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1 Project Summary 

The goal of EsSENce Cost Action is to develop a scientific & technological innovation hub at European 

and International level, focusing on advanced composite materials reinforced with carbon-based 

nanomaterials for sensing applications. 

The main focus of the scientific community is to combine advances in manufacturing technologies with 

the development of innovative nano-enabled composite materials for the fabrication of lightweight 

smart devices with structural performance and improved and/or added new functionalities including 

sensing and detection. 

The advent of sensors in many different applications, including environmental monitoring, monitoring 

constituents in food products, security, gas sensing as well as diagnostics and human health monitoring, 

has led to the ever-growing modification of existing processing and manufacturing routes by 

incorporating advanced carbon-based reinforced composites, which are able to offer 

multifunctionalities. Among the applications of carbon based (nano)material composites, lightweight 

and smart sensors, which will provide highly accurate and real-time monitoring functions in different 

equipment and devices without the cost of structural integration, is the area that is particularly focused 

on EsSENce. 

The deliverable 3.1 (D3.1) entitled Guidelines and Codes of good practices referring to the 

manufacturing processes of carbon nanomaterials (CNM) composites, was developed within the WG3 

regarding novel CNM & new processing routes. At first, a brief overview of the different carbon-based 

nanomaterials with potential utilization in sensing applications is presented. Followed by the different 

methodologies used to prepare nanocomposites and fibre reinforced composites, along with their main 

properties. The main purpose of this document is to give a clear view of the drawbacks that limit the 

up-scale utilization of CNM composites and to provide principles and strategies for the maximization of 

their properties with the incorporation of these types of particles. This deliverable received contribution 

from the following WG3 members: Andreia Araujo, Ayfer D. Cavdar, Beate Krause, Dejan Kepic, Michela 

Alfe, Petra Pötschke, Raquel M. Santos and Valentina Gargiulo. 
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2 Carbon-based nanomaterials 

In the past several decades, it was observed an emergence in the nanotechnology field, that has 

stimulated a wide range of researches in various fields and disciplines to evolve from theory to practical 

applications. In particular, carbon, the basic element for life on Earth, has been attracted a great deal 

of attention, owing to its ability to form different types of hybridization states (sp, sp2 and sp3) that 

makes it capable of forming a wide range of allotropes. In this sense, carbon nanomaterials (CNM), with 

their tunable physical, chemical and electrical properties (among others), have been extensively studied 

and have inspired innovative solutions to current environmental, health and engineering challenges [1, 

2]. According to their spatial dimensions, CNM can be roughly divided into zero-dimensional (0D), as for 

example fullerenes, one-dimensional (1D), such as single-walled or multi-walled carbon nanotubes 

(CNT, SWCNT, MWCNT) and carbon nanofibers (CNF), or two-dimensional (2D), particles from the 

graphene family like graphene sheets and few layers graphene (Figure 1) [3]. 

 

Figure 1 Different types of carbon-based nanomaterials. 

 

2.1 Fullerenes 

Fullerenes are a family of hollow spherical or ellipsoid molecules that consist of carbon atoms arranged 

in pentagons and hexagons. The representative of this family is molecule C60, also known as 

buckminsterfullerene named after architect Buckminster Fuller, composed of 12 pentagons and 20 

hexagons in a closed cage of 60 carbon atoms [4]. The C60 molecule has the van der Waals diameter of 

1.1 nm [5]. Generally, fullerenes are 0D materials described by the notation C2n, where n is an integer 

higher or equal to 10, with C20 or dodecahedral being the smallest stable fullerene. Although carbon in 

fullerene molecules is sp2 hybridized, the curvature of molecules causes an unequal extension of p lobes 

at the outer and inner surface of the sphere giving rise to the p character, therefore carbon atoms in 

fullerenes have a pseudo sp3 character [6]. While the curvature increases the electron affinity of carbon 

atoms, which is reflected in the increased reactivity, with the increase in the number of carbon atoms, 

the electron affinity and reactivity decrease due to the weakening of the curvature effect [7]. Although 

fullerenes are chemically stable, the angle strain causes electrophilic addition reactions. Moreover, 

some carbon atoms from the cage can be substituted with a heteroatom, such as nitrogen, oxygen, 
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boron, etc. to create heterofullerenes [8-10]. In fact, atoms or clusters of atoms can be encapsulated in 

fullerenes to form endohedral fullerenes [11].  

Fullerenes can be found in nature either as aggregates or in the form of crystal structures [12]. They can 

be also synthesized by employing different methods, namely laser ablation or arc discharge from 

graphite as a source material [13, 14], or via the combustion of hydrocarbons [15]. The aforementioned 

processes result in a mixture of fullerenes and some other forms of carbon, and therefore, require an 

additional purification step. Usually, fullerenes are extracted using a certain solvent (these particles are 

soluble in organic solvents such as 1-chloronaphthalene, carbon bisulfide, toluene, and chlorobenzene 

[16]) and then separated employing chromatography such as liquid chromatography or supercritical 

fluid chromatography. To date, the purification and separation step still represents a challenge and one 

of the key factors that determine the fullerene price. 

Due to their electrical and photophysical properties, fullerenes were investigated for sensing 

applications [17]. Fullerenes’ ability to accept electrons can be used for the immobilization of fullerene 

molecules with different enzymes which further leads to the development of a sensor for glucose [18, 

19] or urea [20]. Besides, fullerenes and fullerene-based hybrids were studied also for gas sensing [21, 

22], electrochemical sensing [23, 24], and optical sensing [25]. 

 

2.2 Carbon nanodots 

Carbon nanodots (CDs) were accidentally discovered by Xu et al. [26] in 2004 while using preparative 

electrophoresis to purify the SWCNT synthesized from soot by arc-discharge method. Unique 

properties, simplicity of synthesis procedures and diversity of initial raw-materials along with tunable 

photoluminescence (PL) behaviour through surface passivation of CNM, make them a promising 

candidate for a wide range of applications. Another key element that fuels interest in CDs is that they 

can be produced on a large scale (frequently using a one-step pathway and potentially from biomass 

waste-derived sources) by many approaches, gatherable as top-down and bottom-up methods. Top-

down approaches include: arc discharge, laser ablation and acidic oxidation of bulk carbon-based 

materials, and electrochemical synthesis. Bottom up approaches include: combustion processes 

(including simple candle burning), pyrolysis (also microwave assisted) of sugars and simple carbon rich 

molecules, hydrothermal synthesis, and chemical vapor deposition [27-30]. Although CDs synthesis is 

cheap and robust, it may require complex procedures of separation and purification to ensure an 

effective extraction of the material of interest. The common view currently considers the CDs as quasi-

spherical nanoparticles comprising a highly defected composition of coexisting aromatic (sp2 hybridized 

two-dimensional graphene-type islands) and aliphatic (sp3 hybridized diamond-type inclusions) regions 

that are assembled in proportions and with variations of surface groups that depend on the conditions 

of their synthesis [31]. Polar groups derived from starting materials in the formation of nanoparticles 

are found at the surface, allowing the particles to be well-dispersed in water. Typically, CDs of different 

origins contain high amounts of carboxylic groups, and also, some hydroxyls and carbonyls at their 

surface, imparting them with excellent water solubility and the suitability for subsequent 

functionalization with other organic, polymeric, inorganic, or biological species [32].  

CDs exhibit many fascinating optical properties, such as size- and wavelength-dependent 

photoluminescence (PL), photoinduced electron transfer, up-conversion luminescence, 

chemiluminescence and electrochemiluminescence [27, 33]. All these advances make CDs a promising 

material for a new generation of fluorophore biosensors, biomedical imaging [34, 35], drug delivery 

development for applications in bioscience and nanobiotechnology [32, 36, 37], composite materials 

preparation [38] and optoelectronic devices development [39].  
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Many studies on various types of cell lines, at different concentrations, and with or without surface 

coverages have demonstrated that CDs exhibit very low toxicity and can be easily internalized into cells 

for imaging. In almost all of cases, CDs have been demonstrated to cause negligible loss in cell viability, 

even after a long period of exposure at high concentrations [40, 41]. In particular, Havrdova et al. [40] 

found that CDs toxicity is strictly related to their surface charge (negative, neutral or positive): 

functionalized CDs  with polymers (polyethylene glycol, PEG) determining a neutral surface charge  

would be an appropriate method for in vivo imaging, while CDs stabilized with negatively charged 

carboxylate groups can induce abnormalities in the cell cycle at higher concentrations. CDs imaging for 

the on-gels detection of human serum proteins and Escherichia coli proteins after polyacrylamide gel 

electrophoresis showed that the sensitivity of CDs imaging is 8 times higher than the sensitivity of 

traditional Coomassie brilliant blue-R250 staining [42]. For analytical purposes CDs have already been 

used as a luminescent label for protein detection (thrombin) [43], for the detection of sewage water 

bacteria [44], for biosensing of physiological pH (in a range between pH 6.0-7.5) in living cells as well as 

tissues at depths of 65-185 μm [45] and also, as nanosensors for metal ions detection [46]. 

 

2.3 Carbon nanotubes 

Carbon nanotubes (CNT) are cylindrical hollow structures composed of one or more layers of rolled-up 

graphene [47, 48]. Depending on the number of consisting graphene layers, CNT can be single-walled 

(SWCNT) composed of a single graphene layer or multi-walled carbon nanotubes (MWCNT) which 

consist of several concentrically arranged layers with an interlayer distance of approximately 0.33 nm. 

The outer diameter of MWCNT usually lies between 3-15 nm, while SWCNT are narrower and have 

diameters in the 0.7-2 nm range [49]. With lengths that could be up to tens of micrometres and diameter 

on a nanometre scale, CNTs are considered nearly one-dimensional (1D) entities. CNT are lightweight 

because they are composed of only carbon while the covalent sp2 carbon-carbon bonds contribute to 

their strength. Their Young’s modulus range from 270-950 GPa and tensile strength 11-63 GPa [50] 

which could be used for ultra-high performance materials. MWCNT show ballistic conductor behaviour 

at room temperature [51]. However, depending on how the graphene sheet is rolled, i.e. the angle 

between hexagons and tubular axis, CNT can be either chiral or achiral. The chiral nanotubes possess a 

screw symmetry and achiral nanotubes have cylindrical symmetry. If the two hexagonal edges of achiral 

tubes are parallel to the axis of the cylinder the nanotube is considered zig-zag. On the other hand, if 

the two edges of a hexagon of achiral tubes are perpendicular to the axis of the cylinder the nanotube 

is an armchair. The angle between hexagons and tubular axis also determines whether the nanotube 

has metallic or semiconducting behaviour. This effect occurs due to the symmetry break of the planar 

system, which imposes a distinct direction with respect to the hexagonal lattice and the axial direction 

[52]. The bandgap of semiconducting nanotubes is diameter dependent and ranges from 0.1 to 0.2 eV 

[53].  

CNT are produced using arc-discharge method, laser ablation, or chemical vapor deposition (CVD) 

technique [54]. To date, a preferential synthesis of metallic or semiconducting SWCNTs with a selectivity 

of 90-95 % has been achieved, however, the production of purely semiconducting SWCNTs is cost-

prohibitive [55]. Precise control over CNT’ diameter and chirality still represents a challenge. A particular 

challenge is to obtain CNT that are defect-free. Present separation techniques are not suitable for large-

scale production. Also, produced CNT require the purification step to remove carbonaceous impurities 

and catalyst nanoparticles, which makes the overall process costly [54].  

It has been found that the electrical properties of CNT are sensitive to doping by certain molecules [56, 

57]. Besides, strain and bending of SWCNT could induce changes in their conductance [58]. These 

properties pave the way for CNT to be applied for sensing. Their high surface area and high adsorption 

capacity have been used to develop several types of gas sensors, such as sorption sensors, ionization 
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sensors, capacitance sensors, and resonance frequency shift gas sensors [53]. The occurrence of 

oxidation and reduction reactions during the interaction of CNT with biomolecules led to the 

development of CNT-based electrochemical sensors for biomedical applications [59]. Although the 

sidewalls of CNT are generally considered non-reactive, they could be functionalized covalently or non-

covalently with various molecules or functional groups [60]. The functionalization provides additional 

opportunities for sensing applications of CNT by improving their selectivity and sensitivity [61].  

Moreover, intrinsically conductive networks formed through the incorporation of CNT into polymeric 

matrices have been extensively investigated as a promising route for detecting, evaluating and 

monitoring the health of structural components in highly demanding sectors, including aeronautics and 

renewable energy. The strain sensing applications of modified polymer matrices with CNT are based on 

piezoresistivity, i.e. the electrical resistance variation when stress/strain stimuli are applied, induced by 

the change of connections between conductive fillers in the polymeric matrix. For those applications, 

the successfully preparation of nanocomposites with high electrical conductivity, at ultralow contents 

of CNT, is crucial since it allows the prevention of elasticity loss and the retention of other important 

properties as sensing sensitivity.  

 

2.4 Carbon nanofibers 

For the first years after its discovery, the occurrence of carbon nanofibers (CNF), often referred to as 

carbon filaments or filamentous carbon, was considered a nuisance. The fibres frequently occurred in 

metallic catalysts used for the conversion of carbon-containing gases. CNF possess filament structures 

based on sp2 carbon arranged in conical or cylindrical shapes. Similar to CNT, CNF are considered 1D 

nanostructures due to their high length-to-diameter ratio. Their diameters typically are in the range of 

3-100 nm, while the lengths are up to several hundreds of micrometres. They have high mechanical 

strength, flexibility, thermal stability, and porosity, but they also have more defects compared to CNT 

[62].  

CNFs can be synthesised via CVD or electrospinning [63, 64]. The quality of the prepared CNFs is greatly 

influenced by the shape and size of metallic catalyst nanoparticles in the CVD and the polymer type in 

the electrospinning method. For instance, vertically aligned CNFs have been fabricated with help of Cu-

Ni composition, while amorphous CNFs have been synthesized by ion beam irradiation [65].  

