivery, and removing organic pollutant [81].

Self-healing hydrogels were proposed to be used as biomaterials because of the capability of
spontaneously healing any injury. Lu et al. prepared a mussel-inspired conductive, self-adhesive,
and self-healing tough hydrogel [102]. The hydrogel could be implanted because of its good long-term
biocompatibility and detection in vivo, which showed more accuracy in detecting/stimulating specific
muscles in deep tissue. The intramuscular hydrogel electrodes yielded excellent signals from the dorsal
muscle after implantation. The magnitude of the signals was in the range of 0.1–40 mV (Figure 15b–d),
which was much higher than the signals detected by the surface electrodes.

Figure 15. (a) Cumulate CPT release of hydrogels in PBS. Reproduced with permission from [53].
Copyright (2014) Materials Technology Advanced Performance Materials. The hydrogel as intramuscular
electrodes. (b) Three hydrogel electrodes implanted into the dorsal muscle and the wires from
the electrodes were transcutaneously connected to the signal detector. (c) Photos of the hydrogel
implantation. (d) Example of the electromyographic signal recorded by the implanted hydrogel
electrodes from the muscle when the rabbit was interfered by external stimulation. Reproduced with
permission from [102]. Copyright (2016) Small.
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5. Future Perspectives

Self-healing graphene/polymer composites are one of the most promising intelligent materials.
The latest research progress in the preparation, properties and applications of self-healing
graphene/polymer composites is reviewed and some of the composites are summarized in Table 1.
Despite the rapid development of this research area, there are still many challenges that should be
solved and considered in view of the practical applications.

(1) Graphene, as a component of the self-healing composites, can play an active role in the
self-healing process because of the photothermal energy transformation ability. In this case, graphene
acts as an energy absorber to transform irradiation or sunlight to thermal energy rapidly and efficiently
to promote the mutual diffusion of the polymer chains across the damaged interface, thus facilitating
the self-healing process. On the other hand, graphene in the composites is only used as a reinforcing
agent to enhance the mechanical strength. In this case, the self-healing process may be impeded
because some interactions between graphene and polymers will limit the movement and diffusion of
the polymer chains. In addition, the glass transition temperature of the composites may be changed
after the addition of graphene, thus influencing the self-healing efficiency. Therefore, graphene as
a reinforcing agent can improve the mechanical performance. However, the self-healing efficiency
of the composite will be reduced. The mechanical properties and self-healing efficiency are two
contradictory aspects. How to balance the two aspects to achieve graphene/polymer composites with
both high mechanical strength and high self-healing efficiency is a challenge.

(2) For intrinsically self-healing graphene-based materials, simple contacting without any external
stimuli is considered to be most potential considering practical application. Therefore, exploring this
kind of self-healing graphene-based composites is desired.

(3) For electrical conductive graphene/polymer composites, the mechanical strength and the
conductivity are two contradictory aspects. Increasing the graphene content will increase the
conductivity of the composite, but excess graphene will reduce the mechanical strength. How to
obtain high mechanical strength and high conductivity of the graphene/composites with self-healing
properties is a challenge.

(4) A lot of polymeric materials should be developed which exhibit self-healing properties.
Also, it is highly challenging to endow the combined properties in a single material. The structural
incompatibility among such types of polymers is one of the crucial reasons for this difficulty.

(5) To improve the compatibility of polymer and graphene, graphene usually needs to be modified.
However, modification of graphene will lose some inherent properties of graphene. Therefore, how to
improve the compatibility of polymer and graphene and retain the inherent properties of graphene as
much as possible in the composite is a challenge.
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6. Conclusions

In this review, we have summarized the recent progress of graphene-containing polymer
composites with self-healing capability. The preparation methods, self-healing conditions,
and properties and applications of the graphene/polymer composites have been briefly discussed.
Finally, the further perspectives of the composites have been proposed. Intelligent materials and
self-healing materials, specifically for graphene-containing composites, are still in the initial stage.
There will be a great research space in the field. The progress will guide further development of the
self-healing graphene/polymer composites.
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Abstract: The surface modification of graphene sheets with polymer chains may greatly hinder its
aggregation and improve its phase compatibility with a polymer matrix. In this work, poly(L-lactic
acid)-grafted graphene oxide (GO-g-PLLA) was prepared via a simple condensation polymerization
method, realizing its dispersion well in organic solvents, which demonstrated that the surface of GO
changed from hydrophilic to hydrophobic. GO-g-PLLA can disperse homogeneously in the PLLA
matrix, and the tensile test showed that the mechanical properties of GO-g-PLLA/PLLA were much
better than that of GO/PLLA; compared with GO, only 3% GO-g-PLLA content can realize a 37.8%
increase in the tensile strength for their PLLA composites. Furthermore, the differential scanning
calorimetry (DSC) and polarized optical microscopy (POM) results demonstrated that GO-g-PLLA
shows a nucleating agent effect and can promote the crystallization of PLLA.

Keywords: graphene; poly(L-lactide); surface modification; nanocomposite

1. Introduction

Poly(L-lactic acid) (PLLA), as an important biocompatible and biodegradable polymer, has been
widely used in package materials [1], tissue regeneration [2], drug delivery, and many biomedical
fields [3]. However, its poor mechanical properties and slow crystallization rate have greatly restricted
its applications [4]. In order to overcome this issue, many inorganic fillers, such as bioactive glass
nanoparticles [5], hydroxyapatite [6], carbon nanotubes [7], and graphene oxide [8], have been used
to reinforce the PLLA matrix and enhance its crystallization rate. However, a vital problem for
nanofiller-reinforced composites is that the nanoparticles always aggregate easily in the polymer
matrix, and thus the properties of the composites are far from their theoretical values [9,10]. So many
works have focused on the surface modification of nanofillers to enhance their phase compatibility
and homogeneous dispersion state [11]. For example, grafting polymer chains on the surface
of hydroxyapatite [12], as well as the treatment of carbon nanotubes and many other nanofillers
have been widely reported [13–15].

Graphene, as a kind of novel nanofiller, can significantly improves the mechanical and thermal
properties of a polymer matrix [16,17]. However, the strong π-π interaction leads to the intrinsic
aggregation of graphene sheets and makes it difficult to disperse homogeneously in a polymer matrix,
and thus many methods including covalent and noncovalent surface modification of graphene sheets
have been designed to tune its surface properties and phase compatibility with polymers [16–18].
Up to now, several reports on PLLA-grafted graphene hybrids have been reported. He et al.
used the in situ ring opening polymerization of D-lactide on the surface of GO sheets and prepared
poly(D-lactide)-grafted graphene (GO-g-PDLA) [19]. GO-g-PDLA can form stereo-complex with PLLA
and thus enhance the phase interaction between GO sheets and PLLA chains, in addition to exhibiting
an effective nucleating agent effect. Lee’s group also used the in situ ring opening polymerization
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method to prepare graphene oxide/PLLA composites with PLLA chains grafted on the surface of GO
sheets [20]. However, the in situ grafting process happens in a rigid anhydrous and inert environment,
and is furthermore a time-consuming process. Xu’s group prepared PLLA-grafted graphene oxide via
a melting polycondensation method of GO and L-lactic acid monomer; in this method, a catalyst was
used, and the reaction was carried out at a high temperature (180 ◦C) [8].

Generally, to prepare PLLA chains, three methods are always used; in situ ring opening
polymerization, melting polymerization, and polycondensation in the solvent. Each method has
its advantages and drawbacks. Polycondensation of L-lactic acid in the solvent is a convenient method
to prepare PLLA chains, as this method is simple, does not require a rigid anhydrous condition,
and is a catalyst-free and relatively low-temperature process, but this method cannot form high
molecular weight PLLA chains. However, it is a very convenient method to graft oligo PLLA chains
on the surface of nanoparticles. For example, Chen’s group used this method to prepare PLLA-grafted
hyroxyapatite nanoparticles, and the results demonstrated that the oligo PLLA is enough to tune
the surface properties of nanofillers [21,22].

In this manuscript, PLLA-grafted graphene oxide (GO-g-PLLA) was prepared via the simple
condensation polymerization method, and the reaction was conducted at 120 ◦C, much lower than
the reported 180 ◦C [8]. Furthermore, no catalyst was used in this method. The mechanical and
thermal properties of GO-g-PLLA/PLLA composites were investigated, and the results showed
that the mechanical properties of Go-g-PLLA/PLLA composites were much better than those of
GO/PLLA composites. Moreover, the GO-g-PLLA hybrids can work as nucleating agents and promote
the crystallization of PLLA.

2. Experimental

2.1. Materials

GO was prepared by the oxidation of graphite according to the modified Hummers
method [23]. PLLA (revode 190) and L-lactic acid was donated from Hisun Biomaterials Co., Ltd.
(Taizhou, Zhejiang, China).

2.2. Preparation of GO-g-PLLA

Firstly, two hundred milligrams of GO were dispersed homogeneously in 10 mL of H2O, and then
600 mg L-lactic acid and 350 mL toluene were mixed with the GO solution. The mixture was heated
at 120 ◦C for 12 h under vigorous stirring; in the meantime, the water was removed with the boiling
of toluene. In the end, the solid product was collected by centrifugation, and washed with chloroform
several times. The final product (GO-g-PLLA) was dried under vacuum at 40 ◦C.

2.3. Preparation of GO-g-PLLA/PLLA Nanocomposites

The GO-g-PLLA/PLLA nanocomposites were prepared via a solvent mixing method.
Briefly, PLLA and GO-g-PLLA were dissolved in chloroform, respectively, and then PLLA and the
GO-g-PLLA solution were mixed together under vigorous stirring. The mixed solutions were poured
into a glass dish, when the solvent evaporated completely, the GO-g-PLLA/PLLA nanocomposite film
was obtained.

Composites with different GO-g-PLLA content, such as 0.3, 0.7, 1.0, 3.0, 4.0,
and 5.0 wt % were prepared, and the corresponding composites are denoted as
GO-g-PLLA0.3/PLLA, GO-g-PLLA0.7/PLLA, GO-g-PLLA1/PLLA, GO-g-PLLA3/PLLA,
and GO-g-PLLA5/PLLA, respectively.

2.4. Characterizations

The Fourier transform infrared (FTIR) spectra of GO and GO-g-PLLA were recorded at room
temperature in a Shimadzu IRPrestige-21 Fourier transform infrared spectra-photometer.
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The X-ray photo-electron spectroscopy (XPS) of GO and GO-g-PLLA was obtained with
a thermo-VG Scientific ESCALAB 250 photo-electron spectrometer using a monochromatic Al Ka
(1486.6 eV) X-ray source.

The atomic force microscopy (AFM) of GO and GO-g-PLLA was measured on a nanoscope III A
(Digital Instruments) scanning probe microscope via the tapping mode.

Raman spectra of GO and GO-g-PLLA were acquired using a Raman spectrometer
(Horiba Jobin Yvon) operating with an Xplora microraman system.

The thermogravimetric analysis (TGA) measurements were performed by PyrisDiamond
TG/DTA. The samples were heated from room temperature to 800 ◦C at a rate of 10 ◦C/min under
nitrogen flow.

The dispersion test of GO and GO-g-PLLA in chloroform and water were measured at 2 mg/mL
concentration. The samples were dispersed in solvent by sonication and then the optical photos
were taken with a general digital camera. The tensile tests of GO/PLLA and GO-g-PLLA/PLLA
nanocomposites were measured on an electronic universal testing machine (CMT8502, Shiji Tianyuan
Instrument Co., Ltd., Shenzhen, China) at a tensile speed of 10 mm/min at room temperature. The test
of each sample type was repeated three times. The morphologies of tensile fractured surfaces were
observed by scanning electron microscopy (SEM, QuanTA-200F, FEI Company, Hillsboro, OR, USA).

Thermal analysis of neat PLLA and GO-g-PLLA/PLLA was conducted using a TA Instruments
differential scanning calorimeter (Q2000, TA instruments company, New Castle, DE, USA) under
nitrogen purge. For non-isothermal melt crystallization, the samples were heated from room
temperature to 200 ◦C at a heating rate of 10 ◦C/min, and kept for 3 min, cooled to 20 ◦C at 10 ◦C/min,
and then heated to 200 ◦C at 10 ◦C/min.

The crystalline morphology of neat PLLA and its nanocomposites were observed via a Nikon
E600 polarized microscope (POM) equipped with a temperature controller (Hs400, Instec Company,
Boulder, CO, USA). The samples were first heated at 190 ◦C for 3 min and cooled to 130 ◦C at a cooling
rate of 100 ◦C/min−1, then isothermally crystallized for 50 min.

Wide angle X-ray diffraction (WAXD) patterns of GO, PLLA, and PLLA/GO-g-PLLA
nanocomposites were acquired with a D8 focus X-ray Diffractometer operating at 30 kV and 20 mA
with a copper target (λ = 1.54 Å). The scanning range was from 5◦ to 40◦, and the scanning speed was
2◦ min−1 at room temperature.

3. Results and Discussion

3.1. Synthesis and Characterization of GO-g-PLLA

As shown in Figure 1A, curve (a), the characteristic peaks at 3417 and 1750 cm−1 are attributed
to the stretching vibration of the hydroxyl groups and carboxyl groups of GO, which are reacted
with the carboxyl or hydroxyl groups of lactic acid, respectively. When GO was mixed with L-lactic
acid at a higher temperature, the polycondensation of L-lactic acid occurred; at the same time, the
L-lactic acid monomer or oligo-polymers also reacted with the hydroxyl or carboxyl groups of GO, and
thus poly(L-lactic acid) chains were grafted on the surface of the GO sheets. Compared with the IR
spectra of GO, the intensity of absorption peaks at 3400 and 1750 of GO-g-PLLA (shown in Figure 1A,
curve (b)) was much weaker, while a new peak appeared at 1712 cm−1. This new peak is attributed
to the stretch vibration of ester groups in PLLA chains, demonstrating that PLLA was successfully
grafted on the surface of GO.
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Figure 1. Fourier transform infrared spectra (A) and X-ray photo-electron spectroscopy; (B) spectra of
GO (a) and GO-g-PLLA (b).

When PLLA chains were grafted on the surface of GO, the surface composition of GO changes
considerably. As shown in Figure 1B, two typical peaks at 288 eV and 532 eV were recorded, which
are the characteristic peaks of C1s and O1s. The C/O ratio of GO was 4.42, while the C/O ratio
of GO-g-PLLA was 1.94, which is much lower than that of GO, indicating the increase of oxygen
content, and this change was due to the higher content of oxygen in PLLA chains. On the other hand,
the existence of PLLA chains on the GO sheet may also change its thickness, as shown in Figure 2;
the average height of a GO sheet is about 1.0 nm, while the average height of GO-g-PLLA is about
3.8 nm, so it can be judged that the thickness of the PLLA layers may be 2.8 nm.

Figure 2. Atomic force microscopy images of GO (a) and GO-g-PLLA (b).

The TGA curves of GO and GO-g-PLLA are shown in Figure 3. The weight loss below 150 ◦C
was ascribed to the evaporation of adsorbed solvent; because of the strong hydrophilic properties of
GO, it can easily adsorb water in the air, and even if it is lyophilized a long time, it is still difficult
to remove the adsorbed water. On the contrary, GO-g-PLLA is hydrophobic due to the existence of
PLLA chains, and thus it is not easy to absorb water. Therefore, in the TGA test, the weight loss of
GO-g-PLLA is much lower than that of GO. With the increase of temperature, the surface functional
groups such as hydroxyl and carboxyl groups begin to detach from the GO sheet, especially when the
temperature is above 200 ◦C, causing the GO sample to show a quick weight loss. The total weight
loss of GO in the range between 150 ◦C and 800 ◦C was about 49.6%. As for the GO-g-PLLA samples
(Figure 3, curve (b)), the weight loss may derive from both the decomposition of the polymer chains
and the functional groups of the GO sheet. In the range between 150 ◦C and 800 ◦C, the weight loss
of GO-g-PLLA was about 59.4%, much higher than that of the GO sample, confirming that PLLA
was successfully grafted on the surface of GO. However, the TGA curve of GO-g-PLLA is different
from the reported results of PLLA, which shows a decomposition temperature around 330 ◦C [8].
Because the PLLA chains grafted on the surface of GO were oligo-chains, the molecular weight is
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much lower than that of the commercial PLLA samples. Thus, GO-g-PLLA decomposed from 200 ◦C,
a relative lower temperature than PLLA, and this result is similar with the decomposition of oligo
PLLA-grafted hydroxyapatite [21].

Figure 3. Thermal degradation curves of GO (a) and GO-g-PLLA (b).

The main purpose of grafting PLLA on the surface of GO is to tune its surface properties,
especially wettability. GO is hydrophilic, while PLLA is hydrophobic, so GO-g-PLLA can also exhibit
a hydrophobic surface, which can be verified by the sedimentation experiment. As shown in Figure 4,
when GO and GO-g-PLLA were dissolved in chloroform, respectively, the GO-g-PLLA could disperse
homogeneously (2.0 mg/mL) and the suspension could keep stable for a long time; in fact, 10 h later,
the GO-g-PLLA was still dispersed well in the solvent. On the contrary, GO could not enter chloroform,
and 5 min later, most of the GO sheets had precipitated at the bottom of the bottle. To further show the
change of surface properties, GO and GO-g-PLLA were dispersed in a two-phase solvent composed
of chloroform and water (v/v 1:1). As shown in Figure 4B, GO-g-PLLA dispersed well in chloroform
and could not enter water phase, showing its hydrophobic properties. As a control, owing to its
hydrophilic properties, GO dispersed homogeneously in the water and could not enter the chloroform
phase. These results demonstrated that the surface of GO changed from hydrophilic to hydrophobic
by grafting PLLA chains, which may further improve its phase compatibility with organic polymers.

Figure 4. Photos of GO-g-PLLA (a) and GO (b) dispersed in chloroform (A) and a water-chloroform
two-phase solvent (B).

3.2. Mechanical and Thermal Properties

When nanofillers are added into a polymer matrix, the mechanical properties of polymers
should be reinforced; however, due to the aggregation of nanofillers, the mechanical properties
of the composites are always far from their theoretical values, sometimes becoming even worse than
the pure polymers. When GO was mixed with PLLA, the aggregation of GO may have reduced the
mechanical properties of PLLA. As shown in Figure 5, the tensile strength of PLLA was about 51 MPa;
when GO was added, the tensile strength of the GO/PLLA composites was lower than that of pure
PLLA. When GO-g-PLLA was used as a nanofiller, the surface of GO was connected with PLLA chains
via covalent bonds, and thus the phase compatibility of GO-g-PLLA with PLLA was much better.
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When exterior forces were added to the composites, the interior stress may transfer easily from PLLA
chains to GO sheets, and thus the tensile strength of GO-g-PLLA/PLLA nanocomposites was much
higher than that of PLLA and GO/PLLA nanocomposites (shown in Figure 5). For example, when
3.0 wt % of GO-g-PLLA was added into the PLLA matrix, the tensile strength of the composite was
60 MPa, about 37.8% higher than that of GO/PLLA composites.

Figure 5. Tensile strength of GO/PLLA (a) and GO-g-PLLA/PLLA (b) at different filler contents.

The tensile fracture surface of PLLA, GO-g-PLLA 3, and GO-g-PLLA 5 are shown in Figure 6.
The tensile fracture surface of PLLA (Figure 6a) was much smoother, which is in accordance with the
brittle characteristic of PLLA. When GO-g-PLLA was mixed with PLLA, due to the interface interaction,
the tensile strength increased, the tensile fracture surface was coarse, and some fibers were observed
on the fracture surfaces of GO-g-PLLA3/PLLA nanocomposites (Figure 6b). This may result from the
stress transfer from PLLA to GO sheets, confirming that the phase compatibility of GO-g-PLLA with the
PLLA matrix was very good and the phase interaction was strong. However, with the increase of the
GO-g-PLLA content, the fillers may also aggregate in the polymer matrix, and thus lead to the decrease
of the tensile strength (Figure 5). As shown in Figure 6, the tensile surface of Go-g-PLLA5/PLLA was
much coarser than that of the PLLA sample, but no fibril structure appeared; only some aggregates
were found, implying that GO-g-PLLA did not disperse well. However, our primary test showed
that the surface-grafted PLLA chains can change the surface wettability of GO from hydrophilic to
hydrophobic, and thus they can enhance the phase compatibility between the PLLA matrix and GO
fillers; therefore, it may be deduced that if the composites preparation method was optimized, much
better mechanical properties may be obtained.

Figure 6. Scanning electron microscopy (SEM) images of the tensile failure section for PLLA (a),
GO-g-PLLA3/PLLA (b) and GO-g-PLLA5/PLLA (c). Images in the red circle demonstrates the
aggregation of nanofiller.
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The thermal parameters of neat PLLA and GO-g-PLLA/PLLA nanocomposites were measured
with DSC by a heating-cooling-heating process. The crystallinity (Xc) of different samples were
acquired from the DSC curves of the first heating process (Figure 7A) by the following equation:

Xc =
ΔHm

f × ΔH0 × 100%

where ΔHm is the melting enthalpy of PLLA or GO-g-PLLA/PLLA composites, ΔH0 (93.0 J/g)
is the melting enthalpy of PLLA with 100% crystalline [24], and f is the content of GO-g-PLLA
in the composites.

Figure 7. Differential scanning calorimetry (DSC) curves of the first heating process (A),
cooling process (B), and the second heating process (C) for different samples. PLLA (a),
GO-g-PLLA0.3/PLLA (b), GO-g-PLLA0.7/PLLA (c), GO-g-PLLA1/PLLA (d), GO-g-PLLA3/PLLA (e),
and GO-g-PLLA5/PLLA (f).

As shown in Table 1, the crystallinity of PLLA was about 52.9%. With the addition of GO-g-PLLA,
the GO-g-PLLA worked as a nucleating agent and enhanced the crystallization PLLA, and thus the
crystallinity of the PLLA in the composites increased. However, when the filler content was higher
than 3 wt %, the crystallinity showed a slight decrease; this may have resulted from the aggregation
of nanofillers in the PLLA matrix, as too many aggregates will hinder the arrangement of PLLA
chains and thus have a negative effect on its crystallization process. As mentioned in the mechanical
properties, the GO-g-PLLA 3 has the highest tensile strength, and this can also be explained by its
high crystallinity.

Table 1. Summary of the thermal parameters of PLLA and GO-g-PLLA/PLLA nanocomposites.

Samples Tg (◦C) Tc (◦C) Tm (◦C) Xc (%)

PLLA 66.1 110.4 175.1 52.9
GO-g-PLLA0.3/PLLA 63.7 112.1 176.1 56.7
GO-g-PLLA0.7/PLLA 63.1 111.4 176.3 57.0
GO-g-PLLA1.0/PLLA 63.5 111.6 176.2 62.1
GO-g-PLLA3.0/PLLA 62.4 111.2 176.9 61.0
GO-g-PLLA5.0/PLLA 62.7 111.1 175.6 59.1

The crystalline temperature (Tc, the peak temperature of the exothermic curves obtained during
the cooling process), melting temperature (Tm, the peak temperature of the second heating process),
and glass transition temperature (Tg) can be measured from the DSC curves of the cooling process
and the second heating process (Figure 7B,C); the corresponding results are shown in Table 1. The
Tc and Tm of PLLA was 110.4 and 175.1 ◦C, respectively, while the Tc and Tm of GO-g-PLLA/PLLA
shifted to a higher temperature, indicating the nucleating effect of GO-g-PLLA. The Tg of the
GO-g-PLLA/PLLA nanocomposites was lower than that of neat PLLA, demonstrating that the polymer
chain fragments in GO-g-PLLA/PLLA composites are much more easily moved than that in the pure
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PLLA matrix, perhaps because the filling of GO-g-PLLA decreased the entanglements of PPLA chains.
Furthermore, the melting peaks in the second heating process were a little different from the first
heating process. There were weak shoulder peaks in the curves (Figure 7, curve (c)); in other words,
two melting peaks were found. This finding of two melting points for PLLA samples has also been
observed in many other references [25,26], and this phenomenon can be ascribed to the differences of
crystal morphology. As a matter of fact, when PLLA samples crystallize at a faster speed, there will
be more uncompleted crystalline phase, which will melt at a lower temperature. When nanofillers
were blended with PLLA, the PLLA composites crystallized more quickly than pure PLLA samples,
and thus some uncompleted crystalline formed. Hence, in the second heating process, there were
minor melting peaks ascribed to the uncompleted crystals. Moreover, the first melting peaks of the
composites are much clearer than that of the PLLA sample. All of these results demonstrated that
GO-g-PLLA and PLLA may have strong interactions and a positive effect in enhancing the crystalline
speed of PLLA.

The spherulite morphology of PLLA and its nanocomposites isothermally crystallized at 130 ◦C
were observed with POM. The well-developed PLLA spherulites grew to about 25 μm with clear
boundaries (Figure 8a). However, the diameter of GO-g-PLLA/PLLA composites spherulites
were smaller than that of PLLA, while the number of spherulites was much greater than that of
PLLA, which further confirmed that GO-g-PLLA may act as a nucleating agent that can largely
enhances PLLA molecular chain mobility and increases the number of nucleation sites (Figure 8b–d).
However, it should be noted that the size of PLLA spherulites first decreased and then increased
with increasing the GO-g-PLLA loading, which indicated that the nucleation sites decreased with
further increasing the content of GO-g-PLLA (Figure 8d), this may resulted from the aggregation of
GO-g-PLLA filler.

Figure 8. Polarized microscope (POM) images of PLLA and its nanocomposites isothermally
crystallized at 130 ◦C. Neat PLLA (a), GO-g-PLLA1/PLLA (b), GO-g-PLLA3/PLLA (c),
and GO-g-PLLA5/PLLA (d).

The effect of GO-g-PLLA on the crystal structure of PLLA was detected by WAXD. Figure 9 shows
the patterns of neat PLLA, GO, GO-g-PLLA1/PLLA, GO-g-PLLA3/PLLA, and GO-g-PLLA5/PLLA.
For neat PLLA, two sharp characteristic peaks are located at 16.6◦and 18.9◦, corresponding to
(200)/(110) and (203) planes, which demonstrates the crystallization in α form. For GO-g-PLLA/PLLA
composites, the diffraction patterns are the same as those of neat PLLA. This indicated that
incorporation of GO-g-PLLA does not alter the crystalline structures of PLLA in the GO-g-PLLA/PLLA
nanocomposites. In addition, the crystal peak of GO is present at about 2θ = 10.8, suggesting that
the GO was exfoliated from graphite. On the other hand, in the composite, no GO diffraction peaks
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were found, and this confirms that the GO-g-PLLA dispersed well in the composites, and did not form
ordered arrangements.

Figure 9. Wide angle X-ray diffraction (WAXD) patterns of neat PLLA and its nanocomposites.

4. Conclusions

In this work, PLLA-grafted graphene oxide (GO-g-PLLA) was fabricated via a simple condensation
polymerization method with GO and L-lactic acid monomer, and used as a nanofiller to reinforce PLLA.
The surface-grafted PLLA chains cause the GO surface to transform from hydrophilic to hydrophobic,
and render it able to disperse well in chloroform. The SEM, WAXD, and tensile test results showed
that GO is exfoliated and uniformly dispersed in the PLLA matrix, which demonstrated that surface
modification is an effective method to improve the interfacial interactions between nanofillers and
a polymer matrix, showing a much better reinforcing effect than GO alone. The non-isothermal melting
crystallization behavior and spherulite morphology observation demonstrated that the GO-g-PLLA may
act as a nucleating agent and improve the crystallization speed of PLLA.
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Abstract: The synthesis of nanocomposite materials based on poly(methyl methacrylate) and
graphene oxide (GO) is presented using the in situ polymerization technique, starting from methyl
methacrylate, graphite oxide, and an initiator, and carried out either with (solution) or without
(bulk) in the presence of a suitable solvent. Reaction kinetics was followed gravimetrically and the
appropriate characterization of the products took place using several experimental techniques. X-ray
diffraction (XRD) data showed that graphite oxide had been transformed to graphene oxide during
polymerization, whereas FTIR spectra revealed no significant interactions between the polymer matrix
and GO. It appears that during polymerization, the initiator efficiency was reduced by the presence
of GO, resulting in a reduction of the reaction rate and a slight increase in the average molecular
weight of the polymer formed, measured by gel permeation chromatography (GPC), along with an
increase in the glass transition temperature obtained from differential scanning calorimetry (DSC).
The presence of the solvent results in the suppression of the gel-effect in the reaction rate curves,
the synthesis of polymers with lower average molecular weights and polydispersities of the Molecular
Weight Distribution, and lower glass transition temperatures. Finally, from thermogravimetric
analysis (TG), it was verified that the presence of GO slightly enhances the thermal stability of the
nano-hybrids formed.

Keywords: PMMA; graphene oxide; polymerization kinetics; bulk; solution

1. Introduction

Graphene is a single-atomic, two-dimensional layer of sp2 hybridized carbon atoms arranged
in a honeycomb lattice. Because of its unique mechanical, electrical, thermal, and optical properties,
it has recently attracted the research interest of the scientific community [1,2]. These properties
make graphene one of the most popular candidates for the development of functional and structural
graphene-reinforced polymer composites. Graphene can be obtained from the exfoliation of graphite
sheets. However, it is easier to obtain graphene oxide (GO) sheets through the exfoliation of
graphite oxide. The latter can be produced by the oxidation of graphite and consists of many
oxygen-containing groups, such as carboxyl, epoxy, and hydroxyl groups in the basal planes and
edges [2,3]. Thus, graphite oxide exhibits an increased interlayer spacing from the original 3.4 Å of
graphite to 6.0–10 Å [3]. Such functional groups aim to produce graphite oxide hydrophilic and to
weaken the van der Waals forces between layers. Thus, graphite oxides can be readily dispersed in
aqueous media to form colloidal suspensions. This facilitates the exfoliation of layered graphite oxide
into GO sheets via sonication or stirring [4].
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Various techniques have been developed for the synthesis of polymers based on nano-composites,
including solution mixing, melt blending, and in-situ polymerization [5–7]. The latter technique
usually ensures the good dispersion of the nano-additive in the polymer matrix and has improved the
final product properties. The in situ polymerization in the presence of several nano-additives was also
the basis of an extensive experimental study conducted by our group [8–12].

Although nanocomposites of GO with several polymers have been the subject of studies in the
past [1,7], their incorporation in methyl methacrylate (MMA) polymerization under bulk or solution
conditions has not yet appeared in scientific papers and journals [5,6]. Therefore, the challenge in this
work is to experimentally investigate the kinetics of the in-situ polymerization of MMA in the presence
of a material having unique properties, such as the graphene oxide (GO) nano-additive. GO was
formed during the reaction by the exfoliation of graphite oxide obtained from the oxidation of graphite.
One of the major problems in such polymerizations is the formation of stable dispersion throughout
the reaction. For this reason, solvents are usually chosen. Dimethylformamide (DMF) is an organic
solvent which dissolves both the monomer MMA and the polymer PMMA and is also hydrophilic
and polar with a rather high boiling point (153 ◦C). It has been proved to be a good solvent for the
dispersion of GO [13]. Therefore, in this research, besides carrying out the polymerization in bulk,
the possibility of using DMF as a reaction solvent was examined. Thus, for the first time, the effect of
GO on the in situ solution polymerization of MMA was explored.

