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Abstract: The carbon-based materials (CbMs) refer to a class of substances in which the carbon atoms
can assume different hybridization states (sp1, sp2, sp3) leading to different allotropic structures -. In
these substances, the carbon atoms can form robust covalent bonds with other carbon atoms or with a
vast class of metallic and non-metallic elements, giving rise to an enormous number of compounds
from small molecules to long chains to solids. This is one of the reasons why the carbon chemistry
is at the basis of the organic chemistry and the biochemistry from which life on earth was born. In
this context, the surface chemistry assumes a substantial role dictating the physical and chemical
properties of the carbon-based materials. Different functionalities are obtained by bonding carbon
atoms with heteroatoms (mainly oxygen, nitrogen, sulfur) determining a certain reactivity of the
compound which otherwise is rather weak. This holds for classic materials such as the diamond,
the graphite, the carbon black and the porous carbon but functionalization is widely applied also
to the carbon nanostructures which came at play mainly in the last two decades. As a matter of
fact, nowadays, in addition to fabrication of nano and porous structures, the functionalization of
CbMs is at the basis of a number of applications as catalysis, energy conversion, sensing, biomedicine,
adsorption etc. This work is dedicated to the modification of the surface chemistry reviewing the
different approaches also considering the different macro and nano allotropic forms of carbon.
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1. Introduction

Diamond and graphite are the most known forms of carbon since antiquity although it has long
been recognized that carbon is present in nature also in different types of compounds such as the
various types of amorphous carbon, in organic molecules and biomolecules. The multiform nature
of carbon is due to the peculiar characteristic of its electronic structure forming different hybrids
namely sp1, sp2, sp3. The different orientation of orbitals in these hybrids gives origin to different
structures possessing markedly different properties [1–5]. As an example, diamond is formed by pure
sp3 hybrids where bonds are oriented along the principal axis of a tetrahedron. In this structure the four
strong covalent bonds are indistinguishable and make diamond the hardest material in nature, highly
transparent, electrically insulating but characterized by high thermal conductivity [5–8]. Differently,
graphite is formed by pure sp2 hybrids. In this case three bonds of carbon lie in a plane and form an
angle of 120◦ with the three nearest neighbor atoms. The fourth bond is perpendicular to this plane.
This peculiar electronic structure determines the layered structure of graphite. While the in-plane
bonds are covalent and very strong, the out-of-plane is a weak π bond responsible for the graphite
electrical conductivity, the high absorption coefficient over an extended spectral range, and the material
softness [9–11]. In other materials the coexistence of these two kinds of hybrids leads to amorphous
carbon structures where the bond orientation is undetermined.
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With respect to CbMs, in the fifties were identified novel forms of carbon at the
nanoscale, possessing unique properties thus opening new perspectives and potential technological
applications [10,12–15]. The nanostructure firstly discovered was the nanodiamond (ND) obtained by
detonation in 1950 [16]. Interest in nanodiamonds derives from the possibility to obtain at a relatively
low cost a reasonable amount of material retaining the properties of bulk diamond. ND particulate
is utilized as abrasive material and recently its color centers are exploited in more sophisticated
applications such as fluorescent tags [17] for diverse applications as the biomedical one [18] and as
single photon sources [19]. NDs are also employed as seeds for chemical vapor deposition (CVD)
nano-diamond films growth [20]. Other forms of nanostructures such as fullerenes were discovered
in 1985 [21]. Fullerenes are very interesting both for the fundamental studies and the applicative
potentialities. Fullerenes represent a family of spherical structures formed by 20, 60, 70 and larger
numbers of carbon atoms. With respect to other fullerenes, the C60 molecule is the more frequent,
stable and widely studied system. In C60, C atoms are organized in adjacent pentagons and hexagons
providing the bond curvature allowing the formation of a spherical structure (truncated icosahedron).
In C60 molecules, all carbon atoms are sp2 hybrids. However, differently from the organization in
a perfect hexagon structure as in graphite sheets, presence of pentagons causes bond resonance to
be absent. This makes fullerenes be efficient charge acceptors, a property which is of paramount
importance in reactions with radicals and in surface functionalization [22]. Different from fullerenes,
perfect resonance is present in graphene where atoms are organized in a two dimensional hexagonal
lattice forming a monoatomic layer. Graphene exhibits unique properties deriving from the electron
quantum confinement in the single atomic sheet [23]. Among others, it possesses a high absorbance
on the whole visible optical range, the electron motion is ballistic, leading to a remarkable electron
mobility so that graphene can be considered as a zero gap semiconductor [23]. There is a broad
list of different methods which acan be applied to finctionalize the graphene sheets depending on
the desired application. Parallel to the development of techniques to obtain an effective production
of well-defined sheets, methods for surface chemical modification were developed [24]. Among
other, covalent functionalization consisting in attaching organic functionalities as free radicals and
dienophiles exploiting the chemistry of oxygen groups. The covalent functionalization includes
the attachment of hydrogen and halogens. To better preserve the electrical properties, noncovalent
functionalization and interactions is preferred since they do not disrupt the extended π delocalization
of the graphene electrons. The graphene surface can also be modified attaching nanoparticles to induce
specific properties required for example in catalysis or in plasmonics. Carbon nanotubes (CNTs) can
be considered as rolled graphene sheets but they possess different electronic properties due to the
presence of curvature. CNTs were discovered soon after fullerenes [25,26] and have been extensively
studied both from the fundamental and applicative point of view. CNTs are characterized by a chirality
which describes how the hexagon bond directions are oriented with respect to the CNT axis. This
orientation strongly influence the CNT electronic properties [25,27]. CNTs are widely applied in
sensing applications [28] as well as reinforcing element in a wide class of materials [29–33]. A CNT
competing material are the carbon fibers (CFs), widely utilized in industrial applications [34]. CFs
are a less expensive material with respect to carbon nanotubes and are massively produced. As
for CNTs, they essentially find application as a reinforcing element in a many different compounds
including organic materials [35], biomaterials [36], inorganic materials [37], and metals [38]. The strong
covalent C–C bond is exploited to improve the mechanical properties of the composite. Within the
class of fibers, those based on carbon are characterized by the highest specific modulus and highest
specific strength [39]. At room temperatures, CFs do not suffer from corrosion problems or stress
induced failures as glassy and organic polymer fibers. In addition, at high temperatures, CFs display
outstanding strength and modulus if compared to other materials [39]. Additional information can be
found in the following review papers [2,33,40–45].