Alike other CNM, CNFs have a large surface area. When applied as an electrode, CNF can greatly enhance 

the surface area of the electrode materials which improves the chemical interaction between electrode 

and analyte and increase the sensitivity. This combined with CNF’ electrocatalytic ability to oxidize 

certain organic compounds makes them suitable for the detection of specific molecules, proteins, and 

nucleic acids [66, 67], and also for biomedical applications including wound dressing and bone tissue 

engineering [68]. Their chemical inertness and high mechanical strength provide long-term sensor 

stability. For various sensing applications, CNFs can be used as pristine or loaded with metallic 

nanoparticles, metal oxides, etc [69]. Similar to CNT, the incorporation of CNF into polymeric matrices 

allow the production of nanocomposites having self-sensing abilities.  

 

2.5 Graphite  

Graphite occurs naturally as a black lustrous mineral and it is mined in many places worldwide. Natural 

graphite exists in three different forms (graphite flakes, amorphous graphite and crystalline graphite) 

and often contains metal impurities, which type and amount vary on the basis of the extraction site 

[70]. Along these natural forms, two other forms of graphite are reported, namely kish graphite and 

synthetic graphite [70, 71]. Kish graphite is obtained as a by-product of the steel-making process and 
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contains residual iron impurities [71]. Synthetic graphite is obtained through high temperature 

processes (mostly pyrolysis processes) [72], its highly pure and ordered, also widely known as highly 

oriented pyrolytic graphite (HOPG) [73]. Owing to its excellent physical properties and low level of 

impurities, HOPG is used as scanning electron microscopy (SEM) support and length standard, as 

reference for most spectroscopies and is the starting material for the production of high quality and 

high pure graphene for utilization in electronics, magnetism and spintronic applications [73]. 

Graphite structure consists of planar layers of sp2 hybridized carbon atoms forming a virtually infinite 

horizontal hexagonal array. The interlayer distance is 3.347 Å and the distance between carbon atoms 

within each layer is 1.418 Å. The planar layers are held together by weak non-covalent forces (stacking 

interactions). The two known forms of graphite, alpha (hexagonal) and the energetically less stable and 

less common beta form (rhombohedral) differs for the graphene layers stacking (ABA and ABC stacking 

in alpha graphite and beta, respectively) but exhibit comparable physical properties. The two forms can 

interconvert upon mechanical treatment (alpha to beta) or by heating above 1300 °C (beta to alpha) 

[70, 72, 74]. Because of this peculiar structure, the graphite is strongly anisotropic and acts as a 

conductor in the direction of the planes, and as an insulator perpendicularly to them. The planar 

structure of graphite allows electrons to move easily within the planes leading to high electrical and 

thermal conductivities [72]. The weak interplanar forces allow the possibility for certain chemical 

species (atoms, molecules and ions) to intercalate into the interplanar spaces of the graphite generating 

expanded graphite and a variety of graphite intercalation compounds (GICs) [75, 76].  

Graphite is one of the strongest materials known per unit weight: the theoretical Young’s modulus of 

an individual graphene layer is 1600 GPa. Graphite conducts electricity and heat as well as absorb light 

(it appears black in color). Graphite has a low density (2.266 gẗcm-3) and the theoretical surface area of 

a planar layer is 2630-2965 m2ẗg-1. In the case of synthetic graphite, the properties depend of course 

from the synthetic conditions applied [70, 72]. However, the weak bindings between the carbon layers 

that are joined together via weak van der Waals forces makes graphite soft and slippery, and suitable 

to be used as a lubricant or in pencils and as starting material for the production of other graphene 

related materials by mechanical and chemical routes.  

 

2.6 Graphene 

Graphene was described for the first time in 2004 as monolayer and crystalline graphitic films by Andre 

Geim and Konstantin Novoselov [77]. Its discovery allowed the two scientists to be awarded by the 

Nobel prize for Physics in 2010. It is the thinnest and strongest honeycomb lattice structure composed 

of carbon atoms [78, 79]. It is widely regarded as a building block of many other CNM, such as fullerenes, 

CNT or graphite.  

Graphene is a 2D single layer of sp2-hybridized carbon atoms arranged into a honeycomb lattice with C-

C bond length of only 0.142 nm. It is characterized by unique structural, physical and mechanical 

properties. Graphene exhibits high electrical and thermal conductivity, optical transmittance, Hall and 

tunneling effects and bipolar electric field effect [78]. Graphene is considered as a zero-overlap 

semimetal or zero-gap semiconductor with very high electrical conductivity. The maximum electron 

mobility of graphene at room temperature can reach 2x105 cm2(Vẗs)-1 and thus the ideal conductivity of 

graphene is over 1x106 Sẗcm-1 [78]. From the mechanical point of view graphene exhibits high strength, 

good elastic properties and high Young’s modulus [80]. Table 1 reports a list of the main properties of 

graphene. Graphene is also characterized by high surface area, hydrophobic behavior, it exhibits 

chemical inertness and gas impermeability. Nevertheless, some types of graphene, depending on the 

synthetic strategy applied, are prone to be functionalized. The graphene toxicity is currently under study 

and it was found to be dependent on the synthetic approaches. Even though most graphene and its 
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derivatives show potential toxicity in biological systems, some studies report that pure graphene is 

biocompatible [81].  

Table 1 List of graphene’s main properties. 

Properties Value 

Density 0.77 mgẗm-2 

Melting point  3800 K 

Specific surface area ~2600 m2ẗg-1 

Transmittance for visible light 97.9 % 

Thermal conductivity  3-5 103 W(mẗK)-1 

electrical conductivity 102 - 106 Sẗm-1 

Current density >109 Aẗcm-1 

Electron mobility  > 105 cm2(Vẗs)-1 

Young's modulus 1100 GPa 

Tensile strength ~1.5 TPa 

Breaking strength 42 N.m-1 

Elastic limit ~20 % 

 

Graphene synthesis is carried out by different methods that can be gathered into two main categories: 

top-down and bottom-up approaches [79, 82, 83]. The top-down approach is carried out starting from 

a graphitic material (pure graphite or other CNMs) while bottom-up approach allows to produce 

graphene starting from low molecular weight species (hydrocarbons and silicon carbide, SiC). Broadly 

speaking, the bottom-up approach is quite simple, but it produces desired material in low yield and 

requires very high temperature to operate. In addition, bottom-up techniques need expensive 

equipment and require specific metallic substrates on which high quality graphene, yet in limited 

quantities, is grown. Top-down approaches separate the stacked sheets by disrupting the van der Waals 

forces that hold the graphene sheets together and allow isolating multilayer defective graphene sheets. 

Top-down approaches include mechanical exfoliation, electrochemical exfoliation, solvent-based 

exfoliation, electrochemical and chemical reduction strategy, arc discharge, and unzipping of carbon 

nanotubes. While the bottom-up approaches include epitaxial growth on SiC, CVD, substrate-free 

method and carbonization [79, 82, 83]. In Table 2, the main synthesis methods employed, the precursor, 

their advantages and shortcomings are listed [79, 82, 83].  

Table 2 Summary of the methods used for graphene preparation [79, 82, 83]. 

Technique precursor Type of 
method 

Graphene 
properties 

Advantages Drawbacks 

Chemical vapor 
deposition 

Hydrocarbons bottom-
up 

High quality 
graphene 
Production of 
single layer 
graphene. 

Large area (up 
to ~1 cm2) are 
achievable. 
Limited number 
of defects.  

Transfer of graphene films 
deteriorates graphene quality 
and causes wrinkle formation. 
Poor scalability. Expensive. 

Epitaxial growth 
on metal 

SiC bottom-
up 

High quality 
graphene. Few 
defects. Rarely a 
number of layers 
≤2 is achievable. 

Large area (up 
to ~1 cm2) are 
achievable. 
Limited number 
of defects. 

Requires high temperature, 
expensive and difficult 
transfer process. Not feasible 
at commercial level. Possible 
transfer of graphene from SiC 
substrates. 
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Arc discharge 
method 

Graphite top-
down 

Pure graphene 
cannot be 
obtained  

Applicable to 
obtain Boron or 
nitrogen doped 
graphene. 

Not scalable. 

Wet chemical 
synthesis 
(oxidation 
through 
Hummer, Brodie 
methods 
followed by 
Reduction of GO) 

Graphite top-
down 

Transparent 
conductive films 
are achievable. 
Useful to 
synthesis 
graphene-based 
composites. 

Economical and 
facile 
technique. 

Presence of oxygen 
impurities. Not suitable for 
most of the electronic 
applications. Can be obtained 
in lab but not good enough 
for commercialization. 
Significant number of defects. 

CNTs unzipping CNTs top-
down 

Few-layer 
graphene  

Scalable with 
controlled 
widths and 
edge structures. 
Better control 
over chemical 
functionalizatio
n and edge 
quality. 

Low yield. More expensive in 
respect to chemical 
exfoliation of graphite or 
graphite oxide. 

Mechanical 
Exfoliation 

Graphite top-
down 

High quality 
graphene. Few 
defects. yields 
mono-, di-, and 
few-layer 
graphene. 

Inexpensive. 
Simple process.  

Flakes randomly distributed, 
poor yield. Not scalable. Poor 
reproducibility. Not 
amenable for large scale 
production. Slow method, 
used mainly at laboratory 
scale  

Liquid-based 
exfoliation 

Graphite top-
down 

Low quality 
graphene 

Simple process. Expensive and hazardous 
solvents or surfactant 
molecules are difficult to 
remove and affect properties 
of graphene (including overall 
biocompatibility). Increased 
concentration of graphene is 
accompanied by the decrease 
in flake size and increase in 
defect contamination. 

Electrochemical 
exfoliation 

Graphite top-
down 

High quality 
graphene, low 
quantity of 
oxygen. 

Promising bulk 
method. 
Suitable for 
graphene 
nanocomposite
s/hybrids 
production. 

Produces a mixture of 
different thicknesses of 
graphite flakes with the 
possibility to isolate few-layer 
graphene by centrifugation. 
Surfactant molecules are 
difficult to remove and 
influence the electrical and 
electrochemical properties of 
graphene. 

 

Among the different chemical methods, wet chemical synthesis through graphite oxide (GO) as 

precursor of graphene-based materials is one of the most widely used protocol. In general, such 

approach involves the chemical oxidation of natural graphite using various solution-based routes, an 

exfoliation step (e.g., using ultrasonication) to isolate few layer graphene oxide sheets and then their 

thermal/chemical/electrochemical reduction to produce reduced graphene oxide (rGO) (more details 

find bellow [84]. The graphene resulting from chemical approach has limited solubility or even 

undergoes irreversible agglomeration during preparation in water and most organic solvents, owing to 

the strong π–π stacking tendency of rGO sheets [84]. CVD and micromechanical exfoliation of graphite 

are the most widely used fabrication methods of less defective graphene films [85, 86]. However, the 

CVD direct deposition of uniform graphene films on arbitrary substrates at low temperatures is not 
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possible and furthermore this method is incompatible with mass production processes or with delicate 

substrates [86]. The exfoliated graphene exhibits poor solubility in common organic solvents due to the 

addition of a stabilizer as the exfoliation liquid medium [85].  

Graphene finds applications in the fields of sensors, energy storage devices, fuel cells, high-strength 

materials, optoelectronic devices, and batteries. Recent applications include its use as armor material, 

for biomaterials production, in bionics, and in the biomedical sector for therapy, diagnosis and drug 

delivery [87-92]. 

It should be noted that the single-word “graphene” is now being used in the literature to refer to a wide 

variety of materials, that not always correspond to a mono layer graphene. According to Bianco et al. 

[93] when the number of stacked graphene layers increases from more than one, these particles should 

be referred as bilayer and trilayer graphene (for 2 or 3 layers), few-layers graphene (FLG) (between 2 

and 5 layer), multi-layer graphene (MLG) (between 2 and about 10 layers) and graphite nanoplates 

(GNP) (above 10 layers and below 100 nm thickness). Based on these terminology and guidelines, the 

term graphene nanoplatelets, very mentioned in the literature, is not recommended [93]. Also, the 

physical properties that make graphene such an exciting material, deteriorate rather rapidly with the 

number of stacked layers [94]. For instance, Gong et al. [95] reported Young’s modulus decreases from 

1 TPa to Ḑ600 and 400 GPa when going from an monolayer graphene to FLG and MLG of 5 or 10 layers, 

respectively. 

 

2.7 Graphene oxide (GO) 

Graphene oxide (GO) is a two-dimensional material with hexagonal carbon structure similar to 

graphene. It can be considered as the oxidized form of graphene, with oxygen-containing functional 

groups decorating the sp2 basal plane and the edges. The typical oxygen-containing groups in GO are: 

hydroxyl (–OH), epoxy, carbonyl (C=O), carboxylic acid (–COOH), lactone and phenolic groups [96-98]. 

GO contains both aromatic (sp2) and aliphatic (sp3) domains randomly distributed within the graphene 

oxide layered structure and the relative size of these two regions depends on the degree of oxidation 

(Figure 2). 

 

Figure 2 Graphene oxide structure [96]. 

Lerf and Klinowski [99] proposed a structural model of GO, known as the L–K model, which described 

GO as made by not oxidized aromatic patches of variable size, separated from each other by aliphatic 

6-membered rings decorated with functional groups lying both above and below the basal plane. In 

particular, hydroxyl and epoxy groups were randomly distributed on the GO single layer, while the 

carboxyl and carbonyl groups were distributed at the edge of the single layer [98, 99]. Erickson et al. 

[100] studying GO via SEM, assessed that this particle is not only characterized by disordered oxidized 

regions and unoxidized aromatic regions, but it also contains hole defects due to over-oxidation and 

lamellar peeling. 