In the past, we have prepared nanocomposite materials of PMMA with several nano-clays in our
laboratory and studied the influence of the nano-filler on the reaction kinetics [14–16]. As a continuation
of this work, nanocomposite materials of PMMA with graphene oxide are produced in this study
using an in-situ polymerization technique carried out with (solution) or without (bulk) in the presence
of a solvent. The effect of GO on the reaction kinetics is investigated gravimetrically by measuring the
variation of conversion with time, as well as the molecular weight distribution of the polymer formed.
The properties of the PMMA/GO nanohybrids were measured via a variety of techniques such as X-ray
diffraction, FTIR spectrometry, thermogravimetric analysis (TGA), gel permeation chromatography
(GPC), and differential scanning calorimetry (DSC).

2. Materials and Methods

2.1. Materials

Methyl methacrylate, used as the monomer, was purchased from Alfa Aesar (Haverhill, MA, USA
purity ≥ 99%). The inhibitor, hydroquinone, was removed by passing the monomer before any use,
thrice, through disposable inhibitor-remover packed columns (Aldrich, Hamburg, Germany). Benzoyl
peroxide (BPO) was used as a free radical initiator and was provided by Alfa Aesar (purity > 97%).
The initiator was purified by fractional recrystallization twice from methanol (Chem Lab, Zedelgem,
Belgium). Dimethylformamide (DMF) was used as a solvent for the solution polymerization and as
a means of exfoliation of graphite oxide to graphene oxide, and was supplied from the J.T. Baker
company (Radnor, PA, USA). Dichloromethane was used as the polymer solvent purchased from the
company Chem Lab, while the methanol used for the precipitation of the polymer was also supplied
by the same company. All other chemicals used were of analytical grade and were used as received
without further purification.

2.2. Preparation of Graphite Oxide

Graphite oxide (GO) was prepared by oxidizing graphite powder which was purchased from
Sigma-Aldrich (St. Louis, MO, USA), in accordance with the Hummers method. Accordingly, 10 g of
commercial graphite powder was dispersed in sulfuric acid (230 mL) at 0 ◦C. Subsequently, 30 g of
potassium permanganate (KMnO4) was slowly added to the suspension by controlling the addition
rate and maintaining the temperature below 20 ◦C. Following this, the reaction mixture was cooled to
2 ◦C. Then, the mixture was removed from the ice bath and stirred with a magnetic stirrer at room
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temperature for 30 min. Subsequently, 230 mL of deionised water was added, again controlling the
addition rate, while the temperature was kept below 20 ◦C. Thereafter, the mixture was resuspended
under mechanical agitation for 15 min, followed by the addition of 1.4 L deionized water and 100 mL
of hydrogen peroxide solution (30 wt %). The mixture was allowed to stand for 24 h. The GO particles
that settled at the bottom were separated from the excess liquid by decantation. The gelatinous
texture material was placed in an osmotic membrane, to stop the formation of precipitate BaSO4,
which appeared during the addition of BaCl2 aqueous solution. The material remained in the
membrane for about eight days. Finally, the final product was obtained by the freeze-drying method.

2.3. Preparation of the Initial Monomer/GO Mixtures

Three different relative amounts of GO to monomer, i.e., 0.1, 0.5, and 1.0 wt % were prepared.
Monomer with graphite oxide (for bulk polymerization), or monomer with the solvent (DMF) and
graphite oxide (for solution polymerization), underwent ultrasonication for one hour to ensure
a satisfactory colloidal dispersion of graphite oxide in the solution, while the exfoliation of graphite
oxide to graphene oxide started. In the final suspension, the initiator BPO 0.03 M was added and the
mixture was degassed by passing nitrogen through it, after which it was immediately used. During
solution polymerization, two different relative amounts of monomer/solvent were employed, i.e., 80:20
and 50:50 v:v.

2.4. Synthesis of PMMA/GO Nanocomposites by the In-Situ Bulk or Solution Radical Polymerization

Bulk free-radical polymerization was carried out in small test-tubes at a constant temperature
of 80 ◦C for a suitable time. According to this technique, 1 cm3 of the pre-weighed mixture of
monomer with the initiator and each amount of GO were placed into a series of 10 small test-tubes.
They were degassed with nitrogen, sealed, and placed into a pre-heated reaction temperature bath.
Each test-tube was removed from the bath at pre-specified time intervals, a few drops of hydroquinone
were added in order to stop the reaction, and it was immediately frozen. The product was isolated
after dissolution in dichloromethane (CH2Cl2) and precipitation in methanol. A different procedure for
the isolation of the product was followed in the last samples of each experiment. Since polymerization
had already finished and the product was a hard solid, the test-tubes were broken and nanocomposites
were obtained as such. In this manner, the filler was enclosed in the polymer matrix. Subsequently,
all isolated materials were dried to a constant weight in a vacuum oven at room temperature, weighed,
and the degree of conversion was estimated gravimetrically.

Neat polymer was also synthesized under the above conditions and used as the reference material.
Exactly the same procedure was repeated in the solution polymerization experiments but by

using the monomer MMA dissolved in DMF in all experiments.

2.5. Measurements

X-ray diffraction. The crystalline structure of the prepared PMMA/GO materials was characterized
using X-ray diffraction (XRD) in a Rigaku Miniflex II instrument (Tokyo, Japan) equipped with a CuKα

generator (λ = 0.1540 nm). The XRD patterns were recorded at the range 2θ = 5–65◦ and a scan speed
of 2◦·min−1.

Fourier-Transform Infra-Red (FTIR). The chemical structure of neat PMMA and PMMA/GO
nanocomposites was established by recording their IR spectra. The spectrophotometer used was
Spectrum 1 (Perkin Elmer, Waltham, MA, USA) equipped with an attenuated total reflectance (ATR)
device. Spectra were recorded over the range 4000 to 600 cm−1 at a resolution of 2 cm−1 and 32 scans
were averaged to reduce noise. Thin films were used for the measurements prepared in a hot hydraulic
press and the instrument’s software was employed to identify characteristic peaks.

Differential Scanning Calorimetry (DSC). The glass transition temperature, Tg, of the material
prepared, was measured using the DSC-Diamond (Perkin-Elmer). Samples of approximately 5–6 mg
were used and sealed in standard Perkin-Elmer sample pans. The temperature program followed

120



Polymers 2017, 9, 432

included, initially heating to 180 ◦C at a rate of 10 ◦C·min−1 to ensure the complete polymerization of
the residual monomer, cooling to 30 ◦C, and heating again to 130 ◦C at a rate of 20 ◦C·min−1. The glass
transition temperature was estimated from the second heating recordings.

Gel Permeation Chromatography (GPC). In order to estimate the average molecular weights and
the full molecular weight distribution (MWD) of neat PMMA and the PMMA/GO nanocomposites,
GPC was used. The chromatograph used was from Polymer Laboratories (Church Stretton, UK),
model PL-GPC 50 Plus, and included an isocratic pump, three PLgel 5 μ MIXED-C columns in series,
and a differential refractive index (DRI) detector. The elution solvent was tetrahydrofurane (THF)
at a constant flow rate of 1 mL·min−1, and the entire system was kept at a constant temperature of
30 ◦C. All samples were dissolved in THF at a concentration of 1 mg·mL−1, filtered, and 200 μL was
used for the injection into the chromatograph. Calibration of GPC was carried out with standard
poly(methyl methacrylate) samples having peak molecular weights ranging from 690 to 1,944,000
(from Polymer Laboratories).

Thermogravimetric Analysis (TGA). The thermal stability of the samples was evaluated by
measuring their mass loss with increasing temperature using TGA. Measurements were performed on
a Pyris 1 TGA (Perkin-Elmer) thermal analyzer. Samples of approximately 8–10 mg were used and the
measurements included heating from ambient temperature to 600 ◦C at a heating rate of 20 ◦C·min−1

under inert atmosphere (nitrogen flow).

3. Results

3.1. Characterization of the PMMA/GO Nanocomposites

In order to identify the exfoliation of graphite oxide to graphene oxide after polymerization,
XRD measurements were carried for graphite, graphite oxide, neat PMMA, and the nanocomposites of
PMMA/GO. From the XRD spectra shown in Figure 1, graphite shows a sharp peak at 26.5◦. When it
is transformed to graphite oxide, this peak is shifted to 11◦. Therefore, complete oxidation is verified.
Furthermore, the XRD patterns of neat PMMA and PMMA/GO materials were recorded in the angle
range of 2θ (5◦ < 2θ < 60◦) and are included in Figure 1. It is seen that in pure PMMA, three very
broad peaks appear at 16◦, 32◦, and 43◦, respectively, denoting the amorphous structure of the polymer.
When GO was incorporated into the polymer matrix, the same spectrum was recorded, without any
obvious peak at 11◦. This is an indication that graphite oxide has been exfoliated into graphene oxide
during the reaction. TEM measurements could verify these observations.

Figure 1. X-ray diffraction patterns of graphite, GO, neat PMMA, and PMMA/GO nanocomposites.
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Possible physicochemical interactions between GO and the PMMA matrix were tested using
FTIR-ATR measurements. The FTIR spectra of the material prepared appear in Figure 2. The spectrum
of pure PMMA and all the nanocomposites show a sharp peak at 1724 cm−1, which corresponds to
the carbonyl group, C=O. Two small peaks at 3000/2940 cm−1 are attributed to methyl ester C–H
stretching vibrations. An additional small peak at 2855 cm−1 is due to –CH3 stretching vibrations.
The peaks at 1436/1482 cm−1 correspond to C–H deformations. The peak at 1365 cm−1 corresponds
to –CH3 symmetrical deformation. Finally, the peaks at 1271/1233/1143/985 cm−1 are attributed
to C–O stretching. Similar reflectance bands have been observed in the FTIR-ATR of pure PMMA
in the literature [16]. From Figure 2, the spectra of pure PMMA and all nanocomposites appear similar,
indicating that the inclusion of GO in the polymer matrix is rather physical without a strong chemical
bond. An analogous observation has been reported in the literature [16].

4000 3500 3000 2500 2000 1500 1000 500

  

Wavenumber (cm-1)

 PMMA80-20
 PMMA80-20/0.1 GO
 PMMA80-20/0.5 GO
 PMMA80-20/1.0 GO

R
ef

le
ct

an
ce

 (a
.u

)

 

4000 3500 3000 2500 2000 1500 1000 500

 

Wavenumber (cm-1)

R
ef

le
ct

an
ce

 (a
.u

)

 PMMA50-50
 PMMA50-50/0.1 GO
 PMMA50-50/0.5 GO
 PMMA50-50/1.0 GO

 
(a) (b)

Figure 2. FTIR spectra of neat PMMA and PMMA with 0.1, 0.5, and 1.0% GO obtained under solution
polymerization with 80–20 (a); 50–50 (b) ratio of monomer to solvent.

3.2. Polymerization Kinetics

The effect of carrying out the polymerization in bulk or in solution with two different solvent
ratios on the variation of conversion with time is illustrated in Figure 3 for neat PMMA and its
nanocomposites with 0.1, 0.5, and 1.0 wt % GO. Conversion time curves approximately follow
classical radical polymerization kinetics until near 30% conversion, whereas afterwards, an increase in
the reaction rate is observed due to the well-known auto-acceleration or gel-effect. Accordingly,
as the reaction proceeds, the movement of macroradicals to find one another to terminate is
hindered by the presence of the macromolecular chains. These diffusion-controlled phenomena
lead to reduced termination rates of macroradicals, locally increasing their concentration. As a result,
this enhanced the reaction rates. During solution polymerization, as the amount of solvent is increased,
the auto-acceleration is decreased since macroradicals have more space to move freely and find one
another to terminate. Hence, the polymerization rate lowers and more time is needed to complete
the reaction. This was observed in both neat PMMA and all nanocomposites (Figure 3). Finally,
at conversions higher than 90%, the reaction rate slows down significantly and polymerization almost
stops before the full consumption of the monomer. This phenomenon corresponds to the well known
glass effect, where the monomer-polymer mixture becomes a “glass”. At this point, diffusion-controlled
phenomena also affect the propagation and the initiation reaction. The propagation rate constant and
the initiator efficiency decrease significantly and even small molecules (i.e., monomer, primary initiator
radicals) cannot easily move in space. Thus, unreacted monomers are trapped without being able to
react with the macro-radicals, leaving some residual monomer [17–20].
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Figure 3. Conversion versus time curves of neat PMMA obtained after bulk and solution
polymerization (a); PMMA/GO nanocomposites with different relative amounts of GO obtained
from in situ bulk polymerization at 80 ◦C with a 0.03 mol/L initial initiator concentration, 0.1 % (b);
0.5% (c); 1.0% (d).

Furthermore, the effect of adding GO on the PMMA polymerization kinetics is investigated
in Figure 4. It is seen that in both bulk and solution polymerization, the behavior of the PMMA with
0.1 wt % GO is very similar to that of neat PMMA, meaning that such a small amount of additive
does not influence the reaction kinetics much. However, as the amount of GO added increases,
it is clearly observed in all different polymerization conditions that the initial polymerization rate
decreases. This has also been observed in the literature in other nano-additives added to PMMA
polymerization [14,16].
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Figure 4. Conversion versus time curves of neat PMMA and PMMA/GO nanocomposites with
different relative amounts of GO obtained from in situ polymerization at 80 ◦C with a 0.03 mol/L initial
initiator concentration in bulk (a); in solution 80–20 (b); 50–50 (c).

In order to provide an explanation for the effect of GO on the polymerization kinetics, we used
the following Equation (1) for the variation of monomer conversion, X with time, t. Thus,
the polymerization rate, dX/dt, assuming the steady-state approximation for the total radical
concentration (which has been proven to hold at low monomer conversion), is expressed as [18]:

dX
dt

=
(
kp + ktrM

)( f kd[I]
kt

)1/2

(1 − X) (1)

where, kp, ktrM, kt, and kd denote the kinetic rate constants of the propagation, chain transfer to
monomer, termination, and initiator decomposition reactions, respectively; f is the initiator efficiency;
and [I] is the initiator concentration.

Assuming that the initiator concentration remains almost constant at short reaction times and all
kinetic rate constants are independent of conversion, Equation (1) can be integrated to give:

X = 1 − exp(−ke f f t) or − ln(1 − X) = ke f f t (2)

with

ke f f =
(
kp + ktrM

)( f kd[I]0
kt

)1/2

(3)

The effective rate constant of PMMA, keff, can be evaluated from available literature data on the
kinetic rate constant at low conversions. A number of different values have been proposed. In the
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following, we made use of those reported in a very recent paper by Zoller et al. [21], i.e., kp = 2.67 ×
106*exp(−22,360/RT), kt = 1.984 × 108*exp(−5,890/RT) L/mol/s, kd = 5 × 1016*exp(−143,000/RT)·s−1,
ktrM = 5 × 10−5*kp, and f = 0.5. The values of the above kinetic rate constants at 80 ◦C, where the
experiments of this study were carried out, are: kp = 1314 L/mol/s, kt = 2.668 × 107 L/mol/s, kd = 3.5
× 10−5 s−1, ktrM = 0.066 L/mol/s. Using these values and [I]0 = 0.03 mol/L, the theoretical value of
the effective rate constant becomes, keff = 1.84 × 10−4 s−1 or 1.106 × 10−2 min−1. Then, by means
of Equation (2), the variation of conversion with time at low conversions can be estimated and is
included as a continuous line in Figure 3a. It is seen that the theoretical line simulates the experimental
data very well at low conversions. The next step was to identify which kinetic parameter is affected
by the addition of GO. From Equation (1), it is unlikely that kp, ktrM, kt, or kd would change with
the existence of the GO. Then, it seems that the initiator efficiency, f, is affected and particularly
decreases with an increasing nano-additive content. Furthermore, the effective rate constant, keff,
can be estimated using Equation (2) from the slope of the curve obtained after plotting –ln(1−X) vs.
t. Such curves for the bulk polymerization of PMMA and its nanocomposites with GO appear in
Figure 5. The corresponding curves for the solution polymerizations were similar to those shown in
this figure, since as it can be seen in Figure 3, the data at the same amount of GO and at conversions
less than 30% (as we used here) are very similar. The estimated values of keff, together with their
standard error and correlation coefficient, appear in Table 1. As it can be seen, very clear straight lines
were obtained for all curves. From the values of keff and using Equation (3) with the aforementioned
parameter values, the initiator efficiencies, f, were estimated and are included in Table 1. It can be
seen that the value of f for neat PMMA, i.e., 0.47, is very close to the theoretical (literature) value
of 0.5. Moreover, a clear decrease of the initiator efficiency with the increasing amount of GO was
observed. This is a clear indication that graphene oxide acts as a scavenger of primary initiator
radicals at the early stages of polymerization. This is in accordance with the results presented in our
previous work [15,16] for in situ MMA homopolymerization in the presence of nano-additives such as
organomodified montmorillonites.
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Figure 5. Estimation of the effective rate constant from plots of –ln(1−X) versus time according to
Equation (2) for the neat PMMA and PMMA/GO nanocomposites with different relative amounts
of GO obtained from in situ polymerization at 80 ◦C with a 0.03 mol/L initial initiator concentration
in bulk.
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Table 1. Effective rate constant, keff, estimated from the slope of the curves presented in Figure 5 of
neat PMMA and its nanocomposites with various amounts of GO obtained in bulk polymerization and
corresponding initiator efficiencies estimated from Equation (3).

Sample keff (min−1) Standard Error R2 f

PMMA 0.0107 2.68 × 10−4 0.9975 0.47
PMMA/0.1GO 0.01038 3.75 × 10−4 0.9935 0.44
PMMA/0.5GO 0.00935 5.65 × 10−4 0.9820 0.36
PMMA/1.0GO 0.0087 6.24 × 10−4 0.9797 0.31

In order to provide an explanation for the reduced initiator efficiency with the nano-additive
content, the decomposition of the initiator used, i.e., BPO, is considered in Scheme 1. Accordingly,
two benzoyloxy radicals are initially produced, which can further decompose to phenyl radicals and
carbon dioxide. Both primary radicals formed from the decomposition of the initiator may react with
the phenolic hydroxyls on the GO surface by abstracting a hydrogen atom. The phenoxy radicals may
then scavenge a further radical (Scheme 1). Thus, one or two primary radicals may be terminated
for every mole of phenolic OH. As a result, the effective number of primary radicals formed from
the fragmentation of the initiator, which can find a monomer molecule and start polymerization,
is decreased.

Furthermore, the full molecular weight distribution of neat PMMA and PMMA/GO
nanocomposites obtained in bulk and solution with a 80–20 and 50–50 ratio of monomer to
solvent, measured via GPC, appears in Figure 6. The average molecular weights of PMMA and
all nano-hybrids prepared are illustrated in Table 2. It was observed that the average molecular weight,
Mn, of the material formed increases when increased amounts of GO are added. Moreover, from
Figure 6, the formation of polymers with a narrower MWD distribution was revealed when GO was
added. To explain these measurements we returned again to classical free radical polymerization
kinetics. Accordingly, the average molecular weight of a polymer is given by its average degree of
polymerization, which in turn is calculated from the average kinetic chain length, ν, knowing the mode
of termination by combination or disproportionation. ν can be calculated from the following equation:

1
ν
=

kt[P•]
kp[M]

+
ktrM[M]

kp[M]
=

( f kd[I]kt)
1/2

kp[M]
+ CM (4)

with CM = ktrM/kp.
According to Equation (4), the average kinetic chain length, ν, is inversely proportional to the

initiator efficiency, f. Therefore, when f decreases, ν, and as a result, the average molecular weight of
the polymer, increases. The physical meaning of this is that macro-radicals with a higher chain length
are produced when the number of primary initiator radicals is decreased. Moreover, it was found
that higher amounts of GO result in a lower final conversion, which in turn stops the polymer from
increasing its high molecular weight tail to higher values, resulting in the reduced polydispersity of
the MWD.

126



Polymers 2017, 9, 432

 

 

 

 

 

 

 

C O O C
O O

C O
O

C OH

O

2

C
OO

+

C O
O

+

C
OO

2 +  CO2

or

 

Scheme 1. Schematic illustration of the reaction of primary initiator radicals with GO resulting in their
deactivation and reduction of the initiator efficiency.
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Figure 6. Full Molecular weight distribution of neat PMMA and PMMA/GO nanocomposites obtained
in bulk (a) and solution with a 80–20 (b) and 50–50 (c) ratio of monomer to solvent.

Table 2. Number-average, weight-average, and z-average molecular weights (Mn, Mw, Mz),
polydispersity of the MWD (PD) and glass transition temperature (Tg) of neat PMMA and its
nanocomposites with various amounts of GO obtained in bulk or solution polymerization with a 80–20
and 50–50 ratio of monomer to solvent.

Sample Mn Mw Mz PD Tg

PMMA 114,570 427,250 1,121,690 3.73 103.5
PMMA/0.1GO 124,024 321,516 626,860 2.59 105.7
PMMA/0.5GO 160,872 339,196 592,744 2.11 109.9
PMMA/1.0GO 255,553 480,359 781,407 1.88 113.8
PMMA80–20 102,673 173,944 267,436 1.69 86.6

PMMA80–20/0.1GO 119,534 233,037 409,315 1.95 88.0
PMMA80–20/0.5GO 144,446 333,565 634,007 2.31 91.1
PMMA80–20/1.0GO 168,209 390,492 723,507 2.32 92.9

PMMA50–50 65,699 98,390 138,636 1.50 82.2
PMMA50–50/0.1GO 71,766 123,872 193,358 1.73 85.8
PMMA50–50/0.5GO 77,709 140,321 218,256 1.81 88.0
PMMA50–50/1.0GO 91,579 156,504 250,996 1.71 90.9

Moreover, carrying out the polymerization in the presence of solvent results in polymers with
significantly reduced average molecular weights (Table 2). As it is seen in Figure 7, the whole MWD
shifts to lower values. This is a direct result of Equation (4), where it is clear that as the monomer
concentration is decreased (a higher monomer concentration is achieved in bulk polymerization),
the kinetic chain length is also decreased. Thus, higher amounts of solvent results in a reduced
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average molecular weight of the polymer. Another reason is that, as it was observed in Figure 3,
the presence of the solvent suppresses the gel-effect. In the presence of strong autoacceleration (effect
of diffusion-controlled phenomena), the average molecular weights of the polymer increase with
monomer conversion. Since adding a solvent reduces the effect of diffusion controlled phenomena,
it also results in a reduced increase of Mn and Mw with monomer conversion, and as a result, in lower
final values.
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Figure 7. Full Molecular weight distribution of neat PMMA obtained after bulk and
solution polymerization.

3.3. Thermal Properties of the Nanocomposites

DSC was used to measure the glass transition temperature, Tg, of neat PMMA and the
nano-hybrids, according to the procedure described in the experimental section and the half Cp

extrapolation method [9]. Indicative results of DSC traces obtained from the bulk polymerization
experiments are shown in Figure 8. The Tg values estimated are given in Table 2. For pristine
PMMA, a value near 103.5 ◦C was recorded, close to that reported in the literature (near 100 ◦C [9]).
When the amount of GO added was increased to 0.1, 0.5, and 1.0 wt %, the Tg of the polymer was
increased to 105.7, 109.9, and 113.8 ◦C, respectively. The same tendency was observed in the solution
experiments with the Tg increasing from 86.6 to 92.9 ◦C and from 82.2 to 90.9 ◦C for the 80–20 and
50–50 ratios, respectively. The interaction of polymer chains and nano-particles at the surface can
alter the chain kinetics by either decreasing or increasing the glass transition temperature of the
polymer [12]. The enhancement in the Tg of the nanocomposites could be attributed to the restriction
in chain mobility due to the confinement effect of 2D-layered graphene incorporated into the matrix
and the strong nanofiller—polymer interactions.

In addition, the thermal stability of pure PMMA and PMMA/GO nanocomposites was examined
by thermogravimetric analysis in an inert (nitrogen) atmosphere. Results on the variation of mass
loss with an increasing temperature of neat polymer and the nano-hybrids with various amounts of
added GO obtained after bulk or solution polymerization are illustrated in Figure 9a–c. The thermal
degradation of radically prepared PMMA has been a subject of numerous studies and usually involves
multiple steps assigned to: the scission of unsaturated terminal groups, presence of weak head-to-head
linkages, and random scission of the carbon-carbon main chain. It is generally considered that most
PMMA thermally degrades through depolymerisation. In addition, it has been shown that GO
exhibits a significant mass loss (almost 22%) at 210–250 ◦C, which is due to the pyrolysis of labile
oxygen-containing functional groups, such as –COOH, –OH, etc. The incorporation of GO in the
polymer matrix results in an enhanced thermal stability of the resulting nanocomposite compared to
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neat polymer, especially when higher amounts of GO are incorporated [22]. Therefore, the mass loss
observed in Figure 9 in the region of 210–250 ◦C is attributed to the elimination of labile functional
groups from the surface of GO. Moreover, the incorporation of 0.1 wt % GO does not seem to show
any significant effect. However, the addition of higher GO amounts seems to increase the thermal
stability of the polymer formed, which was more pronounced in the PMMA nanocomposites obtained
after solution 50–50 polymerization and is shown in Figure 9c. Finally, thermal degradation seems
to start earlier in the polymers and nanocomposites formed after solution polymerization compared
to corresponding from bulk. This is mainly attributed to the lower average molecular weight of the
polymers produced via solution polymerization compared to those from bulk.
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Figure 8. DSC traces of PMMA and all PMMA/GO nanocomposites, to estimate their glass
transition temperatures.
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Figure 9. Mass loss of neat PMMA and PMMA/GO nanocomposites with various amounts of added
GO obtained in bulk (a); solution with 80–20 (b); 50–50 (c) ratio of monomer to solvent.

4. Conclusions

Nanocomposite materials of poly(methyl methacrylate) with GO were produced using the in situ
radical polymerization technique carried out in bulk and solution at different solvent/monomer ratios,
from graphite oxide, the MMA monomer, and benzoyl peroxide, the initiator. FTIR data showed that
the inclusion of GO in the polymer matrix was rather physical, without a strong chemical bond. XRD
data showed that graphite oxide had been transformed to graphene oxide during polymerization.
From the study of the reaction kinetics, it was found that the initiator efficiency is reduced by the
presence of the GO, resulting in a reduction of the reaction rate and a slight increase in the average
molecular weight of the polymer formed. A polymer with a lower average molecular weight was
produced when polymerization was carried out in solution, again increasing with the amount of GO
added. The polydispersity of the MWD was found to decrease with the amount of solvent added.
Moreover, the glass transition temperature of the polymer was increased with the amount of GO added,
whereas it was decreased during solution polymerization. Finally, from thermogravimetric analysis,
it was verified that the presence of GO results in materials with a slightly higher thermal stability.
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Abstract: Surface modification of graphene oxide (GO) is one of the most important issues to produce
high performance GO/epoxy composites. In this paper, the imidazole ionic liquid (IMD-Si) was
introduced onto the surface of GO sheets by a cheap and simple method, to prepare a reinforcing
filler, as well as a catalyst in epoxy resin. The interlayer spacing of GO sheets was obviously increased
by the intercalation of IMD-Si, which strongly facilitated the dispersibility of graphene oxide in
organic solvents and epoxy matrix. The addition of 0.4 wt % imidazolium ionic liquid modified
graphene oxide (IMD-Si@GO), yielded a 12% increase in flexural strength (141.3 MPa), a 26% increase
in flexural modulus (4.69 GPa), and a 52% increase in impact strength (18.7 kJ/m2), compared to
the neat epoxy. Additionally the IMD-Si@GO sheets could catalyze the curing reaction of epoxy
resin-anhydride system significantly. Moreover, the improved thermal conductivities and thermal
stabilities of epoxy composites filled with IMD-Si@GO were also demonstrated.

Keywords: graphene oxide; epoxy; ionic liquid; imidazole

1. Introduction

As a kind of classic thermosetting polymers, epoxy resins are of particular interest to structural
engineers due to their good stiffness, high strength, excellent dimensional stability, low curing
shrinkage, and unique chemical resistance. Nevertheless, inherent brittleness strongly hinders the
applications of epoxy resins in many fields. A large number of researchers have focused on the
reinforcement of epoxy matrices with nano-fillers, such as SiO2, Al2O3, Fe3O4, carbon nanotubes,
etc. [1–4]. As is well known, graphene, one of the most effective additives due to its exceptional
physical properties, is widely used to improve the comprehensive performances of epoxy composites,
such as mechanical properties, electrical properties and thermal properties [5]. However, the lack
of reactive functional groups on the graphene surface inhibits the use of graphene, due to the poor
dispersibility and extremely weak interfacial bonding between graphene and epoxy matrix [6].

Graphene oxide (GO), as an oxide form of graphene, contains a large number of oxygenated
groups on the basal planes and along the edges. As a result, GO has high organic compatibility with
matrices and can be a suitable nano-filler to reinforce epoxy resins [7]. However, strong van der
Waals forces exist between GO sheets, inducing the aggregation of GO sheets and causing an uneven
stress concentration in epoxy matrix [8]. This can seriously limit the reinforcing effect of GO in epoxy
resins. Additionally only a few active groups on GO surface can react with epoxy matrix, resulting
in weak interfacial interactions between GO sheets and matrix. These problems can be addressed by
functionalizing GO with some small molecules or polymers that can introduce some organic groups
such as epoxide groups, amino groups, and isocyanate groups [9–11]. For example, Wan et al. [12]
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reported a modification method of GO by covalent grafting of diglycidyl ether of bisphenol A chains.
The surface functionalization was found to obviously improve the compatibility and dispersibility of
GO sheets in epoxy matrix, with the tensile strength and fracture toughness increased by 75% and 41%
at 0.5 wt % filler loading, compared to the neat epoxy. Ryu et al. [13] prepared the hexamethylene
diamine functionalized graphene oxide successfully. The modification could significantly improve the
dispersibility of GO sheets and interfacial interactions with the matrix, leading to promote the curing
reaction well.

Ionic liquids have attracted a great deal of attention for their unique properties, such as
excellent chemical and thermal stabilities, good electrical conductivity, and high ionic mobility [14,15].
Yang et al. [16] synthesized polydisperse graphene nanosheets stabilized by amine-terminated ionic
liquids, which could be dispersed well in water, N,N-dimethylformamide (DMF), and dimethyl
sulphoxide (DMSO). They thought the good dispersibility was attributed to the improved solubility
and electrostatic repulsion of modified graphene nanosheets because of the ionic liquid incorporation.
Due to the good dispersibility provided by ionic liquids, we think that the ionic liquid modified
graphene or graphene oxide is of great value for reinforcing polymers. However, most reports about
ionic liquid modified graphene or graphene oxide just focus on the electrochemical applications,
such as electrodes, sensors, and supercapacitors [17,18]. We think it is necessary to investigate the
reinforcing effects of ionic liquid modified graphene or graphene oxide in epoxy resin.

Meanwhile, it is worth mentioning that a majority of ionic liquids contain imidazole groups.
As is well known, the imidazole rings can obviously catalyze the curing reactions of epoxy resins [19].
Pour et al. [20] prepared the poly (vinyl imidazole) grafted GO nanosheets and found that imidazole
modified GO could enhance the curing rate by decreasing the activation energy of epoxy-amine curing
system. Consequently, it might be a good choice to modify GO sheets by imidazolium ionic liquid,
in order to enhance the dispersibility of GO sheets, as well as introduce imidazole groups to the epoxy
curing system. In this way, it is possible to prepare a multifunctional nanoparticle with catalytic and
reinforcing effects in epoxy resins.

Herein, we fabricated the imidazolium ionic liquid (IMD-Si) modified graphene oxide
(IMD-Si@GO) by a cheap and simple method, based on the silanization reaction. The IMD-Si@GO
nanosheets were incorporated into an epoxy resin-anhydride system to prepare the novel epoxy
composites with high performances. The dispersibility of IMD-Si@GO, and the reinforcing and catalytic
effects of IMD-Si@GO in the epoxy resin-anhydride system, have been investigated. Additionally, the
thermal conductivities and thermal stabilities of IMD-Si@GO/epoxy (IMD-Si@GO/EP) composites
were studied.