If industrial applications are concerned, other carbon forms widely utilized are glassy carbon,
porous carbon [46] and carbon black [47]. Glassy carbon is composed by microcrystalline stacks of
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narrow graphite-like interconnected layers. This leads to a closed pore rigid structure that is chemically
inert, hard but brittle [48–50].

Due to the highly resistant, conductive, and inert network, glassy carbons are utilized in a series
of rather different applications. They are utilized as electrodes in solid state batteries and in industrial
harsh chemical processes where also high temperatures are involved such as crystallization of CaF2,
CdS and ZnS. Glassy carbon can be utilized to manufacture high temperature furnace elements. Due to
the chemical inertness, glassy carbons are utilized also in fabrication of protheses. Porous carbon and
carbon black are much softer. Generally, in industrial applications important is the extension of the
surface which is exposed to the external environment. The porous carbon is characterized by a high
specific surface area enhancing the interaction with the external medium. Although it possesses a lower
conductivity with respect to glassy carbon, the high porosity and the presence of active sites makes it a
good material to fabricate electrodes for applications in electrochemistry [51–53] and bioelectrodes for
sensing and stimulation [54,55].

The same holds for the carbon black mainly utilized as additive in rubbers and polymers to
improve their mechanical properties, or as a pigment [56] although new potentialities have been
recently envisaged [57].

Common to all the forms of carbon which are briefly summarized above, is the interaction with
other substances occurring at the surface which strongly depends on the surface chemistry. This work
will provide a broad overview on the diverse functionalization processes applied to carbon materials.
We will focus on the surface chemistry and the role of various treatments that can be utilized for
specific applications.

2. Functionalization of Carbon Materials and Applications

The surface functionalization indicates a processing carried out to modify the chemistry of the
material surface to provide specific properties [58]. Different functionalization methods are applied
to different carbon species [59]. One of the main results of this processing is the change of the
surface energy. This change enables better coupling with other substances at the molecular level with
bonding of specific active molecules such as drugs, genomic materials, luminescent agents, metallic
nanostructures for catalysis or plasmonics, etc. In addition, attaching polar/non-polar groups on the
surface it is possible to modulate the surface wettability [60–62] which, at the macroscopic level, leads
to a better coupling with solvents or other materials as in composites.