Due to the presence of a large number of oxygen-containing functional groups, GO is hydrophilic and it 

can be easily dispersed in water solution, generating brownish appearance solutions with unique 

mechanical, colloidal or optical properties. Generally, GO water suspensions are characterized by high 
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colloidal stability [101]. Even though GO is most commonly dispersed in water, it can be also dispersed 

in organic solvents [102], where the GO sheets are negatively charged to become a colloidal suspension 

stabilized by electrostatic interactions. 

GO is characterized by a great variability in terms of dimensions and C/O ratio: these two aspects 

depend on the domain size of the starting graphite, the oxidation time, and the type of oxidation 

procedure [96]. GO flakes obtained at the end of oxidation are typically irregularly shaped and their size 

can vary from a few nm to mm [97]. The average lateral size of the GO flakes can be easily tuned by 

sonication: flakes dimensions are thus reduced by means of repeated fragmentation. The thickness of 

the GO flakes is another relevant morphological parameter. The AFM measured thickness of a single 

layer GO flake typically ranges between 1.0 nm and 1.4 nm [97, 103], well above the values of thickness 

typically measured for graphene (0.35 nm) due to the presence of oxygen-containing functional groups 

protruding out of the basal plane. Since the process leading to the production of GO results in disruption 

of the aromatic network of graphene layer and in the introduction of functional groups that inhibit its 

electrical conductivity, GO behave as high electrically resistive materials (resistivity around 1.6 x 104 

Ωẗm). In addition, GO exhibits also a low thermal conductivity of 0.5-1 W(mẗK)-1 [104]. 

GO can be produced in desirable quantities rather rapidly and at low cost by different methods. High-

quality GO can be easily produced from graphite flakes using well established chemical or 

electrochemical exfoliation methodologies. The chemical routes are based on protocols deriving from 

the modification and the improvement of previous approaches proposed by Hummers, Staudenmaier, 

Brodie. For instance, Hummers and Offeman significantly improved the original Brodie’s protocol, 

introducing the use of potassium permanganate (KMnO4) as an oxidizer instead of potassium chlorate 

(KClO3), which evolves toxic chlorine dioxide (ClO2) gas and the use of sodium nitrate (NaNO3) in the 

place of concentrated nitric acid (HNO₃) solutions [96, 104, 105]. The most used modification of this 

approach is probably the “improved Hummers' method”. This method uses a combination of phosphoric 

acid (H3PO4) and KMnO4 (at higher extent with respect to the classical Hummers' method) instead of 

sodium nitride. This improvement allows to significantly reduce the toxic gases evolution, provides an 

easier control of the reaction temperatures, and results in GO powders with a higher degree of oxidation 

[106]. A comparison among these GO chemical methods is reported in Figure 3.  

 

Figure 3 Comparison among the main chemical protocols to produce GO. 

Graphite can also be oxidized prior to GO synthesis to decrease the C/O ratio of the final product. The 

method proposed by Kovtyukhova et al. [107] required a graphite pretreatment with potassium 

persulfate (K2S2O8) and phosphorus pentoxide (P2O5) prior to use in the Hummers' method. Other 

researchers prior modified graphite into expanded graphite by thermal treatment or exposure to strong 

oxidizers to increase its interlayer spacing, resulting in easier delamination of the graphite oxide layers 

[108].  
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Recently, novel and greener approaches for GO synthesis have been proposed [96, 104]. For example, 

Yu et al. [109] reported a method based on iron-induced procedure in absence of acid media, while 

Peng et al. [110] as well proposed a Ferrate-based procedure, but the use of H2SO4 was necessary.  

The tunability of both GO oxidation degree and flakes combined with its easy processability, make GO 

an appealing material in many fields: electronics (sensors and transparent conductive films), composites 

materials (multifunctional gels, materials for water purification), clean energy devices (solar cells, 

supercapacitors), biology and medicine (for generation of neurons, cellular migration, drug delivery) 

applications. GO can be easily deposited by drop casting, dip coating, spray coating, spin coating, 

Langmuir-Blodgett (LB) technique, and vacuum filtration to produce good quality films and membranes 

[96, 104].  

 

2.8 Reduced graphene oxide (rGO) 

Reduced graphene oxide (rGO or RGO) possesses a heterogeneous structure comprised of a graphenic 

layer populated with structural defects and residual oxygen-containing functional groups [84]. rGO is 

quite easy to prepare with high yield from GO by using a variety of chemical, electrochemical, thermal, 

and microwave- and photo-assisted reduction methods. Each different reduction process leads to rGO 

differing in morphology, mechanical, optical and electrical properties. The differences depend also on 

the reduction degree. The key design factors in GO reduction include the C/O ratio of the end product, 

selectivity in removing a single type of oxygen group (hydroxyl vs carboxylic acid vs epoxy, etc.), healing 

of the surface defects of the GO from oxidation, and choice of green reducing agents. In addition, the 

different methods provide different advantages in scalability, energy usage, and amount of chemical 

waste produced [84, 104]. 

The use of chemical reducing agents to obtain rGO solutions is the most common reduction technique 

being hydrazine [111], metal hydrides and hydrohalic acids [112] the most commonly used reducing 

agents. Recently, a number of “green” reducing agents have been proposed, such as ascorbic acid, 

sugars, amino acids, and even microorganisms [112].  

The thermal reduction is performed by annealing GO at elevated temperatures in an oxygen-free 

environment [113] or by less-conventional methods such as microwave assisted reduction or flash 

reduction of GO films by high-intensity light [114]. rGO can also be synthesized through photocatalyzed 

reactions, for instance by the reduction of GO film using UV light in the presence of a titanium dioxide 

(TiO2) catalyst [115]. Electrochemical reduction doesn't require the use of chemical agents since the 

reduction process is driven by electron exchange between GO and the electrodes of a typical 

electrochemical cell [116].  

rGO exhibits mechanical, optoelectronic or conductive properties similar or comparable to those of 

graphene. Upon reduction, the electrical conductivity of GO can be greatly improved up to 

conductivities ranging from ~0.1 Sẗm-1 to 3x104 Sẗm-1 [84]. The conductivity is not so high as that of 

graphene because, even after reduction, rGO contains holes (as a consequence of the oxygen-containing 

groups removal) and defects including residual sp3 bonded carbon to oxygen, which disturbs the 

movement of charge carriers through the aromatic area. As matter of fact, electrical transport in rGO 

occurs primarily by hopping, which differs from that of mechanically exfoliated graphene [84]. rGO 

presents not only good absorption properties over the whole spectrum (even a single-layer of rGO can 

absorb a significant amount of light in the visible and near infrared range), but it also possesses 

functional groups that could make it dispersible in a variety of solvents of interest. It is worth noting 

that rGO tends to aggregate during the reduction process and therefore much research efforts are 

dedicated not only to the optimization of the GO reduction process but also to stabilization of rGO 

immediately after the reduction [84]. 
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rGO finds application in many fields. Sensing, biological, environmental or catalytic applications as well 

as optoelectronic and storage devices involving rGO have been widely reported recently in the literature 

[84, 104]. 

 

2.9 Graphene nanoribbons 

Graphene nanoribbons (GNR) are also considered quasi-one-dimensional (1D) structures because of a 

great disparity between their lengths and widths. GNR are long and narrow planar strips of graphene 

whose width is less than 50 nm. Similar to CNT, the graphene’s honeycomb structure provides two 

distinctive edge geometries: zig-zag and armchair, while chiral GNR have both zig-zag and armchair parts 

along the edges [117, 118]. Their electronic and optical properties are determined by their chemical 

structure which implies their width and edge configuration. The zig-zag GNR manifest metallic 

properties, while armchair GNR can have either semiconducting or metallic properties [119]. For sensing 

applications of GNR, an important step is to tune their bandgap which could be conducted by controlling 

the parameters such as width, crystallographic symmetry, edge structure, strain, and doping with 

heteroatoms [120].  

Similarly, to other CNM, GNR are generally chemically inert and do not form stable dispersions in the 

most commonly used solvents. However, due to their large surface area, physical adsorption of various 

molecules or nanoparticles occurs at GNR surfaces [121, 122]. The dangling bonds located at the edges 

of GNR enable their chemical modification by functionalization with various functional groups. GNR can 

be oxidized to introduce oxygen-functionalities at the basal and edge planes which, in addition to their 

wide bandgap and large surface area, make GNR suitable candidates for sensing molecules that have 

high oxidation potentials [123]. One or more carbon atoms from graphene lattice can be substituted 

with a heteroatom which induces changes in GNR’ electronic properties. Those changes can be tuned 

by the type and density of dopants, and their position at the lattice [124, 125]. 

There are several methods to produce GNR. Among them are longitudinal unzipping of CNTs [126] and 

cutting of graphene by lithography [127] as top-down methods, or CVD [128] as the bottom-up method. 

The main obstacle to the larger-scale utilization of GNR is the preparation of GNR with defined and 

narrow widths and smooth edges in larger quantities. To date, the highest quality of GNR was achieved 

by the unzipping of high-quality CNT and cutting of high-quality graphene, while the CVD method 

provides grams-per-day quantities of GNRs [119]. 

 

2.10  Graphene-like materials  

Recently many attempts to produce graphene-like materials starting from sources different from 

graphite have been formulated. For instance, Alfè and coworkers [129, 130] in the last ten years focused 

their efforts in the characterization and the utilization of graphene-like layers (GL) obtained through 

two steps oxidation/reduction approach involving a severe destructuration of a furnace carbon black 

(CB) (90 h of hot acidic treatment). In particular, the destructuration of the CB microstructure led to the 

isolation of two classes of water-stable materials: i) GL and ii) small graphenic fragments classifiable as 

carbon nanodots (CDs) exhibiting fluorescence in the visible region. After the oxidation step, graphene 

like layers in a highly oxidized form (GLox) were isolated and then chemically reduced and stored in 

aqueous suspension [129, 130]. The CB-derived GL materials are made up by stacked short graphenic 

fragments (the vertical sizes range from about 1 nm or less to a few nanometers while the larger lateral 

dimensions are a few tens of nanometers) characterized by a residual functionalization at the edge but 

not at the graphenic basal planes. Infrared and X-ray photoemission spectroscopy inspections indicated 

that the edges of the basal planes of CB-derived GL are decorated mainly by oxygen-containing 

functional groups (mainly carboxylic and carbonyl groups) [129, 130]. A more precise classification and 
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quantification of the main oxygen-containing functional groups was achieved by Coulometric–

potentiometric titration in the pH range 2.7 < pH < 7 [130]. The presence of such a complex variety of 

oxygen functional groups allows for an exceptional colloidal stability over a wide pH range (3-14) 

without the use of any surfactant. CB-derived GL exhibit a peculiar self-assembling behavior when dried 

on surfaces, as a consequence of the suspension pH, surface roughness and chemistry [130-132]. All 

these peculiar characteristic of CB-derived GL make them particularly suitable for the preparation of a 

wide array of hybrid materials including intercalated metal organic frameworks (MOFs) [133, 134], 

biocompatible interfaces [132, 135, 136] and photoactive materials [137]. CB-derived GL are also 

particularly suited to homogenously coat non-planar surfaces as living cells [138] and they exhibit no 

toxicity in vivo, since they do not lead to any perturbations of different biological parameters on the 

vertebrate model Danio rerio (zebrafish) [139]. The quite good conductivity of films of CB-derived GL 

(2.5 ± 0.3x10-2 S·cm-1) was exploited in the production of conductive hybrid materials [132-136] and in 

the preparation of prototypal chemoresistive sensing devices (by drop casting and inkjet printing) for 

the detection of alcohols vapors in the range of 0-100 ppm [131, 140].  

 

2.11 Bio-based CNM 

Climate change and global warming continue to threaten all living things in the world, especially 

biodiversity. In order to stop climate change, the world has to limit the use of fossil-derived carbon 

resources and stop it as soon as possible. In this sense, each sector seeks to find alternative green 

solutions by using high technology related to its own process.  Many branches of industry, especially 

the automotive, aerospace and defense sectors, always payed attention to using the most advanced 

technologies, and the desire to benefit from composite materials is increasing. Sustainability of 

composite materials for high performance applications is an important issue in modern processing 

technologies.  

In this sense, research has moved towards the attempt to produce carbon nanomaterials and graphene-

like materials from alternative sources, such as waste biomasses and bio-precursors. For instance, 

lignocellulosic biomass, the most abundant organic material on earth, has been recognized to promising 

alternative green carbon resources. Interest in "biochar" or “biocarbon”, the solid residue of the thermal 

(pyrolysis) transformation of lignocellulosic biomass, is increasing. In the newly released biochar market 

report, it is estimated that the biochar production in the world in 2026 will be 2 billion USD [141]. 

Biocarbon is the most cost-effective area for the development of next-generation functional carbon 

materials. As a stand-alone material or as a component in composite materials, biocarbon has proven 

its effectiveness and usage advantage in many areas from environmental improvement to sustainable 

energy. Every ton of biochar to be used instead of fossil derivatives will create a carbon sink, preventing 

one tonne or less of the equivalent CO2 from re-entering the atmosphere. The heterogeneous structural 

properties of biomass precursors and the production methods used play an important role on biocarbon 

properties. When the economic and environmental pollution problems in the world are taken seriously, 

research in this field have intensified [142, 143].  

Typically, carbon nanomaterials are produced from biomass via pyrolysis, including salt-based 

activation, chemical blowing, or the coupling with hydrothermal carbonization pretreatment, post 

exfoliation, and some other methods [144]. The activation processes using salts can be applied directly 

to the biomass or to the biocarbon after pyrolysis to produce the activated biocarbon with high yields. 