2. Materials and Methods

2.1. Materials

Diglycidyl ether of bisphenol A (DGEBA) epoxy with an epoxy value of 0.48–0.54 mol/100 g
was purchased from Wuxi Resin Factory of Bluestar New Chemical Materials Co., Ltd., Wuxi, China.
Methyltetrahydrophthalic anhydride (MTHPA, Puyang Huicheng Chemicals Co., Ltd., Puyang, China)
was used as the curing agent. GO sheets were prepared from natural graphite flakes (500 mesh,
Qingdao Hensen Graphite Co., Ltd., Qingdao, China) by a modified Hummers method [21]. Imidazole
and 3-chloromethoxypropylsilane were purchased from (Alading Reagent Co., Ltd., Shanghai, China).
Ethyl acetate, anhydrous alcohol and acetone were purchased from (Tianjin Tianda Chemical Co., Ltd.,
Tianjin, China).

2.2. Synthesis of IMD-Si@GO

A schematic representation of the synthesis of IMD-Si@GO is shown in Scheme 1. In the first
step, 5.5 mL (30 mmol) 3-chloromethoxypropylsilane and 2.04 g (30 mmol) imidazole were mixed at
110 ◦C with magnetic stirring for 24 h under N2 atmosphere [22]. The ionic liquid was washed by
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ethyl acetate for several times for purification. Then 500 mg GO was dispersed into 250 mL anhydrous
alcohol by sonication for 30 min. IMD-Si (0.5 g) was added into the dispersion purged with N2 at
50 ◦C. After refluxing for 4 h, the mixture was filtered, washed with anhydrous alcohol, and dried in a
vacuum oven at 60 ◦C.

 

Scheme 1. Schematic of synthesis of the IMD-Si@GO.

2.3. Fabrication of Epoxy Composites

The IMD-Si@GO/EP were prepared by casting method with different contents of fillers (0.1, 0.2,
0.4, 0.6, and 0.8 wt %). The IMD-Si@GO sheets were first dispersed in acetone by sonication and then
mixed with DGEBA epoxy. Afterwards, the mixture was put into a vacuum oven at 70 ◦C to remove
solvent. Then, a stoichiometric amount of the curing agent MTHPA was added to the above mixture,
followed by stirring for 10 min. Finally, the mixture was poured into a mold, cured following the
schedule of 140 ◦C/2 h + 160 ◦C/4 h + 180 ◦C/3 h. As a reference, the pure epoxy resin was also
prepared in similar procedures to perform contrast experiments.

2.4. Characterization

1H Nuclear magnetic resonance (1H NMR, 400 MHz) spectra were recorded in deuterated DMSO
solvent using a Bruker Avance spectrometer (Bruker Instrument, Billerica, MA, USA). Atomic force
microscope (AFM) images were taken in a tapping mode using Hitachi Nanonavi E-sweep (Hitachi
High-Tech Science Co., Tokyo, Japan) with the size of 6 μm × 6 μm. X-ray photoelectron spectra
(XPS) were performed on a PHI Quantum 2000 Scanning ESCA Microprobe system (ULVAC-PHI Inc.,
Kanagawa, Japan). All XPS spectra were corrected using the C 1s line at 284.8 eV. Fourier transform
infrared (FTIR) spectra were characterized by a PerkinElmer-283B FTIR (Perkin Elmer Inc., Waltham,
MA, USA) spectrometer ranging from 4000 to 400 cm−1. Elemental analysis was carried out with
a VarioEL III Analyser (Elementar Analysensyteme GmbH, Hanau, Germany). X-ray diffraction
(XRD) patterns were recorded with a Bruker D8 ADVANCE X-ray diffractometer (Bruker AXS GmbH,
Karlsruhe, Germany) (Cu Kα radiation, 0.1542 nm). The XRD data were collected from 5◦ to 85◦

with the scanning rate of 0.02◦/s. Thermogravimetric analysis (TGA) was performed on a TGA Q50
(TA Instrument, New Castle, DE, USA) at a heating rate of 10 ◦C/min, in an argon atmosphere.

The dispersion of IMD-Si@GO in epoxy matrix was verified by using transmission optical
microscopy (TOM, Pudan MM-8, Pu Dan Optical Instrument Co., Ltd., Shanghai, China). Bending
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tests and impact tests were carried out in a universal testing machine (CMT-6303, Shenzhen SANS
Testing Machine Co., Ltd., Shenzhen, China) following the Chinese standard GB/T2567-2008, and
at least five tests were carried out for each sample. The samples’ dimensions for bending tests and
impact tests were (80 ± 0.2) × (15 ± 0.2) × (4 ± 0.2) mm3 and (80 ± 0.2) × (10 ± 0.2) × (4 ± 0.2) mm3,
respectively. The fractured surface of epoxy composites obtained from the impact test was observed
using a scanning electronic microscope (SEM, Hitachi S-570, Hitachi High-Tech Science Co., Tokyo,
Japan) and the samples were sputter-coated with gold. Differential scanning calorimetry (DSC) was
conducted on a TA Instruments DSC 2920 (TA Instrument, New Castle, DE, USA) using N2 as a purge
gas from 30 to 300 ◦C with a heating rate of 10 ◦C/min. Thermal conductivities of the samples were
measured at room temperature by a Hot Disk instrument (AB Co., Uppsala, Sweden).

3. Results and Discussion

3.1. Characterization of the IMD-Si@GO

The chemical structure of IMD-Si was characterized by 1H NMR (Figure 1). The H1, H2, and
H3 related to methoxyl group, are observed at 3.53–3.38 ppm. The signals of the protons linked to
–CH2–CH2–CH2– at 0.61–0.47, 1.91–1.77, and 4.25–4.08 ppm, are respectively corresponding to H4, H5,
and H6. The protons marked by 7 and 8, 10 and 9, corresponding to protons in the imidazole ring
observed at 7.72–7.50, 7.95–7.83, and 9.03–8.89 ppm, respectively. Additionally, a sharp peak can be
seen at 3.29 ppm, which is most likely to correlate to moisture in IMD-Si. It is notable that the peak at
9.03–8.89 ppm shifts to lower field significantly, for H9 is an active hydrogen.

Figure 1. 1H NMR spectra of IMD-Si.

AFM measurement was used to observe the morphology of GO and IMD-Si@GO, after deposition
on mica surface. It can be seen from Figure 2 that single layer GO and IMD-Si@GO sheets of varying
size are deposed on the substrates with overlaps. The single layer GO sheets are varied in the
thickness range of 1.0–1.3 nm, which is in agreement with the values reported previously [23]. After
functionalized by ionic liquid, the thicknesses of single layer sheets are obviously increased to nearly
2.8–3.8 nm, indicating the successful presence of the ionic liquid grafted onto GO sheets.
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Figure 2. AFM images of GO (a) and IMD-Si@GO (b).

XPS spectra are very efficient to characterize the chemical composition and electronic structure
of nanomaterials. Figure 3a shows the XPS survey spectra of GO and IMD-Si@GO. As for GO, there
are two obvious peaks at 284.8 and 531.8 eV, corresponding to C 1s and O 1s, respectively. After
functionalization, new peaks appear at 101.8, 152.8, 198.8, and 400.8 eV attributed to Si 2p, Si 2s, Cl 1s,
and N 1s, respectively. The high resolution C 1s XPS spectrum of GO (Figure 3b) shows three types
of carbon, located at 284.8 (C=C), 287.0 (C–O), and 288.4 eV (C=O) [24]. Compared with GO, the C
1s band of IMD-Si@GO (Figure 3c) can be fitted to five components: 284.3 (C–Si), 284.8 (C=C), 285.6
(C=N), 286.6 (C–O, C–N), and 288.6 eV (C=O). All these proofs can demonstrate the imidazolium ionic
liquid grafted onto GO sheets successfully.

The FTIR spectra of GO and IMD-Si@GO are shown in Figure 4, which are consistent with XPS
data. In the spectrum of GO, the absorption peaks at 3400, 1724, 1626, 1228, and 1055 cm−1 are
attributed to –OH, –COOH, C=C, epoxy C–O, and alkoxy C–O, respectively [9]. As for IMD-Si@GO,
a new peak appears at 3147 cm−1 due to the stretching vibrations of C–H in imidazole rings. The
bands at 1564 and 1448 cm−1 are assigned to C–N and C=N, indicating the imidazole rings introduced
onto the GO surface. In addition, a broad absorption band is observed in the range of 1100–1000 cm−1

related to Si–O–C and Si–O–Si, which also confirms the presence of imidazolium ionic liquid.
From the XPS and FTIR spectra, it can be concluded that the imidazolium ionic liquid has been

successfully grafted onto GO surface. As we know, elemental analysis is an efficient method to calculate
the grafting ratio of carbon materials [25]. The carbon, hydrogen, and nitrogen content of IMD-Si@GO
are listed in Table 1. The grafting ratio of ionic liquid is defined as the weight percent of IMD-Si to
IMD-Si@GO, which is calculated as the nitrogen weight content of IMD-Si@GO divided by that of
IMD-Si (calc. 12.6%, not including three methyl groups). The grafting ratio of IMD-Si is calculated to
be about 22.8%, that is, the content of IMD-Si groups is 1.03 mmol/g in IMD-Si@GO.
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Figure 3. XPS spectra of GO and IMD-Si@GO: (a) survey spectra; (b) C 1s of GO; (c) C 1s of IMD-Si@GO.

Figure 4. FTIR spectra of GO and IMD-Si@GO.

XRD patterns of GO and IMD-Si@GO are showed in Figure 5. The sharp peak at 9.68◦ for GO
corresponds to an interlayer space of 0.91 nm. After functionalization, the diffraction peak shifts to
8.10◦, indicating the interlayer distance of 1.09 nm, which can confirm the intercalation of GO sheets
by imidazolium ionic liquid. The intercalation of GO makes it easy to dispersed in polymer matrix and
prevents the aggregation efficiently, providing a good potential to GO for the preparation of polymer
composites [26,27].
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Table 1. Elemental analysis for IMD-Si@GO.

Element name C H N

IMD-Si@GO (wt %) 43.64 3.07 2.87

Figure 5. XRD patterns of GO and IMD-Si@GO.

We can see the TGA curves of IMD-Si, GO and IMD-Si@GO from Figure 6. GO has a slight mass
loss below 100 ◦C because of the water evaporation. The main weight reduction for GO at the range of
100–310 ◦C is 47.7%, attributed to the pyrolysis of the oxygenated groups [28]. As for IMD-Si@GO,
the mass loss at 100–310 ◦C (21.9%) is much lower than that for GO, indicating an enhancement in
thermal stability. The weight reduction of IMD-Si@GO is mainly attributed to the pyrolysis of residual
oxygenated groups and the decomposition of surface-attached ionic liquid [29]. Additionally the
residual weight of IMD-Si, GO and IMD-Si@GO at 800 ◦C is 28.2%, 38.5%, and 47.1%, respectively. It is
worth mentioning that the residual weight of IMD-Si@GO is bigger than that of ionic liquid or GO
sheets, also demonstrating the improvement of thermal stability by the grafted ionic liquid. The reason
may be that the imidazolium ionic liquid could generate a large amount of Si–O–Si bonds at high
temperature, which could greatly hinder the thermal decomposition. In addition, the introduction of
imidazole rings onto the GO surface can also slow down the rate of thermal decomposition.

Figure 6. TGA curves of IMD-Si, GO and IMD-Si@GO.
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3.2. Dispersion and Exfoliation of IMD-Si@GO

To test the dispersibility of GO and IMD-Si@GO in organic solvents, both of them were dispersed
in acetone and ethanol with a concentration of 0.5 mg/mL by sonication for 10 min. Figure 7 shows
the photos of GO and IMD-Si@GO dispersions in acetone and ethanol after storage for 2 h. By way
of comparison, the unmodified graphene oxide sheets have a complete settlement in acetone and a
significant settlement in ethanol, while the IMD-Si@GO dispersions are completely stable in both
solvents. This verifies that covalent grafting of imidazolium ionic liquid can significantly facilitate
the dispersibility of graphene oxide, due to the intercalation of GO sheets by ionic liquid and the
electrostatic repulsion provided by IMD-Si. The good dispersibility of modified GO sheets in organic
solvents makes it easy to fabricate nanomaterials/epoxy composites by solution blending technique,
and also provides the potential for various applications.

 

Figure 7. Photos of GO and IMD-Si@GO dispersions in acetone and ethanol.

The exfoliation degree of the IMD-Si@GO sheets in epoxy matrix was studied by XRD. Figure 8
shows XRD patterns of neat epoxy and the epoxy composites containing 0.4 and 0.8 wt % of fillers.
Obviously, there is no apparent difference in terms of the broad diffraction peaks for all these
nanocomposites from 11◦ to 28◦. The wide diffraction originates from the scattering of cured epoxy
resin. Furthermore, the characteristic diffraction peak of IMD-Si@GO at 8.1◦ does not appear in both
XRD curves of the IMD-Si@GO/EP composites, indicating that IMD-Si@GO nanosheets are well
exfoliated in epoxy matrix [12]. It is worth mentioning that good exfoliation degree of nano-fillers does
not mean uniform dispersion in matrix, which needs to be further confirmed by TOM photos of cured
epoxy resin and SEM photos of the fracture surfaces.

Figure 8. XRD patterns of epoxy composites with different contents of IMD-Si@GO fillers.

141



Polymers 2017, 9, 447

In order to evaluate the dispersibility of IMD-Si@GO sheets in epoxy matrix, TOM images of
cured epoxy composites with 0.4 and 0.8 wt % fillers were carried out first. As shown in Figure 9a,
the IMD-Si@GO sheets present a good dispersion in the matrix at 0.4 wt % filler content, although
some small aggregations can been observed. When the filler content is increased to 0.8 wt %, some big
clusters of IMD-Si@GO sheets can be easily found. These obvious aggregations may produce stress
concentration regions in epoxy matrix and lead to decreased mechanical properties.

 
(a) (b) 

Figure 9. TOM images of epoxy composites with different contents of fillers: (a) 0.4 wt %; and
(b) 0.8 wt %.

3.3. Mechanical Properties of IMD-Si@GO/EP

The mechanical properties of epoxy resin with different contents of IMD-Si@GO fillers
were experimentally studied. The flexural strength, flexural modulus, and impact strength of
IMD-Si@GO/EP composites are shown in Figure 10. It is interesting that the flexural and impact
strength of epoxy composites reach the maximum values of 141.3 MPa and 18.7 kJ/m2 at 0.4 wt %
IMD-Si@GO, increased by 12% and 52% compared with the neat epoxy (126.5 MPa and 12.3 kJ/m2),
respectively. Additionally it shows a maximum increase of 26% in flexural modulus (4.69 GPa) for
epoxy composites containing 0.4 wt % IMD-Si@GO. The enhanced strength and modulus of epoxy by
adding a small amount of IMD-Si@GO is considered to be due to the strong interfacial bonding between
fillers and epoxy matrix. The imidazole rings and residual oxygenated groups on the IMD-Si@GO
surface can participate in the curing reaction. Consequently, the IMD-Si@GO is not only a nano-filler,
but also a co-curing agent in epoxy matrix, which can strongly improve the interfacial interactions [30].
Meanwhile, in the presence of IMD-Si, GO sheets can be well exfoliated and uniformly dispersed in the
matrix, promoting the reinforcing effect, obviously [31]. By increasing the filler content continuously,
the flexural strength, flexural modulus and impact strength starts to decrease. This may impute to
the following two points: (i) too high a filler loading induces the aggregation of IMD-Si@GO sheets
in the matrix, which can be seen in Figure 9b, leading to weakening of the mechanical properties of
epoxy composites; and (ii) too much IMD-Si@GO hinders the curing reaction and may decrease the
crosslinking density [32,33].

To further study the reinforcing mechanism of IMD-Si@GO in epoxy matrix, the fracture surfaces
of epoxy and its composites were investigated by SEM. In Figure 11a, the neat epoxy specimen shows a
river-like fracture surface, indicating the characteristics of brittle fracture without stress dispersion [34].
Figure 11b shows a rough and uneven fracture surface of 0.4 wt % IMD-Si@GO/EP, exhibiting a
typical tough feature. This proves a significant enhancement of the interfacial adhesion between the
epoxy matrix and fillers [35]. In addition, almost no aggregation of IMD-Si@GO sheets can be seen
on the surface, demonstrating a good dispersibility of IMD-Si@GO in the epoxy matrix. When the
filler content is increased to 0.8 wt %, some aggregations can be found on the fracture surface from
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Figure 11c, which is in good agreement with the observation of TOM images and analysis of the
mechanical properties.

Figure 10. Flexural strength, flexural modulus (a) and impact strength (b) of epoxy composites with
different contents of IMD-Si@GO fillers.

   

Figure 11. SEM images of the fracture surfaces of epoxy composites with different contents of
IMD-Si@GO fillers: (a) neat epoxy; (b) 0.4 wt %; (c) 0.8 wt %.

3.4. Catalytic Effect of IMD-Si@GO in Epoxy Resin-Anhydride System

Imidazole and its derivatives are widely used as a type of accelerators in epoxy resin-anhydride
systems, which can initiate alternating copolymerization between anhydride and epoxy groups, as
a result, initiate the esterification reaction and improve the curing speed dramatically. Thence, the
catalytic effect of IMD-Si@GO in epoxy resin-anhydride system was investigated by DSC (Figure 12).
For the neat DGEBA-MTHPA curing system, a broad exothermic peak with a peak temperature
at 289 ◦C has been seen for a heating rate of 10 ◦C/min. As for DGEBA-MTHPA with 0.4 wt %
IMD-Si@GO, the exothermic peak moves to around 268 ◦C and becomes sharper. By increasing
the filler content to 0.8 wt %, the broad peak continues to shift to the left with a peak temperature
at 259 ◦C. This indicates that imidazole modified GO can indeed play the role in catalyzing epoxy
resin-anhydride curing system, and the increase in the content of IMD-Si@GO results in a higher
reaction rate [36,37]. Additionally it is obvious that a small peak appears at around 191 ◦C by adding
IMD-Si@GO nanosheets, without movement when the filler content rises. This peak may originate
from the reaction between the pyridine nitrogen and epoxy groups.

The main catalytic mechanism of IMD-Si@GO in epoxy resin-anhydride system is anionic
ring-opening alternating copolymerization, which is shown in Scheme 2. The imidazole rings on the
IMD-Si@GO surface attack anhydride groups to generate carboxylate anions. Then the carboxylate
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anions initiate the ring-opening reaction to yield oxygen anions. Oxygen anions on the IMD-Si@GO
surface subsequently transform to carboxylate anions by reacting with other anhydride groups. Thence,
alternating copolymerization continues to take place between the anhydride and epoxy groups to
form cross-linked polymer networks [38]. It can be concluded that the IMD-Si@GO can initiate
esterification reaction, that is to say, the functionalized graphene oxide can be a catalyst in epoxy
resin-anhydride systems.

Figure 12. DSC curing curves of epoxy resin-anhydride with different contents of IMD-Si@GO with a
heating rate of 10 ◦C/min.

Scheme 2. Catalytic mechanism of IMD-Si@GO/epoxy resin-anhydride system.

3.5. Thermal Conductivities of IMD-Si@GO/EP

Thermal conductivity is also effectively affected by carbon fillers within the epoxy matrices [39].
Figure 13 shows the thermal conductivities of the IMD-Si@GO/EP composites prepared with 0.1, 0.2,
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0.4, 0.6 and 0.8 wt % of fillers. We can see that the thermal conductivities of IMD-Si@GO/EP composites
are increased with increased contents of fillers. The thermal conductivity is greatly improved to
0.294 W/mK with only a little amount of IMD-Si@GO (0.8 wt %), getting a 15.7% increase compared
to that of unfilled epoxy (0.244 W/mK) [40]. From the enhancement of thermal conductivities, we
can deduce at least following two points: (i) there are strong interfacial interactions between epoxy
and IMD-Si@GO sheets, which could reduce the thermal interfacial resistance effectively; and (ii) the
uniform dispersion of IMD-Si@GO in epoxy matrix results in an increased contact area between
IMD-Si@GO and matrix and promotes the phonon diffusion efficiency [41].

Figure 13. Thermal conductivities of epoxy composites with different contents of IMD-Si@GO fillers.

3.6. Thermal Stabilities of IMD-Si@GO/EP

Thermal stabilities of the neat epoxy and IMD-Si@GO/EP composites loading 0.8 wt % of
nano-fillers were investigated by TGA analysis. TGA and derivative thermogravimetry (DTG) curves
are shown in Figure 14. The neat epoxy has Td (the temperatures at 5 wt % weight loss) and Tmax

(the temperatures at maximum weight loss) of 225.2 and 399.0 ◦C, respectively. By adding 0.8 wt %
IMD-Si@GO, the Td and Tmax (267.3 and 408.1 ◦C) are both higher than these of neat epoxy, suggesting
that IMD-Si@GO can efficiently inhibit the mass loss during thermal degradation process. As for the
char yield at 800 ◦C, the char residue of 0.8 wt % IMD-Si@GO/EP dramatically increases to 6.41 wt %,
2.2 times compared to that of unfilled epoxy (2.91 wt %). The enhancement of thermal stabilities can
be explained by the barrier effect of modified GO sheets, uniform dispersion of IMD-Si@GO in matrix,
and also strong interfacial bonding between IMD-Si@GO sheets and epoxy matrix [42].

Figure 14. TGA (a) and DTG (b) curves of the neat epoxy and 0.8 wt % IMD-Si@GO/EP composites.
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4. Conclusions

In this study, imidazolium ionic liquid modified graphene oxide was prepared by a cheap and
simple method. The results from AFM, XPS, FTIR, XRD, and TGA indicate the successful preparation of
IMD-Si@GO, and the grafting ratio is calculated to be 22.7% from the elemental analysis. The interlayer
spacing of GO sheets is increased by intercalation of IMD-Si, which strongly facilitates the dispersibility
of graphene oxide in organic solvents and epoxy matrix. The flexural strength, flexural modulus
and impact strength of the IMD-Si@GO/EP composites are optimal with 0.4 wt % fillers, increased
by 12%, 26%, and 52%, respectively, compared to the neat epoxy. Additionally, DSC reveals that the
IMD-Si@GO sheets can catalyze the curing reaction of epoxy resin-anhydride system at very low
IMD-Si@GO loadings. Moreover, a little inclusion of IMD-Si@GO into epoxy matrix can remarkably
improve the thermal conductivities and thermal stabilities. These enhancements can be attributed
to the uniform dispersion of IMD-Si@GO and strong interfacial interactions with the epoxy matrix.
Consequently, the modification of GO sheets by covalent grafting of ionic liquid could be a promising
method in the application of reinforced polymers by nanomaterials.
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Abstract: In this paper we report upon the preparation and characterization of electrospun nanofibers
of doped polyaniline (PANI)/poly(methyl methacrylate) (PMMA)/amino-functionalized graphene
(Am-rGO) by electrospinning technique. The successful functionalization of rGO with amino groups
is examined by Fourier transforms infrared (FTIR), X-ray photoelectron spectroscopy (XPS) and
Raman microspectrometer. The strong electric field enables the liquid jet to be ejected faster and also
contributes to the improved thermal and morphological homogeneity of PANI/PMMA/Am-rGO.
This results in a decrease in the average diameter of the produced fibers and shows that these fibers
can find promising uses in many applications such as sensors, flexible electronics, etc.

Keywords: electrospun nanofibers; electrospinning; polyaniline; nanocomposites;
amino-functionalized graphene

1. Introduction

Electrospinning is an efficient, relatively simple and low-cost process used to produce continuous
nanofibers on a large scale, where the fiber diameter can be adjusted from nanometers to microns by
applying a high voltage to a polymer solution from a micro-syringe pump [1–5]. Polymer nanofibers
produced via electrospinning have specific surface areas approximately one to two orders of magnitude
larger than flat films, making them the most promising candidates for applications in filtrations,
engineering tissue scaffolds, wound healing, release control, energy storage and sensors [5–8].

Polyaniline (PANI) is one of the most conductive polymers, that has been used in many electronic,
optical and electrochemical applications, due to its low cost, good environmental stability, redox
reversibility, and electrical conductivity [9,10]. However, processing PANI into nanofibers by using
the electrospinning is a challenge, mainly due to its rigid backbone that is related to its high degree
of aromaticity making the elastic properties of the solution insufficient for electrospinning [11,12].
In this regard, non-conductive hosting polymers such as poly(methyl methacrylate) (PMMA), is
blended to assist polyaniline to form composite fibers [13,14]. Consequently, the nanofibers of PANI
have garnered much interest because of their properties as candidates for chemical sensors [15],
light-emitting and electronic devices [16]. Yet, some disadvantages such as poor mechanical properties
do exist, although combining PANI with carbon materials reinforces its stability and enhances some of
its properties, such as capacitance [17,18].

Graphene is a potential nanofiller that can efficiently enhance the mechanical, thermal and
electrical properties of polymer-based nanocomposites at a very low loading, useful for various
novel applications due to its high thermal conductivity, superior mechanical strength, high
specific surface area, excellent mobility of charge carriers and high chemical stability [19–21].
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However, the homogenous dispersion of graphene in a polymer matrix is a necessary feature when it
is used as a nanofiller. Graphene is predisposed to agglomerate because of its hydrophobic nature,
high surface energy, and intrinsic van der Waals forces preventing its uniform distribution in the
polymer matrix [21–23]. This reduces its beneficial effects and therefore dispersing the graphene in
an electrospinning solution is an important step in forming the nanofibers [21]. The problems can be
overcome by functionalizing the graphene. This procedure provides multiple bonding sites to the
resin matrix where the remarkable properties of graphene can be successfully transferred to a polymer
composite [23–25]. Amine groups are attributed with high reactivity enabling them to react with other
chemical groups easily and providing a favorable approach in the preparation and applications of
graphene/polymer nanocomposites [23]. As the Nitrogen atom in amine is more nucleophilic than the
oxygen atom, it can be expected that substituting graphene or graphene oxide with amine will increase
the nucleophilic properties of graphene. Consequently, interfacial binding can result between graphene
and the materials of interest. These interactions will improve the performance and functionality of the
intended applications of graphene [23,24]. Former studies about the functionalization of graphene
with amine groups have indicated that it could be a promising strategy to improve the electrical
conductivity of graphene, due to the electron donating effect of amine groups [23].

Herein, the ethylenediamine (NH2–(CH2)2–NH2) was utilized to functionalize graphene
surfaces, which produced stitched graphene owing to the presence of two amine (–NH2)
functionalities on both sides of the ethylene moiety [24]. Therefore, due to the intriguing
properties of graphene and the advantages of PANI, composites of graphene and PANI fibers
are eminently suitable for many applications such as organic photovoltaics, supercapacitors and
resistance-based sensors. In this article, the preparation of electrospun fiber mats of doped
polyaniline/poly(methyl methacrylate)/amine-functionalized graphene using the electrospinning
process is studied. Literature has reported on graphene/polyaniline composites [26–28] but, in this
study, for the first time, amino-functionalized graphene/polyaniline nanofibers are investigated using
the electrospinning process.

More specifically, the objectives of this study were to identify and detail the primary materials and
process factors necessary to produce amino-graphene/polyaniline nanofibers using the electrospinning
process. The details of the amine functionalization of graphene are presented and the morphology and
the thermal stability of the PANI/PMMA/Am-rGO nanofibers are investigated.

2. Materials and Methods

2.1. Materials

Graphene oxide (GO), poly(methyl methacrylate) (PMMA) Mw ~996,000 g·mol−1, polyaniline
(PANI, emeraldine base) Mw ~100,000 g·mol−1, camphor-10-sulfonic acid (HCSA, 98%),
N,N dimethylformamide (DMF, 99.8%), chloroform (CHCl3, ≥99%), ethylenediamine (EDA, ≥99%),
were all purchased from Sigma-Aldrich, (Oakville, ON, Canada ). Deionized (DI) water was used for
all the experiments.

2.2. Reduction of Graphene Oxide to Graphene

Commercial graphene oxide (GO) was reduced by thermal annealing treatment [29]. First,
the GO powder was heated in a tubular quartz furnace (High Temperature Tube Furnace (HTF),
GSL-1300-40X, MTI Corporation, CA, USA) from room temperature to 400 ◦C at the rate of 5 ◦C·min−1,
and kept at 400 ◦C for 30 min under an argon (Ar) gas flow of 80 mL·min−1; secondly, the temperature
was increased from 400 to 650 ◦C at a rate of 5 ◦C·min−1, and kept at 650 ◦C for 30 min under an Ar gas
flow of 80 mL·min−1. Finally, the reduced GO samples were naturally cooled to room temperature
without argon.
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2.3. Surface Modification of Graphene with Amines

The rGO made in the previous step, where 150 mg of rGO was mixed with 10 mL of EDA, in a
vessel under vigorous stirring. The reaction was continued for 24 h under reflux at 80 ◦C. Afterwards,
the aminated-rGO (Am-rGO) was centrifuged at 10,000 rpm for 1 h and was thoroughly washed with
deionized water, filtered, and dried in a vacuum oven at 80 ◦C for 24 h [23].

2.4. Preparation of the PANI/PMMA/Am-rGO Solution

10 mg of the Am-rGO was dispersed in 2.96 g of DMF by sonication for 1 h. 100 mg of PANI
was mixed with 130 mg of HCSA to dope it and dissolving it in 14.78 g of chloroform. The solution
was stirred constantly for 6 h and subsequently filtered using Whatman Puradisk PTFE syringe
filter (pore size—0.45 μm, GE Healthcare, Buckinghamshire, UK) to remove the particulate matter.
Then, the Am-rGO solution was mixed with PANI solution and subsequently 85 mg of PMMA
(as a carrier polymer) was added to the solution and stirred for 24 h to form the solution for
electrospinning (see Table 1). The PANI/PMMA solution was similarly prepared without the addition
of functionalized graphene for comparative analysis.

Table 1. Composition of electrospun PANI/PMMA/Am-rGO and PANI/PMMA solutions.

PANI
(mg)

HCSA
(mg)

Am-rGO
(mg)

CHCl3

(g)
DMF

(g)
PANI:PMMA

(wt %)
Am-rGO:PANI

(wt %)

100 130 10 14.78 2.96 54.05 9.09
100 130 - 14.78 2.96 54.05 -

2.5. Electrospinning Setup

Figure 1 shows the schematic diagram of the fabrication of graphene-polymer nanofiber composite
by electrospinning. The homogeneous dispersed solutions were electrospun using a homemade
horizontal set up containing a programmable micro-syringe pump (Harvard Apparatus, PHD 2000,
Holliston, MA, USA) and a variable high DC voltage power supply (ES60P-5W Gamma High Voltage
Research Inc, Omaha Beach, FL, USA). Parameters such as the flow rate, voltage and distance were
harnessed at peak efficiency to obtain the desired nanofibers with the least beading to perform the
subsequent experiments. The PANI/PMMA/Am-rGO solution was loaded into a 3 mL syringe
with Luer-Lock connection to an 18-gauge blunt tip needle (Cadence Science, Cranston, RI, USA).
The syringe was mounted on the pump with a grip and grounded by use of an alligator clip. The
applied voltage was in the range of 18–20 kV between the needle tip and the collector. A syringe pump
was utilized to control the flow rate of the solution which was 0.3 mL/h and the distance between
the needle and the collector was 15 cm. The spun nanofiber mats were collected on an aluminum foil
attached to a stationary collector plate. All experiments were conducted in a chamber at a relative
humidity of 19–25%.