The use of potassium hydroxide (KOH) has been proven to be particularly effective in creating 

micropores and increasing the specific surface area of these products [145-148]. Also, many works 

demonstrated that the coupling with hydrothermal carbonization is determinant for graphitic region 

formation since the direct pyrolysis leads to an amorphous phase with a very graphitization degree 

[144]. Moreover, the salt-based method and the pyrolysis coupled with hydrothermal treatment 
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methods are widely applied and show great advantages in scalability compared with other methods 

[144]. Mechanical force (ball milling) and mechanical exfoliation (sonication) are favoured techniques 

from researchers to maximize the surface area of the biocarbon. There have been some studies where 

ball milling was applied both after pyrolyzed [149-151] or activation process [152, 153].  Peterson et al. 

[154] investigated the effect of ball milling parameters on surface area of biocarbon, denoting great 

influence on the quantity of solvent used. The types of biomass mostly used for the preparation of bio-

based carbon and GL materials are rice husk, empty fruit brunch, sugar cane bagasse, mango peel, pine 

bark, peanut shell, populous wood, among others [155, 156]. Recent studies on bio-based carbon 

materials derived from biomass are summarized in Table 3. 

Table 3 Recent studies on bio-based carbon materials. 

Product name Biomass type 
Manufacture 
technics 

Surface area or 
particle size 

Application Ref 

Biocarbon 
 

Miscanthus 
fibre 

Pyrolysis at 650 °C 
and 900 °C and ball 
milling (2h) 

300 m2ẗg-1 (650 °C) 
3.81 µm (900 °C) 
4.26 µm (650 °C) 

Filler in PP polymer matrix [149, 
150] 

Pyrolyzed at 650 °C 
*industrial ball 
milling for 24 hours 
** industrial 
hammer milled 

* 0.9 µm 
** 20-75 µm 

Filler in PLA polymer matrix [151] 

Activated 
Biocarbon 

Miscanthus 
fibre 

Pyrolysis at 700 °C -
Activated with KOH 
at 900 °C for 1 h 

BC: KOH (1:4) 

3024 gẗm-2 

High-performance EDLCs 
(Electric Double Layer 
Capacitor) 

[157] 

Bionanocarbon Oil palm 
shells 

KOH impregnation 
4h 120 °C - 
carbonization 700 
°C 30 min-high 
energy ball milling 
24 h 

Average 81.4 nm Nonwoven Kenaf Fibre 
vinyl ester 
Nanocomposites 

[158] 

Propionic Anhydride 
Modified Kenaf Fibre with 
Bionanocarbon in 
Nanobiocomposites 

[152] 

NaOH impregnation 
4h 120 °C - 
carbonization 700 
°C 30 min-high 
energy ball milling 
24 h 

Average 74.81 nm Modified kenaf bast fibre 
with propionic and succinic 
anhydrides-vinyl ester 
nanocomposites 

[153] 

Nano Bio 
charcoal  

bamboo solution casting 
method 

624.81 m2ẗg-1 
69.43 nm (Particle 
diameter) 

Nanofiller in PVA 
nanocomposites 

[159] 

Bio-few layered 
graphene 

waste peanut 
shell 

Pyrolyzed at 800 °C 
for 2h, activated at 
800 °C with KOH for 
2h- 10 % H2SO4 
aqueous solution 
through probe 
sonication for 1 h 
(mechanical 
exfoliation method 

2070 m2ẗg-1 Supercapacitor device [160] 

Graphene like 
nanosheets 

Coconut shell simultaneous 
activation (ZnCl2) –
graphitization 
(FeCl3) at 900 °C for 
1 h 

1874 m2ẗg-1 Supercapacitors  [161] 
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Chitosan bio-
modification of 
a carbon 
nanotube (CNT) 
arrayed 
electrode 

Chitosan from 
shrimp shells 

Bio-fabrication: 
coated CNT arrayed 
electrodes with 
thick chitosan films  

- Selectivity of 
electrochemical sensors in 
multicomponent biofluids 

[162] 

Bio-oil based 
carbon 
nanotubes 
cotton (Bio-
CNTC) 

waste cooking 
palm oil 

Thermal CVD 
(TCVD) furnace 
scaled-up prototype 

Ranging from 19.5 to 
36.2 nm 

Composite material, 
especially CNT/natural 
rubber-latex (NRL) 
nanocomposite, 
supercapacitor application. 

[163] 

A horizontal tubular 
FCCVD reactor and 
hybridization ZnO 
chemical bath 
deposition method 

64 nm Bio-CNTC 
44 nm hybridize CNTC 
with ZNR 

Comparable to other 
substrate such as glass and 
silicon 

[164] 

Biocompatible 
non-toxic 
materials  

Cellulose 
paper 

PPy/CNT composite 
deposited on 
cellulose paper 

24.65 m2ẗg-1 Implantable bio-electronic 
cells 

[165] 

Carboxymethyl 
cellulose (CMC) 

cellulose bio-nanocomposite 
films via solvent 
casting method 

N/A CMC/HNT bio-
nanocomposite films 
CMC as a matrix 
HNT as a filler 

[166] 

Carbon 
nanoparticles 
with high 
surface area 
from lignin 
 

Lignin -lignin by 
sublimation process 
(impregnation with 
KOH and freeze 
drying) 
 
-Thermo-
stabilization and 
carbonization of 
sublimated lignin 

42 m2ẗg-1 Carbon nanoparticles as 
high value-added products 

[167] 

 

Due to its high carbon content, plastic wastes can also be considered a feedstock of choice for the 

production of GL materials allowing for the identification of innovative, promising and more 

environmentally sustainable CNM production routes. The main results on such a topic have been 

recently reviewed with the aim of highlighting the current advances in wastes-derived graphene 

synthesis, identifying the synthetic difficulties encountered and to be faced in the next future and of 

predicting the future development in such research field [168, 169]. Monolayer, few-layer and multi-

layer graphene (including flash graphene) can be obtained from plastic wastes through many synthesis 

methodologies: (i) pyrolysis of the plastics directly over a metal substrate or in presence of a catalyst; 

(ii) CVD on a metal substrate using hydrocarbons evolving from the thermal decomposition of the 

plastics; (iii) thermal decomposition followed by ball milling and microwave sintering; and (iv) flash Joule 

heating (FJH) [169]. 

Similarly, bio-precursors, including glucose, xylitol, sucrose, caramel, chitosan, alginate, white straw, 

palm oil, allowed for the production of graphene-like materials by classical thermal methods (pyrolysis, 

carbonization, graphitization), chemical treatments (chemical activation), hydrothermal methods, 

template-based confinement method and combined approaches based on hydrothermal treatment and 

graphitization, chemical treatment and pyrolysis or carbonization [170]. Some preparation approaches 

required also the use of clay, sepiolite, oxides or metal salts as synthetic aid [144, 156]. In some cases, 

also the CVD on a metal substrate of products evolving from the thermal decomposition of bio-

precursors are proposed [155]. 

Recently, Sierra and coworkers [171-173] performed studies on the production of GL materials using 

coke (a product derived from coal). In one of their earlier studies, two carbochemical cokes and a 
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petrochemical one were oxidized and the resultant oxidized products exfoliated by ultrasound to yield 

graphene oxide materials [172]. These coke-derived GL materials exhibited characteristics similar to 

those graphite-derived, while the size of the sheets was larger [172]. The last approach they proposed 

was mechanochemical, where oxidative treatments were avoided by ball-milling of coke in presence of 

stearic acid [173]. They obtained GL products with high yield after one hour milling by using a 2:1 

mixture in weight of stearic acid and coke. Stearic acid acted as a lubricant and exfoliation aid and also 

prevented material oxidation. Atomic force microscopy (AFM) revealed that the obtained product was 

made up by few-layer stacked sheets with lateral sizes ranging between 1-3 μm [173]. This approach, 

due to the ample availability of the precursors, the low cost of the technology exploited and absence of 

toxic reagents, represents a green method for manufacturing few-layer GL materials in one step and 

good yield. Saha and coworkers [174] also proposed the production of graphene-like materials from 

petroleum coke by electrochemical exfoliation after an oxidative treatment of coke and the obtained 

product was further annealed to get an improved electrical conductivity. The morphological, 

compositional and structural analyses performed on the final product confirmed that the production of 

GL material in form of few-layered nanosheets [174]. 

Different types of multi-layered GL materials (biocarbon, activated biocarbon, bio-graphene and bio-oil 

based CNT, among others), have been produced from bio-precursors, biomass and wastes and exhibit 

high surface area, porous structure, high graphitization degree and chemically stable surfaces. These 

materials find a wide range of applications, including supercapacitors [157, 160, 161, 163], filler in bio- 

composites [149-151], nanocomposites [152, 153, 158, 159], biosensors [162, 175], advanced energy 

storage [176], conductive coating, etc [144, 155, 156, 170]. 

Generally, the quality of these materials obtained by unconventional sources is highly dependent on the 

feedstock, manufacturing techniques and fabrication conditions applied. Giving this, efforts should be 

made in the direction of a unified technological standard or grading system for graphene-like structures 

and overall performances. Moreover, the manufacture and application of these materials still needs 

investigation to guarantee a maximization of these promising materials.  

 

According to this extensive overview, it can be stated that carbon nanoparticles present outstanding 

advantages that make them attractive as fillers for different sensing applications. However, from a 

practical point of view, there are many challenges to be overcome regarding the incorporation and 

dispersion of CNM for developing novel materials. Therefore, in the following sections, guidelines and 

good practices referring to the manufacturing processes of CNM composites will be explored in more 

detail. 
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3 Thermoset-based composites 

Modified polymer nanocomposites with conductive CNM have recently attracted great interest in 

nanotechnology and materials science. For the design and manufacturing of advanced composite, epoxy 

is one of the most widely used conventional thermoset polymers. Owing to its high specific strength, 

stiffness, dimensional stability and chemical resistance, among others, epoxy resin has been increasingly 

used in highly demanding fields [177]. For instance, for aeronautic, aerospace and automotive 

applications, epoxy-based carbon fibre reinforced polymer composites (CFRP) are substituting 

structural metal components due to its high strength-to-weight ratio,  offering great impact in the 

reduction of fuel consumption and gas emissions, and easy processability into complex structures [178]. 

The addition of CNM to the epoxy resin, giving rise to modified suspensions that are further used for 

producing multiscale CFRP, has been highly desirable not only for the improvement of the brittle and 

insulating nature of the polymeric matrix, but also the interface between the carbon fibre and the 

matrix. Moreover, further multifunctionalities are able to be introduced in the modified materials, 

enabling its use for electromagnetic interference (EMI) shielding and sensing applications, among others 

[177]. 

 

3.1 Difficulties to disperse CNM in thermoset matrices 

As previously mentioned, CNMs present outstanding features but it is common to observe a discrepancy 

between theory and practice when it comes to modified composites, since the final properties of the 

materials are strongly dependent on the fabrication process and, in particular, by the dispersion state 

of the nanofiller and the interfacial adhesion between the particles and the matrix. Depending on the 

geometric features of CNM, the high surface area associated to the presence of van der Waals forces or 

π-π stacking, typically causes a strong agglomeration of CNM [179, 180]. In fact, one of the most 

technical challenges for the design and manufacturing of particle-reinforced composites with improved 

properties and multifunctionalities is the presence of agglomerates, and the difficulty to achieve 

homogeneous dispersion and stability, especially considering the desired formation of a conductive 

network to attain higher sensitivity for different sensing applications, while not fatally compromising 

other properties of the matrix. Therefore, researchers have been investigated different approaches to 

solve this and other problems associated with the properties of modified polymer composites  [181, 

182].  

 

3.2 Strategies to maximize properties of CNM in thermoset 
nanocomposites 

According to the International Union of Pure and Applied Chemistry (IUPAC), dispersion refers to a 

system in which distributed particles of one material are individually dispersed in a continuous phase of 

another material. At the same time, this term also indicates procedures used for the introduction of 

such particles in a continuous phase. CNM can be dispersed in thermoset matrices using different 

methodologies and approaches, which  are mainly divided in: i) mechanical (mechanical stir, 

ultrasonication and/or calendaring) and ii) chemo-physical ( chemical and physical functionalization) 

[181, 182]. It is important to note that both these types of methodologies can be combined to promote 

higher levels of dispersion of the particles in the matrix and to improve interfacial bonding between 

both.  
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3.2.1 Ultrasonication 

Ultrasonication is an effective method widely exploited to disperse fillers in liquids having a low 

viscosity. This technique can be performed either by using ultrasonic bath or an ultrasonic probe/horn, 

also known as a sonicator. Ultrasonication is based on the cavitation mechanism, which consists in the 

formation of high energy bubbles that collapse within the liquid and generate a wave-shock, providing 

high energy local shear and promoting the ‘‘peeling off” of individual nanoparticles located at the 

surface of nanoparticle bundles or agglomerates [181, 182]. Commercial probe sonicators have an 

adjustable amplitude ranging from 20 to 100 % and a power of 100–1500W. In this technique, and due 

to the viscosity of the thermoset matrices, the nanofillers are often dispersed in a solvent, such as water, 

acetone and ethanol, which is subsequently mixed with the resin and evaporated. Due to the substantial 

heat generated by ultrasonication, it is also common to use an ice bath to prevent the solvent 

evaporation. According to the literature, several authors report the use of bath sonication or 

ultrasonication  to successfully disperse carbon-based nanoparticles into thermoset matrices, such as 

SWCNT and MWCNT [183-189], CNF [190-192], multilayers graphene/GO/rGO [193-200]. 

For instance, Esmaeili et al. [201] prepared epoxy nanocomposites containing 0.25, 0.5, and 0.75 wt.  % 

SWCNT and CNT using sonication for 30 min with an amplitude of 50% to break the aggregates. Best 

electrical conductivity and mechanical results were achieved for lower CNT loadings.  Bouhamed et al. 

[202] carried out studies on the effect of sonication and curing time on the properties of 

nanocomposites containing MWCNT, and the results showed that sonication time bellow 25 min 

resulted in samples containing poorly dispersed CNT, with the presence of large aggregation. Better 

homogeneity and uniformity were observed above sonication time of 30 min. Kumar et al. [203] 

reported an approach to achieve homogeneous dispersion of CNTs in the polymer matrix by applying 

simultaneously ultrasonic waves and shear force generated by axial flow impeller. Field Emission 

Scanning Electron Microscopy (FESEM) studies confirmed cluster free uniform dispersion of MWCNT in 

epoxy matrix, which lead to enhanced tensile strength by 35 %, toughness by 53 % and storage modulus 

by 35 % with a loading of 0.75 wt. % CNTs. On the contrary, Tang et al. [204] reported that better 

dispersion was achieved for modified nanocomposites by first dispersing RGO into ethanol and 

ultrasonicating for 2 hours followed by planetary ball milling. The produced nanocomposites presented 

fracture toughness increase of 52 % over the neat epoxy and electrical conductivity 2 orders of 

magnitude higher than the poorly dispersed graphene for 0.2 wt. % incorporations. 

From an industrial point of view, the required used of high quantities of solvents, plus the additional 

steps to guarantee its complete evaporation, is not desirable not only due to costs, but also having in 

mind environmental concerns [205]. More recently, several authors reported the use of ultrasonication 

without the use of solvents. Frømyr et al. [206] studied the effect of different ultrasonication conditions 

on the direct dispersion of MWCNT into an epoxy hardener (methyl tetrahydrophthalic anhydride, 

MTHPA). The results showed that increasing the dispersion time or acoustic intensity of the sonication 

had a positive effect on the quality of the dispersion, by increasing the mass fraction of the free and un-

entangled nanotubes. However, at 70 % amplitude, unwanted side effects were detected, namely the 

degradation of the curing agent. It should be noted that this authors also added a block copolymer (BYK 

D2105) to further aid the dispersion of the CNT in the epoxy hardener. Gkikas et al. [207] also 

investigated the effect of sonication duration and amplitude on the mechanical properties of 

nanocomposites modified with MWCNT (sonication performed directly in epoxy mixtures with CNT). 

Fracture toughness enhancements of 250 % were achieved for 2 hours of sonication and 50 % sonication 

amplitude, while the use of 100 % amplitude for both 1.5 and 5 hours resulted in fracture toughness 

decreases. An and Jeong [208] also used ultrasonication to directly disperse graphene sheets into an 

epoxy resin for the production of composite films. The produced materials presented decreased 

electrical resistance from around 1013 Ω to 103 Ω with the increasing graphene content. 
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Even though good results were reported with the application of this methodology, it is important to 

notice that if the sonication treatment is too aggressive and/or too long, the fillers can be easily and 

seriously damaged [209]. Through RAMAN spectroscopy, for instance, it is possible to determine surface 

damage of CNT after sonication on the changes of characteristic bands: D-band at 1340 cm-1 is a defect-

induced feature attributed to disordered sp3 carbon on CNTs; G-band at 1580 cm-1 related to in-plane 

vibrations of the graphene layers (this band is independent of the presence of defects and it is used to 

determine the ratio of the D- and G-band intensities (ID and IG) for a qualitative analysis of defects) [209]. 

In extreme cases, the graphene layers of CNTs can be completely destroyed and the CNT are converted 

into amorphous nanoparticles. The localized damage to CNT deteriorates both the electrical and 

mechanical properties of the CNT/polymer composites [181]. 

3.2.2 Calendering  

The calendar, also known as three roll mills, is an equipment that employs shear stresses created by 

rolls to mix, disperse or homogenize viscous materials. A calendaring machine consists of three adjacent 

cylindrical rolls (i.e., the feeding and the apron rolls rotate in the same direction, whereas the centre 

roll rotates in the opposite) running at different velocities (the mismatch between the angular velocity 

of adjacent rolls is typically ω1: ω2: ω3 = 1:3:9) [181, 210]. The narrow gaps (controllable up to 5 µm) 

between the rolls, combined with the mismatch in angular velocity, result in locally high shear forces 

with a reduced residence time. Through the gradually decrease of the gap between the rolls, along with 

the repeated passage of the material on the rolls, it is possible to achieve a controllable and narrow size 

distribution of particles in the matrix  [182, 209]. The use of three rolls mill have been widely reported 

in the literature for CNT [210-214], CNF [215], multilayers graphene/ GO/ rGO [178, 216-219].  

Pras et al. [220] prepared nanocomposites modified with 0.7 wt.% CNT using an intensive mechanical 

mixer and a three rolls mill. Qualitative dispersion analysis showed that the CNT dispersion degree 

increased (based on individual CNT) from 10 to 45 % between 5 and 240 hours of intensive mixing, while 

the percentage of micron-size agglomerates decreased from 37 to 13 %, respectively. Better results 

were obtained using the three rolls mill, with a dispersion degree around 75 % and only 2 % of micron-

sized agglomerates. Campo et al. [221] used a calendaring process to disperse different types (long, 

short and amine functionalized) and loadings (between 0.1 and 0.5 wt. %) of MWCNT into an epoxy 

matrix. The dispersion cycle was composed by 4 stages where the gap between the rolls was 

continuously reduced from 120/40 µm (1st stage) to 15/5 µm (4th stage) at a velocity of 250 rpm. Based 

on the results obtained, this approach was successful to provide good dispersing of the different types 

of CNT in the nanocomposite. Moreover, Araujo et al. [178] studied the influence of the residence time 

and hydrodynamic shear stresses on the dispersion of different types of graphene particles (multilayers 

graphene and rGO) in an epoxy matrix, using a three rolls mill. The results evidenced that higher 

residence time and shear stresses promoted the reduction of size and number of agglomerates of 

samples prepared with 0.7 wt. % nanoparticles. Interestingly, Li et al. [94, 205] reported the direct in-

situ exfoliation/dispersion of graphene in epoxy using three rolls mill without the need of any additives, 

solvents, compatibilizers or chemical treatments. Nanocomposites presented increased electrical 

conductivity for 1 wt. % loading. 

On the other hand, Chandrasekaran et al. [216] compared the properties of multilayers graphene/epoxy 

nanocomposites prepared using different dispersion methodologies. Electrical and mechanical results 

denoted better dispersion achieved using the three rolls mill when compared with ultrasonication. 

Similarly, Imran and Shivakumar [222] evaluated the use of mechanical mixing, sonication and three roll 

mill on the properties of graphene/epoxy nanocomposites, denoting better results with the latter 

method. While other authors successfully combined ultrasonication with calendering to prepare epoxy 

nanocomposites with different loadings of multilayer graphene [223-226] and CNF [227]. 
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3.2.3 Functionalization 

According to the literature, the functionalization of carbon-based nanoparticles can be grouped into 

two main categories: i) chemical or covalent functionalization (new chemical groups are chemically 

bonded to the carbon atoms) or ii) physical or non-covalent (various molecules are physically wrapped 

around the nanoparticles). 

Among the different types of chemical functionalization of CNM, wet functionalization via acidic 

oxidation is one of the most commonly adopted. It serves the dual goal of introducing new chemical 

groups and removing metal particles (trapped catalyst) and amorphous carbon. This is especially true 

when nitric acid (HNO3) is used to remove residual metals and to introduce oxygen-containing groups 

(mainly carboxylic acid). Specifically, the acid treatment is to create covalent sidewall groups by an 

oxidative process with strong acids, such as HNO3, sulfuric acid (H2SO4) or a mixture of them. For 

example, after this type of treatment, the hydrophobic surface of CNT turns into hydrophilic, which can 

be easily soluble and disperse uniformly in many solvents and polymer matrices, resulting in notably 

improved mechanical and other multifunctional properties for the bulk nanocomposite [228-230]. As 

mentioned in the previous section, GO is normally obtained from the exhaustive oxidation and 

exfoliation of graphite, and contains a range of oxygen functional groups with specific chemistry [105, 

231, 232].  

Tiwari et al. [233] carried out a quantitatively assessment on the dispersion quality of  as-grown, 

oxidized, and functionalized CNTs in an epoxy matrix.  It is shown that carboxylic functionalization 

reduces the average CNT agglomerate size and thus ensures better dispersion of CNT in epoxy at 

loadings between 0.05 and 0.25 wt. %. The improved dispersion leads to enhanced interfacial 

interaction at the CNT/epoxy interface and hence provides higher relative improvement in 

nanocomposite properties, such as tensile strength and modulus, compared to the samples prepared 

using as-grown and oxidized CNT. Yang et al. [212] evaluated the influence of the dispersion and 

interface on the mechanical properties of as received and functionalized CNT with COOH, using a three 

rolls mill. SEM and STEM observations denoted a better dispersion state of the functionalized CNT, 

which was further confirmed by the improvements on the tensile properties of the nanocomposites for 

a range of concentrations between 0.2 and 1.0 wt. %. 

CNT containing COOH groups can be even further functionalized to introduce, for instance, amine 

groups able to confer improvements on the mechanical and thermal properties of the modified 

nanocomposites when compared to pristine CNT [234-236]. Mostovoy et al. [237] prepared epoxy 

nanocomposites containing pristine and amino functionalized MWCNT. Promoted by better particles’ 

dispersion, the nanocomposites containing amine functionalized MWCNT presented tensile strength 

enhancement of 108 % and impact strength 300 % higher than the unmodified matrix, while the increase 

observed for pristine MWCNTs was 89 % and 225 %, respectively. In addition, Armstrong et al. [238] 

functionalized CNTs with different amine compounds that are commercially available as cross-linking 

agents for the epoxy resin, resulting in nanocomposites with improved mechanical properties. 

Moreover, Zhu et al. [239] introduced functional amine terminated groups via silanization to de surface 

of CNF to improve its dispersion in the epoxy matrix. Abdalla et al. [240] compared the properties of 

nanocomposites containing carboxyl and fluorine functionalized MWCNTs, denoting better dispersion 

in the matrix of the latter. Konnola and Joseph [241] proposed a new surface-modified of MWCNT with 

carboxyl terminated poly(acrylonitrile-co-butadiene) (CTBN) by side-wall functionalisation. 

Nanocomposites produced with 0.3 wt. % of this functionalized MWCNTs presented an improvement 

of ~117 % in fracture toughness and 25 % enhancement in tensile strength when compared to the neat 

epoxy, while the improvements were less significative for the nonfunctionalized MWCNT. While Park et 

al. [242] functionalized GO with amine terminated poly(acrylonitrile-co-butadiene) to improve the 
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dispersion of the graphene sheets in the matrix. The produced nanocomposites presented 50 % fracture 

toughness increase with 0.04 wt. % functionalized GO loading. 

Ozone treatment of MWCNT is considered to have high efficiency, low cost, as well as easy operation, 

while also being able to operate at room temperature (RT) without the aid of organic solvents [243]. 

This treatment has also been employed to prepare CNT for further silane functionalization, to improve 

the dispersion of the particles in the matrix and the mechanical properties of the nanocomposite [244]. 

Silane coupling agents were also used by Kim et al. [245] to modified the surface of multilayers graphene 

to enhance the dispersion of the particles in the epoxy matrix. Alternatively, plasma treatment is 

another possible method for adding functional groups to CNT and improve their compatibility with the 

matrix. This approach is advantageous compared to acid treatments as it is a dry process and 

functionalisation can be done in one step. However, most of the reported investigations were 

performed on small scale, with typical quantities around 1 g at a time [246]. Williams et al. [247] 

developed an enhanced oxygen plasma treatment for 25 g of nanomaterials and scalable up to 1 kg, 

showing the presence of 3 wt. % of carboxylic acid groups and an increase in the bulk density from 151 

to 76 kg·m-3, when compared to the as-received CNT.  

Wan et al. [248] also reported the functionalization of GO with diglycidyl ether of bisphenol-A (epoxy 

groups), resulting in modified nanocomposites with improved tensile properties when compared to the 

neat epoxy and modified resin with “pristine” GO. And Yao et al. [249] produced enhanced 

nanocomposites using GO functionalized with 4-nitrobenzenediazonium salt, with tensile strength 

increase of 30 % and thermal conductivity 2.5 times higher than the neat epoxy. 

On the other hand, non-covalent functionalization is based on the physical interaction between the 

nanoparticles and other chemicals, such as electrostatic interactions, van der Waals forces, hydrogen 

bonding, or π‐π stacking interactions. Different types of polymers or block copolymers (for instance 

presenting one block with affinity with the nanoparticles and the other with the matrix) are able to 

create a layer surrounding the CNM, improving its dispersion and stability, avoiding re-agglomeration. 

Similarly, is it also common to use amphiphilic species, such as non-ionic surfactants (Triton X-100), 

anionic surfactants (sodium dodecyl sulphate, SDS), and cationic surfactants (cetyl trimethylammonium 

bromide, CTAB).  

This methodology, when compared to the chemical functionalization, presents as an advantage the fact 

that the structure of the CNM is not damaged [181]. However, the efficiency of the particles dispersion 

strongly depends on the nature of the polymer/surfactant and the amount of dispersant used. In fact, 

excessive levels of dispersant may have a negative impact on the mechanical, electrical and thermal 

properties of the modified composites, despite providing good particle dispersion [250]. The total wrap 

of the particles with the dispersing agents may prevent particle-particle interactions needed for the 

formation of conductive networks throughout the matrices [251]. 

Jaemin Cha et al. [252] produced nanocomposites containing poly(styrene sulfonate) (PSS) and poly(4-

aminostyrene) (PAS) attached on the surface of CNT by noncovalent functionalization. At first, stable 

noncovalent functionalized CNT/solvent dispersions were achieved when compared to the pristine CNT. 