Figure 1. Schematic illustration of the electrospinning setup.
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2.6. Characterization of Amino Functionalized Graphene

In order to ensure the presence of functional groups that should be present from the successful
reduction of GO to rGO and functionalization of rGO with amino group, the Fourier transform
infrared (FTIR) spectroscopy analysis was undertaken using Perkin Elmer 65 FTIR-ATR instrument
(PerkinElmer, Woodbridge, ON, Canada). A total of 128 scans were accumulated for signal averaging of
each IR spectral measurement with a 4 cm−1 resolution. The spectra of the samples were recorded over
a wavenumber range of 4000–650 cm−1. Raman microspectrometer and the electron diffraction (SAED)
patterns were utilized to investigate the structural changes of GO, rGO, and Am-rGO. Characterization
of graphene specimens were performed by Raman microspectrometer with a Renishaw InVia Raman
microscope (Renishaw, Mississauga, ON, Canada) at an excitation laser wavelength of 514 nm. Raman
spectroscopy is a powerful non-destructive tool for studying disorder and defects in crystal structure,
it is often used to characterize microstructure of carbon materials. All specimens were deposited on
glass slides in powder form without any solvent. For SAED patterns characterization, the graphene
specimens were scooped onto a transmission electron microscopy (TEM) copper grid with supporting
carbon film (CF400-Cu, Electron Microscopy Sciences) directly. The dispersion characteristics of
rGO and Am-rGO were measured by ultraviolet visible (UV–Vis) spectrophotometer at ambient
temperature utilizing Infinite 200 PRO (Tecan, Männedorf, Switzerland) cuvette reader. The chemical
composition of the samples were determined by X-ray photoelectron spectroscopic (XPS) analysis
using a VG Scientific ESCALAB 3 MK II X-ray photoelectron spectrometer (VG Escalab 3 Mk, East
Grinstead, England) using an Mg Kα source (15 kV, 20 mA).

2.7. Characterization of the PMMA/PANI/Am-rGO Nanofibers

The scanning electron microscope (SEM, JSM-7600TFE, FEG-SEM, Calgary, AB, Canada) at an
operational voltage of 2 kV was used to study the morphology of electrospun fibers. Fiber diameters
were calculated using Image-Pro Plus®software by taking an average of about 300 fibers. To confirm
the presence of graphene sheets in the nanofibers of PANI/PMMA/Am-rGO, transmission electron
microscopy (TEM, JEOL, JEM 2100F, JEOL, Pleasanton, CA, USA) was used. For TEM observation,
fibers were directly deposited onto a TEM copper grid with supporting carbon film (CF400-Cu, Electron
Microscopy Sciences). Thermogravimetric analysis (TGA) was conducted under nitrogen atmosphere
using Q5000 TGA (TA Instruments, New Castle, DE, USA) in the temperature range of 20–900 ◦C,
with a heating ramp of 10 ◦C·min−1.

3. Results and Discussion

3.1. Morphology and Structure Analysis of Am-rGO

The UV–Vis spectrum of rGO suspension showed an absorption peak at around 265 nm. This
observation confirms the formation of C=C conjugated graphene structure after the thermal reduction
process (see Figure 2b) [24]. The UV–Vis spectroscopy was used also for monitoring the stability of
the rGO and Am-rGO in mixture of CHCl3/DMF (5:1). As shown in Figure 2b,c, there is a very slight
decrease in the absorbance spectra of Am-rGO over five days in comparison with rGO, indicating a
good stability of the Am-rGO dispersion. Visually, dispersion of Am-rGO is more stable, whereas in
comparison with dispersions of rGO in the same solution, which means that the dispersion of Am-rGO
is greatly improved within CHCl3/DMF in the presence of amino groups (in the inset of Figure 2c).

FTIR spectroscopy was performed on GO, rGO and Am-rGO in order to ensure the presence
of functional groups that should be present from the successful reduction of GO to rGO and
functionalization of rGO with amino groups (see Figure 2a). Different oxygen containing functional
groups were observed on the GO spectrum bands as shown in Figure 3a. The C=O stretching
vibrations in the carboxyl groups at 1700 cm−1; the C–OH deformation from the hydroxyl groups
attached to the aromatic graphene network at 1409 cm−1; the C–O (hydroxyl) stretching at 1601 cm−1;
the C–O (epoxy) stretching at 1040 cm−1 and the C–O (phenolic) stretching at 1213 cm−1 [18,30].
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The band at 1620 cm−1 is ascribed to the skeletal vibration of unoxidized sp2 graphitic domains.
After the thermal reduction of GO, the skeletal vibration of sp2 graphitic domain still remains shifts to
1573 cm−1. Besides, some residual presence of bands at 1710, 1150, and 1280 cm−1 were detected
providing evidence of the different types of oxygen functionalities in the rGO and their decreases in
intensity and others vanished due to thermal reduction [18,30]. In the spectrum of Am-rGO, the N–H
deformation peaks at 1565 cm−1; the C–N stretching vibrations at 1180 and 1120 cm−1; and the C=O
stretching vibrations of carboxyl group at 1725 cm−1. Furthermore, the Am-rGO has peaks of the C–H
stretch of alkyl chain at 2918 and 2854 cm−1; and the C–O stretching in hydroxyl groups at 1015 cm−1.
The FTIR spectroscopy results indicate that the chemically functionalized graphene (Am-rGO) was
successfully synthesized. Similar results for functionalization of graphene with amino groups have
been previously reported in literature [23,30].

Figure 2. (a) Schematic illustration of the non-covalent functionalization of graphene surfaces with
amino groups. Time evolution of UV-Vis absorption spectra of (b) rGO and (c) Am-rGO dispersed in
CHCl3/DMF (inset shows photograph of GO, rGO and Am-rGO).

Figure 3. (a) FTIR and (b) Raman spectra of GO, rGO and Am-rGO.
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Raman spectra was employed to analysis the graphitic structures of of GO, rGO, Am-rGO,
as shown in Figure 3b. The G band is derived from stretching the C–C bond, and is usual for all
sp2 carbon forms system, and it is obtained from the first order Raman scattering [31,32], and the
D band is due to disordered carbon atoms [31,32]. As expected, the GO revealed an intensive G band
at 1600 cm−1 owing to the oxygenation of graphite, which results in the formation of sp3 while, the
D band is presented at 1350 cm−1 because of the reduction in size of the sp2 domains by the creation of
defects, and distortions during oxidation [32,33]. Moreover, in rGO and Am-rGO, the G band were
shifted to lower wavenumber exhibited at 1587 and 1595 cm−1 and the D band positions remained
unchanged at 1350 cm−1, respectively. The G band appears in lower frequency due to the increased
number of sp2 carbon atoms following reduction of GO. The intensity ratio of D and G band ID/IG

is slightly increased from (0.89) in GO to (0.93) in rGO, demonstrating a decrease in the size of the
in-plane sp2 domains after reduction, and can be explained that the thermal redaction creates many
new graphitic domains, that are more numerous in number and smaller in size [32–34]. Whereas,
the Am-rGO showed a higher ID/IG intensity ratio (0.97) than the rGO, which is attributed to the
formation of the chemical bond between amino groups and basal planes of the rGO. This corresponds
to other results reported for functional graphene [34–36].

The XPS was also applied as an effective tool to characterize the presence of different elements
such as carbon, oxygen and nitrogen in GO, rGO and Am-rGO samples. Table 2 shows that the
elemental analysis of GO, rGO and Am-rGO. The results confirm the successful functionalization
of rGO with amino groups. The increase in C/O atomic ratio in Am-rGO indicates that EDA can
successfully functionalized graphene sheets. The presence of N containing groups in Am-rGO can also
be demonstrated from its XPS spectrum, where three peaks corresponding to N, C and O elements can
be clearly visualized. As shown in Figure 4a, only the carbon (C1s at 284.8 eV) and oxygen (O1s at
531.2 eV) appeared in the wide-scan spectrum in the GO, rGO and Am-rGO. After the functionalization
of rGO with amino groups, as expected, the nitrogen (N1s at 400.1 eV) was clearly evident in the
wide-scan spectrum in the Am-rGO [30,37]. The appearance of the N1s peak and the greatly decreased
intensity of the O1s peak in the XPS spectrum of Am-rGO indicate the efficient displacement of oxygen
moieties by amino groups during the chemical amination of rGO [30,37]. Peak fitting of C1s and
N1s high resolution C1s and N1s XPS spectrum reveals the diverse carbon and nitrogen components
in the Am-rGO framework. As shown in Figure 4b, carbon atoms exists in different functional
groups: at 284.6 (C–C/C=C), 285.5 (C–N/C=N), 286.5 (C–O), 287.9 (O=C–N) and 289.3 eV (O–C=O).
The amination process led to the formation of (N=C) at 398.5 eV, (C–NH2) at 399.7 eV, (C–N–C) at
400.4 eV, and (C–N+–C) at 401.6 eV (see Figure 4c) [29,30]. As it can be seen in Figure 4c, the most
intense peak is assigned to the C–NH2, indicating that amino functionalized-rGO was successfully
prepared. These XPS results were consistent with other studies presented in the literature [30,37].

The morphology and microstructure of the GO, rGO and Am-rGO and the electron diffraction
(SAED) patterns in the selected area were analyzed by TEM (see Figure 5a–f). The TEM images of the
GO, rGO and Am-rGO in Figure 5a–c, respectively, clearly show the presence of wrinkles, ripples and
scrolls in the GO, rGO and Am-rGO indicating the occurrence of few-layered graphene sheets [38,39].
The SAED patterns of GO, rGO and Am-rGO (Figure 5d–f) were compared in order to understand the
successful reduction and fictionalization with amino groups. Only diffraction rings are found in the
SAED pattern of the GO, demonstrating the disordered structure of GO, while the diffraction spots in
the rGO confirm the crystalline structure obtained after the thermal reduction of GO [38–40], as shown
in Figure 5d–e. Moreover, owing to the addition of amino functional groups, the bright spots were not
fully restored into the hexagonal graphene framework [40] (see Figure 5f). These results show that
functionalization caused less damage to the graphene structure.
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Table 2. Elemental composition of GO, rGO and Am-rGO samples extracted based on the XPS results.

Elements
Relative atomic percent (%) C/O Ratio

C O N

GO 66.4 32.5 0.3 2.0
rGO 86.1 12.7 0.3 6.7

Am-rGO 83.2 10.2 6.6 8.2

Figure 4. (a) XPS survey of GO, rGO and Am-rGO. High resolution XPS spectra of (b) C1s and (c) N1s
of Am-rGO.

Figure 5. TEM images of (a) GO; (b) rGO and (c) Am-rGO with (d–f), respective SAED pattern.
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3.2. Nanofibers Morphology

SEM was used to characterize the fabricated PANI/PMMA and PANI/PMMA/Am-rGO
nanofibers (see Figure 6a–d). It is observed that the surface of nanofibers are relatively smooth
and randomly oriented forming an web-like pattern [18,41]. Yet, owing to the instability of the
liquid jet, beads can be observed in the image of PANI/PMMA/Am-rGO. Additionally, the average
diameter before adding Am-rGO were in the range 267 ± 55 nm and after adding Am-rGO, the
average diameter decreased to the range 133 ± 35 nm. This decrease in the average fiber diameter of
PANI/PMMA/Am-rGO in comparison to PANI/PMMA is due to the presence of graphene sheets
in the fibers. This could be attributed to the electrical conductivity in the starting solution enhanced
by the presence of the graphene where the more conductive the solution, the better the chance of
getting thinner fibers [18,41]. Therefore, incorporating graphene into PANI/PMMA solution enhances
the conductivity of the solution to be electrospun and as a result of this improved conductivity, the
produced fibers become thinner compared with fibers produced from PANI/PMMA solution [18,41].

TEM was conducted to confirm the presence of the graphene filler in the nanofibers. Figure 7a
shows that some of the incorporated Am-rGO are randomly embedded in the sidewall of PANI/PMMA
nanofibers. Moreover, Figure 7b–c illustrate that along the nanofibers some dark scattering spots could
be observed; these aligned dark dots corresponded to graphene flakes in the PANI/PMMA nanofibers.
These figures clearly show the individual graphene sheets dispersed in the PANI/PMMA matrix
without aggregation, because the lateral size of graphene (a few 100 nm to a few μm) is comparable to
the fiber diameter [37–41].

Figure 6. (a,c) SEM micrograph of the PANI/PMMA and PANI/PMMA/Am-rGO nanofibers,
respectively; (b,d) the distribution of dimeters of the PANI/PMMA and PANI/PMMA/Am-rGO
nanofibers, respectively.
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Figure 7. (a–c) High-resolution TEM images of PANI/PMMA/Am-rGO nanofibers at different magnification.

3.3. Thermal Stability

TGA was performed to observe the thermal stability of the rGO, Am-rGO and electrospun
PANI/PMMA and PANI/PMMA/Am-rGO nanofiber mat (see Figure 8a,b), respectively, under N2

atmosphere in temperature range between 20 and 900 ◦C, with a heating ramp of 10 ◦C·min−1. GO is
thermally unstable resulting in three stages of weight loss. In the first stage, a rapid weight loss occurs
at about 173 ◦C, mostly attributed to the removal of the trapped water molecules and epoxy oxygen
functional groups. The second stage occurs at 515 ◦C which can be attributed to the removal of phenolic
groups and decomposition of sp3 hybridized carbon atoms located at the defect site of GO. These
results were congruent with other studies presented in literature [30,37]. On the other hand, the rGO
was the most thermally stable, there is almost no weight loss below 600 ◦C, demonstrating the effective
reduction and removal of oxygen functional groups. Comparing with GO, the Am-rGO exhibits
good thermal stability. The thermal stability increases and major weight loss starts at temperatures
of about 449 ◦C. This can be ascribed to the decomposition of amino-carbons, which is similar to the
previously reported results for functionalization of graphene with amino groups [30,37]. Therefore, the
larger thermal stability compared with GO and the greater mass lost compared with rGO indicates the
efficient displacement of oxygen moieties by amino groups during the chemical amination of rGO [37].

Incorporating a small amount of Am-rGO in PANI nanofibers improves its thermal stability.
As shown in Figure 8b, the thermal degradation temperature of PMMA/PANI/Am-rGO nanofibers
increased to ~441 ◦C, a magnitude higher than that of the PMMA/PANI samples at ~348 ◦C, accredited
to the presence of interfacial bonding [18,41]. In comparison to PMMA/PANI/Am-rGO, the thermal
degradation temperature of the PMMA/PANI/rGO was presented around 420 ◦C, and corroborating
the strong interaction exists between the PANI and the Am-rGO. This thermal reinforcement of the
electrospun PANI nanofibers by Am-rGO (nano-carbon) fillers is very important in many different
technological applications such as those mentioned in the introduction.
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Figure 8. TGA curves (a) of GO, rGO and Am-rGO; and (b) for electrospun PMMA/PANI/Am-rGO,
PMMA/PANI/rGO and PMMA/PANI nanofibers.

4. Conclusions

In this study, Am-rGO was successfully prepared and electrospun nanofibers of PANI/PMMA
with amino-functionalized graphene were prepared by a simple electrospinning technique. The FTIR,
XPS and Raman spectroscopy analysis confirmed the successful functionalization of the graphene with
amino groups, while the TEM observation demonstrated that the addition of amino-functional groups
to graphene generated less damage to the graphitic structure of the graphene. SEM micrographs
indicated the formation of PANI/PMMA/Am-rGO nanofibers with a diameter ranging between
35 and 133 nm, with a general uniform thickness along the nanofibers. TGA measurements show
an improvement of the thermal stability of the PANI in the presence of graphene. In conclusion,
the resulting non-woven porous mats with amino-functionalized graphene result in electrospun
nanofibers that can be used in future technological applications in various fields.
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Abstract: Investigation of the curing kinetics of crosslinking reactions and the development of
optimized catalyst systems is of importance for the preparation of self-healing nanocomposites,
able to significantly extend their service lifetimes. Here we study different modified low molecular
weight multivalent azides for a capsule-based self-healing approach, where self-healing is mediated
by graphene-supported copper-nanoparticles, able to trigger “click”-based crosslinking of trivalent
azides and alkynes. When monitoring the reaction kinetics of the curing reaction via reactive
dynamic scanning calorimetry (DSC), it was found that the “click-crosslinking” reactivity decreased
with increasing chain length of the according azide. Additionally, we could show a remarkable
“click” reactivity already at 0 ◦C, highlighting the potential of click-based self-healing approaches.
Furthermore, we varied the reaction temperature during the preparation of our tailor-made
graphene-based copper(I) catalyst to further optimize its catalytic activity. With the most active
catalyst prepared at 700 ◦C and the optimized set-up of reactants on hand, we prepared capsule-based
self-healing epoxy nanocomposites.

Keywords: TRGO; copper nanoparticles; CuAAC crosslinking; self-healing nanocomposite

1. Introduction

Self-healing approaches do have a significant potential in polymeric materials, especially those
based on embedded capsule systems [1]. The molecular design of such self-healing materials
requires fast and efficient crosslinking processes, which often are afforded by catalytic reactions
using homogeneous and heterogeneous chemistry [2]. In the past, a plethora of such processes
has been reported, based on e.g., ring-opening metathesis polymerization (ROMP)- (. . . .) [1,3–10],
copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC)- (. . . .) [11–27], isocyanate- [28–37],
thiol- [38–46] and hydrosilylation-chemistry [47,48], many of them using metal-catalysis.

In the field of ROMP-based self-healing [7,9], the curing behavior of renewable
norbornenyl-functionalized isosorbide monomers in the copolymerization with dicyclopentadiene
(DCPD) was investigated exhibiting a higher reactivity, consequently facilitating low temperature
ROMP. Additionally, higher crosslinking densities were observed, resulting in improved thermal and
mechanical properties highlighting the potential of renewable ROMP-monomers towards self-healing
applications [9].
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In particular, the search for graphene-supported catalysts [12,19,21–23] is ongoing, effecting
Ru-based crosslinking within nanocomposites. Thus, graphene oxide (GO)-supported Grubb’s
catalysts (GO-HG1 and GO-HG2) have been prepared and investigated in the ROMP of
5-ethylidene-2-norbornene at 40 to 60 ◦C. While showing catalytic activity the amount of catalyst was
reduced from 5.0 to 0.5 wt % [7].

We recently reported on a “click”-based crosslinking chemistry useful as a principle for
optimized self-healing materials [12]. In this particular system, multivalent azides and alkynes
are crosslinked by the use of a Cu(I)-catalyst, acting as the known essential catalytic system for
“click”-chemistry [12,49–53]. Of particular importance is the ability to tune the temperature at
which crosslinking takes place, thus enabling self-healing at room temperature or even below [11,17].
The central principal of action is the use of encapsulated low molecular weight azides [19,22] or
azide-functionalized polymers [11,14,15,17,20,27], and low molecular weight alkynes [15,19,20,22]
or alkyne-functionalized polymers [11,14], embedded within capsules sized from 100 nm up to
microns [13,15,19,54]. Whereas the uncatalyzed process is conventionally taking place at temperatures
close to ~160 ◦C [55,56], the use of Cu(I) as catalyst can significantly lower the crosslinking temperature,
together with an increase in crosslinking efficiency [49–51]. The kinetics of “click-crosslinking“
reactions was studied by us [12] and others [24,25] and the huge potential of the CuAAC towards
self-healing materials is highlighted by the observation of autocatalytic effects in the melt state. Thus,
the formed 1,2,3-triazole rings can act as internal ligands consequently significantly increasing the
reaction rate [11], well known before for the addition of external triazole-containing ligands [57].
By additionally designing chelation assisting azides, the self-healing temperature could be tuned,
and efficient network formation was even observed below room temperature (T = 10 ◦C) [17].

When probing a large variety of homogeneous and heterogeneous catalysts, the use of finely
dispersed Cu2O on graphene-oxide (TRGO-Cu2O) displayed high catalytic activity in various
“click-crosslinking” reactions in the melt, easy and efficient recyclability in solution experiments as well
as high stability against oxygen [21]. Consequently, the catalyst was used to generate graphene-based
nanocomposites via the CuAAC without addition of a base or any reducing agents. As the cheap and
easy up-scalable catalyst acted as reinforcing filler, the mechanical, thermal and conductive properties
of the final resin were improved [22], opening the possibility to generate self-healing capsule-based
epoxy nanocomposites showing quantitative healing at room temperature within 36 h [19].

For a capsule-based self-healing approach, the encapsulation of the azides required a careful
tuning of their hydrophobicity. It was unclear though, how and whether small changes in the
azide-monomer would change its reactivity within the same click-system. Thus, a modification
of the azide-monomer to a more hydrophobic surrounding deemed interesting, most of all to facilitate
its encapsulation via emulsion-processes. Therefore, in this study we investigate the influence of small
substitutions within the trivalent azides on the reaction kinetics investigated via DSC as well as in
view of different homogeneous and heterogeneous copper(I) catalysts.

2. Materials and Methods

2.1. Materials

Trimethylol propane (purity > 97%), trimethylol propane triglycidyl ether (technical grade,
1H-NMR spectrum in Supplementary Materials Figure S1), propargyl bromide (80 wt % solution
in toluene), sodium sulphate (Na2SO4, purity > 99%), sodium azide (NaN3, purity 99.5%),
4-dimethylaminopyridine (DMAP, purity 99%), graphite (synthetic grade), potassium permanganate
(KMnO4, analytical grade), copper(II) acetate hydrate (purity 98%), acetic anhydride (purity > 99%)
and decanoyl chloride (purity > 98%) were purchased from Sigma Aldrich (Taufkirchen, Germany)
and were used as received. Sodium hydroxide (NaOH, purity > 99%), ammonium chloride (NH4Cl,
purity > 99%), concentrated sulphuric acid (H2SO4, 95–98%), hydrochloric acid (HCl, 37%) and
N,N-dimethylformamide (DMF, purity > 99%) were ordered from Grüssing (Filsum, Germany) and
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DMF was freshly distilled from CaH2 under nitrogen atmosphere before use. Butyryl chloride
(purity > 98%) and calcium hydride (CaH2, purity > 92%) were obtained from Alfa Aesar (Karlsruhe,
Germany). Dichloromethane (DCM, purity > 98%) was purchased from Overlack (Mönchengladbach,
Germany), chloroform (CHCl3, purity > 98%) was received from VWR (Darmstadt, Germany)
and methanol (MeOH, purity > 99.9%) was obtained from Brenntag (Mühlheim an der Ruhr,
Germany) and all solvents were distilled prior use. Tetra-n-butylammonium bromide (TBAB, purity
> 99%) was purchased from TCI (Eschborn, Germany) and sodium chloride (NaCl, purity > 99%),
o-phosphoric acid (H3PO4, 85%), hydroxide peroxide (H2O2, 30 wt %) were received from Carl Roth
(Karlsruhe, Germany) and were used as received. The synthesis of trimethylolpropane tripropargyl
ether (TMPTE, 1) was done according to literature [22,58] and was further optimized to yield
exclusively 1 (see Supplementary Materials, Scheme S1). The synthesis of (azidated trimethylolpropane
triglycidyl ether, N3TMPTE, 2) was done according to literature [22,59] with slight modifications
(see Supplementary Materials Scheme S2).

2.2. Methods

Nuclear magnetic resonance (NMR) spectroscopy: All NMR spectra were recorded on a Varian
Gemini 400 spectrometer from Agilent Technologies (Waldbronn, Germany) at 400 MHz at 27 ◦C.
Deuterated chloroform (CDCl3, purity > 99.8%, stabilized with Ag) was used as solvent and was
purchased from Chemotrade (Düsseldorf, Germany). The chemical shifts were recorded in ppm and
all the coupling constants in Hz. MestRec v.4.9.9.6 (Mestrelab Research, A Coruña, Spain, 2016) was
used for data interpretation.

Attenuated total reflection Fourier transformed infrared (ATR-FTIR) spectroscopy: All ATR-FTIR
spectra were recorded on a Bruker Tensor VERTEX 70 from Bruker Optics GmbH (Leipzig, Germany)
equipped with a heatable Golden Gate Diamond ATR plate from Specac (Orpington, Kent, UK).
Opus 6.5 (Bruker Optik GmbH, Leipzig, Germany, 2008) and OriginPro 8G (Version 8.0951, OriginLab
Corporation, Northampton, MA, USA, 2008) was used for data interpretation.

Thin layer chromatography (TLC): TLC was performed with TLC aluminum sheets (silica gel
60 F254) obtained from Merck (Darmstadt, Germany). Spots on the TLC plates were visualized by
UV light (254 or 366 nm) or by oxidizing agents like “blue stain” consisting of Ce(SO4)2·4H2O (1.0 g,
analytical grade, Sigma Aldrich (Taufkirchen, Germany)), (NH4)6Mo7O24·4H2O (2.5 g, analytical grade,
Sigma Aldrich (Taufkirchen, Germany)), dissolved in concentrated H2SO4 (6.0 mL, 95–97%, Grüssing
(Filsum, Germany)) and distilled water (90.0 mL).

Electrospray ionization time of flight mass spectrometry (ESI-TOF MS): ESI-TOF MS was
performed with a micro TOF focus from Bruker Daltonics GmbH (Bremen, Germany) with an
electrospray ionization source (ESI source). Samples were dissolved in CHCl3 (HPLC grade,
VWR (Darmstadt, Germany)) or MeOH (HPLC grade, VWR (Darmstadt, Germany)) and sodium
iodide (purity > 99.9%, Sigma Aldrich (Taufkirchen, Germany)), 20 mg·mL−1 acetone (HPLC grade,
Sigma Aldrich (Taufkirchen, Germany)) was added. The analyte was injected with a 180 μL·h−1 flow
rate at 180 ◦C.

Differential scanning calorimetry (DSC): DSC was performed on a differential scanning
calorimeter 204F1/ASC Phönix from Netzsch (Selb, Germany). Crucibles and lids made of aluminum
were used. Measurements were performed in a temperature range from −20 to 250 ◦C using heating
rates of 5, 10, 15 and 20 K·min−1. As purge gas, a flow of dry nitrogen (20 mL·min−1) was used.
For evaluation of data, the Proteus Thermal Analysis Software (Version 5.2.1, NETZSCH-Geraetebau
GmbH, Selb, Germany, 2011) and OriginPro 8G (Version 8.0951, OriginLab Corporation, Northampton,
MA, USA, 2008) was used.

Rheology: In situ rheology was performed on an oscillatory plate rheometer MCR 101/SN
80753612 from Anton Paar (Graz, Austria). All measurements were performed within the linear
viscoelastic regime (LVE) using a PP08 measuring system. For evaluation of data, the RheoPlus/32
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software (V 3.40, Anton Paar Germany GmbH, Ostfildern, Germany, 2008) and OriginPro 8G
(Version 8.0951, OriginLab Corporation, Northampton, MA, USA, 2008) were used.

Glass tube furnace: The thermal reduction of GO-Cu(II) was performed in a glass tube furnace
(Mod. RSR-B120/750/11) from Nabertherm GmbH (Lilienthal, Germany).

Freeze drying: Freeze drying was performed on a LyoQuest freeze dryer from Telstar (Utrecht,
The Netherlands) operating at −80 ◦C and 0.18 mbar.

Ultrasonicator: For the dispersion of the GO-species via ultrasonication a sonication tip Vibra
Cell VCX500 from Zinsser Analytic (Frankfurt, Germany) was used.

Flame atomic absorption spectroscopy (FAAS): FAAS was performed on a novAA 350 #113A0641
Tech: Flamme spectrometer from Analytik Jena AG (Jena, Germany) using Aspect LS 1.4.1.0 (Analytik
Jena AG, Jena, Germany) as software. Therefore, external calibration and calibration via doping were
performed. To determine the copper-content within TRGO-Cu2O the samples were burned to ash
at 800 ◦C under atmospheric conditions and were dispersed in nitric acid (2 M). This solution was
diluted in a 1:1 ratio with a potassium chloride solution (0.2%) and a mixture containing 25 mL of the
dispersed nitric sample solution and 25 mL of the potassium chloride solution.

Transmission electron microscopy (TEM): TEM investigations were performed using a EM 900
transmission electron microscope from Carl Zeiss Microscopy GmbH (Oberkochen, Germany) and the
images were taken with a SSCCD SM-1k-120 camera from TRS (Moorenweis, Germany). For sample
preparation, TRGO-Cu2O was dispersed in water and sprayed on a carbon-layered copper grid.
After one minute, the excess solution was removed with filter paper and the samples were dried at
room temperature.

X-ray diffraction (XRD): XRD-measurements were performed on a D8 X-ray diffractometer from
Bruker AXS GmbH (Karlsruhe, Germany). For analysis of the raw data, Diffrac. Suite EVA 3.1
(Bruker AXS GmbH, Karlsruhe, Germany) with an integrated database for the determination of the
phases was used as software. For sample preparation, TRGO-Cu2O was rubbed in the presence
of isopropanol and was put on a glass slide. For evaluation of data, OriginPro 8G (Version 8.0951,
OriginLab Corporation, Northampton, MA, USA, 2008) was used.

2.3. General Synthesis Procedure for the Preparation of Trivalent Azides

The synthesis was carried out under a dry atmosphere of nitrogen. A two-necked round-bottom
flask equipped with magnetic stir bar, rubber septum and gas tap was heated under vacuum and
flushed with nitrogen several times. 4-Dimethylaminopyridine (0.2 eq) was added to 2 (1.0 eq)
dissolved in dry DMF and the solution was stirred for ten minutes at room temperature. Afterwards,
the desired anhydride or acid chloride (6.0–8.0 eq) was added dropwise to the reaction mixture and
the solution was stirred at room temperature. After finishing the reaction, the crude product was
either purified by extraction or column chromatography and the obtained product was dried in high
vacuo. As determined via NMR-spectroscopy, final products contain up to 25% impurities such as free
epichlorohydrine and bivalent residues as trimethylolpropane triglycidyl ether was used in technical
grade (see 1H-NMR spectrum in Supplementary Materials Figure S1).

3. Results

3.1. Synthesis of Trivalent Alkyne and Trivalent Azides

In Figure 1, an overview of the synthesized trivalent alkyne 1 and the trivalent azides is given.
Trivalent alkyne 1 and trivalent azide 2 have been synthesized according to literature [22,58,59].

164



Polymers 2018, 10, 17

 

Figure 1. Structures of trivalent alkyne 1 and trivalent azides 2, 3, 4 and 5.

The synthesis of the trivalent azides 3*, 4, 4*, 5 and 5* is presented in Scheme 1, and details are
given in the general synthesis procedure in Section 2.3 and in the Supplementary Materials. In brief,
the trivalent azide 2 was either converted with acetic anhydride or the desired acid chloride at room
temperature in dry DMF and in the presence of DMAP as a nucleophilic basic catalyst.
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Scheme 1. Synthesis of trivalent azides 3*, 4, 4*, 5 and 5*.

The trivalent azide 3* was obtained as a light-yellow, viscous liquid (85% azide content) containing
the bivalent azide and free epichlorohydrine present in the starting material (trimethylolpropane
triglycidyl ether (technical grade)). This mixture was further studied without purification to
investigate its suitability for easy preparable and up-scalable room temperature-based self-healing
nanocomposites relying on “click-crosslinking“ reactions. For the synthesis of the azides 4 and 5,
a pure trivalent compound (4 and 5) and a mixture of bi- and trivalent product (4* and 5*, 85 and
75% azide content, respectively) were obtained and further separated via column chromatography.
All prepared multivalent azide- and alkyne-functionalized compounds were characterized via NMR-
and IR-spectroscopy as well as ESI-TOF mass spectrometry proving their purity and functional group
content (for more details see Supplementary Materials Figures S2–S5: 1H- and 13C-NMR spectra of
trivalent azides 4 and 5).