The mechanical performance of the modified nanocomposites was improved, in particular for the 

materials containing 1 wt. % of PAS-CNT. Moreover, Loos et al. [253] studied the use of 8 different 

dispersing agents, polymers and surfactants, on the properties of nanocomposites containing 0.075 

wt.% MWCNT. Even though the addition of these agents resulted in stable epoxy suspensions, only a 

few resulted in nanocomposites with improved tensile properties (L-7602 and BYK-9077). Geng et al. 

[254] demonstrated the successful use of Triton X-100 to disperse CNT, with improvements in flexural 

properties and electrical conductivity. While Wan et al. [255] used the same surfactant to disperse rGO 

and prepare modified nanocomposites with improved tensile properties with loadings bellow 0.2 wt. %. 

Similarly, Poutrel et al. [250] reported the successful use of Triton X-100 to disperse multilayers 
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graphene, denoting electrical and thermal improvements (up to 220 % increase in thermal diffusivity at 

5 wt. %). 

Apart from the most common methods previously mentioned, a few authors also reported alternative 

approaches. Hameed et al. [256] reported the combination of ultrasonication with the use of ionic 

liquids (IL), since it is proposed that the π– π stacking interactions of CNT are shielded by the high 

dielectric constants of IL restricting them from rebounding. In this case, the IL 1-butyl-3-

methylimidazolium tetrafluoroborate (BMIMBF4), was used both as a dispersing agent and a curing 

initiator for the epoxy resin, becoming part of the crosslinked matrix. Reinforced nanocomposites with 

0.7 wt.% of MWCNT presented a 95 % increase of the plain-strain fracture toughness (KIC) when 

compared to the neat epoxy. Recently, Naeem et al. [257] developed a facile, green and novel approach 

has the for preparation of well dispersed graphene/epoxy nanocomposites, involving microwaving of a 

commercial graphene precursor and mechanically stirring to produce multilayers graphene in a hot, 

liquid-state epoxy resin, eliminating the need for organic solvents and surfactants. 

Based on the literature, Table 4 presents a summary of the advantages and disadvantages of the main 

dispersion techniques normally used to disperse CNMs. 

 

Table 4 Resume of advantages and disadvantages of each dispersion methods [181, 182, 209]. 

Dispersion Method Advantages Disadvantages 

Ultrasonication Good level of dispersion achieved.  Risk of damaging the structure of the CNMs. 

Use of solvents (not environmentally friendly, 

and additional steps for its removal). Causes 

heat of the solution. Not very appellative from 

an industrial point of view. 

Calendering CNMs can be directly dispersed in the 

polymeric matrix. Great dispersion 

achieved. Scalable method. 

It may require multiple cycles and long time to 

achieve good particle dispersion. Aggressive 

conditions may result in damages on the 

CNMs. 

Intensive mixing CNMs can be directly dispersed in the 

polymeric matrix. Scalable method. 

So far, limited levels of dispersion achieved. 

Chemical 

functionalization 

Improved compatibility with the matrix 

and good dispersion achieved, in 

particular when used in combination with 

other dispersion techniques. 

Introduction of damages on the CNMs. 

Reduction of the electrical properties of the 

particles. Not environmentally friendly. Some 

methodologies are not scalable. 

Physical 

functionalization 

Improved compatibility with the matrix 

and good dispersion achieved, in 

particular when used in combination with 

other dispersion techniques. 

Does not introduce damages to the CNMs. 

Scalable method. 

Large quantities may be required to achieve 

good dispersion, which can also lead to a 

decrease of the electrical conductivity of the 

composites. 

 

3.3 Carbon fibre reinforced polymer composites 

As previously mentioned, thermoset resins are commonly used for the preparation of high performance 

CFRP for demanding applications. Besides the improvement of mechanical properties, the introduction 

of CNM has the advantage of providing other attributes to the modified material (multifunctionalities). 
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Recently, increasing interest is found on the production of CFRP with self-sensing abilities as a way of 

structural health monitoring (SHM), based on changes of the electrical conductivity of the materials. 

The ability to detect and monitor the internal damage state of a CFRP structural part would introduce 

huge advantages, for instance in the aerospace sector, since nowadays the parts are typically 

overdesigned to offset the possibility of unexpected internal failures, which works against the weight 

reduction purpose of using them in the first place [258]. This feature would also allow the set-up of 

proper safety thresholds and the risk reduction of catastrophic failures. The first self-sensing concept 

for CFRPs relies on electrical methods to detect the internal health status of composites using the 

intrinsically conductive CFs as damage sensors. Nevertheless, due to the highly anisotropic 

conductivities of CFs, the failure modes that can be self-sensed are mostly fibre breakage, which 

normally occurs near the end of a component service life. Since early stage damage and matrix failure 

modes,  cracking or delamination, depend strongly on the resin (typically insulating), different CNMs 

have been introduced to increase the matrix electrical properties [258]. 

Focussing on CFRPs based on continuous carbon fibre or fabric surrounded by a polymeric matrix, there 

are several manufacturing technologies available and hand layup, prepreg combined with autoclave, 

vacuum infusion, pultrusion and filament winding are considered the most relevant [259]. There are 

also interesting automated approaches already used in certain industries, which allow the increase of 

production throughput, including additive manufacturing, automated fibre or tape placement or 

combinations between complementary technologies [259-261]. Regarding the development and 

production of modified thermoset based CFRP, there are two main approaches to utilize CNMs which 

can be mainly divided into: 1) matrix modification and 2) fibre modification (Figure 4). 

 

Figure 4 Main approaches to manufacture modified CFRP with CNM. 

 

3.3.1 Matrix modification 

In general, the previously reported methods for the successful dispersion of CNM in the epoxy resin are 

applied to further produce multifunctional CFRPs. Based on the literature, the most common production 

methods using modified resins are hand layup, pre-impregnation and infusion. It should be noted that 

the simplistic term “infusion” here used embodies a wide variety of methodologies, such as resin 
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transfer moulding (RTM), vacuum assisted resin transfer moulding (VARTM), or vacuum assisted resin 

infusion (VARI), among others [262]. 

In the past years, the utilization of CNM to reinforce and introduce multifunctionalities in CFRPs has 

been extensive. However, the electrical or mechanical improvements are not always observed or 

linearly passed from nanocomposite to fibre reinforced composite level. The addition of CNM into the 

resin can introduce complexities related to increased viscosity, CNM filtration, uneven coating 

throughout the laminate, improper bonding between the layers and penetration of resin into the fibres 

[262]. Also, the CFRP manufacturing procedure plays a significant role on the final properties of the 

modified materials. For instance, Abdelal et al. [263] used modified resin with 1 and 2 wt.% CNT to 

produced nano-enabled CFRP by hand layup assisted with vacuum bagging. In general, the tensile 

properties of the modified composite materials were similar to the reference. While Hsiao et al. [264] 

reported the preparation of CFRP using a similar methodology and modified matrix with 0.3 wt. % of 

CNF. The CNFs were aligned transverse to the CF fabric (z-thread), which resulted in a 29% increase of 

the interlaminar fracture toughness (GIC). Using the same methodology, Kandare et al. [265] explored 

the influence of GNP on the through-thickness electrical conductivity of CFRPs by measuring the 

laminate electrical volume resistivity. 55% reduction in the through-thickness electrical volume 

resistivity was achieved with an addition of 1 vol. % GNPs. Even tough hand lamination is a simple and 

well-established fabrication method, it is normally not compatible for industrial scale, in particular for 

high demanding applications. 

Regarding the pre-impregnation process, Santos et al. [266] produced unidirectional (UD) prepreg 

materials and CFRP containing 0.043 wt. % of pristine or functionalized MWCNT, which resulted in 

interlaminar fracture toughness increases of 11 and 44 %, respectively. These findings denote 

impressive enhancements at ultralow particles loading can be achieved if a homogeneous and stable 

dispersion is ensured as well as a stronger interfacial bonding. Godara et al. [267] also produced prepreg 

materials modified with 0.5 wt. % of pristine and functionalized CNT, obtaining an interlaminar fracture 

toughness increase of 80 %. Kostagiannakopoulou et al. [268] used the same methodology to prepare 

UD-CFRPs containing modified resin with 0.5 wt. % GO and GNPs, denoting similar interlaminar fracture 

toughness improvements around 50 % for both particles. Araujo et al. [178] obtained both interlaminar 

fracture toughness and transverse electrical conductivity improvements on modified CFRPs containing 

0.09 wt. % of rGO and 2.1 wt. % GNP. While impressive 227 % transverse electrical conductivity increase 

was obtained by Rodríguez-García et al. [269] for CFRPs containing 2 wt. % GNP. 

Researchers have also extensively used infusion approaches to prepared modified CFRPs including the 

matrix modification with CNT [270], CNF [271], GNP [272] and graphene GO [273]. However, some of 

these studies highlighted potential manufacturing issues regarding the use of modified matrices with 

CNM, not only due to its increased viscosity that further difficult the infusion process, but also because 

ofnanoparticles filtration by the CF fabric that results in a non-homogeneous distribution. In these cases, 

the agglomerates of the CNM can act as defects and decrease the overall mechanical performance of 

the final material, without contributing to the improve to the transverse electrical conductivity [274]. 

In addition, Qin et al. [275] showed that the introduction of GNP in CFRPs could bring an increase of 

165% in the electrical conductivity through the thickness direction, compared to those without GNP, 

generated by a continuous conductive path between CF and epoxy from one side to another in 

composite. The electrical conductivity through the thickness was greatly enhanced because of the ability 

of conductive GNP to percolate with each other and to connect adjacent CF. 
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3.3.2 Fibre modification 

Another interesting way to introduce CNM in multiscale CFRPs consist in the modification of the CFs 

with the nanoparticles, as represented in Figure 5. This can be done using different surface treatment 

methodologies, such as electrophoretic deposition of CNF [276] or GO [277], spraying of GNP solutions 

[278], sizing with CNMs solutions [279], or even in situ growth of CNT on the CFs [280]. 

 

Figure 5 Illustration of the reinforcement from the modified fibres with CNT in the hybrid composites. 

 

Boroujeni et al. [281] developed CFRP by hand layup assisted with vacuum bagging and hot press, with 

CNT grown on the CF (varying several parameters on the CNTs growth). The tensile results obtained for 

the different modified materials were similar to the reference, with only 11 % increase of the tensile 

strength for the samples where the underlying nickel catalyst formed a fine checkerboard patterned 

and the fabric coated with 75 mm silicone dioxide (SiO2) and 2 mm nickel catalyst films, where the CNTs 

were grown thereafter. Islam et al. [282] used a chemical method to graft CNT onto CFs by direct 

covalent bonding to form a CNT-CF hierarchical reinforcing structure, via ester linkage (formed at 70 °C 

without using any contaminating catalyst or coupling agent). The modified CFRP presented increased 

electrochemical capacitance properties by rapid ion diffusion through active CNT sites and defects 

created during grafting (specific capacitance 3.5 times greater than pristine CF), indicating substantial 

promise as a material for fabricating textile supercapacitors with superior strength, flexibility and 

performance. 

Li et al. [283] prepared aqueous suspension with commercially functionalized CNT that were further 

used to coat CFs. Depending on the type of commercial CF, CFRPs containing COOH-CNTs presented 

interfacial shear strength increases of 43 and 12 %. Similarly, Zhang and co-workers [279] prepared 

CFRPs with modified CFs with sizing solutions containing different loadings (1 to 10 wt. %) of CNFs. After 

the push-out tests, it was found the CFs sizing with CNFs could generally increase the interfacial shear 

strength, in particularly for lower nanoparticle addition. 

CFRPs with improved damage sensing capabilities were developed by Zhang et al. [284] through the 

application of low concentrations of CNT into CF prepregs using a spray coating technique. Besides 

interlaminar fracture toughness enhancements of 50 % with 0.047 wt. % CNTs addition, excellent 

sensing signals were obtained and analysed, with good correlation between crack propagation and 

electrical resistivity.  
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4 Thermoplastic-based composites 

Thermoplastic polymers are widely used as matrices for composites with CNM [285-290]. Their main 

advantage is the possibility to use melt processing for the composite production and shaping methods 

which can be easily scaled up by available extrusion and injection moulding methods. Many 

thermoplastics can also be dissolved in common solvents and thus, composites can be further 

manufactured by solution mixing and shaping from such dispersions. In principle, all thermoplastic 

polymers can be processed in such CNM containing composites. Other preparation methods applied to 

thermoplastic-based nanocomposites are the in-situ polymerisation in presence of nanofillers (in melt 

or solution) [291, 292] and the latex approach [293, 294]. Other shaping methods of thermoplastic-

based CNM containing composites are compression moulding, shape extrusion (e.g., tubes, profiles), 

melt or solution spinning [295-297], foaming [298-300] and 3D printing [301, 302].  

Based on the intrinsic properties of CNMs themselves, as described above, mainly the unique property 

of being electrically conductive is exploited in conductive polymer composites (CPCs) for many 

applications, such as antistatic housings, electromagnetic shields, conductive electronic parts, etc. For 

this, the filler amount added has to be above the electrical percolation threshold, fc, which means that 

the conductive filler has to form a pathway that goes through the matrix and thus, makes the whole 

material electrically conductive. However, the nanofiller do not have to contact each other directly, as 

the electrons are able to tunnel hop over certain distances (assumed to be in the range below 10 nm). 

Thereby, the aspect ratio of the filler plays an important role, with the general trend being that the 

higher the aspect ratio, the lower the electrical percolation threshold.  

However, also the excellent mechanical strength of CNM is a reason to incorporate them in 

thermoplastic matrices and to make the corresponding polymer matrices stiffer, stronger [289], better 

scratch resistant, less breakable, with lower creep behaviour [303, 304] etc. The effects are usually 

higher the greater the difference between the moduli or the mechanical properties of the matrix and 

the filler, which means that higher effects can be achieved in softer materials. The filler amount 

dependence is often not linear, as at higher loadings remaining primary agglomerates reduce the 

available surface of the nanofillers for interfacial adhesion or act as starting points for cracks. In addition, 

at the filler content when an electrical network is formed, typically the elongation at break reduces 

significantly as the typical deformation behaviour of the matrix is disturbed by the network [305]. 

In addition, the crystallization behaviour of partially crystalline thermoplastics can be influenced as 

CNMs with their high surface area act nucleating [306] and can reduce e.g., cycle times in injection 

moulding. Also, the fire behaviour may be positively influenced, e.g., by reducing the maximum heat 

release rate or reducing the induction time [307, 308]. Barrier properties can also be improved, 

especially when platelet-like fillers (such as graphene or graphene and graphite nanoplatelets) are used 

[309, 310]. The thermal conductivity typically is also improved, even if much higher contents than for 

electrical conductivity are needed to see significant changes due to the needed phonon transport 

requiring nearly direct filler contact [311-313]. 

Another property which derives from the electrically conductive character of CPCs are their ability for 

sensing [314], such as deformation or strain sensing [315, 316], liquid sensing [296, 317], vapour sensing 

[318] or temperature sensing [319]. The sensing ability derive from changes in the electrically 

conductive network structure when the composite or polymer matrix is exposed to strain or 

temperature changes or is swollen by solvents with suitable polymer interactions or their vapours. The 

sensing behaviour is then assigned to changes in the electrical resistance of the composites upon 

exposure. 

Based on mainly the electrical properties, also the EMI shielding behaviour of polymers can be 

dramatically improved when adding CNM [320]. This enables applications to protect critical electrical 
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devices and to save the environment from harmful electromagnetic waves. Next to that, CPCs also can 

show thermoelectric properties, meaning that temperature differences at the surfaces of such 

composites can be transformed into an electrical thermovoltage [321, 322]. 

In this sense, CNM can be regarded as multifunctional additives also in thermoplastics. 

 

4.1 Main drawbacks when using CNM in thermoplastics 

The effects of CNM in matrices strongly depend on the degree of CNM dispersion and the interfacial 

adhesion. As most CNM are produced in an agglomerated state [323-325], the break-up of such 

agglomerates and the individualization of the primary particles is essential. How good such dispersion 

is possible depends on the structure and the agglomerate strength of the primary agglomerates. For the 

example of MWCNT, bird-nest structures or yarn-like structures are reported which have different 

dispersibility [326]. It was found that higher shear stresses are needed to individualize agglomerates of 

the material Baytube C150P as compared to those based on Nanocyl NC 7000 [326]. There are several 

processes involved in the dispersion of primary agglomerates, which are the infiltration and wetting 

processes of polymer melts inside such primary agglomerates followed by the break-up or erosion of 

the agglomerates and the subsequent distribution of the smaller agglomerates or primary particles in 

the matrix [327]. As polymer melts are compared to epoxy resins much more viscous, the infiltration 

step is typically worse. A good infiltration process would require loose agglomerates and long time and 

would be as better as lower the viscosity of the matrix is [328]. Another factor which plays a role for 

infiltration and wetting is the interfacial tension between the matrix and the filler: higher interfacial 

tension is commonly associated with worse wetting ability and interfacial adhesion between matrix and 

filler. For example, depending on the surface tension of different polymers and one type of MWCNT, 

larger primary agglomerates were found at higher interfacial tension [328]. For the second step of the 

dispersion mechanisms, the break-up and erosion processes, the relatively high viscosity of polymer 

melts is favourable. Higher shear stresses typically lead to better dispersion, meaning smaller remaining 

agglomerates or even complete individualization. The process of distribution is also favoured by 

thermoplastic melts; sedimentation processes that occur for epoxy matrices typically do not take place.  

Even if quite a high amount of research was spent into the topics of dispersion and enhancing interfacial 

interactions, these two problems are still a drawback when looking towards industrial applications. 

 

4.2 Strategies to maximize the properties of the CNM based 
composites 

4.2.1 Enhancing interfacial interactions between CNM and thermoplastics  

In order to improve the compatibility between the polymer matrix and the CNM filler, the interfacial 

tension between both should be low. For a given polymer/CNM combination, this can be achieved either 

by modification of the CNM’ surfaces, e.g., by adding functional or even reactive groups during the 

synthesis or covering with additives bearing functional groups or by modification of the polymer matrix. 

In addition, additives, often called as compatibilizers, can be added which typically have parts which are 

compatible with the filler and compatible with the matrix. Such additives also can induce chemical 

reactions to the composite components.  

For polypropylene (PP), a typical modification is the anhydride grafting of the matrix or part of it. The 

maleic anhydride groups show high interaction, sometimes even reactions, with the functional groups 

existent at the surface of most CNM, such as -COOH or -OH groups. For example, it is reported in the 

literature that a styrene maleic anhydride copolymer was applied to enhance the dispersion of CNMs in 
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polyamide 12 [329, 330]. Another example is the use of peroxide in order to create reactions between 

CNTs and the polymer matrix, as described in for PP-MWCNT composites produced using a laboratory 

scale extruder [331]. 

 

4.2.2 Enhancing dispersion of CNM in thermoplastics 

The processing conditions also play an important role on the achieved state of dispersion [305, 328, 

332-334]. Taking twin-screw extrusion as an example, it was found for the dispersion of pristine 

MWCNTs that the following parameters influence the state of CNM dispersion: 

Screw configuration: The screw length and the order and geometry of the used mixing and conveying 

elements play an important role on the dispersion of primary agglomerates and thus, on the resulting 

properties. There are only few systematic studies reported on this issue, which concern 

polycaprolactone (PCL) and polycarbonate (PC) based MWCNT composites. In general, the use of back-

conveying elements and the extension of the processing length resulted in an increase in the residence 

time which is favourable for the nanotube dispersion. When using distributive screw configurations 

containing mixing and conveying elements the CNT dispersion can be enhanced as compared to 

dispersive screw configurations with kneading and conveying elements in the metering zone [335, 336].  

Nanofiller feeding position: Depending on the structure of the carbon nanofiller material, feeding with 

the polymer in the hopper or feeding in a side feeder in the already molten polymer may be favourable 

for a suitable dispersion and good electrical and mechanical properties. This was shown for example for 

different types of MWCNTs when incorporated into polypropylene (PP) [337]. The recommendation was 

that the more compact Baytubes C150P agglomerates should be added into the hopper, whereas for 

the more loosely packed Nanocyl™ NC7000 agglomerates, addition using the side feeder resulted in 

better dispersion, lower electrical resistivity, and higher mechanical properties. 

Incorporation of the nanofiller by direct incorporation or using a masterbatch: In general, it is found, 
that the two-step extrusion when preparing a masterbatch with high filler content in the first step and 
then diluting it to the desired concentrations results in better nanofiller dispersion than the direct 
incorporation. However, on the other hand one has to consider that the specific mechanical energy 
(SME) introduced by the two-step procedure is higher and that, in addition with the second melting 
step, the reduction in particle sizes may be higher. For the example of MWCNTs in PP, it was shown that 
the electrical resistivity of composites produced using the masterbatch approach was higher than that 
direct incorporation, even if the dispersion was better. This indicated that a more pronounced MWCNT 
shortening occurred in the two-step procedure [338].  

Throughput, rotation speed, melt temperature: There are some studies which systematically investigate 

the influence of these factors. One has to consider that the input of SME as well as the residence time 

are dependent on these conditions and are varied when changing those. Thus, clear tendencies are 

difficult to obtain. In general, it was found that both, an increase in rotation speed and throughput 

resulted in a decrease of the residence time. The increase of rotation speed led to higher SME inputs 

inducing a significant better CNT dispersion, whereas an increase in throughput resulted in worse 

dispersion [333, 335, 339-341]. These influencing factors are also found and discussed in the literature 

for the dispersion of GNPs in PP [342, 343]. 

In addition, the use of unconvential methods, such as introducing ultrasound in the extruder is reported 

to enhance the dispersion and by such the properties of CNM containing composites [344-347].  

In all these variations of processing conditions it should be also considered that harsh conditions can 

affect the size and aspect ratio of the CNM fillers in a negative way. For example, Krause et al. [323, 348] 

found, that after melt extrusion in a twin-screw extruder the initial length of MWCNTs (here Nanocyl 

NC 7000) was reduced to about one third. This reduction was not only strongly dependent on the 
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extrusion conditions, but also on the CNT concentration in the composites [349]. For expanded graphite 

nanoparticles, extended mixing time (in small-scale mixing) resulted next to a better macrodispersion 

in a reduction in lateral size which could explain the increase in electrical resistivity with mixing time 

[342]. 

As second main strategy, the use of additives supporting good dispersion of CNMs is widely studied. 

Such additives help in different ways. If premixed with the filler, they reduce the agglomerate strength 

of the primary CNM particles due to their typically low viscosity and good penetration in the 

agglomerate structures. During mixing they stabilize dispersed particles in the melt due to their 

localization at the interface between filler and matrix and prevent the often-observed process of 

secondary agglomeration. Examples are given by Müller et al. [350] when using PEG in polyethylene 

(PE) based MWCNT composites. PE has low interactions with MWCNT, however when using PEG a 

significant increase in the state of dispersion (observed from light microscopy images and SEM studies) 

could be found. Similar to what was stated previously for the thermoset-based composites, IL can also 

be used to enhance the dispersion of CNT. Socher et al. [351] reported significant dispersion 

improvements for PA12/MWCNT composites using imidazolium based IL. Bifunctional coupling agents 

were also reported to reduce the percolation threshold of MWCNT in PA12 by a factor of 3 [352]. 

 

4.2.3 Adapting the CNM content to find the optimum for the desired application 

Typically, the properties of CNM based composites increase with the filler loading [353-366]. For 

electrical properties, the percolation threshold characterizes the concentration where a trough going 

filler path is formed and at which the electrical conductivity increases dramatically by many decades. It 

is known that a good adhesion between filler and matrix interphase plays crucial role to properties of 

the reinforced polymer composites [367]. For mechanical properties, the modulus typically increases 

nearly linear at low loadings, but not in the same intensity at higher loadings.  This is ascribed in the 

literature to the increasing difficulties to disperse the CNM adequately at higher filler loading. In 

addition, the crystallinity of the CNM-composites varied depending on CNM loading and resulted a 

change on the modulus. Qiu et al. [366] concluded that the molecular chains in the PP matrix can move 

easily due to CNMs acting like a lubricant at the certain loading. It is known to reduce the crystallinity 

and Tc of waxy materials when added in high doses, and therefore it is seen a decrease in modulus of 

the reinforced thermoplastic composites. Impact strength frequently increases or reaches a maximum 

as a function of filler content into thermoplastic polymer matrix. 

It has been reported in studies that nano-sized carbon fillers such as CNT increase mechanical properties 

and electrical conductivity more than other carbon fillers, especially at low loadings [354]. According to 

Vilaverde et al. [368] investigated the conductivity of nanocomposites made of 2 and 10 wt. % GNP 

loading, and concluded that even at high loading, the presence of a network of well-dispersed particles 

and aggregates is important to increase conductivity. On the other hand, for superior mechanical 

properties in nanocomposites, it is essential that the CNT or the other CNM are uniformly dispersed into 

the polymer matrix. Santos et al. [342] studied the effect of particle size (range between 2 and 15 nm) 

of GNP on the dispersion and electrical conductivity properties of GNP/PP composites. The agglomerate 

area ratio (Ar)increased for three different type of GNP in the PP matrix when provided a flow at a 

sufficient low shear rate and time.  Other authors reported that the tensile strength values decreased 

when CNT loading was 1.5 wt. % in the polymer matrix [369, 370]. 

On the contrary, researchers have been encountered some difficulties at high loading of CNT. The main 

difficulties while producing CNT based composites are inadequate dispersion effect due to the high 

surface areas (aspect ratio: >1000) [182], and weak adhesion interface between nanoparticles and 

polymer matrix. As previously mentioned in other sections, it has been proven that surface modification 
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or functionalization of CNM promotes adequate distribution and mobility of the molecular chain in the 

polymer matrix [371]. Shanmugam and co-workers [367] revealed that 0.03 wt. % of CNT by modifying 

the surface with dopamine caused an improvement by 42.3 % in tensile strength by enhancing adhesion 

of filler/thermoplastic matrix interphase.  

Machinability of CNT reinforced plastic composites with three filler loading as 1.75, 5 and 15 wt.% was 

studied by Samuel et al. [372]. This study reported that visco-elastic/plastic deformation of the polymer-

phase was important with low amount CNT loadings (1.75 wt. %), whilst over 5 wt. % filler loading, CNT 

distribution and interface effects governed the machinability of the composite. They concluded that the 

machinability and thermal conductivity of the composite enhanced with the increase CNT loading. 

As it can be seen, many factors affect the properties of CNM-based composites, but three factors must 

be also considered: performance, cost and minimum environmental hazards. It should be reached an 

optimum equilibrium between them. Artificial intelligence techniques are the easiest and cheapest way 

to design composites and predicted desired properties. Ozturk et al. [373] investigated a new approach 

by using particle swarm optimisation (PSO) technique in the production hybrid thermoplastic 

composites. The determination of optimum content for each component of the CNM composites 

created in simulation environment. In their studies, they focused on reducing the cost of composites 

and accelerating the production process, and achieved a success rate of over 90 % in the tensile 

properties of the hybrid thermoplastic composites produced according to the best formulation obtained 

with PSO optimization. It is thought that this technic could be applied on determining of optimum CNM 

filler(s) ratio of the nanocomposites for a desired application. 
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5 Other applications of CNM 
 

Apart from the previously mentioned utilization of CNMs to produce composites materials, both 

thermoset- and thermoplastic-based, there are also other applications of these particles that have been 

explored int eh past years.  