3.2. DSC Investigation of “Click-Crosslinking” Trivalent Alkyne and Trivalent Azides

Thermal analysis by differential scanning calorimetry (DSC) provides useful information about
the relationship between the extent of a (crosslinking) reaction and the required time of curing at a
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certain temperature. Furthermore, information about kinetic parameters can be retained. Thus, DSC
analysis is helpful to obtain a wide range of data of the investigated “click-crosslinking” reactions
of trivalent alkyne 1 and trivalent azides 3*, 4, 4*, 5 and 5* such as the enthalpy of the reaction
(ΔH), the onset temperature (Tonset), the temperature at the maximum of the DSC curve (Tp) and the
apparent activation energy of the reaction (Ea, app). It should be mentioned, that the experimentally
determined activation energies are indicated as apparent activation energies, since it is well known
that the physical conditions during crosslinking are at least partially restricted by the mass and heat
transport in the solid phase, consequently influencing the internal energy as well as the vibrational
states of the investigated reactants [60,61]. Furthermore, it should be emphasized that our prepared
TRGO-Cu2O catalyst is composed of several graphene sheets showing a lack in dispersibility with
the reactants due to missing functional groups of increasing polarity. Thus, a relatively high apparent
activation energy is expected—a phenomenon also observed in graphene oxide nanocomposite epoxy
coatings [62].

Via DSC investigations, the “click-crosslinking” reaction conversion can be estimated with respect
to a determined reference value, a maximum ΔH value (262 kJ·mol−1) for a reference click reaction
between phenylacetylene and benzyl azide when quantitatively forming one triazole unit and therefore
being representative of one successful “click” reaction. This reference value is in line with reported
literature values for “click” reactions ranging between 210 to 270 kJ·mol−1 [63]. DSC measurements for
the “click-crosslinking” reaction of trivalent alkyne 1 with trivalent azide 3* investigated at a heating
rate of 5 K·min−1 in the presence of different homo- and heterogenous copper(I) catalysts (1 mol % per
functional group) as well as without catalyst (W/O) are plotted in Figure 2 and the obtained results
are summarized in Table 1.

 

Figure 2. Dynamic scanning calorimetry (DSC) measurements of the “click-crosslinking” reaction
of trivalent alkyne 1 and trivalent azide 3* with Cu(PPh3)3Br, Cu(PPh3)3F, Cu2O on graphene-oxide
(TRGO-Cu2O, prepared at 600 ◦C) as well as without catalyst (W/O) at a heating rate of 5 K·min−1.
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Table 1. Thermal properties, reaction temperatures (Tonset and Tp), reaction enthalpies (ΔH), apparent
activation energies (Ea, app) and conversions of the “click-crosslinking” reaction of trivalent alkyne 1

and trivalent azide 3*, 4, 4*, 5 or 5* with different catalysts (1 mol %) as well as without catalyst (W/O)
at a heating rate of 5 K·min−1. TRGO-Cu2O was prepared at 600 ◦C.

Entry Azide Catalyst
Mass
(%)

Tonset
1

(◦C)
Tp

1

(◦C)
ΔH 2

(kJ·mol−1)

Ea, app

(kJ·mol−1)

Conversion 3

(%)

1 3* W/O - 91 133 205 83 78
2 Cu(PPh3)3Br 3.4 59 74 185 87 71
3 Cu(PPh3)3F 3.2 39 66 191 83 73
4 TRGO-Cu2O 7.4 51 63 177 55 67
5 4 TRGO-Cu2O 6.7 91 92 233 104 89
6 4* W/O - 94 125 227 76 87
7 Cu(PPh3)3Br 2.9 54 66 223 70 85
8 Cu(PPh3)3F 3.2 32 50 192 61 73
9 TRGO-Cu2O 6.9 93 94 211 97 81
10 5 TRGO-Cu2O 5.0 98 105 248 133 95
11 5* W/O - 102 141 174 100 66
12 Cu(PPh3)3Br 2.2 80 93 149 55 57
13 Cu(PPh3)3F 2.4 38 62 140 103 53
14 TRGO-Cu2O 5.2 32 56 127 85 48
1 According to our previous publication [22] and our experience, the error is typically ≈ ±5 K. 2 According to our
previous publication [22], the error is typically ≈ ±6 kJ·mol−1. 3 Calculated with respect to the enthalpy for 100%
click conversion which is ΔH = 262 kJ·mol−1 for the reference reaction of phenylacetylene and benzyl azide with
1 mol % of Cu(PPh3)3Br as catalyst.

For the Huisgen cycloaddition of trivalent alkyne 1 and trivalent azide 3* (Table 1, Entry 1) 78%
conversion was achieved corresponding to an enthalpy of 205 kJ·mol−1. Crosslinking took place
at high temperatures and Tonset and Tp were observed at 91 and 133 ◦C, respectively. In the case
of the homogenous catalysts (Cu(PPh3)3F and Cu(PPh3)3Br, Table 1, Entry 2 and 3), the observed
enthalpies were 191 and 185 kJ·mol−1, consequently showing a conversion of 73 and 71%, respectively.
By using TRGO-Cu2O as a catalyst for “click-crosslinking” 1 and 3* (Table 1, Entry 4), an enthalpy
of 177 kJ·mol−1 was observed corresponding to 67% conversion. Moreover, the lowest apparent
activation energy (55 kJ·mol−1) and the lowest maximum peak temperature Tp (63 ◦C) were achieved
in the presence of TRGO-Cu2O and the lowest Tonset (39 ◦C) by using Cu(PPh3)3F. According to these
results, TRGO-Cu2O and Cu(PPh3)3F were the best catalysts for the “click-crosslinking“ reaction of
trivalent alkyne 1 and trivalent azide 3*.

To investigate the activity of the pure trivalent azides 4 and 5 in comparison to the partially
functionalized trivalent azides 4* and 5* (85 and 75% azide content) together with trivalent alkyne 1 in
the CuAAC crosslinking reaction, DSC measurements were run by using TRGO-Cu2O as a catalyst
(1 mol % per functional group). The DSC thermograms at 5 K·min−1 with TRGO-Cu2O as a catalyst
are plotted in Figure 3a,b and the obtained results are summarized in Table 1.

For “click-crosslinking” trivalent alkyne 1 with trivalent azide 4 (Table 1, Entry 5), the observed
enthalpy was 233 kJ·mol−1, corresponding to 89% conversion. In comparison, the observed enthalpy
for “click-crosslinking” trivalent alkyne 1 with trivalent azide 4* (Table 1, Entry 9) showed a slightly
lower enthalpy value of 211 kJ·mol−1 and a conversion of 81%, related to the presence of the bivalent
byproduct consequently lowering the conversion. In contrast, the reaction temperatures (Tp and Tonset)
were decreased for “click-crosslinking” trivalent alkyne 1 with trivalent azide 5*, mainly attributed to a
lower viscosity and therefore, to a faster diffusion. Thus, an enthalpy of 248 kJ·mol−1 was observed for
“click-crosslinking” trivalent alkyne 1 with trivalent azide 5 (Table 1, Entry 10) at relatively high reaction
temperatures corresponding to 95% conversion. In comparison, a lower enthalpy of 127 kJ·mol−1 (48%
conversion) was measured for the “click-crosslinking” reaction of trivalent alkyne 1 with trivalent
azide 5* (Table 1, Entry 14) while the reaction temperatures were reduced (Tonset = 32 ◦C, Tp = 56 ◦C).
Consequently, further investigations towards easily up-scalable room temperature-based self-healing
nanocomposites were continued by using trivalent azides 4* and 5*.
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Figure 3. DSC measurements of the “click-crosslinking” reaction of trivalent alkyne 1 and (a) trivalent
azides 4 (red curve) or 4* (black curve) with TRGO-Cu2O, (b) trivalent azides 5 (red curve) or 5* (black
curve) with TRGO-Cu2O (prepared at 600 ◦C), (c) trivalent azide 4* with different catalysts as well as
without catalyst (W/O), (d) trivalent azide 5* with different catalysts as well as without catalyst (W/O)
(all at a heating rate of 5 K·min−1).

DSC thermograms of “click-crosslinking” trivalent alkyne 1 with trivalent azides 4* or 5* without
catalyst (Huisgen cycloaddition) as well as with different catalysts (1 mol % per functional group) are
illustrated in Figure 3c,d, respectively. For the uncatalyzed crosslinking reaction of trivalent alkyne 1

with trivalent azide 4* (Table 1, Entry 6), a high reaction enthalpy of 227 kJ·mol−1 and high reaction
temperatures (Tonset = 94 ◦C, Tp = 125 ◦C) were observed, corresponding to a conversion of 87%.
For the homogenous catalyst Cu(PPh3)3F the lowest enthalpy was observed, while the click reaction
happened at relatively low temperatures (Table 1, Entry 8). The determined apparent activation
energy for the Huisgen cycloaddition was 75 kJ·mol−1, while an enhanced apparent activation
energy was detected for the click reaction using TRGO-Cu2O (97 kJ·mol−1). In contrast, a lower
apparent activation energy was determined for Cu(PPh3)3F and Cu(PPh3)3Br, showing values of 61
and 70 kJ·mol−1 (Table 1, Entry 7 and 8), respectively. When reacting trivalent alkyne 1 with trivalent
azide 5*, lower conversions were observed for the (uncatalyzed) Huisgen cycloaddition reaction as well
as for all “click-crosslinking” reactions. Thus, a conversion of 66% was achieved for the uncatalyzed
reaction (Table 1, Entry 11), corresponding to an enthalpy of 174 kJ·mol−1, while “click-crosslinking”
happened at high temperatures (Tonset and Tp of 102 and 141 ◦C). In comparison to the other catalysts,
TRGO-Cu2O (Table 1, Entry 14) resulted in the lowest enthalpy of 127 kJ·mol−1, which was achieved
at Tonset and Tp of 32 and 56 ◦C, respectively. In the case of the homogeneous catalysts (Cu(PPh3)3F and
Cu(PPh3)3Br) a similar conversion of 53 to 57% was observed, while lower reaction temperatures were
achieved in the presence of Cu(PPh3)3F (Table 1, Entry 13, Tonset = 38 ◦C, Tp = 62 ◦C). According to the
obtained results, Cu(PPh3)3F turned out to be the best catalyst for the “click-crosslinking” reaction of
trivalent alkyne 1 and trivalent azides 4* or 5*.
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3.3. DSC Investigation of “Click-Crosslinking” Trivalent Alkyne 1 and Trivalent Azides 3*, 4* and 5* at 0 ◦C

We were interested in quantifying “click-crosslinking” reactions during preparation and mixing of
the components, thus understanding whether “click” reactions at 0 ◦C play an essential role. Therefore,
DSC measurements were applied to investigate the kinetic behavior of the “click-crosslinking” reaction
between trivalent alkyne 1 and trivalent azides 3*, 4* and 5* with different chain lengths to find
a suitable and fast catalytic system for the CuAAC. As the usage of Cu(PPh3)3F resulted in high
enthalpies at low crosslinking temperatures in the previously performed experiments, Cu(PPh3)3F was
chosen as catalyst to check the activity of the multivalent azides and alkynes within “click-crosslinking”
at 0 ◦C. Therefore, 1:1 mixtures of trivalent alkyne 1 and different trivalent azides (3*, 4* or 5*) together
with Cu(PPh3)3F (1 mol % per functional group) were prepared. Immediately after preparation of
the mixtures, DSC measurements were run at a heating rate of 5 K·min−1 to observe the enthalpy
of the “click-crosslinking” reaction at time zero (ΔH0). Afterwards, the mixtures were stored at 0 ◦C
and further DSC investigations were conducted in defined time intervals and the conversion was
determined (for more details see Supplementary Materials Figure S4 and Table S1).

Immediately after mixing trivalent alkyne 1 and trivalent azide 3*, the measured enthalpy
of the “click-crosslinking” reaction was 186 kJ·mol−1, and Tonset and Tp were 39 and 67 ◦C,
respectively (Figure 4, black squares; Supplementary Materials, Table S1, Entry 1). After 48 h
storage at 0 ◦C, the “click-crosslinking” enthalpy decreased around one half of its initial value and
reached 82 kJ·mol−1, corresponding to 56% conversion (Supplementary Materials, Table S1, Entry 3).
After 312 h, the “click-crosslinking” enthalpy decreased further to 24 kJ·mol−1 (13 days, 87% conversion,
Supplementary Materials, Table S1, Entry 9). Afterwards, the conversion did not show any significant
increase, and the “click-crosslinking” reaction between alkyne 1 and azide 3* reached its maximum
conversion of 93% at 0 ◦C after 576 h (24 days, Supplementary Materials, Table S1, Entry 12).

Figure 4. Conversion vs. time of the “click-crosslinking“ reaction of trivalent alkyne 1 and trivalent
azides 3* (black squares), 4* (red circles) or 5* (blue triangles) at 0 ◦C with Cu(PPh3)3F as catalysts at a
heating rate of 5 K·min−1.

The mixture of trivalent alkyne 1 and trivalent azide 4* showed a high enthalpy of 222 kJ·mol−1

immediately after sample preparation, and Tonset and Tp were 37 and 54 ◦C, respectively (Figure 4,
red circles; Supplementary Materials, Table S1, Entry 14). After 48 h, the “click-crosslinking” enthalpy
decreased to 80 kJ·mol−1 and a conversion of 64% was observed (Supplementary Materials, Table S1,
Entry 15). After 384 h, the conversion of the “click-crosslinking” reaction at 0 ◦C increased further to
85%, corresponding to a reaction enthalpy of 33 kJ·mol−1 (Supplementary Materials, Table S1, Entry 18).
In comparison, the conversion after 624 h did not significantly change and reached a constant value
of 88% (27 kJ·mol−1, Supplementary Materials, Table S1, Entry 19). Thus, it was concluded that the
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maximum “click-crosslinking” conversion obtainable by converting trivalent alkyne 1 and trivalent
azide 4* at 0 ◦C is below 90%.

Immediately after preparation of the reaction mixture of trivalent alkyne 1 and trivalent azide
5*, a “click-crosslinking” enthalpy of 172 kJ·mol−1 was observed, and Tonset and Tp were 63 and
86 ◦C, respectively (Figure 4, blue curve; Supplementary Materials, Table S1, Entry 20). After 96 h, the
reaction enthalpy of the “click-crosslinking” reaction decreased to 89 kJ·mol−1, related to a conversion
of 48% (Supplementary Materials, Table S1, Entry 23). After 552 h, the enthalpy decreased further
to 8 kJ·mol−1 (95% conversion), and Tonset was not detectable anymore due to the very low reaction
enthalpy. After 648 h, a complete “click-crosslinking” conversion was achieved, and no reaction peak
was observed.

Moreover, in all crosslinking experiments investigated at 0 ◦C, the peak temperature Tp and
the onset temperature Tonset increased in comparison to their initial values. This increase of the
crosslinking temperatures is mainly attributed to the early network formation taking place at 0 ◦C,
and is therefore related to a slowed down monomer diffusion.

To sum up the DSC investigations at 0 ◦C, the “click-crosslinking” reactions of trivalent alkyne
1 with trivalent azides 3* and 4* at 0 ◦C were faster within the first 100 h than the corresponding
“click-crosslinking” reaction in the presence of trivalent azide 5*. This phenomenon was mainly
attributed to the increasing chain length of the trivalent azide. Thus, under the same conditions,
molecules with shorter side chains show faster “click-crosslinking” in comparison to the molecules
with the longer chain length, mainly attributed to lower viscosity. Nevertheless, slightly higher
conversions of the “click-crosslinking” reaction were observed on long timescales for the trivalent
azides with increased chain length.

3.4. Rheology Investigation of “Click-Crosslinking” Trivalent Alkyne 1 and Trivalent Azides 4* and 5*

The viscoelastic and the kinetic behavior of the “click-crosslinking” reaction between trivalent
alkyne 1 and trivalent azides 4* and 5* (1:1 ratio of azide and alkyne) and the resulting self-healing
capability were investigated via in situ rheology. Therefore, the isothermal “click-crosslinking” reaction
was directly performed on a rheometer plate at 20 ◦C using Cu(PPh3)3F (1 mol % per functional group)
as a catalyst. The observed crossover times for the “click-crosslinking” reaction of trivalent alkyne 1 and
trivalent azides 4* and 5* with Cu(PPh3)3F were 190 and 1445 minutes, respectively (see Supplementary
Materials, Figure S6). By comparing these times with the crossover time of the “click-crosslinking”
reaction of trivalent azide 3* with the trivalent alkyne 1 which was 35 minutes [22], it was concluded
that with increasing chain length of the azide the crossover time increased. This observation was in
line with the DSC investigations proving a decreased “click-crosslinking“ reactivity with increasing
chain length.

3.5. Synthesis and Characerization of TRGO-Cu2O Prepared at Different Temperatures

TRGO-Cu2O was prepared via thermal reduction of copper(II)-modified graphene oxide in a
glass tube furnace according to a previously published procedure [21,64,65], while the reduction
temperature was varied between 300 to 800 ◦C, finally obtaining six different batches of the desired
heterogeneous copper(I) catalyst (for more details see Scheme S6 in the Supplementary Materials)
to optimize the synthesis procedure in terms of the catalytic activity since DSC. Investigations for
“click-crosslinking“ trivalent alkyne 1 with trivalent azide 3*, 4* or 5* revealed slightly higher reaction
temperatures (Tonset and Tp) in comparison to the homogeneously catalyzed “click-crosslinking“
reactions in the presence of Cu(PPh3)3F.

The prepared TRGO-based copper(I) catalysts were investigated via XRD-measurements
(see Supplementary Materials Figure S7a) and for all prepared TRGO-Cu2O catalysts the characteristic
reflex of GO at 2θ = 11◦ has disappeared due to successful reduction. Furthermore, for all prepared
catalysts, reflexes at 2θ = 38◦ and 2θ = 43◦ were observed related to the formed copper species (pure
copper as well as copper(I)). For the TRGO-Cu2O samples prepared at 700 and 800 ◦C, two additional
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reflexes at 2θ = 51◦ and 2θ = 26◦ were detected as characteristic reflexes for pure copper and graphite,
respectively. Thus, it could be concluded, that some of the oxidic groups have been eliminated during
thermal reduction partially resulting in graphite-like structures. The broad signal at 2θ = 25◦ observed
for all prepared TRGO-based copper(I) catalysts was caused by an interference with the sample holder.

The prepared TRGO-Cu2O samples were further analyzed via TEM investigations
(see Supplementary Materials Figure S7b–g) in which the formed nanosized copper(I) particles were
visualized. The size of the particles was investigated via Image J. The particle size increased with
increasing preparation temperature of TRGO-Cu2O, and average particle-diameters between 25 to
150 nm were determined. Furthermore, it was observed, that TRGO-based catalysts prepared at
700 and 800 ◦C displayed a more disperse distribution of nanosized copper(I) particles, which may
be attributed to the formation of pure copper interacting with graphite-like structures detected in
XRD investigations.

3.6. Crosslinking Reactions of Alkynes and Azides in the Presence of TRGO-Cu2O Prepared at Different
Temperatures

The catalytic activity of the TRGO-Cu2O catalysts (prepared at different temperatures) towards
“click-crosslinking” was investigated via DSC investigations. Therefore, in the first step, a model
reaction between phenylacetylene and benzyl azide (1:1 ratio of azide and alkyne) was investigated at
a heating rate of 5 K·min−1, and the reaction temperatures (Tonset and Tp), the reaction enthalpy (ΔH)
and the conversion were recorded (for more information see Supplementary Materials Figure S8 and
Table S2). While comparing the different catalysts prepared at 300 to 800 ◦C, it was observed that Tonset

and Tp decreased with increasing temperature applied during the reduction of copper(II)-modified
graphene oxide towards TRGO-Cu2O, in line with the expectation and the increasing size of the
formed copper particles. Thereby, one exception was observed, and the catalyst prepared at 500 ◦C
showed the highest peak temperature. Thus, FAAS measurements were performed to determine
the loading of TRGO with immobilized copper nanoparticles. While most of the prepared catalysts
displayed around 8 wt % of copper, a strong decrease was noted for the TRGO-Cu2O synthesized
at 500 ◦C, directly linked to the observed reduced catalytic activity during the click reaction of
phenylacetylene and benzyl azide.

In the next step, the catalytic activity was tested in a more complex system suitable for the
preparation of room-temperature based self-healing epoxy nanocomposites. “Click-crosslinking“ of
trivalent alkyne 1 and trivalent azide 3* (1:1 ratio of azide and alkyne, assuming 66% azide content of
3*) in the presence of different TRGO-Cu2O catalysts prepared from 300 to 800 ◦C (5 wt %) at a heating
rate of 5 K·min−1 (see Supplementary Materials Figure S10) was investigated, and the obtained reaction
temperatures (Tonset and Tp), the reaction enthalpies (ΔH) and the conversions are summarized in
Table 2. For comparison, the non-catalyzed reaction between trivalent alkyne 1 and trivalent azide
3* was repeated, showing similar reaction temperatures (Tonset = 96 vs. 91 ◦C, Tp = 130 vs. 133 ◦C;
Table 2, Entry 1) as described before, but a reduced conversion due to the higher amount of bivalent
residues (66 vs. 75% azide content, see Supplementary Materials Figure S7). All DSC measurements
were performed in three independent experiments to ensure their reproducibility and to approximate
the expected error. Thereby, differences especially in the peak shape were observed to be related to
sample preparation and limited blending of the reactants as well as a limited diffusion to the catalyst
surface being typical for a reaction directly catalyzed by a solid support [60,61].
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Table 2. Thermal properties of the “click-crosslinking” reaction of trivalent alkyne 1 and trivalent azide
3* with TRGO-Cu2O as a catalyst (prepared at different temperatures) at a heating rate of 5 K·min−1:
Reaction temperatures (Tonset and Tp), reaction enthalpies (ΔH) and conversions.

Entry Catalyst Tonset
1 (◦C) Tp

1 (◦C) ΔH 2 (kJ·mol−1) Conversion 3 (%)

1 W/O 96 130 75 29
2 TRGO-Cu2O (300 ◦C) 82 97 108 41
3 TRGO-Cu2O (400 ◦C) 80 100 101 38
4 TRGO-Cu2O (500 ◦C) 90 105 107 41
5 TRGO-Cu2O (600 ◦C) 91 100 115 44
6 TRGO-Cu2O (700 ◦C) 64 80 107 41
7 TRGO-Cu2O (800 ◦C) 72 91 113 43
1 Measurements were performed thrice, and the error is ≈ ±5 K. 2 Measurements were performed thrice and the
error is ≈ ±6 kJ·mol−1. 3 Calculated with respect to the enthalpy for 100% click conversion, which is ΔH = 262
kJ·mol−1 for the reference reaction of phenylacetylene and benzyl azide with 1 mol % of Cu(PPh3)3Br as catalyst.

For “click-crosslinking” trivalent alkyne 1 and trivalent azide 3*, a similar trend was observed
as in the model reaction between phenylacetylene and benzyl azide. Thus, the reaction temperatures
(Tonset and Tp) decreased with increasing reduction temperature applied during the preparation of
the different TRGO-Cu2O catalysts. Thereby, the lowest Tonset and Tp of 64 and 80 ◦C, respectively,
were observed for “click-crosslinking” trivalent alkyne 1 and trivalent azide 3* in the presence of
TRGO-Cu2O prepared at 700 ◦C while the catalyst prepared at 500 ◦C showed the worst result.

The obtained peak temperatures for the click model reaction of phenylacetylene and benzyl
azide as well as for the “click-crosslinking” reaction of trivalent alkyne 1 and trivalent azide 3* were
correlated to the preparation temperature of TRGO-Cu2O and the corresponding amount of copper
within these catalysts (see Figure 5).

 

Figure 5. Amount (wt %) of copper within TRGO-Cu2O and peak temperature (Tp) of the click
reaction vs. the preparation temperature of TRGO-Cu2O for the click reaction of phenylacetylene and
benzyl azide and for the “click-crosslinking” reaction of trivalent alkyne 1 and trivalent azide 3*. Please
note that the lines between the measuring points are drawn to guide the eye.

The already mentioned trends within the catalytic activity of TRGO-Cu2O were well highlighted
for both click reactions. The catalyst prepared at 500 ◦C showed a low amount of copper and
consequently a high peak temperature during the click reactions, while the best results in terms
of copper loading as well as peak temperature were observed for TRGO-Cu2O prepared at 700 ◦C.
The decrease of the copper loading for the catalyst prepared at 500 ◦C may be related to the decrease
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of oxygen-functional groups with increasing reduction temperature known to act as reactive sites for
the nucleation and growth of metal nanoparticles [66,67]. Following this argumentation, a further
decrease in the copper loading together with a decreased catalytic activity would be expected, which
was not observed in this particular study. We therefore assume that either the formation of pure
copper indicated by XRD investigations is boosting the catalytic activity or that the diffusion of metal
atoms, especially favored at higher temperatures, leads to the formation of non-stable metal clusters
influencing the catalytic activity [68].

Thus, for the preparation of self-healing nanocomposites according to a previously published
procedure [19], the optimized TRGO-Cu2O catalyst prepared at 700 ◦C was used. Thereby, the trivalent
alkyne 1 together with this particular TRGO-Cu2O were directly distributed within the epoxy matrix
together with μm-sized capsules filled with trivalent azide 3*. Further self-healing investigations of
our optimized healing system as well as the determination of self-healing efficiencies are ongoing in
our laboratories and will be part of a future publication.

4. Conclusions

Different low molecular weight, multivalent azides with small structural changes were
synthesized and their crosslinking kinetics was investigated in a CuAAC-based curing reaction.
Therefore, different homogeneous and heterogeneous copper(I) catalysts were screened and the kinetic
parameters such as the reaction temperatures, the enthalpy of the reaction as well as the apparent
activation energies were recorded via DSC investigations. We observed, that the “click-crosslinking”
reactivity decreased with increasing chain length of the azide. Furthermore, a significant click reactivity
of all investigated azides could be proven already at 0 ◦C.

The reaction conditions for the preparation of our home-made TRGO-Cu2O catalyst were
optimized: When increasing the reaction temperature to 700 ◦C, the resulting copper(I) catalyst
displayed the highest catalytic activity as shown in model click reactions as well as in
“click-crosslinking“ reactions between trivalent alkyne 1 and trivalent azide 3*.

The tuned catalyst was subsequently dispersed in an epoxy matrix together with the
trivalent alkyne 1 and the encapsulated trivalent azide 3* (μm-sized capsules). Further
self-healing investigations of the so prepared capsule-based self-healing graphene-supported epoxy
nanocomposites are ongoing and will be part of a future publication.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4360/10/1/
17/s1. Scheme S1: Synthesis of trimethylolpropane tripropargyl ether (TMPTPE, 1); Scheme S2:
Synthesis of azidated trimethylolpropane tripropargyl ether (N3TMPTPE, 2); Scheme S3: Synthesis of
((2-((2-acetoxy-3-azidopropoxy)methyl)-2-ethylpropane-1,3-diyl) bis (oxy))bis(3-azidopropane-1,2-diyl) diacetate
3; Scheme S4: Synthesis of ((2-((3-azido-2-(butyryloxy)propoxy)methyl)-2-ethylpropane-1,3-diyl) bis(oxy))bis
(3-azidopropane-1,2-diyl) dibutyrate 4; Scheme S5: Synthesis of ((2-((3-azido-2-(decanoyloxy)propoxy)methyl)-
2-ethylpropane-1,3-diyl) bis (oxy))bis(3-azidopropane-1,2-diyl) bis(decanoate) 5; Scheme S6: Synthesis of modified,
thermally reduced graphene oxide TRGO-Cu2O; Figure S1: 1H-NMR spectrum of trimethylolpropane triglycidyl
ether; Figure S2: 1H-NMR spectrum of 4; Figure S3: 13C-NMR spectrum of 4; Figure S4: 1H-NMR spectrum
of 5; Figure S5: 13C-NMR spectrum of 5; Figure S6: Rheological behavior of trialkyne 1 and (a) triazide 4* or
(b) triazide 5* applying Cu(PPh3)3F as a catalyst at 20 ◦C; Figure S7: (a) XRD measurements of GO-Cu(II) and
TRGO-Cu2O prepared at different temperatures (300 ◦C–800 ◦C). Reflexes of Cu, Cu2O, GO and graphite are
shown for comparison. TEM images of TRGO-Cu2O prepared at (b) 300 ◦C, (c) 400 ◦C, (d) 500 ◦C, (e) 600 ◦C, (f)
700 ◦C and (g) 800 ◦C; Figure S8: DSC measurements of the click reaction of phenylacetylene and benzyl azide
with TRGO-Cu2O as a catalyst at a heating rate of 5 K·min−1; Figure S9: DSC measurements of the crosslinking
reaction of trivalent alkyne 1 and trivalent azide 3* without catalyst (W/O) at a heating rate of 5 K·min−1; Figure
S10: DSC measurements of the “click-crosslinking” reaction of trivalent alkyne 1 and trivalent azide 3* with
TRGO-Cu2O as a catalyst prepared at (a) 300 ◦C, (b) 400 ◦C, (c) 500 ◦C, (d) 600 ◦C, (e) 700 ◦C and (f) 800 ◦C
at a heating rate of 5 K·min−1; Table S1: Conversion of the “click-crosslinking“ reaction of trivalent alkyne 1

and trivalent azide 3*, 4* or 5* at 0 ◦C with Cu(PPh3)3F as a catalyst at a heating rate of 5 K·min−1: Reaction
temperatures (Tonset and Tp), reaction enthalpies (ΔH) and conversions; Table S2: Thermal properties of the click
reaction of phenyl acetylene and benzyl azide with TRGO-Cu2O as a catalyst (prepared at different temperatures)
at a heating rate of 5 K·min−1: Reaction temperatures (Tonset and Tp), reaction enthalpies (ΔH) and conversions.
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Abstract: In this study, we demonstrate an effective approach based on a simple processing method to
improve the thermomechanical properties of graphene polymer composites (GPCs). Edge-selectively
functionalized graphene (EFG) was successfully obtained through simple ball milling of natural
graphite in the presence of dry ice, which acted as the source of carboxyl functional groups that
were attached to the peripheral basal plane of graphene. The resultant EFG is highly dispersible
in various organic solvents and contributes to improving their physical properties because of its
unique characteristics. Pyromellitic dianhydride (PMDA) and 4,4′-oxydianiline (ODA) were used
as monomers for constructing the polyimide (PI) backbone, after which PI/EFG composites were
prepared by in situ polymerization. A stepwise thermal imidization method was used to prepare
the PI films for comparison purposes. The PI/EFG composite films were found to exhibit reinforced
thermal and thermo-mechanical properties compared to neat PI owing to the interaction between the
EFG and PI matrix.