5.1 Metal Organic Framework composites  

Metal Organic Frameworks (MOFs) are solid porous materials classified by IUPAC on 2013 as a sub-class 

of Coordination Networks, which are a sub-class of Coordination Polymers with an open framework 

containing potential voids [73, 374]. They are characterized by three-dimensional structure, arising from 

strong coordination bonds between metal nodes (metal ions, metal centers, or metal clusters) and the 

organic linkers (organic molecules containing one or more N-donor or O-donor atoms like organic 

carboxylates, pyridyl derivatives, cyano compounds, polyamines, imidazole derivatives, oxalic acid, 

phosphonates, sulfonates, and crown ethers) [375, 376]. MOFs are synthetized mainly in the liquid 

phase by mixing solutions of precursors under solvo(hydro)thermal conditions at a high temperature 

and pressure. Alternative synthetic methods, including mechanochemical, electrochemical, microwave, 

and sonochemical slow evaporation methods have been proposed in recent years [375]. 

MOFs are promising and versatile materials for different technological applications, since they have 

been used as catalysts, absorbent for gases (including toxic gases) and metal ions and also find 

applications in biomedical sector, thanks to the biocompatibility of some formulations, as drug carriers, 

bioimaging agents and therapeutic agents [377, 378]. MOFs have been also used as materials for 

supercapacitor electrode preparation [379], as sensing layer in detection devices [380, 381] and as 

support for chromatographic analysis [382].  

The most distinctive and attractive MOFs structural characteristics are high surface area, presence of 

open metal sites, open framework, tunable pore sizes and flexible porosity [375]. Unfortunately, along 

these promising physical and chemical properties, MOFs exhibit general low electrical conductivity, poor 

thermal, chemical and mechanical stability, instability in the presence of humidity or upon a solvent 

removal and weak gas retention capability because of weak dispersive forces that can limit gas sorption 

and storage capacities [383-385]. To ensure the potential use of MOFs in large-scale applications at high 

technology readiness level (TRL), most of these limitations must be addressed. To this aim, the 

production of new materials by compounding MOFs with other functional materials is gaining a lot of 

attentions [386-388].  

The formation of hybrids/composites through the controllable integration of MOFs and functional 

materials, is expected to lead to new materials exhibiting properties that are superior to those of the 

individual components since they combine, in a synergistic way, the advantages of both parent 

materials. MOFs have been compounded with polymers [389], oxides [384], metal nanoparticles [390] 

and CNM [38, 133, 134, 391]. However, the mechanisms involved at the materials’ interface are not 

completely understood so the characterization of these systems is still challenging. Moreover, the 

synthetic strategies have a relevant role in determining the final material morphology and homogeneity 

as well as its properties.  

In principle MOF composites can be applied in every field where MOFs can be applied, with additional 

new possibilities in applications where pure MOFs cannot be exploited. MOF composites can be 

synthetized by different approaches as recently reviewed by different authors [387, 388]. The most used 

methods are: encapsulation, layer‐by‐layer deposition, and in situ growth. The first approach allows to 

trap the other component/components within the MOF pores, the second to cover the MOF with the 

other component/components and the third to grow MOFs crystals in situ with the other species [387]. 
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MOF-based composites have been produced with a wide array of CNM: CNT [391], fullerenes [392], CD 

[38], graphite [393], graphene and graphene related materials (GRM), such as GO and rGO [134] . In 

particular, GRM account for a wide population of materials containing aromatic sp2 domains and have 

gained a lot of interest as possible carbon-based components in MOF composites for their unique 

structure, low toxicity, excellent electronic, thermal, electrochemical, and mechanical properties. 

Thanks to the presence of heteroatoms containing functional groups and the aromatic sp2 domains, 

GRM can act not only as structural entities, but also participate in bonding interactions, enhancing the 

coordination bonding and guide the growth of MOF, providing a more beneficial structure. Additionally, 

GRM are expected to improve the properties of the composites acting to increase available active sites, 

to enlarge specific surface area, to modify structure, improve conductivity and accelerate electron 

transfer. MOF/GRM composites integrate the advantages and mitigate the shortcomings of the 

individual components, enabling the composites to possess an overall improved stability, enhanced 

electrical conductivity, higher gas selectivity [134, 384].  

As concerns the type of MOF selected for the production of MOF/CNM composites, the HKUST-1 (also 

known as MOF-199 or Cu(BTC)3) is widely represented, being considered as a benchmark material [394]. 

Also, MOFs of MIL family, Zn-based MOFs (MOF-5 and ZIFs) as well as MOFs belonging to the UiO family 

have been compounded with CNM. In the end, other composites have been found with TMU-16-NH2, 

MOF-235, Cu-BDC-NH2 and MOF-505 and with MOFs based on transition metals MOFs [Co-MOFs and 

Ni-Co-MOF/GO] [134, 384, 395]. 

A wide variety of approaches have been developed and applied for the preparation of MOF/CNM 

composites. Up to now, the most common way to obtain MOF/CNM composites is based on the in situ 

growth approach: MOF crystals are allowed to grow under solvothermal/hydrothermal conditions in 

presence of small amounts of CNM [395]. Another strategy to form in-situ MOF/CNM composites 

consists in a covalent or non-covalent pre-anchoring step of the ligand onto the CNM surface [395]. This 

approach is mainly used with GRM, indeed, Jahan et al. [396] covalently functionalized GO with a 

benzoic acid derivative and they observed that such a functionalization strongly affects the structure of 

MOF-5 within the composite. Other studies described the non-covalent functionalization of GO by 

introducing MOF ligands possessing aromatic rings able to form with GO π-π interactions. 

Mechanochemical and sonochemical approaches have been proposed as well [393, 395, 397]. 

MOF/GRM composites have been synthetized also by microwave-hydrothermal method [398]; since the 

microwaves increase the reaction kinetics, MOF composites can be obtained in a very short time with 

low power consumption and in an environmentally safe framework. Different MOF/GRM composites 

have been also fabricated by implementing the electrophoretic deposition (EPD), a low-cost technique 

used to grow nanostructures on conductive surfaces. With this method, MOF crystallites are uniformly 

deposited atop graphene sheets. In addition, less common methods have been also proposed: Bian et 

al. [399] described the synthesis of Cu3(BTC)2/GO by pickering emulsion, while Szczesniak et al. [400] 

proposed a method in which MOF crystals were allowed to form in the void spaces of 3D graphene 

structure, leading the GRM to act as a host platform to accommodate the nucleation of the MOF 

crystals. 

All the synthetic approaches above mentioned allow the MOF structure to be successfully synthesized 

in the presence of CNMs, indeed it was found that the resulting composites exhibit structural features 

similar to the parent MOF, but overall distinct properties. Nevertheless, due to binding competition 

between the heteroatoms containing groups on CNM surface and the oxygen atoms of the MOF ligand 

towards metal cations, the possibility of producing heterogeneous samples should be considered. This 

binding competition can also cause the density of MOF particles decorating the CNM surface to not be 

optimal, which might decrease the synergy effects between the MOF and GO and therefore the overall 

performances.  
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The presence of CNM in the synthetic medium even if it does not affect the MOF nucleation leading to 

an overall preserved crystallinity of the MOF materials, it apparently modifies the morphology of the 

crystals, indeed in most cases they exhibit small and irregular particles, a significant surface roughness 

and several defects [133, 134]. Depending on the structure of the MOF, the interactions between the 

metal nodes and the CNM can induce the formation of a new porosity (micro and/or mesoporosity, 

depending on the parent MOF) at the interface between the carbon layers and the MOF units. In most 

cases, the specific surface area values measured for the composites with different GRM contents were 

always higher than those calculated for the corresponding physical mixtures [133] confirming the 

interaction between the composite components and the instauration of a kind of synergisms between 

them. However, there are some reports that do not follow that trend and a lowering in both surface 

area and total pore volume was detected with the increase of GRM loading. In most cases, the 

composites featured better thermal stability in comparison to the pristine MOF [134]. The intercalation 

with GRM imparts also new electrical properties to the composite while the pristine MOF is usual 

insulating. Alfè et al. [133, 134] imbedded conductive GL into the structure of copper-based MOF trough 

a one-pot strategy improved the MOF conductive properties. They demonstrated that the presence of 

embedded GL layers induces a non-linear increase of the electrical conductivity up to 5 orders of 

magnitude when the GL amounts accounts to 40 wt.% in the composites (10-2 S·m-1). The peculiar 

MOF/GL electrical conductivity also pave the way for application in advanced technological fields as 

sensors development that are currently under study.  

 

5.2 Coatings prepared by Matrix Assisted Pulsed Laser Evaporation 
technique 

Matrix Assisted Pulsed Laser Evaporation (MAPLE) is a technique developed for the deposition of thin 

films in late 1990s at the U.S. Naval Research Laboratory (McGill, 2000]). It is particularly suited for 

organic molecules, polymers and biomolecules [401, 402], but it also allows for the fabrication of either 

inorganic, organic, or hybrid coatings with a high versatility. Recently MAPLE technique has been used 

in a purposely adapted configuration for the preparation of new concept GRM coatings [403]. 

MAPLE is based on the same principle of pulsed laser deposition (PLD), but it uses milder conditions to 

provide a gentler and less damaging deposition. This technical feature avoids organic material 

decomposition, degradation, and/or denaturation induced by high laser powers during ablation. As a 

consequence, safe transfer and deposition of delicate compounds such as proteins or biopolymers 

including polymer nanocapsules for light-induced release [404-412] is achieved with the preservation 

of functional characteristics and structural integrity.  

The target of MAPLE is a frozen solution of the material to be deposited in a volatile and light absorbing 

solvent, able to absorb most of the laser radiation (e.g., toluene), avoiding or reducing the 

photo/thermo-chemical damage to the molecule to be deposited. Indeed, the major part of the laser 

energy is absorbed by the solvent molecules and not by the fragile solute [401, 402, 413]. During the 

deposition process, the laser beam, overheating a small area of the target up to the limit of its 

thermodynamic stability, favors the ejection of a mixture of liquid droplets and gas-phase matrix 

molecules. The solvent is pumped away by a vacuum system and the solute molecules/particles impact 

onto a receiving substrate, typically placed parallel with respect to the target and at a fixed distance, 

generating a thin coating with thicknesses from a few to several hundreds of nanometers. The most 

employed laser sources are UV laser beam, IR laser beam and excimer lasers. Compared to other 

conventional, non-laser deposition methods (e.g., drop-casting, spin-coating, dip-coating, Langmuir–

Blodgett), the MAPLE technique allows for high experimental versatility and high control of coating 

thickness allowing ultrathin film production of delicate molecules/particles [404, 412]. 
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Since the solvent is pumped away by a vacuum system, MAPLE is a dry technique: thanks to this 

peculiarity, MAPLE technique provides enhanced molecules/particles adhesion to any substrate 

compared to wet techniques. In addition, MAPLE is compatible with masking, allowing to obtain finely 

patterned nanostructures. 

The film deposited via MAPLE typically exhibit rough surface with large or small clusters. The rough 

surface is due to the explosive disintegration of the target, which produces the ejection of a mixture of 

vapor-phase molecules, small molecular clusters and droplets. To obtain smoother and uniform films, 

MAPLE deposition should be generally carried out at low laser fluency (a deposition laser power 

threshold is typically identified for each molecules/particles to be deposited), low repetition rate of laser 

pulses, low concentration of guest molecules in the target (typically 0.5-1 % wt.), large target-to- 

substrate distance (1-3 cm). Nevertheless, all these deposition parameters can be purposely tuned to 

achieve the optimal deposition conditions tailored for the molecules/particles to be deposited on a 

given substrate.  

MAPLE approach has recently continuously evolving to cover a broad spectrum of organic, inorganic, 

and hybrid coatings for various biomedical applications as well as for energy, sensing, wearable 

electronics, and photonic devices [403-412]. MAPLE maturity readiness has already been achieved and 

commercial installations exist from PVD Products, Inc. (USA). 
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6 Conclusion 

The importance of carbon-based nanomaterials has been increasing steadily in the past decades, in 

particular when it concerns the development of advanced materials for high demanding applications. 

Part of this interest arrives from the magnificent properties of these types of particles, that are able to 

introduce huge enhancements at low filler addition in composite materials. However, most of the 

potential utilizations of these particles have not moved yet from research to real application, in part 

due to obstacles mainly related with the reproducibility of properties and scalable production 

methodologies. Nowadays, there are several CNMs already commercially available in large quantities, 

in particular CNT and particles from the graphene family (graphene, GO, rGO). Nevertheless, the 

efficient dispersion of these types of particles in polymeric matrices is still a challenge, since it is 

common to obtain composite materials with CNMs agglomerates that act as defects and stress 

concentration points instead of providing multifunctionally and enhanced performance. Different 

strategies and methods are already available to facilitate the dispersion of CNM into different polymeric 

matrices, that are able to be used at industrial scale. For that reason, the following good practices and 

guidelines are recommended: 

¶ Select the best type and amount of particle for each application 

Depending on the requirements of the final material, different properties may be desired in detriment 

of others. For instance, GO and functionalized CNTs may present better affinity with polar polymeric 

matrices, facilitating its good dispersion and mechanical performance improvements. Nevertheless, 

properties, such as electrical conductivity, may be compromised and not suitable for sensing 

applications. Also, the amount of CNM needs to be optimized for the desired application, having in mind 

possible compromises between different properties. For example, increase the particle concentration 

may result in slightly decrease in terms of mechanical performance (compared to lower concentrations), 

but a great enhancement in the material sensitivity, or vice versa. 

¶ Adapt dispersion method to the type of particle and matrix used 

Since the CNM present different features, the dispersion methodology needs to be adapted to each 

particle and matrix used. This may include the combination of different strategies, such as 

functionalization with mechanical dispersion methods, or even two different mechanical methods, like 

sonication and calendaring. 

¶ Optimize dispersion conditions for each type of particle since CNM from different providers 

present different properties and will behave differently in the matrix. 
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