Keywords: graphene; polyimide; polymer composite; thermo-mechanical properties

1. Introduction

In recent years, polymer composites using graphene derivatives as filler have been studied with
the aim of practical application in a wide range of academic and industrial fields [1–5]. In addition to
their superior mechanical and electrical properties, because of the advantage of easily granting suitable
physical and chemical characteristics for specific purposes, utilizing them as materials with excellent
future prospects has been attracting much attention [6–15]. However, graphene as a filler component
has a tendency to readily aggregate, and this becomes a major disadvantage in that it is difficult to
conjugate its inherently excellent properties. Therefore, dispersing these derivatives uniformly in
a polymer matrix rather than maintaining their superior properties has become a priority [16–20].
Accordingly, various methods have been investigated with the aim of achieving a high degree of
dispersibility even if this is at the cost of reduced properties [21–26]. One of the most convincing ways
is the chemical functionalization of the graphene, which makes it possible to improve the dispersibility
to allow production on an industrial scale. However, since the method produces products with a
variety of defects, extensive deterioration of the physical properties occurs. This introduces many
problems in terms of their utilization as filler such as that they either have a very small reinforcement
effect or no effect. In this regard, polymer composites using graphene fillers modified by the traditional
chemical methods are problematic in that they are actually unable to provide any reinforcement.
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As a result, the key to a successful strategy for developing graphene polymer composites (GPCs) is
the enhancement of their dispersibility and the suppression of defects. These two characteristics are
almost inversely related.

With this in mind, many researchers have focused on finding a novel method to physically
disperse graphene sheets that is sufficiently scalable to enable the mass production of GPCs [27–31].
In particular, one of the promising methods is that of Jeon et al. who reported that chemical functional
groups could be effectively introduced at the edge of natural graphite to yield modified graphene
through a physical process using ball milling with dry ice [32]. This method holds promise as a very
good alternative for a chemical solution process to improve the dispersibility while retaining the
unique excellent properties of graphene. This is because the method selectively introduces functional
groups at the edge of graphene rather than in the basal plane of graphene. However, the application of
edge-selectively functionalized graphene (EFG) to GPCs remains relatively uncommon.

In this paper, we report a series of GPCs using EFG as a reinforcement filler and polyimide (PI),
which is one of the outstanding polymer materials, as a matrix polymer [33–35]. Especially, as the
EFG filler has a high terminal carboxylic acid ratio, our GPCs would exhibit a strong direct and/or
indirect interaction with the amine moieties of polyimides during in situ polymerization [18,19,36].
This effect is expected to facilitate homogeneous mixing as a result of the interactions between the
EFG and PI chains, and also to improve the cohesion between the polymer chains, thereby affecting
the thermodynamic properties. To grant the interactions to GPCs, there have been many previous
studies such as introducing amines moiety in graphene [18,19]. However, the methods created a lot of
defects in graphene for the introduction of functional groups, and the chemical reactions at several
stages were essential. However, EFG is prepared via a very simple one-step reaction that allows the
introduction of specific functional groups from natural graphite with low defects, which is practically
usable. In addition, we controlled the level of defects on the filler by modifying the previous report.
As a result, we succeeded in obtaining GPCs with greatly enhanced thermal and thermo-mechanical
properties. Furthermore, the use of EFG in applications is expected to provide a new perspective for
manufacturing GPCs.

2. Materials and Methods

2.1. Materials

Graphite was acquired from Alfa Aesar (Graphite powder, natural, briquetting grade, −100 mesh,
99.9995%) and used without any purification. Dry ice was purchased from Taekyung Chemical
Co., Ltd., Seoul, Korea. In addition, pyromellitic dianhydride (PMDA, >98%) and 4,4′-oxydianiline
(ODA, >97%) were acquired from Tokyo Chemical Industry Co., Ltd., Tokyo, Japan and used as
received. N-Methyl-2-pyrrolidone (NMP) was purified by a two-column solid-state purification system
(Glass-contour System, Joerg Meyer, Irvine, CA, USA).

2.2. Experimental Procedure

2.2.1. Preparation of EFG

Edge-selectively functionalized graphene (EFG) was synthesized based on a modification of
the procedure reported by Baek et al. [32]. Before the ball-mill process involving pristine graphite,
the graphite was vacuum dried at 80 ◦C for 24 h. Then, in a closed and perfectively sealed stainless steel
jar, 5 g of graphite was simply milled with 50 g of dry ice, which is only half the amount recommended
in the previous report. Milling was achieved by using a planetary mono ball-mill machine (Pulverisette
6, Fritsch, Germany) at 480 rpm with 50 g of stainless steel balls 5 mm in diameter for 48 h. Because
the internal pressure increased to about 100 bar, the carbon dioxide is released from the dry ice in the
form of a supercritical fluid; therefore, a smaller amount of dry ice was sufficient. The resulting-EFG
was further purified by Soxhlet extraction with an aqueous solution of 1 M HCl to completely acidify
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the carboxyl derivatives. Then, the products were washed with distilled water and freeze-dried at
−120 ◦C for 72 h.

2.2.2. Preparation of PI/EFG Composites

The PI/EFG composites were fabricated via in situ polymerization and subsequent thermal cyclic
dehydration. EFG powder (filler loadings of 0.1–3 wt %) was dissolved in NMP using an ultrasonic
bath for 30 min. Next, equivalent molar ratios of ODA (2 mmol) and PMDA (2 mmol) were dissolved
in the EFG dispersion with continuous stirring for 24 h in an argon atmosphere. The poly-condensation
was identical to that of the viscous polyamic acid (PAA)/EFG solution. After degassing with a
vacuum pump, the resulting mixture was spin-coated at 500 rpm onto a fused silica substrate and then
pre-baked at 90 ◦C/2 h and 150 ◦C/1 h in vacuo. The PAA/EFG films were thermally imidized to
PI/EFG composites under specific thermal curing at 200 ◦C/1 h, 250 ◦C/30 min, and 300 ◦C/30 min in
a furnace under an argon atmosphere.

2.3. Measurements

The morphologies of the samples were investigated by scanning electron microscopy
(SEM, Nova NanoSEM, FEI, Hillsboro, OR, USA) analysis. Fourier transform-infrared (FT-IR) spectra
were obtained by using KBr pellets (FT-IR spectrometer, Vertex80v, Bruker, Billerica, MA, USA) in
the range 400 to 4000 cm−1. Raman spectroscopy was carried out using a micro-Raman spectrometer
(inVia Raman spectrometer, Renishaw, Wotton-under-Edge, UK) with a laser having a 514.5 nm
light source with an output of 0.15 mW. Thermogravimetric analysis (TGA) was performed on a
Q50 machine (TGA, TA Instruments, New Castle, DE, USA) with an N2 gas flow at a heating rate
of 10 ◦C/min. Dynamic mechanical analysis (DMA) was conducted by using PI and GPC films
(30 mm length, 5 mm wide, and ca. 30 μm thickness) on a Q800 machine (DMA, TA Instruments,
New Castle, DE, USA) at a heating rate of 3 ◦C/min with a load frequency of 1 Hz in air. Electrical
conductivity was measured by SM-8311 machine (HIOKI, Nagano, Japan) under 500 V.

3. Results and Discussion

3.1. Synthesis and Characterization of Edge-Selectively Functionalized Graphene (EFG)

3.1.1. Synthesis of EFG

The filler, edge-selectively functionalized graphene (EFG), was prepared by using a slightly
modified version of the reported ball-milling process [32]. Similar to the published method, the EFG
was functionalized by ball-milling and additional refinement; however, the amount of dry ice was
halved to reduce the degree of functionalization as intended. Additionally, the processing time was
controlled to prepare larger particles. In particular, ball-milling functionalization using dry ice is
known to produce high carboxylic acid derivative content. This derivative can either interact directly
with the amine moieties of the co-monomer component by way of covalent bonding during in situ
polymerization, or interact indirectly with the imide groups of the resulting PIs by way of hydrogen
bonding [18,19,36].

The morphological features of the synthesized EFG and those of pristine natural graphite were
compared by SEM observation (Figure 1). The platelets of pristine graphite have an irregular shape of
known size, which is the typical natural form. The sheets of synthesized EFG had a similar irregular
shape, but the size was much smaller and the surface smoothed. However, as we intended, the size was
controlled to be of the order of micrometers even though we first reported the sample to be prepared
in ~500 nm size because our experiment was conducted under more mild conditions.
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(a) 

 
(b) 

Figure 1. Scanning electron microscopy (SEM) images: (a) Natural Graphite; (b) Synthesized edge-
selectively functionalized graphene (EFG).

3.1.2. Characterization of EFG

The chemical composition of EFG was analyzed by investigating the functionalization results
by FT-IR and Raman spectroscopy (Figure 2). The FT-IR spectra (Figure 2a) revealed peaks for the
EFG that were not observed in pristine graphite. Specifically, we could identify a peak at 1715 cm−1

assigned to C=O stretching and a broad peak around 1250 cm−1, which indicated the coexistence of
C–OH (hydroxyl), C–O–C (epoxy), and O=C–OH (carboxyl), respectively [32]. In addition, the peaks
at 2920 and 1570 cm−1 observed in both EFG and graphite were assigned to sp2 C–H and aromatic C–C
stretching, respectively. These results indicated that the chemo-physical method for functionalizing
graphene using a ball-mill and dry ice could efficiently introduce functional groups, especially carboxyl
groups, without the use of strong acids such as sulfuric acid or nitric acid and explosive oxidants.

In addition, EFG was further characterized by micro-Raman spectroscopy. The measurements
were carried out at both the edge and the basal plane of the pristine graphite and EFG. In the case of
the graphite, the ID/IG ratio (i.e., the ratio of the intensity of the D-band at 1350 cm−1 to that of the
G-band at 1585 cm−1) was almost the same for both the edge and the plane. However, interestingly,
EFG exhibited a significant difference in the values of the ID/IG ratio. The ratio at the edge of EFG
was 0.65, which is a significant increase, whereas the value at the center of the sheet plane was almost
maintained compared to the ratio for pristine graphite. These results suggest that the composition of
the edge was selectively changed into more disordered structures with the sp2-defects mainly derived
from carboxylation [18].

(a) (b) 

Figure 2. Characterization of EFG and graphite: (a) Fourier transform-infrared (FT-IR) spectra;
(b) Raman spectra and ID/IG ratio.
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3.2. Fabrication and Thermo-Mechanical Properties of PI/EFG Composites

3.2.1. Fabrication of PI/EFG Composites

The application of EFG was studied by fabricating a series of polymer composites consisting of a
typical aromatic polyimide as a matrix polymer and EFG as filler. The detailed procedure is described
in Figure 3. First, the EFG was dispersed in NMP with sonication. Subsequently, the poly(amic acid)
solution as a pre-polymer for GPC fabrication with various EFG content was prepared by direct in situ
polymerization with pyromellitic dianhydride (PMDA) and 4,4′-oxydianiline (ODA), which are the
most common monomers for PI synthesis. Lastly, after the GPC films of the PAA states were fabricated,
gradual thermal treatment resulted in cured polyimide films. The GPCs were fabricated in four
varieties with EFG filler content of 0.1, 0.5, 1.0, and 3.0 wt %, respectively. In addition, as a reference
for comparison, the pure PI film was also prepared under the same conditions. All GPC and pure
PI films were obtained in the form of a flexible and transparent film that resembled a typical PI film.
As the EFG content increased, the GPC became slightly translucent.

 

Figure 3. Fabrication process of PI/EFG composites.

3.2.2. Characterization of PI/EFG Composites

The cross-sectional images of the GPC films on the fractured surface were observed by scanning
electron microscopy, confirming the morphology of the films and the distribution of the EFG filler
(Figure 4). The surface of pure PI appeared smooth without any roughness, but the GPCs had a more
coarse morphology. The GPCs with filler loadings of 0.1, 0.5, and 1 wt % exhibited a surface roughness
that was almost the same as that of pure PI, although the surface tended to become slightly coarse
as the amount of EFG increased, indicating that the EFGs were well dispersed in the matrix polymer.
However, the GPC with 3 wt % EFG had an apparently harsh surface morphology in accordance with
its high filler loading. In addition, the aggregation of filler platelets was also observed. Even though
a little aggregation was observed at a high filler loading, considering that the EFG was not highly
functionalized, the GPCs were successfully fabricated with well-dispersed EFGs originating from their
direct and/or indirect interfacial interaction. The same trends were also conformed in the optical
microscopy images measured to detect the dispersion quality of the fillers in a larger scale (Figure 5).
In the 1 and 3 wt % samples, it was observed that the fillers were partially aggregated, but overall,
the uniformly dispersed states were confirmed.

182



Polymers 2018, 10, 29

Figure 4. SEM images of GPCs: (a) Neat PI; (b) PI/EFG 0.1 wt %; (c) PI/EFG 0.5 wt %; (d) PI/EFG 1 wt %;
(e) PI/EFG 3.0 wt %.

 

Figure 5. Optical microscope (OM) images of GPCs: (a) Neat PI; (b) PI/EFG 0.1 wt %; (c) PI/EFG
0.5 wt %; (d) PI/EFG 1 wt %; (e) PI/EFG 3.0 wt %.

3.2.3. Thermal and Thermo-Mechanical Properties of PI/EFG Composites

The thermal and thermo-mechanical properties of the GPCs were examined by thermogravimetric
analysis (TGA) and dynamic mechanical analysis (DMA) (Table 1). The thermal stability curves of
the GPCs evaluated by TGA appeared almost similar regardless of the filler content because similar
thermograms were observed (Figure 6). In fact, the filler loadings of the GPCs were so low that
they naturally exhibited similar thermal decomposition behavior. However, upon examining the
detailed curves, they tended to display increased decomposition temperatures, i.e., Td,5% and Td,10%,
according to the filler loadings. These results could be interpreted in two ways: EFG is thermally very
stable, so the decomposition temperature of the GPCs increases according to their filler content, or, the
enhancement is derived from the interaction between EFG and PI chains. As far as the char yields after
thermal decomposition up to 800 ◦C are concerned, the latter effect is considered to be large. Therefore,
as we intended, the increased thermal stability could be attributed to the direct/indirect interaction
between EFG and PI chains as a consequence of covalent and hydrogen bonding with the carboxylic
acid group on the edge of EFG [18,19,36].
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Figure 6. Thermogravimetric analysis (TGA) (solid lines) and derivative weight loss curves (dashed lines)
of neat PI and PI/EFG composites.

The DMA measurements of the GPCs were carried out in order to confirm the interaction
between the functional groups on EFG and the PI polymer chains as well as to investigate their
thermo-mechanical properties (Figure 7). First, the GPCs had a larger storage modulus than pure
PI due to the reinforcing effect of the EFG. In addition, the tendency of the modulus to increase was
reversed and a decrease was observed owing to the aggregation phenomenon that occurred in the
GPC containing 3 wt % EFG. Interestingly, there was a difference in the glass transition temperature
(Tg) of the GPCs calculated by the DMA measurements. In general, polymer composites containing
heterogeneous fillers have lower Tg values than those of pure polymers due to the effect of the fillers
on the inter-chains that causes the interaction between the polymer chains to weaken. In contrast,
the GPCs with EFG showed an increasing tendency for Tg as the filler content increased. In particular,
the Tg value increased by more than 10 ◦C for all the GPCs. This significant enhancement in Tg is only
possible when specific forces, such as hydrogen bonding or additional chemical bonding, are in effect
between the polymer chains [37]. These reinforcement effects would occur additively as a result of the
specific interaction between the functional groups at the edge of EFG and the imide groups of the PI
chains, and the additional effect of the EFG itself forming a covalent bond with the amine moieties to
act as the center in the network branches during in situ polymerization.

Table 1. Thermo-mechanical properties of PI/EFG composites.

Sample (wt %)
Td,5% Determined

by TGA [◦C] 1

Td,10% Determined

by TGA [◦C] 2 Char Yield [%] 3 Tg Determined

by DMA [◦C] 4

Neat PI 500.0 509.7 62.0 393.5
PI/EFG 0.1 wt % 499.9 509.0 62.9 404.6
PI/EFG 0.5 wt % 502.2 512.6 63.3 405.4
PI/EFG 1.0 wt % 505.4 514.3 63.8 405.9
PI/EFG 3.0 wt % 509.6 517.6 61.8 408.6

1 The decomposition temperatures for 5% weight loss from TGA. 2 The decomposition temperatures for 10% weight
loss from TGA. 3 Weight percentage of residues at 800 ◦C. 4 The values were calculated by the peak points of the
Tan δ graph.
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(a) (b) 

Figure 7. Dynamic mechanical analysis (DMA) curves of neat PI and PI/EFG composites: (a) Storage
modulus; (b) tan δ.

In addition, in order to investigate further strengthening effect by EFG, the electrical conductivity
was measured (Figure 8). Since it is well known that graphene shows exceptionally high electron
mobility and electrical conductivity, the composites containing EFG would be also expected to exhibit
high electrical conductivity. As expected, the electrical conductivity of the GPCs increased significantly
as the EFG content increased. Considering that the amount of filler introduced is up to 3 wt %, which is
insufficient to form a percolated pathway for electrical conducting, the conductivity increased by about
103 orders of magnitude to neat polyimide suggested that introduction of EFG would effectively build
partial conducting chain. This reinforced result should have be attributed to both of the interaction
between PI chains and EFGs and evenly distributed EFGs in GPCs.

Figure 8. Electrical conductivity of neat PI and PI/EFG composites.

4. Conclusions

In this work, graphene with carboxyl functionalities at the edges of graphene platelets was
prepared by the modified ball-milling method in the presence of dry ice. Our method successfully
produced a less-functionalized EFG with a larger grain size as confirmed by location-selective
micro-Raman spectroscopy.

We utilized the resultant EFG as filler to fabricate GPCs for potential application in such as
electronic, automotive, airline, space, defense, and construction industries. A series of GPCs was
prepared by varying the EFG contents and using aromatic PI as a matrix polymer, which is one
of the representative polymers capable of interacting effectively with the filler. The GPCs were
prepared via traditional two-step thermal imidization between PMDA and ODA. During the process,
the poly(amic acid) compounds were obtained and used to fabricate the GPC films. The resulting
GPC films showed a clear surface morphology except for the 3 wt % sample, which meant that the
EFG platelets were well dispersed. In particular, the fact that the EFGs were well dispersed in the
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GPCs led to the following three notable enhancements compared with pure PI. First, in terms of their
thermal properties, the GPCs exhibited improved thermal stabilities. Furthermore, their mechanical
properties observed by DMA were enhanced. Lastly, the Tg values of the GPCs significantly increased.
These reinforcements could be attributed to the additional covalent bonds between the EFGs and amine
moieties of the PI and the electrostatic interaction between the EFGs and PI chains, as initially designed.
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Abstract: We fabricated novel composite (mixed matrix) membranes based on a permeable glassy
polymer, Poly(2,6-dimethyl-1,4-phenylene oxide) (PPO), and variable loadings of few-layer graphene,
to test their potential in gas separation and CO2 capture applications. The permeability, selectivity
and diffusivity of different gases as a function of graphene loading, from 0.3 to 15 wt %, was measured
at 35 and 65 ◦C. Samples with small loadings of graphene show a higher permeability and
He/CO2 selectivity than pure PPO, due to a favorable effect of the nanofillers on the polymer
morphology. Higher amounts of graphene lower the permeability of the polymer, due to the
prevailing effect of increased tortuosity of the gas molecules in the membrane. Graphene also
allows dramatically reducing the increase of permeability with temperature, acting as a “stabilizer”
for the polymer matrix. Such effect reduces the temperature-induced loss of size-selectivity for He/N2

and CO2/N2, and enhances the temperature-induced increase of selectivity for He/CO2. The study
confirms that, as observed in the case of other graphene-based mixed matrix glassy membranes,
the optimal concentration of graphene in the polymer is below 1 wt %. Below such threshold,
the morphology of the nanoscopic filler added in solution affects positively the glassy chains packing,
enhancing permeability and selectivity, and improving the selectivity of the membrane at increasing
temperatures. These results suggest that small additions of graphene to polymers can enhance their
permselectivity and stabilize their properties.

Keywords: graphene; membranes; gas separation; CO2 capture; permeability; selectivity; PPO

1. Introduction

The removal of CO2 from gaseous streams produced in energy production and energy-intensive
industrial processes is one of the most straightforward ways to reduce the global warming effect due
to atmospheric CO2 increase [1,2].

Membrane separations are considered suitable, and environmentally friendly, technologies to
capture CO2 both in post combustion (removal of CO2 from N2) and pre combustion (removal of
CO2 from H2) [3–6]. Mixtures of H2 and CO2 are generated in the production of hydrogen from
steam reforming or biomass gasification, and their purification is necessary not only for environmental
aims, i.e., for the reduction of the CO2 emitted in the atmosphere, but also for technological purposes,
i.e., the purification of H2 for use as a fuel or chemical. Most of those processes are carried out at high
temperature, and a high-temperature purification process would allow exploiting the thermal level of
the gas stream [4].
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In membrane processes, the main way to optimize the separation is to use highly permeable and
highly selective membrane materials. However, as pointed out in the literature, it is often not possible
to simultaneously increase the permeability and the selectivity, which are governed by a tradeoff
mechanism [7].

Poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) is a glassy polymeric material suitable for
membrane-based gas separation, due to a high permeability and moderate selectivity [8]. In particular,
PPO has a H2-selective behavior, when exposed to mixtures of H2 and CO2, i.e., it exhibits a size-sieving
ability, because hydrogen has a smaller kinetic diameter than CO2 (0.29 vs. 0.33 nm) [9]. The reported
ideal H2/CO2 selectivity value for PPO is 1.5 at room temperature, while an economically feasible
membrane separation process would require higher values [4]. However, this material is stable up to
200 ◦C and H2/CO2 membrane separation performances are known to be significantly increased by
increasing temperature [4]. Thus, PPO results to be an interesting candidate for the high temperature
separation of this mixture.

A further strategy to enhance the selective behavior of the polymer can be based on the addition
of nanosized fillers to the polymer matrix: in particular, nanofillers can modify the chain packing of
the polymer, increasing its selectivity. It was reported by many authors that separation performance of
polymeric materials can be improved by the addition of nanosized particles of different shapes, such as
nanospheres [10–16] and nanotubes [17–19]. Nanometric fillers tend to adjust the chain packing of
glassy polymers in a way that affects positively the permselectivity, without creating non selective
voids, but rather creating additional selective free volume [20].

Graphene is a nanosized material that has been just recently applied to the field of gas separation
membranes, as initially it was mostly considered for improving the barrier effect [21–28]. Indeed,
it was noticed that, while a defect-free graphenic layer is virtually impermeable to all molecules,
some production techniques, such as chemical vapor deposition (CVD), may introduce a microporosity.
Moreover, when the graphene is applied in subsequent layers, permeable channels caused by imperfect
adhesion may form. Graphene oxide (GO), on the other hand, naturally contains defects induced
by the oxidation process, and is endowed with an intrinsic gas permeability and selectivity. Several
studies report interesting results of the application of GO in gas separation [29–31].

Some other works evaluated the combination of graphene, obtained by direct exfoliation of
graphite in polymeric solution, to a polymer of intrinsic microporosity, PIM-1. The studies indicate
that the optimal concentration of graphene to maximize the CO2 permeability of PIM-1 is 0.1 wt %,
and molecular simulations indicate that the presence of graphene nanolayers modifies the polymer
distribution [32–34].

The addition of 1 wt % of monolayers of GO slightly enhances the gas permeability of
poly(trimethyl silyl propyne) (PTMSP), and the selectivity for the couple CO2/He and CH4/He [35].
The addition of a few layer graphene in the same amount to PTMSP lowers slightly the gas permeability,
with factors that increase with decreasing molecule size, and enhances the ideal selectivity for the
couples CO2/He and CH4/N2, CH4/He. The addition of this filler mainly lowers the CO2 diffusivity,
leaving the gas solubility unaltered, while the solubility and diffusivity are both enhanced by addition
of GO (lateral dimension 2.0 m, thickness 1.1 nm). Multiple layer graphene (lateral dimension 0.2 m,
thickness 2–20 nm) lowers the permeability of PTMSP to a significant extent (up to 30%), with a weight
fraction of just 1 wt % [35].

Both GO and few-layer graphene allow to impair the aging process of PTMSP, as tracked with
He, N2, CH4 and CO2 permeability. Graphene platelets, due to their high aspect ratio, act as physical
barriers to the rearrangement of polymer chains, and the diffusion of free volume domains, which cause
the ageing. Such explanation is supported by the fact that ageing is mostly reduced by the fillers that
have the higher aspect ratio [35].

In view of the previous findings, in this work, we studied whether the separation performance
of PPO with respect to some gas mixtures, can be improved by addition of graphene nanoplatelets.
Furthermore, in the aim of assessing the effect of temperature on permselectivity, we tested the
membranes performance to temperatures as high as 65 ◦C.
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2. Experimental

2.1. Preparation of Membranes

The solid polymer PPO was purchased by Sigma Aldrich, and chloroform (purity >99.5%
Sigma Aldrich, St. Louis, MO, USA) was used as solvent. It is an amorphous material with a rather
high Tg (213 ◦C), that makes it suitable for use in high temperature separations. The melting point is
268 ◦C and the density at 25 ◦C is 1.06 g/cm3. The permeability to hydrogen is rather high, and ranges
between 87 and 112 Barrer at 25 ◦C [36,37]; such property is due to a high fractional free volume of
the polymer, which is around 18% [8]. In this work, helium is used instead of H2 for safety reasons:
literature results indicate that the permeability of He is moderately lower than that of H2 in this
polymer, its permeability ranging between 56 and 75 at 25 ◦C [8,38]. Therefore, the use of He instead
of H2 leads to conservative estimates for the H2 permeability and H2/CO2 selectivity.

Two commercial grades of graphene in powder, produced by Graphene XT, were used: Graphene
XT6, with a lateral dimension of 5 m and a thickness between 6.0 and 8.0 nm, and Graphene XT7,
with a nominal lateral size of 20 m and a thickness of 2 nm.

The procedure to prepare membranes was optimized considering also a previous work [35].
The polymer was dissolved in chloroform and then graphene powder was added. The resulting

suspension was sonicated for at least 15 min, and stirred for one day. In the case of Graphene XT7,
the sonication time was increased to 60 min to improve the disaggregation of nanoplatelets, as this
materials has a higher aspect ratio than the other filler used. Once the dispersion was complete,
the solution was poured on a Petri dish and placed in a clean hood, where the temperature was kept at
50 ◦C, to ensure fast evaporation of the solvent. The solid film was then removed from the Petri dish,
and treated in an oven under vacuum for 1 day at 200 ◦C. Such treatment not only removes traces of
solvent, but also stabilizes the properties of the glassy PPO, with respect to ageing, for a sufficiently
long time. It must be noticed, however, that PPO membranes treated at such temperatures show
a somewhat lower permeability than untreated ones. Table 1 reports the list of materials produced,
the procedure adopted, together with their properties. The photos of the various composite membranes
produced are reported in Figure 1: one can notice the increasing darkness of the films with increasing
amount of graphene loaded. It must be noticed that a film of pure PPO is completely transparent.

The gases used were N2 (SIAD, Ozzano Emilia, Italy, purity of 99.999%), CO2 (SIAD, purity of
99.998%) and He (SIAD, purity of 99.9999%).

Table 1. List of the composite membranes produced and tested.

Graphene
Type

Graphene wt % in Polymer
(g/100 g of PPO)

Treatment
Sonication

Time
Stirring

Time
Thickness

(m)

XT7 0.3

Heating at 200 ◦C
under vacuum for 1 d

60 min

1 d

41 ± 2.1

XT6 a 1
15 min

82 ± 3.9
72 ± 4.2

XT6 5 88 ± 2.6

XT6 15 55 ± 4.6
a Two different membranes at 1% of XT6 were produced. The first, 82 μm thickness, was tested at 35 ◦C, the second,
72 μm thickness, was tested at 65 ◦C.
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(a) (b)

(c) (d)

Figure 1. Pictures of the various membranes fabricated: (a) PPO + 0.3 wt % of Graphene XT7; (b) PPO +
1 wt % of Graphene XT6; (c) PPO + 5 wt % of Graphene XT6; and (d) PPO + 15 wt % of Graphene XT6.

2.2. Permeability Tests

The permeability was measured with a variable pressure apparatus described in previous
works [38], by applying an upstream pressure of about 1.4 bar and vacuum on the downstream
side. The pure gas permeability at steady state can be calculated from Equation (1), in which dpi

dt

∣∣∣
s.s.

is
the slope of pressure versus time curve at steady state, Vd is the calibrated downstream volume, R is
the universal gas constant, T is the system temperature, A is the membrane area, l is the thickness of
the sample and

(
pup

i − pdown
i

)
is the gas pressure difference across the membrane film.

Pi =
dpi
dt

∣∣∣∣
s.s.

Vd
RTA

l(
pup

i − pdown
i

) (1)
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The apparatus is placed in a thermostatic chamber which can reach temperatures in the order
of 80 ◦C. Tests were conducted at 35 ◦C; and for most samples we also carried out tests at 65 ◦C to
investigate temperature effect on permeability of the different gases investigated, i.e., He, N2 and CO2.

The permeability value is also affected by the uncertainty on the membrane thickness,
which depends on the sample considered. The error on ideal selectivity of a single sample however is
negligible, because such value is unaffected by downstream volume, permeation area and membrane
thickness values as it is clear from Equation (1).

Ideal selectivity for the different gas couple of interest is calculated using Equation (2), which is
valid in the case of negligible downstream pressure, as in the tests considered here:

αij =
Pi
Pj

(2)

where the selectivity is defined as αij ≡ ydownstream
i /yupstream

i

ydownstream
j /yupstream

j
. In general, real selectivity can differ from the

ideal selectivity, which is estimated using the permeability values performed on the pure gases, but the
latter still represents a good indication of the material performance with respect to other membranes
as most of the data reported in literature refer to this kind of selectivity [7].

In many cases, we were able also to determine the characteristic time of permeation, i.e., the time
required to reach a stable flux across the membrane, the so-called time-lag, tL, that is related to the gas
diffusivity in the membrane by the following relation [39]:

D =
1
6

l2

tL
(3)

The time lag is actually estimated as the intercept, on the time axis, of the asymptotic straight line
representing the downstream gas pressure versus time. It can also be noticed that, due to the phase
equilibrium between the gas and the polymer phase, according to which the gas is absorbed onto the
polymer surface proportionally to its solubility coefficient Si, a straight forward relation holds true
between the gas permeability, and its diffusivity and solubility coefficient in the polymer:

Pi = DiSi (4)

According to which, the selectivity can be decomposed into a diffusivity-based, and a solubility-
based contribution:

αij =

(
Di
Dj

)(
Si
Sj

)
(5)

Usually, for a same gas couple, the two contributions are, respectively, lower than unity and
higher than unity. In general, the diffusivity-selectivity prevails, so that smaller gases are generally
more permeable than larger ones in most polymeric membranes. In some cases, the solubility prevails,
as happens for instance when CO2 is concerned. For this reason, not all polymeric membranes have
a H2/CO2 selectivity higher than 1, but some of them, due to a very high CO2 solubility, exhibit
a CO2-selective behavior [40].

The temperature dependence of permeability, diffusivity and solubility is governed by
Arrhenius-like laws, as follows:

Pi = Pi(T0) exp
(
−EP,i

RT

)
(6)

Di = Di(T0) exp
(
−ED,i

RT

)
(7)

Si(T) = Si(T0) exp
(
−ΔHS,i

RT

)
(8)

193



Polymers 2018, 10, 129

where EP and ED are the permeation and diffusion activation energies, respectively, which are usually
positive for gases in glassy polymers, and ΔHS is the sorption enthalpy, which is usually negative.
Accordingly, the permeability and diffusivity increase with temperature, while the solubility decreases
with it.

Due to Equations (4)–(8), the permeation activation energy has a diffusivity and solubility
contribution as follows:

EP,i = ED,i + ΔHS,i (9)

For the selectivity dependence on temperature is concerned, one can combine Equations (2) and (6)
to obtain:

αi,j(T) = αi,j(T0) exp
(
−EP,i − EP,j

RT

)
(10)

which indicates that the selectivity increases with temperature if the more permeable gas has a higher
activation energy than the less permeable one, while it decreases with temperature if the opposite is
true. In general, the second situation is more frequent, as less permeable gases have higher activation
energies. The couples H2/CO2 and He/CO2 in PPO form an exception, because H2 and He are more
permeable at room temperature than CO2, but also have a higher activation energy of permeation.
The activation energy of CO2 is low, due to a high contribution of sorption, an exothermic process,
on the permeation. Therefore, for H2-selective membranes, as the ones of the present paper, increasing
the temperature enhances the H2 permeability and H2/CO2 selectivity.

3. Results and Discussion

3.1. SEM Analysis

First, neat graphene in powder was characterized. The Graphene XT7 was chosen for this analysis
and two images are reported in Figure 2a,b that show some wrinkles. The effect of dispersing the
platelets in water is that of swelling and opening the structure, as shown in Figure 2c,d. Then, the effect
of sonication on the sample morphology was analyzed. Pictures of the sample dispersed in water and
sonicated for only 10 min exhibit lateral sizes, from the picture analyzed and reported in Figure S1
in the Supplementary Materials, larger than what is declared by the supplier, between 26 and 63
micrometers (based on seven platelets). In Figure S2 in the Supplementary Materials, we report similar
pictures taken on a sample of Graphene XT7 (in water suspension) sonicated for 15 h. As can be seen,
the platelets analyzed have a lateral size ranging between 34 and 43 micrometers, also based on seven
platelets. Therefore, it seems that the sonication produces just a slight decrease of the average lateral
size after 15 h, but the size distribution of the platelets becomes narrower.

Pictures of the cross section of PPO + graphene membranes are reported in Figure 3. It is apparent
that, by increasing the concentration of graphene, the cross section becomes filled with graphenic
domains. Those structures are aligned perpendicular to the membrane cross section, thereby increasing
the tortuosity of diffusing molecules. The images also show that some voids form at the interface of
PPO and graphene. Images with higher magnification were also taken (Figure 4), and show that the
surface of graphene platelets remains similar to the one observed in the neat powder (Figure 2).
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(a) (b) 

(c) (d) 

Figure 2. SEM images of: dry Graphene XT7 powder (a,b); and of the Graphene XT7 dispersed in
water: before sonication (c); and after a 15 h sonication (d).

(a) (b)

Figure 3. Cont.
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(c) (d)

(e) (f)

(g) (h)

Figure 3. SEM images of membranes of: (a,b) PPO/0.3 wt % of Graphene XT 7; (c,d) PPO/1 wt % of
Graphene XT 6; (e,f) PPO/5 wt % of Graphene XT 6; and (g,h) PPO/15 wt % of Graphene XT 6.

(a) (b) 

Figure 4. Cont.
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(c) (d) 

(e) (f) 

(g) (h) 

Figure 4. SEM images of membranes of: (a,b) PPO/0.3 wt % of Graphene XT 7; (c,d) PPO/1 wt % of
Graphene XT 6; (e,f) PPO/5 wt % of Graphene XT 6; and (g,h) PPO/15 wt % of Graphene XT 6.

3.2. Permeability

In Table 2 and Figure 5, we report the permeability values measured at 35 and 65 ◦C in membranes
with increasing loadings of graphene.

Table 2. Permeability of the various gases in PPO and composite membranes.

Permeability
at 35 ◦C, Barrer

PPO
PPO/0.3 wt %

Graphene XT7
PPO/1 wt %

Graphene XT6
PPO/5 wt %

Graphene XT6
PPO/15 wt %

Graphene XT6

He 78 ± 3.8 86 ± 4.2 86 ± 4.1 68 ± 2.0 38 ± 3.2
N2 3.0 ± 0.2 3.5 ± 0.2 3.6 ± 0.2 2.8 ± 0.1 1.8 ± 0.2

CO2 61 ± 2.0 62 ± 2.9 60 ± 2.9 51 ± 1.5 27 ± 2.3

Permeability
at 65 ◦C, Barrer

He 114 ± 5.0 - 116 ± 6.7 81.0 ± 2.4 51.6 ± 4.4
N2 5.00 ± 0.4 - 4.64 ± 0.3 3.31 ± 0.1 -

CO2 69.3 ± 2 - 61.9 ± 3.6 42.3 ± 1.2 27.6 ± 2.4
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Figure 5. Gas permeability at: (a) 35 ◦C; and (b) at 65 ◦C, as a function of graphene loading in
PPO. Variation of PPO permeability after addition of graphene vs. graphene loading at: (c) 35 ◦C;
and (d) 65 ◦C.

It can be seen that, while the addition of small amounts (below 1 wt %) of both types of graphene
enhance the He permeability, by about 10%, increasing the filler loading to higher amounts (5 and
15 wt %) reduces the permeability, for all gases considered. This is because the wide graphene platelets,
in this range of concentration, significantly increase the tortuosity of gases diffusive path in the
membrane. The permeability of CO2 seems unaffected by the presence of graphene up to a loading
of 1 wt %. The permeability of N2, on the other hand, follows a same qualitative behavior as that of
helium, increasing by about 20% for graphene loadings lower than 1 wt %, and decreasing for higher
values. The permeability enhancement observed could be due to various factors, such as the formation
of additional free volume at the interphase between polymer and filler, and the permeation of the gas
through graphene layers.

At 65 ◦C, no increase of permeability could be detected after addition of graphene: we believe
that, at this temperature, the transition between the regime where the free volume increase prevails
and the one in which the tortuosity increase dominates occurs at very small graphene loadings, or the
first regime does not occur at all. At higher temperatures, indeed, the mobility of both diffusing gases
and polymeric chains is higher, and the diffusion and permeation process relies less on the presence of
intrinsic free volume in the solid matrix.
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3.3. Selectivity

The ideal selectivity values calculated with Equation (2) at 35 ◦C are reported in Table 3 and
Figure 6. Three types of separations are considered: He/CO2, He/N2 and CO2/N2. The first separation
(He vs. CO2) is favored by high temperatures, i.e., both permeability and selectivity increase with
increasing temperature, due to higher activation energy of permeation for He than for CO2. The other
separations considered, namely He/N2 and CO2/N2 are, in terms of selectivity, not favored by
temperature, as the selectivity of polymers for such couples decreases with temperature, due to the
unfavorable difference between the permeation activation energies of the two gases (see Equation (10)).

Table 3. Ideal selectivity in PPO and composite membranes.

Ideal Selectivity at 35 ◦C PPO
PPO/0.3 wt %

Graphene XT7
PPO/1 wt %

Graphene XT6
PPO/5 wt %

Graphene XT6
PPO/15 wt %

Graphene XT6

He/CO2 1.28 1.39 1.43 1.33 1.41
He/N2 26.0 24.6 23.9 24.3 21.1

CO2/N2 20.3 17.7 16.7 18.2 15.0

Ideal Selectivity at 65 ◦C PPO

He/CO2 1.65 - 1.88 1.92 1.87
He/N2 22.9 - 25.0 24.5 -

CO2/N2 13.9 - 13.3 12.8 -

Figure 6. Gas ideal selectivity at: (a) 35 ◦C; and (b) at 65 ◦C, as a function of graphene loading in PPO.
Variation of PPO selectivity after addition of graphene vs. graphene loading at (c) 35 ◦C and (d) 65 ◦C.
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The addition of graphene in all proportions produces an increase of He/CO2 selectivity of
the polymer at 35 ◦C, of about 10%. For the He/N2 separation, the selectivity values decrease
monotonically with increasing graphene content at 35 ◦C, going from 26.0 to 21.1 at the largest loading.
For the CO2/N2 mixture, the selectivity also decreases monotonically with increasing graphene loading,
from 20.3 to 15.0. Such trends are due to the gas-dependent variations of permeability induced by
addition of graphene. The gas that experiences the highest increase of permeability after addition
of small loadings of graphene is the largest one, namely nitrogen. For samples containing larger
amounts of graphene, the smallest reduction of permeability recorded is again that of nitrogen. Thus,
both He/N2 and CO2/N2 selectivity decrease. Such trend is attributable mostly to the kinetic term of
permeability, the diffusivity, which is strongly affected by molecule size, as will be seen in the following.
When the He/CO2 selectivity is considered, on the other hand, the size of the molecule plays a less
important role, as CO2 permeability is also strongly affected by solubility, which depends on the
molecule condensability rather than on its size. Therefore, for this couple of gases, the size-sieving
capacity of the membrane slightly increases with the addition of graphene, rather than decreasing.
When the temperature is increased to 65 ◦C, the situation slightly changes, in particular for the case of
the He/N2 mixture, for which graphene addition positively affects the selectivity. The incorporation of
filler is also beneficial for the He/CO2 separation, similar to the lower temperature case. The CO2/N2

selectivity, on the other hand, decreases with graphene addition also at 65 ◦C. The different trends of
selectivity at different temperatures are due to the effect that graphene has on the thermal dependence
of the gas permeability in the polymer, which we will discuss below.

3.4. Diffusivity

The diffusivity is a kinetic quantity that contributes to the permeability, according to Equation (4).
In particular, diffusivity is strongly affected by variations of the polymer free volume, and by the chain
packing of the membrane. Therefore, it is expected to be the quantity that is most strongly affected by
the introduction of filler with a peculiar morphology, such as the high aspect ratio graphene platelets
with one nanometric dimension. Furthermore, in size-selective polymers such as the one that we are
considering, diffusivity dictates the selective behavior, rather than solubility, as happens for instance
in the case of higher free volume glassy polymers such as PTMSP and PIM-1. In Table 4, we report
the variations observed for the diffusion coefficients as a function of graphene loading. It can be seen
that, when high filler loadings are considered, a marked decrease of diffusivity is measured, which is
because the graphenic nanoplatelets act as physical barriers and increase tortuosity. At lower loadings,
the behavior shows a large scattering. The diffusivity data obtained at 35 and 65 ◦C are also reported
in Figure 7a,b.

Table 4. Diffusivity of the various gases in PPO and composite membranes.

Diffusivity at
35 ◦C, cm2/s

PPO
PPO/0.3 wt %

Graphene XT7
PPO/1 wt %

Graphene XT6
PPO/5 wt %

Graphene XT6
PPO/15 wt %

Graphene XT6

He (5.0 ± 0.5) × 10−6 (7.8 ± 0.8) × 10−7 (3.6 ± 0.3) × 10−6 (10 ± 0.6) × 10−7 (4.4 ± 0.8) × 10−7

N2 (4.3 ± 0.4) × 10−8 (5.5 ± 0.5) × 10−8 (4.6 ± 0.4) × 10−8 (3.7 ± 0.2) × 10−8 (1.2 ± 0.2) × 10−8

CO2 (6.3 ± 0.6) × 10−8 (5.5 ± 0.5) × 10−8 (6.2 ± 0.6) × 10−8 (5.1 ± 0.3) × 10−8 (3.0 ± 0.5) × 10−8

Diffusivity at
65 ◦C, cm2/s

He (1.5 ± 0.2) × 10−5 - (2.2 ± 0.3) × 10−6 (6.9 ± 0.4) × 10−6 (1.5 ± 0.7) × 10−7

N2 (1.1 ± 0.1) × 10−7 - (7.1 ± 0.8) × 10−8 (7.2 ± 0.4) × 10−8 -
CO2 (1.4 ± 0.1) × 10−7 - (1.4 ± 0.2) × 10−7 (9.5 ± 0.6) × 10−8 (6.7 ± 1.1) × 10−8
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Figure 7. Diffusivity of the various gases in the PPO composite membranes at various values of
graphene loadings at: (a) 35 ◦C; and (b) 65 ◦C; (c) Gas-dependent effect of graphene on membrane
diffusivity at 35 ◦C: the chart shows the relative increase of membrane gas diffusivity after graphene
addition versus the size of the gas molecule for various loadings of graphene.

It is often seen, in mixed matrix membranes comprising nanometric fillers, that the variations
of permeability induced by filler are gas size-dependent [15,16]. Usually, porous fillers with a size
selective ability increase more effectively the permeability towards smaller gases, while the opposite
can be observed in the case of nanoscopic impermeable fillers such as fumed silica [15,16]. In our
previous work, we have found that the addition of graphene reduces more strongly the permeation
of small gases, such as Helium, and to a lower extent the permeation of larger molecules, such as
Nitrogen [35]. In this work, we observe a similar trend: we reported diffusivity variations after
graphene addition versus the kinetic diameter of penetrating molecule in Figure 7c. We see values
of D/D0 close to 1 for the larger molecule, namely N2, and much smaller than unity for the smallest
molecule, Helium.

To effectively correlate the observed variations in permeability to variations of diffusivity,
we plotted a parity curve, reporting the observed variations in permeability after addition of graphene,
P/P0, to the ones observed for diffusivity, D/D0, in Figure 8. It can be seen that, while for CO2 and,
less markedly, for N2, the permeability trend is strongly associated to the diffusivity one, confirming
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that diffusion plays a strong role in such membranes, for He, the behavior is different. For this gas,
the permeability of composite membranes is reduced less than the diffusivity by addition of graphene.
Although the error associated to the evaluation of the diffusivity from the time lag measurement
is larger in the case of Helium, which can cause some significant random scattering, such trend is
systematic, i.e., all the data fall above the bisector. If the deviations were due merely to scattering
associated to experimental error, they should have lied both above and below the bisector. According
to the solution–diffusion model expressed by Equation (4), one should have:

P
P0

=
D
D0

S
S0

(11)

so that, if P/P0 = D/D0, as it approximately happens in the case of N2 and CO2, one concludes that
S/S0 = 1, i.e., that the solubility of such gases is not affected by the presence of graphene. On the
other hand, the same equation applied to the case of helium indicates that S/S0 > 1, i.e., that graphene
enhances the solubility of helium in the membrane. Although the solubility of helium in solids is
generally small in absolute value, we are considering relative variations here, which can be significant.
Furthermore, the helium molecule, due to its small size, could be adsorbed onto the graphene layers
interface but also between the layers of graphene platelets. This solubility behavior counterbalances
the strong reduction of diffusivity observed in the case of helium.

Figure 8. Parity plot showing the correlation between the variation of diffusivity induced by addition
of graphene and the corresponding variation of permeability at: (a) 35 ◦C; and (b) 65 ◦C.

3.5. Analysis of Temperature Effect

It is very interesting to analyze the effect of temperature on those composite membranes.
Normally, the transport properties of polymers, especially the permeability, are strongly dependent on
temperature, and, to our knowledge, this is the first analysis of the temperature effect on transport
properties of polymer/graphene composites for separation.

Figure 9a reports the temperature effect on permeability, as a function of graphene loading,
and explains the observed trend of selectivity with temperature. It is clear from the graph that the role
of graphene is to reduce strongly the positive dependence of gas permeability on temperature, and even
cause an inversion of trend, in the case of CO2. These data appear for the first time and indicate that
graphene nanoplatelets hinder the polymer mobility and flexibility. Indeed, it is known that the strong
increase of gas diffusivity and permeability observed in polymers at increasing temperature is mostly
due to the thermally-enhanced polymer chain flexibility and mobility, which makes the diffusive
jumps of gas molecules more frequent. When increasing amounts of graphene are added, up to 5 wt %,
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to PPO, the thermal activation of diffusivity and permeability are strongly inhibited. In particular,
adding 5 wt % of graphene to PPO reduces the relative increase of permeability (corresponding to
a 30 ◦C increase) from 0.7 to 0.2 for N2, and from 0.47 to 0.36 for He. The relative dependence of
CO2 permeability in pure PPO is much weaker, for the reasons discussed above, and numerically
is expressed by a value of +0.13, which becomes −0.17 when the sample contains 5 wt % graphene.
At graphene loadings higher than 5 wt %, the effect discussed above is partially lost, possibly because
the graphene nanoplatelets start to form aggregates and lose part of their ability to immobilize
the polymer.

Figure 9. Relative variation of: (a) permeability; and (b) selectivity with temperature versus graphene
loading of different PPO composite membranes.

In Figure 9b, we reported the relative selectivity variation in the temperature range inspected.
The behavior is extremely clear and indicates that, for all the gases considered, the addition of even
small amounts of graphene affects positively the selectivity, in all types of separation. For He/CO2

selectivity, favored by temperature, graphene further enhances this trend. For CO2/N2 separations,
unfavored by temperature, the negative effect of a temperature increase seems mitigated by graphene
addition. For He/N2 the selectivity starts to increase, rather than decrease, with temperature,
after graphene addition. Such trends are a natural consequence of the permeability trend previously
discussed, and indicate that graphene can have a marked, and beneficial, effect on the polymer mobility,
which reduces the negative effects of temperature on selectivity. Indeed, at higher temperatures,
the polymer becomes more flexible and loses part of its size selectivity. The addition of graphene in
small amounts seems to mitigate such trend, due to the peculiar, thin and long, shape of graphene
platelets which hinder polymer mobility and the loss of discriminating ability. Such effect is totally
consistent with what observed when adding graphene to other glassy polymers prone to ageing: it was
shown that graphene reduces ageing via the same mechanism, i.e., by acting as a physical constraint,
or stabilizer, of the polymer matrix [35].

3.6. Comparison with Other Polymers

The permeability variations observed with graphene have comparable order of magnitude as
the ones obtained by adding 1 wt % of graphene into other glassy polymers, namely PTMSP [35]
and PIM-1 [33]. In the case of PTMSP/graphene, the nominal amount of graphene in the composite
membrane was 1 wt %, and the procedure used to fabricate the membrane was exactly the same used
for PPO in this work, as well as the initial features of the graphene added [35]. In the case of PIM-1,
the graphene content was varied between 0.1% and 2.43%, and the graphene was exfoliated in situ
from graphite in the polymer solution, after a long sonication of 84 h [33]. Due to this process, it is
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expected that the graphene particles in such case have a smaller aspect ratio than the ones used in this
work. The data of permeability variation in the various polymers inspected, after addition of 1 wt %
of graphene in the case of PPO and PTMSP, and of 0.71 wt %, in the case of PIM-1, are reported in
Figure 10a. Data were obtained at different temperatures in the range 25–35 ◦C. It can be noticed that
the order of magnitude of permeability variation is the same in all polymers inspected, and the trend is
increasing with increasing kinetic dimeter, indicating that the permeability of larger gases is enhanced
more (or reduced less) than that of smaller gases. This could be because, for large gases, even a small
adjustment of the internal free volume associated to graphene addition can make a big difference in
the permeability value. It must be noted that both PIM-1 and PTMSP have much higher permeability
values than PPO, and that PTMSP has a higher free volume than PPO. Plus, both such polymers, as far
as the He/CO2 separation is concerned, are CO2-selective, rather than He-selective: this is due to their
high free volume, and to a strong impact of the solubility on the separation. In Figure 10b,c, we report,
for comparison, the trend of permeability variation for two gases, He and CO2, in the PPO of this work,
and in PIM-1. We can notice that, in the case of helium, no significant differences between the two
polymers are observed.

(a) (b) 

(c)

Figure 10. (a) Permeability variation induced by graphene addition, as a function of the gas kinetic
diameter, in three glassy polymers: PPO (this work), PTMSP [35] and PIM-1 [33]. The weight fraction
of graphene added was 1 wt % in the case of PPO and PTMSP; 0.71 wt % in the case of PIM-1.
He permeability variation (b); and CO2 permeability variation (c) after addition of graphene in PPO
(this work) and PIM-1 versus graphene loading.
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When it comes to CO2 (and similar results are noticed for N2), that is a slightly larger molecule,
the situation changes strongly: while in PPO the CO2 permeability is not much affected by graphene,
in the loading range inspected, marked increases of permeability are observed at very low loadings
(0.1 wt %) in PIM-1. One can say that such difference can be due to the, probably, smaller aspect ratio
of the graphene used in the paper by Althumayri et al., [33]. Furthermore, a significant difference may
also arise from the fact that PPO is a size selective polymer, with He/CO2 selectivity higher than 1,
while PIM-1 has a He/CO2 selectivity much smaller than unity.

The comparison with other polymers case indicates that, as far as graphene addition to gas
separation polymers is concerned, it seems that is advisable to work in the low loading range to
retain the beneficial effects. The quantitative enhancement obtained are still limited, but there is large
room for improvement by working on the morphological aspects, i.e., the aspect ratio of graphene,
which could be optimized by varying the preparation method. Furthermore, the effect of a surface
chemistry modification of graphene platelets on the final composite properties has not been studied
yet: chemistry affects the solubility contribution to permeability, but also the adhesion and morphology
of the composite material. Both aspects will be investigated in future works.

4. Conclusions

We fabricated mixed matrix membranes based on PPO and increasing amounts of few layer
graphene, from 0.3 to 15 wt %, and tested them for the permeability of He, N2 and CO2 at 35 and 65 ◦C.

In general, the best effect of graphene addition is observed when the loadings are small, below
1%, and this was attributed to the fact that, at high filler loading, the effect of increasing the tortuosity
prevails on the effect of enhancing the polymer chain distribution. Such aspect is in agreement with
previous findings on other glassy polymer filled with graphene. The selectivity for He/CO2 and
He/N2 is also positively affected by addition of graphene, and the effect is observed at both 35 and
65 ◦C. Furthermore, the graphene addition allows adjusting the thermal dependence of permeability
and selectivity, generally improving it, by acting as a physical constraint to the relaxation of polymer
chains which compromises size selectivity at high temperatures.

The permeability trend follows closely the diffusivity one, confirming the validity of the
solution-diffusion mechanism, and that solubility of gases is less strongly affected than diffusivity by
graphene addition, for all gases except helium, which might be adsorbed onto graphene insertions.

These preliminary results suggest that small additions of graphene to PPO can enhance the
permselectivity, as it does in other glassy polymers. The effect could be quantitatively improved by
optimizing the aspect ratio of particles, and testing chemical modification of graphene.

Supplementary Materials: The supplementary materials are available online at www.mdpi.com/2073-4360/10/
2/129/s1.
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Abstract: Foams based on polyetherimide (PEI) with carbon nanotubes (CNT) and PEI with graphene
nanoplatelets (GnP) combined with CNT were prepared by water vapor induced phase separation.
Prior to foaming, variable amounts of only CNT (0.1–2.0 wt %) or a combination of GnP (0.0–2.0 wt %)
and CNT (0.0–2.0 wt %) for a total amount of CNT-GnP of 2.0 wt %, were dispersed in a solvent
using high power sonication, added to the PEI solution, and intensively mixed. While the addition of
increasingly higher amounts of only CNT led to foams with more heterogeneous cellular structures,
the incorporation of GnP resulted in foams with finer and more homogeneous cellular structures.
GnP in combination with CNT effectively enhanced the thermal stability of foams by delaying thermal
decomposition and mechanically-reinforced PEI. The addition of 1.0 wt % GnP in combination with
1.0 wt % CNT resulted in foams with extremely high electrical conductivity, which was related to
the formation of an optimum conductive network by physical contact between GnP layers and CNT,
enabling their use in electrostatic discharge (ESD) and electromagnetic interference (EMI) shielding
applications. The experimental electrical conductivity values of foams containing only CNT fitted
well to a percolative conduction model, with a percolation threshold of 0.06 vol % (0.1 wt %) CNT.

Keywords: nanocomposites; graphene; carbon nanotubes; hybrid nanoparticles; polyetherimide
foams; electrical conductivity; percolation; ultrasonication

1. Introduction

Polyetherimide (PEI) has recently become popular for use in advanced applications, due to its
outstanding combination of high mechanical properties, flame and chemical resistance, and high
thermal and dimensional stability. The preparation of PEI-based foams reinforced with carbon-based
nanoparticles using water vapor induced phase separation (WVIPS) has shown promising results in
terms of homogeneity and filler dispersion [1–4]. The addition of carbon-based nanofillers to PEI has
created a suitable candidate for various advanced applications, such as fuel cells and electromagnetic
interference (EMI) shielding [5,6]. Additionally, foaming could facilitate desirable features such as
density reduction, damping properties, high thermal insulation, and the potential improvement
of electrical conductivity and electromagnetic absorption by promoting wave scattering [7–9].
The combination of functional nanoparticles and foaming has a high potential to generate new
lightweight composites with high specific strength and multifunctionality [10]. Simultaneous
enhancements in electrical and mechanical properties, with the addition of carbon-based nanosized
fillers such as graphene nanoplatelets (GnP) or carbon nanotubes (CNT), owing to their high aspect
ratio (AR) and exceptional mechanical and electrical properties, have brought important advantages
over non-carbon-based nanofillers [11–13].

Polymers 2018, 10, 348 208 www.mdpi.com/journal/polymers
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Various attempts to prepare hybrid CNT/graphene materials have been carried out to create
transparent conductors [14–17], electrodes [18], electron field emitters [19], field effect transistors [17],
supercapacitors [20], and Li-ion batteries [21,22]. Maxian et al. [23] numerically investigated the
electrical percolation behavior of porous systems incorporating carbon 1D- and 2D-fillers assuming
perfect random filler distribution and realistically modeling ‘foaming’ by displacing the fillers.
Their model was able to successfully capture experimental trends [24] showing the increased
conductivity and lower percolation threshold of porous compared to non-porous systems. Sensitivity
analysis demonstrated that the electrical percolation behavior of the porous polymer systems
incorporating 1D- and 2D-nanofillers was significantly affected by four main factors: (i) porosity
level, (ii) type of filler, (iii) filler alignment, and (iv) filler aspect ratio (AR). The type of filler and its AR
played the most important role in establishing the percolation threshold.

The present work aimed to extend the applicability of PEI composites by considering the
combination of two strategies: foaming of the composites by means of WVIPS and the use of a
hybrid nanofiller system based on GnP and CNT. In terms of the first strategy, we have already
shown in previous works that WVIPS foaming is an effective method to obtain medium-density PEI
foams with homogeneous structures, and that the addition of GnP to PEI and foaming can lead to
components with enhanced electrical conductivity. This is crucial in applications requiring high EMI
shielding, and especially those where EM absorption mechanisms play a key role, such as in stealth
technology [25,26]. On the other hand, it has been shown that hybrid nanofillers based on platelet-like
GnP and other conductive nanoparticles such as CNT may promote the formation of an efficient
conductive network [27–29].

This work considered the preparation of composites based on PEI and different proportions
of dispersed CNT (from 0.0 to 2.0 wt %) and GnP (from 0.0 to 2.0 wt %), to give a total nanofillers
amount of 2.0 wt %, their foaming by WVIPS, and their characterization in terms of microstructure,
cellular structure, thermal stability, viscoelastic behavior and electrical conductivity. We predominantly
focused on analyzing how the addition of GnP affects the electrical conduction behavior of the resulting
composite foams.

2. Experimental

2.1. Materials

Thermoplastic polyetherimide (PEI), with the commercial name Ultem 1000, manufactured by
Sabic (Riyadh, Saudi Arabia), was used. PEI Ultem 1000 has a density of 1.27 g/cm3 and a glass
transition temperature (Tg) of 217 ◦C.

Graphene nanoplatelets, known as GnP (commercial name xGnP M-15 and density of 2.2 g/cm3),
were supplied by XG Sciences (Lansing, MI, USA). These nanofillers are formed using stacks of
graphene nanoplatelets with an average thickness of 6–8 nm and a lateral size of 15 μm, with
an approximate surface area of 120–150 m2/g and an electrical conductivity of 107 and 102 S/m,
respectively, measured parallel and perpendicular to their surface, as reported by the manufacturer.

Multi-wall carbon nanotubes (MWCNT), from now on referred to as CNT, with a carbon content
>95%, density of 2.1 g/cm3 and characteristic dimensions of 6–9 nm × 5 μm, were purchased from
Sigma Aldrich (Saint Louis, MO, USA). These multi-walled carbon nanotubes were prepared by
chemical vapor deposition, using cobalt and molybdenum as catalysts.

N-methyl pyrrolidone (NMP) was acquired from Panreac Química SA (Barcelona, Spain) with a
purity of 99%, a boiling point of 202 ◦C, and a flash point of 95 ◦C.

2.2. Foam Preparation

Two sets of foams were prepared by WVIPS: a first series of foams containing only CNT (“CNT
series”), particularly 0.1, 0.5, 1.0, and 2.0 wt % of CNT; and a second series containing the hybrid
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nanofillers system through the combination of different amounts of GnP (from 0.0 to 2.0 wt %) and
CNT (from 0.0 to 2.0 wt %), for a total nanofiller amount of 2.0 wt % (“Hybrid series”).

A detailed explanation of the WVIPS process is given in previous works [25,26]. In this study,
the preparation of foams began with the dispersion of 0.5 g of CNT into 200 mL of NMP, which is
known to be a proper solvent for carbon-based suspension at room temperature [30]. High power
probe sonication was applied for 60 min using a Fisher Scientific FB-705 ultrasonic processor with a
12 mm solid tip probe at 20% amplitude and 20 kHz output, applying a total amount of energy of
380 kJ (30–60 W), kept at a constant temperature of 50 ◦C by placing the suspension inside an ice-bath.
In the case of the Hybrid series, the corresponding amount of GnP was initially sonicated at 100%
amplitude for 30 min, followed by the sonication of CNT in the GnP-NMP suspension. In the following
step, PEI was dissolved in the suspension containing the sonicated particles (15.0 wt % PEI solution) at
75 ◦C and kept stirring at 450 rpm for a period of 24 h. Afterwards, the filler-rich solution was diluted
with PEI-NMP (15.0 wt % PEI in NMP) to obtain the 0.1, 0.5, 1.0, and 2.0 wt % CNT-filled composites
alongside with the hybrid compositions of 1.5–0.5, 1.0–1.0, and 0.5–1.5 CNT-GnP. The composites
corresponding to the Hybrid series (total CNT-GnP amount of 2.0 wt %) are specifically referred to as
2/0, 1.5/0.5, 1/1, 0.5/1.5 and 0/2, with the first number corresponding to the wt % of CNT and the
second one to the wt % of GnP.

Subsequently, each solution was poured on a flat glass exposed to air, with an average measured
humidity of 75% at room temperature for 4 days, which promoted foaming of the polymer by means
of WVIPS. The resulting foams were then washed with a 50/50 mixture of ethanol and water followed
by extraction of the remaining solvent, utilizing hot water, stirring at 90 ◦C for 7 days and intensively
drying under vacuum at 140 ◦C for 7 additional days to fully extract the residual NMP. The typical
density of the prepared foams was 0.3–0.5 g/cm3, with a final thickness of around 5 mm. Samples
were later cut directly from the prepared foams and used in the several characterizations.

2.3. Testing Procedure

The density of the foams was measured according to the ISO-845 standard procedure. The porosity
of the foam, understood as its void percentage, could be directly obtained from the density values of
the foam and respective unfoamed material according to the following expression:

Porosity (%) =

(
1 − ρ

ρs

)
× 100 (1)

where ρ and ρs is the density of the foam and density of the solid unfoamed material, respectively.
The morphology of the foams was analyzed using a JEOL (Tokyo, Japan) JSM-5610 scanning

electron microscope (SEM). Samples were fractured using liquid nitrogen and a thin layer of gold was
sputter deposited onto their surface with a BAL-TEC (Los Angeles, CA, USA) SCD005 Sputter Coater
(Ar atmosphere). The values of the average cell size (Φ), cell nucleation density, and cell density (N0

and Nf, respectively, both in cells/cm3) were measured and calculated, respectively, from the analysis
of ×300 magnification SEM images using the intercept counting method, a procedure presented in
detail in [31]. Five ×300 magnification SEM images were analyzed for each foam. Particularly, N0 and
Nf were determined assuming an isotropic distribution of spherical cells according to:

N0 =
( n

A

)3/2
(

ρs

ρ

)
(2)

Nf =
6

πΦ3

(
1 − ρ

ρs

)
(3)

where n is the number of cells counted in each SEM image and A is the area of the SEM image in cm2.
In Equations (2) and (3), N0 represents the number of cells per volume of unfoamed material and Nf
represents the number of cells per volume of foamed material. For foams that displayed a dual cell

210



Polymers 2018, 10, 348

size distribution, the proportion of area occupied by each cell population was taken into account when
calculating N0 and Nf.

The analysis of the characteristic (002) diffraction planes of GnP and CNT, as well as the
possible crystalline characteristics of PEI in the foams, was carried out by means of wide-angle
X-ray diffraction (XRD) using a PANalytical diffractometer (Almelo, The Netherlands) running with
CuKα (λ = 0.154 nm) at 40 kV and 40 mA. Scans were performed from 2◦ to 60◦ using a scan step
of 0.033◦.

A TGA/DSC 1 Mettler Toledo (Columbus, OH, USA) STAR System analyzer was used to study the
thermal stability of foams, using samples of around 10.0 mg, heating from 30 to 1000 ◦C at 10 ◦C/min
under a nitrogen atmosphere (constant flow of 30 mL/min) and analyzing the weight loss evolution
with temperature.

Thermomechanical analysis was used to study the viscoelastic behavior of foams, particularly
their storage and loss moduli (E’ and E”, respectively), as well as PEI’s glass transition temperature
(Tg). A DMA Q800 from TA Instruments (New Castle, DE, USA) was used in a single cantilever
configuration. Samples were analyzed from 30 to 300 ◦C at a heating rate of 2 ◦C/min, applying
a dynamic strain of 0.02% and frequency of 1 Hz. Rectangular shape specimens were prepared with
a length of 35.5 ± 1.0 mm, width of 12.5 ± 1.0 mm, and thickness of 3.0 ± 0.5 mm. Three different
measurements were performed for each sample (error < 5%).

Samples of 20 mm × 20 mm × 1 mm were prepared to measure electrical conductivity using
a 4140B model HP pA meter/dc voltage source with a two-probe set. The surfaces of the samples in
contact with the copper electrode pads were covered with a thin layer of colloidal silver conductive
paint, with an electrical resistance between 0.01 and 0.1 Ω/cm2 to guarantee perfect electrical contact.
A direct current voltage was applied with a range of 0–20 V, voltage step of 0.05 V, hold time of 10 s,
and step delay time of 5 s.

The electrical conductivity (σ, in S/m) was calculated using:

σ = 1/ρv (4)

and
ρv = RAE.C/d (5)

where ρv (Ω·m) is the electrical volume resistivity, R is the electrical resistance of the sample (in Ω),
AE.C is the area of the surface in contact with the electrode (in m2), and d is the distance between the
electrodes (in m).

Considering that porosity could affect the surface area in contact with the electrode, the cell size
and the cell density of foams were used to apply a correction to the values of electrical conductivity
(σcorr) by taking into account variations in effective surface area as follows:

σcorr =
d

R(Anon-cell + Acell-hemisphere)
(6)

where Anon-cell is the AE.C with the cell section area excluded and

Acell-hemisphere =
( n

A

)
AE.C

(
2π

Φ
4

2
)

(7)

Therefore:

Anon-cell + Acell-hemisphere = AE.C +

((
n
A

)
AE.C

(
π

Φ
4

2
))

(8)

the values of n, A, and Φ were obtained by analyzing SEM micrographs, and represent the number of
cells, the corresponding area of the micrograph, and average cell size, respectively.
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3. Results and Discussion

3.1. Cellular Structure

The composition of both series of foams and respective densities are presented in Table 1. As can
be seen, foam density was affected by the addition of CNT, as density grew higher with increasing
CNT concentration.

Table 1. Composition of the foams and their respective densities.

Series Sample code Density CNT (wt %) GnP (wt %) Total filler (vol %)

Carbon nanotubes (CNT)

0.1 CNT 0.32 0.1 0.0 0.06
0.5 CNT 0.31 0.5 0.0 0.30
1 CNT 0.40 1.0 0.0 0.61
2 CNT 0.57 2.0 0.0 1.22

Hybrid

1.5/0.5 0.43 1.5 0.5 1.18
1/1 0.41 1.0 1.0 1.19

0.5/1.5 0.31 0.5 1.5 1.21
0/2 0.33 0.0 2.0 1.16

The characteristic micrographs showing the general cellular structure of both the CNT and
Hybrid series are, respectively, presented in Figures 1 and 2. The morphological characteristics of all
the samples are compiled in Table 2.

Table 2. Cellular structure characteristics, average cell sizes, and cell densities of the CNT and Hybrid
series foams.

Sample code Homogeneity Cell type Porosity (%) Cell size * (μm)
Cell density (Cells/cm3)

Nf N0

0.1 CNT Homogeneous
(unimodal) Closed 74.8 Low 23.4 (6.7) 1.1 × 108 4.4 × 108

0.5 CNT Homogeneous
(quasi-unimodal)

Slightly
inter-connected 75.7 Medium 55.3 (19.9) 8.5 × 106 3.2 × 107

1 CNT
Heterogeneous

(dual)
Partially

inter-connected
69.0

High 194.6 (41.1)
1.2 × 107 5.2 × 106

Low 17.7 (8.3)

2 CNT Homogeneous
(unimodal) Inter-connected 55.7 Low 26.9 (19.3) 5.4 × 107 5.1 × 107

1.5/0.5
Heterogeneous

(dual)
Partially

inter-connected
66.6

High 81.0 (29.1)
5.3 × 107 1.5 × 107

Low 14.2 (10.1)

1/1
Heterogeneous

(dual)
Partially

inter-connected
68.3

High 84.6 (37.0)
9.5 × 107 1.7 × 107

Low 15.6 (9.1)

0.5/1.5 Homogeneous
(unimodal) Closed 76.1 Medium 71.2 (24.0) 4.0 × 106 8.8 × 106

0/2 Homogeneous
(unimodal) Closed 74.3 Low 33.2 (10.4) 3.9 × 107 1.2 × 108

* Cell size standard deviation is presented between parentheses.

The cellular structure of the CNT series foams changed from homogeneous closed-cell (0.1 CNT) to
homogeneous porous inter-connected (2 CNT). Foams with intermediate CNT concentrations (0.5 CNT
and 1 CNT) showed complex cellular structures. Sample 0.5 CNT displayed a quasi-unimodal structure,
with slightly inter-connected cells, bigger than those of the 0.1 CNT foam. Sample 1 CNT developed a
dual cell size population of partially inter-connected cells with very different cell sizes.

Significant differences were observed in terms of the cellular structure of the foams with varying
CNT content, which could be the consequence of two main simultaneous effects of CNT during cell
formation and growth. On the one hand, CNT interfered with solvent/non-solvent exchange, slowing
it down. As a result, the cell nucleation rate decreased, what leads to increased cell sizes, as observed
up until 1 wt % CNT. On the other hand, due to the strong surface interaction between CNT and PEI,
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as the amount of CNT increased the mobility of the polymer decreased in the solution, that is, the CNT
surface strongly limited polymer mobility, favoring the formation of inter-connected cells/porous
structure. Due to this effect, the inter-connected cell structure of the foams increased with the CNT
content up until 2 wt % CNT.

In the 1 CNT foam, a dual cell structure developed as a consequence of the two different cell
nucleation stages. As the first formed cells grew, the remaining solution got richer in polymer due to
the extraction of the solvent, leading to the nucleation of a second cell population. It has recently been
reported how polymer concentration plays a key role in the resultant cell size of foams prepared by
WVIPS [32].

In the particular case of the 2 CNT foam, the high restriction to polymer mobility prevented the
formation of cells, resulting in a generalized inter-connected porous structure. In this case, the solvent
exchange with water was not confined within the cells and, rather, expelled from the foam through the
formed porous structure.

The foam porosity decreased with increasing CNT and, as mentioned before, the foam density
increased with increasing CNT content. The cause behind the increased density and decreased porosity
of the foams containing the higher CNT concentrations (1 wt % CNT and 2 wt % CNT) seems to be
due to a collapse of the inter-connected cell structure.

The Hybrid series foams displayed increased cellular structure homogeneity with a decreasing
concentration of CNT (see Figure 2), which coincides with the results obtained for the CNT series.
As can be seen in Figure 2a,b, Hybrid series foams with a higher concentration of CNT (1.5/0.5 and
1/1 samples) showed a dual cell size distribution because of two different cell nucleation steps.
Additionally, comparing the SEM images of the 0.5/1.5 and 1/1 hybrids (Figure 2b,c) with the images
of 0.5 CNT and 1 CNT (Figure 1b,c), it can be seen that the addition of GnP provided further cellular
structure homogeneity.

 

Figure 1. Typical SEM images at ×50 magnification showing the general cellular structure of the CNT
series foams: (a) 0.1 wt %, (b) 0.5 wt %, (c) 1.0 wt %, and (d) 2.0 wt % of CNT.
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Figure 2. Typical SEM images at ×50 magnification showing the general cellular structure of the Hybrid
series foams: (a) 1.5 wt % CNT and 0.5 wt % GnP, (b) 1.0 wt % CNT and 1.0 wt % GnP, (c) 0.5 wt % CNT
and 1.5 wt % GnP, and (d) 0.0 wt % CNT and 2.0 wt % GnP.

As in the CNT series, the average cell size in the Hybrid series displayed a general positive trend
along with the increasing content of CNT, which was the direct result of CNT slowing down the
solvent exchange process.

The porosity of the Hybrid series also showed a general decreasing trend with increasing CNT
content, as well as an increasing trend in density. As can be seen, the influence of GnP on the
morphology of the Hybrid series foams was less relevant than CNT.

As can be seen in Figure 3a, the X-ray spectra of the CNT series foams demonstrated the proper
dispersion and possible exfoliation of the nanotubes throughout PEI’s matrix, as foams with 0.1, 0.5,
and 1.0 wt % of CNT showed an absence of the (002) diffraction plane found at 2θ = 25.8◦, characteristic
of CNT. The disappearance of this peak was related to the dispersion and partial exfoliation of the
nanotubes promoted by the combined effects of high power sonication and later foaming. On the
other hand, as seen in Figure 3b, some of the Hybrid series foams presented two peaks at 25.8◦ and
26.5◦, respectively corresponding to the characteristic (002) crystal plane of CNT and GnP. This dual
peak was observed for 1.5/0.5 and 1/1 foams, which could indicate the absence of total exfoliation
of nanoparticles throughout PEI’s matrix. These results reflect one of the potential causes of the
enhancement of electrical conductivity for these composites, due to the formation of an effective
conductive network by physical contact between GnP and CNT.
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Figure 3. X-ray spectra of (a) CNT series foams and (b) Hybrid series foams showing the characteristic
(002) diffraction plane of CNT and the (002) diffraction plane of CNT and GnP, respectively.

3.2. Thermal Stability

Thermogravimetric analysis of the foams demonstrated a decomposition retardancy that was
induced by increasing the concentration of CNT (see the thermograms shown in Figure 4 and
the results presented in Table 3). This could be attributed to the fact that the carbon nanotubes
seemed to favor a better physical barrier in the prepared foams or a higher thermal conductivity,
facilitating heat dissipation and, therefore, avoiding the accumulation of heat at a certain point [33,34].
Additionally, the combination of GnP and CNT resulted in a more complex decomposition behavior.
GnP nanoparticles seemed to have more influence on delaying foam degradation, which could be
expected from the barrier effect of GnP induced by its layered-shape hindering the escape of volatile
gases. As a consequence, by increasing the concentration of CNT in the Hybrid series, foams showed
faster degradation. It has been reported [35,36] that layered-shaped particles could promote a barrier
effect by increasing tortuosity and delaying the discharge of volatile products, therefore slowing down
the decomposition process.
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Figure 4. TGA and DTG thermograms of (a) CNT series foams, and (b) Hybrid series foams.

Table 3. Thermogravimetric results for CNT series foams and Hybrid series foams.

Series CNT (wt %) GnP (wt %)
Decomposition temperature (◦C)

Residue at 1000 ◦C (wt %)
Onset Tmax 40 wt % Loss

CNT

0.1 0.0 495.6 520.6 591.0 48.6
0.5 0.0 497.5 521.0 592.2 48.8
1.0 0.0 500.7 523.7 594.3 50.6
2.0 0.0 505.0 526.3 617.5 51.5

Hybrid

1.5 0.5 499.4 522.2 604.7 51.1
1.0 1.0 495.2 523.4 597.7 50.9
0.5 1.5 505.3 526.7 606.4 51.3
0.0 2.0 506.9 529.8 612.6 50.8

The influence of the additional CNT on the morphology of the foams (see Section 3.1 Cellular
Structure) could have also had an effect in altering the velocity of decomposition by increasing the
surface area of cells and their interconnectivity.

As can be seen in Table 3, a delay of around 10 ◦C was observed when the concentration of CNT
increased from 0.1 to 2.0 wt %. Later, the decomposition followed this behavior with a steeper trend,
reaching around 25 ◦C of delay for a 40 wt % loss (maximum temperature value around 617 ◦C for the
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sample with 2.0 wt % CNT). The Hybrid series did not follow the same trend. As mentioned before,
foams with a high amount of GnP could have benefited from the layered-shape of the particles by
delaying decomposition. Particularly, the 0.5/1.5 Hybrid series foam seemed to exceed the sample
with 2.0 wt % of CNT at the onset temperature of decomposition by a close margin, slowly falling
behind at more advanced stages of thermal decomposition. Increasing the concentration of CNT in the
Hybrid series foams did not seem to enhance thermal stability when compared to the initial sample
with only 0.5 wt % of CNT.

3.3. Viscoelastic Behavior

Thermomechanical analysis of the foams showed that two main factors affected their viscoelastic
behavior: the density and cellular structure of the foams, and the concentration of CNT. Both factors
are closely related, as the amount of CNT had a clear direct effect on the final cellular structure of the
foams (see Section 3.1 Cellular Structure). As can be observed in Figure 5a, the highest measured value
of E’ at 30 ◦C, directly related to the behavior of the elastic portion of the material, corresponded to the
foam with the highest amount of CNT in both series (2.0 wt % in CNT series and 1.5 wt % in Hybrid
series). This was related to a higher foam density induced by the presence of CNT.

The foam’s structural influence on mechanical behavior could be extracted from the changes
observed in the specific storage modulus of the foams (Figure 5b). The results showed that the
morphological differences caused by increasing the amount of CNT could result in a counter effect,
reducing the specific storage modulus of CNT series foams. However, the addition of GnP and its
mentioned effect on the cellular structure in the Hybrid series foams resulted in higher values of the
specific storage modulus, opening up a possible strategy to exploit the mechanical reinforcing effects
of these carbon nanoparticles for these type of foams.

With respect to the viscous response, results presented in Table 4 suggest that nanofillers could
have opposing effects on the viscous behavior of the foams. On the one hand, a lubricating effect
facilitates the mobility of PEI molecules surrounding the nanofillers and, on the other, there is
a restrictive element to molecular mobility due to an enhanced surface interaction with the polymer
molecules. CNT series foams showed a 1–3 ◦C decrease in the maximum temperatures of both tan
δ and E” when increasing the amount of CNT from 0.1 to 2.0 wt %. Considering that these values
reflect PEI’s Tg, the decreases seem to be related to higher molecular mobility when increasing the
concentration of CNT. There are several studies suggesting an increase in molecular mobility is a
consequence of CNT addition [34,37]. Liu et al. [37] suggested that MWCNT have self-lubricating
properties, as they are formed by sp2 bonded cylindrical layers that can easily slide and move upon
each other as inter-layer interaction is controlled by weak Van der Waals forces.

Table 4. Glass transition temperatures for CNT series foams and Hybrid series foams obtained from
the maximum of tan δ and loss modulus (E”) and their corresponding intensity and full width at half
maximum (FWHM).

Series CNT (wt %) GnP (wt %)
Tg Max tan

δ (◦C)
Tg Max
E” (◦C)

tan δ

Intensity
FWHM
in tan δ

E” Intensity
(MPa)

FWHM in E”

CNT

0.1 0.0 229.1 223.5 1.56 10.6 28.1 9.0
0.5 0.0 227.3 221.0 1.86 11.0 29.9 7.8
1.0 0.0 227.4 220.9 1.88 11.1 43.5 7.7
2.0 0.0 226.4 221.5 1.30 11.4 73.6 7.5

Hybrid

1.5 0.5 227.9 218.7 1.67 14.4 60.3 15.7
1.0 1.0 228.7 220.9 1.73 12.3 54.7 10.6
0.5 1.5 226.0 218.8 1.73 12.0 44.6 7.9
0.0 2.0 228.6 223.3 2.03 9.5 68.4 6.1
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(a) 

(b) 

Figure 5. (a) Evolution of the storage modulus (E’) measured at 30 ◦C with increasing relative density
and (b) evolution of the specific storage modulus at 30 ◦C with increasing filler concentration for CNT
series foams and Hybrid series foams.

Other works have shown that nanofillers can act to restrict molecular mobility due to the high
and strong interfacial interaction that can be established between nanometric-sized particles, such as
carbon nanotubes or graphene, and polymer molecules [38,39]. As can be seen in Table 4, Hybrid
series foams did not show any clear tendency related to the two previously mentioned factors.

The intensity of the characteristic peak of the Tg in the E” curve showed clear increases when
augmenting the concentration of CNT in the CNT series foams from 0.1 to 2.0 wt %, indicating an
increase in the amount of the viscous response of the foams. On the other hand, Hybrid series foams
showed that the combination of CNT and GnP could induce a reduction in the viscous response when
compared to foams having the same amount of either nanofiller alone. The increase in the intensity of
tan δ could be associated with the energy damping response of the foams, as the dual structure in the
CNT series seemed to play a role in dissipating energy alongside the presence of a higher amount of
CNT. However, the 2.0 wt % CNT foam presented a low value of tan δ, which could be related to its
particular cellular structure, formed by inter-connected open pores. As Hybrid series foams displayed
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more homogeneous cellular structures when increasing the concentration of GnP, they showed an
increase in tan δ.

Variations in the width of the loss modulus and tan δ peaks corresponding to the Tg were
quantified by measuring their FWHM (see values presented in Table 4). A slight decrease was observed
in terms of the FWHM measured in the loss modulus (E”) for CNT series when increasing the amount
of CNT, while for Hybrid series the FWHM decreased when the GnP concentration increased. It has
been demonstrated by several authors that a lower FWHM value of the loss modulus peak is indicative
of higher molecular relaxation [40,41]. Comparatively, as the decrease in the FWHM was lower for
the CNT series when increasing the amount of CNT, these foams displayed a lower restriction to
molecular relaxation when compared to the Hybrid series. The addition of CNT-GnP hybrids seemed
to restrict chain segment relaxation, as Hybrid series foams presented globally higher FWHM values
measured in the loss modulus when compared to CNT series (besides globally higher peak intensities).
In terms of tan δ, both CNT and Hybrid series presented significant FWHM increases with rising CNT
concentration, related to efficient PEI restriction by the nanotubes, which acted by avoiding localized
strains [42]. This could be another factor assisting energy dissipation in these foams. Additionally,
Hybrid series foams showed more pronounced energy dissipation as a result of a synergic effect
between CNT and GnP, which disappeared in the sample containing only GnP.

3.4. Electrical Conductivity

The porosity of both CNT series foams and Hybrid series foams was taken into account when
calculating their effective surface area and was used to determine a corrected value of electrical
conductivity (σcorr). Calculations showed that the corrected values could drop to around half when
considering the presence of a porous surface (see values presented in Table 5). These corrected values
have been used in further discussions.

Table 5. Electrical conductivity and corrected electrical conductivity values for CNT series foams and
Hybrid series foams.

Series Sample code σ (S/m) σcorr (S/m) *

CNT

0.1 CNT 8.7 × 10−12 4.5 × 10−12

(1.2 × 10−12)

0.5 CNT 1.2 × 10−3 6.4 × 10−4

(2.1 × 10−4)

1 CNT 5.8 × 10−3 3.3 × 10−3

(8.0 × 10−4)

2 CNT 9.2 × 10−3 6.4 × 10−3

(2.5 × 10−3)

Hybrid

1.5/0.5 6.9 × 10−3 3.7 × 10−3

(1.4 × 10−3)

1/1 1.6 × 10−2 8.8 × 10−3

(3.5 × 10−3)

0.5/1.5 9.6 × 10−4 5.9 × 10−4

(1.5 × 10−4)

0/2 3.9 × 10−12 2.2 × 10−12

(6.1 × 10−13)

* Standard deviation of the corrected electrical conductivity is presented between parentheses.

The electrical conductivity results presented in Figure 6 illustrate the significant influence of
the CNT-GnP hybrid network in inducing higher electrical conductivity when compared to foams
containing only CNT. Among Hybrid series foams, the 1/1 hybrid foam was the one that displayed the
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highest value of electrical conductivity, which was related to the formation of an optimum conductive
network within the cell struts of PEI for electrical conduction.

 

 

(a) 

(b) 

Figure 6. Cont.
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(c) 

(d) 

Figure 6. Electrical conductivity evolution with filler loading ((a) vol % and (b) wt %) for CNT series
foams and Hybrid series foams; (c) comparison of the electrical conductivity of Hybrid series foams;
and (d) evolution of electrical conductivity with reduced filler loading (φ − φc) assuming a percolative
conduction model.

As previously mentioned, the X-ray spectra of the Hybrid series foams (Figure 3b) illustrated
the appearance of two peaks corresponding to the (002) diffraction plane of CNT and GnP that could
indicate the incomplete exfoliation of nanofillers. However, a good distribution of the nanoparticles
resulted in the formation of a proper conductive network. Moreover, as seen in the high magnification
micrographs presented in Figures 7 and 8, a certain level of physical contact between CNTs was
obtained within the cell walls, which induced electrical conduction through the formation of an
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effective percolative network. This physical contact between nanofillers was more evident in the
Hybrid series foams, with the 1/1 hybrid foam apparently displaying an ideal distribution of nanofillers
in the cell struts in terms of forming an effective conductive pathway (Figure 8).

 

Figure 7. High magnification SEM images of CNT series foams: (a) 0.1% CNT; (b) 0.5% CNT;
(c) 1.0% CNT; and (d) 2.0% CNT. White circles show physical contact between CNT.

As can be seen in Figure 6a, CNT series foams displayed increasingly higher values of electrical
conductivity when increasing the amount of CNT up to 2.0 wt % (equivalent to 1.22 vol %). As shown,
when increasing the amount of CNT from 0.1 to 0.5 wt % (0.06 to 0.30 vol %), electrical conductivity
significantly improved from 4.5 × 10–12 to 6.4 × 10–4 S/m. The 1/1 hybrid foam displayed even
greater electrical conductivity of 8.8 × 10–3 S/m, positioning itself as one of the highest registered
electrical conductivity measurements for polymer-based foams, with only 2.0 wt % of conductive fillers
(see Figure 6c). This could be explained by two causes assisting the formation of an effective conductive
network: firstly, high power sonication has been proven to have a large influence on enhancing the
dispersion level of carbon-based nanofillers in liquid suspensions; and secondly, the combination
of GnP and CNT exhibited a synergic effect due to high individual AR levels and their impact
on the cellular structure of the resulting foams. A number of works have achieved relatively low
percolation thresholds for unfoamed composites with the addition of hybrid carbon-based conductive
nanoparticles [27–29]. Additionally, Wu et al. [43] conducted a study using CNT and carbon black (CB)
as hybrid fillers for a biodegradable polylactide composite, showing the synergic effect between both
fillers in controlling cell size and forming an effective network, significantly enhancing the electrical
conductivity of the foamed composites, especially when compared to similar foams containing only
CNT. Maxian et al. [23] also studied the combination of GnP and CNT using a new numerical model
considering nanofiller random distribution in a porous polymeric matrix in order to predict the
electrical percolation behavior of polymer-based composites. In their simulations, the hybrid system
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exhibited significantly lower percolation values in porous systems when compared to the prediction
given by the rule of mixtures, demonstrating the synergic effects of combining CNT and GnP.

 

 

 

Figure 8. (a–c) Characteristic high magnification SEM images showing nanoparticle dispersion in
Hybrid series foams. White arrows in (c) show physical contact between nanoparticles.
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A tunneling conduction mechanism has been considered as a suitable model for various polymer
foams containing carbon-based nanoparticles, with a range of nanofiller concentrations before the
formation of a continuous conductive path [25,40,41]. Initially, a tunnel-like conduction mechanism
was considered for both CNT and Hybrid series foams, but no linear trend was observed due to the high
electrical conductivity of foams with a nanofiller concentration above 0.1 wt %. Therefore, a percolative
conduction model was used, as the nanofiller content was enough to establish an electrical percolation
network. The percolative model has been used extensively for polymeric composites containing CNT
as a conductive nanofiller [23,43–48].

In a percolative model, the electrical conductivity (σ) above a certain critical concentration (φc),
commonly called the percolation threshold, is given by:

σ ∝ (φ − φc)t (9)

where φ is the volume fraction of particles in the material and t is the percolation exponent [2,49]. As the
filler content increases above the threshold value, conductivity rises drastically, indicating the formation
of a conductive path. As presented in various cases, the critical exponent t is commonly assumed to
depend on particle dimensionality, with calculated values of around t ≈ 1.3 and t ≈ 2.0 corresponding
to two and three dimensional systems, respectively [48,50–52]. The results of electrical conductivity as
a function of nanofiller loading are presented in Figure 6a,b for all foams, with a dash line illustrating
the fit to Equation (9). The fitting curve gave a value of the percolation threshold of φc = 0.061 vol %
(0.1 wt %) and an exponent of t = 1.48 (Figure 6d). As can be seen, the percolation threshold almost
overlaps with the CNT concentration corresponding to the CNT series foam having the lowest CNT
amount (0.1 wt %). This could indicate that the precise calculation of the percolation threshold requires
increasing the number of foams with compositions near this value. Additionally, for a distribution of
particles, the excluded volume concept gives the following relation between the percolation threshold
and the AR of the nanofiller(s) [53]:

φc ≈ 1/η (10)

where the analysis indicates that most solid composites seem to provide experimental values similar
to those that were theoretically predicted when the particles are homogeneously distributed in the
composite. For randomly oriented tubular-like particles such as carbon nanotubes:

η = L/W (11)

with L and W representing the length and diameter of the particle, respectively. The calculated
theoretical value of the threshold was based on the average size of CNT obtained from high
magnification micrographs (1 μm ≥ L ≥ 0.2 μm) and the assumption that the diameter of the
nanotubes remained constant after sonication (W = 0.0075 μm, as indicated by the manufacturer).
The obtained value of φc was estimated to be ≤0.1 wt % (0.01–0.04 vol %), slightly behind
the experimentally calculated value. Assuming the presence of well-dispersed particles after
ultrasonication, the theoretical calculation seems to show that the percolation threshold could be
even lower than estimated for this particular system.

While a value of t = 1.48 seems to suggest the existence of a two dimensional charge transport
system, various studies with obtained t values around 1.3 have claimed otherwise [52,54]. Bauhofer
and colleagues [48] conducted a review of over 147 experimental studies on the electrical percolation of
polymer composites with CNT, concluding that the value of t could not be related to any dimensional
parameter and, therefore, no well-founded conclusion about CNT network geometry could be provided
from most of the experimentally achieved values of t.

The electrical conductivity values showed that these foams could fulfil the requirements necessary
for applications such as electrostatic discharge (ESD) and electromagnetic interference (EMI) shielding
with conductive filler concentrations as low as 2.0 wt %. Various studies have shown that EMI shielding
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efficiency depends on many factors, including the electrical conductivity of the material [55–57]. EMI
shielding materials are required to have an electrical resistance below 105 Ω, while the range for
materials for ESD applications falls between 1012 and 105 Ω [58]. Our previous studies have shown that
foaming can also enhance EMI shielding efficiency in cases referring to PC-based nanocomposites [8,9].
Therefore, the high conductivity of these foams could make them suitable candidates for EMI shielding
and ESD applications.

4. Conclusions

In terms of cellular structure, the addition of CNT resulted in PEI foams with distinctive
structures depending on the amount of CNT: a homogeneous unimodal distribution of closed
cells (0.1 wt % CNT), a heterogeneous dual distribution with both closed as well as inter-connected
pores (1.0 wt % CNT), and a homogeneous unimodal distribution of inter-connected open pores
(2.0 wt % CNT). A similar tendency was observed for CNT-GnP Hybrid series foams and a similar
dual structure was formed with both smaller pores and closed cells by adding 0.5 wt % GnP, while
keeping 1.5 wt % CNT. Altering the composition to a 1/1 ratio of CNT and GnP resulted in an increase
in the homogeneity of the structure, with both bigger closed cells and inter-connected pores, showing
that the addition of GnP favored the formation of a finer and more homogeneous cellular structure.
These different cellular structures resulted as a consequence of at least two combined effects: (a) the
effect of CNT on the kinetics of solvent/non-solvent exchange, and (b) the effect of CNT on the mobility
of the polymer. The studied systems were sufficiently complex and demand further investigation
in order to elucidate the responsible mechanisms behind the formation and evolution of the cellular
structure and the influence of each type of nanoparticle.

CNT series foams displayed an increasingly higher decomposition retardancy when increasing
the amount of CNT, while the addition of GnP in combination with CNT seemed to have a high
influence in delaying foam degradation, as expected from the more effective barrier effect of layered
graphene in hindering the escape of volatile gases during combustion.

Two main factors were found to affect the viscoelastic behavior of the foams: their density and
cellular structure and the amount of CNT, given that, indirectly, the amount of CNT also had an
important effect in setting the final cellular structure characteristics of the foams. As expected, foams
that displayed the highest values of storage modulus were the ones with the highest amount of CNT,
related to a higher reinforcing effect of CNT when compared to GnP. Meanwhile, the heterogeneity and
existence of open pores, as a consequence of CNT incorporation, resulted in lower values of the specific
storage modulus when compared to foams with a lower amount or without CNTs. The incorporation
of GnP in the Hybrid series foams and its effect on the formation of a more homogeneous cellular
structure resulted in a rise in the specific storage modulus.

Regarding the viscous response, while the addition of only CNT led to foams with lower glass
transition temperatures, related to a higher mobility of PEI molecules due to a lubricating effect of
CNT, the combination of GnP and CNT did not significantly affect the viscous response of PEI.

All values of measured electrical conductivity were corrected taking into account the porosity of
foams and their respective effective surface area. Although foams containing only CNT already
displayed high electrical conductivity values, comparatively, the combination of 1.0 wt % GnP
and 1.0 wt % CNT resulted in the foam with the highest electrical conductivity (8.8 × 10–3 S/m).
This was related to the formation of an optimum conductive network within the cell struts of PEI for
electrical conduction by physical contact between particles, as assessed by X-ray diffraction and the
analysis of high magnification micrographs. This value is one of the highest electrical conductivities
registered so far for polymer-based foamed systems containing carbon-based conductive nanofillers.
The experimental results fitted well to a percolative conduction model, with a percolation value
threshold as low as 0.06 vol % (0.1 wt %) CNT, indicating that the combination of GnP and CNT
formed an effective network for electrical conduction.
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Due to the combination of high electrical conductivity and reduced density, these foams can target
sectors such as telecommunications and aerospace for applications related to ESD and EMI shielding.
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