The functionalization of the material surface also includes grafting well defined molecules to change
the surface reactivity towards specific chemical species. This also encompasses the electrochemical
properties which are tailored for specific applications as catalysis, batteries, supercapacitors, fuel
cells electrochemical cells, and organic photovoltaics. The functionalization also imparts luminescent
properties to carbon-based nanostructures or allows bonding molecular luminescent species to the
material surface. The functionalization is, in the end, an unavoidable step at the basis of the preparation
of carbon materials for the different applications as depicted in Figure 1.
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particularly in water [66]. The hydrophobic character of carbon-based materials is generally 
attributed to the non-polarity of the bonds formed by sp2 hybridized carbon atoms. However, recent 
studies enlightens that these surfaces are mildly hydrophilic and the hydrophobic character is caused 
by hydrogenated contaminations [67]. The common manner to solve this problem is to change the 
surface chemistry by functionalizing the carbon surfaces.  

2.1.1. Graphite and Graphene 

The process of graphite solubilization is described by several authors and generally ends up in 
the exfoliation with the production of graphene sheets [68–70]. In [68], the authors used a series of 
perfluorinated aromatic solvents and sonication to make a suspension of graphite powder. The 
solubilization is based on a charge transfer mechanism from electron-rich carbon layers to the 
electron-deficient aromatic molecules due to strong electron withdrawing fluorine atoms. Similar 
mechanisms are claimed to be at the basis of graphite intercalation processes [71,72]. The 
solubilization of graphite is generally desired to optimize the exfoliation with production of high 
fractions of graphene monolayers. Apart from ultrasound assisted exfoliation in which polar/non-
polar, surfactant, and organic solvent are used, the graphite is chemically modified to facilitate the 
dispersion in aqueous solvents. Very popular is the Hummers process in which graphite is oxidized 
in a concentrated solution of potassium permanganate, sodium nitrate, and sulfuric acid at a 
temperature of 98 °C [73]. This process leads to graphite exfoliation and, at the same time, production 
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a simple and eco-friendly procedure of graphite oxide esterification is reported. The functionalization 

Figure 1. Different forms of carbon-based materials. Different possible applications are also indicated
where carbon materials can be utilized thanks to the functionalization of their surface.

2.1. Solubilization of Carbon Materials and Bio-Applications

The common characteristic of pure carbon allotropes is their low solubility. The possibility of
dispersing carbon nanostructures or coupling the surfaces of CbMs with liquids by tuning the surface
energy is of paramount importance for a number of different technologies or for the development of
new materials with improved properties. The solubilization is the precondition for using carbon-based
nanostructures in biomedical applications such as in vitro and in vivo imaging, photoacoustic imaging,
drug delivery, protein separation, biosensing, tissue engineering and photothermal therapy [28,63–65].
All these applications require the carbon particulate to be dispersed in solvents and particularly
in water [66]. The hydrophobic character of carbon-based materials is generally attributed to the
non-polarity of the bonds formed by sp2 hybridized carbon atoms. However, recent studies enlightens
that these surfaces are mildly hydrophilic and the hydrophobic character is caused by hydrogenated
contaminations [67]. The common manner to solve this problem is to change the surface chemistry by
functionalizing the carbon surfaces.

2.1.1. Graphite and Graphene

The process of graphite solubilization is described by several authors and generally ends up
in the exfoliation with the production of graphene sheets [68–70]. In [68], the authors used a series
of perfluorinated aromatic solvents and sonication to make a suspension of graphite powder. The
solubilization is based on a charge transfer mechanism from electron-rich carbon layers to the
electron-deficient aromatic molecules due to strong electron withdrawing fluorine atoms. Similar
mechanisms are claimed to be at the basis of graphite intercalation processes [71,72]. The solubilization
of graphite is generally desired to optimize the exfoliation with production of high fractions of graphene
monolayers. Apart from ultrasound assisted exfoliation in which polar/non-polar, surfactant, and
organic solvent are used, the graphite is chemically modified to facilitate the dispersion in aqueous
solvents. Very popular is the Hummers process in which graphite is oxidized in a concentrated
solution of potassium permanganate, sodium nitrate, and sulfuric acid at a temperature of 98 ◦C [73].
This process leads to graphite exfoliation and, at the same time, production of strongly oxidized
graphene sheets characterized by a high water solubility. This method can be modified to obtain
oleylamine-functionalized graphite via reduction in trioctylphosphine [74]. In [75] a simple and
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eco-friendly procedure of graphite oxide esterification is reported. The functionalization is made
using acetic anhydride and Et-acetate leading to ~4.5 mol % of acetyl groups. Air, oxygen, and
nitrogen are used in a jet system to produce carboxylic, carbonyl, amine/amide functionalities
on the graphite surface [76]. Grinding is also utilized to generate graphite particulate and, at
the same time, graft hydroxyl, carbonyl, and carboxyl functional groups [77]. 4-aminobenzoic
acid was electropolymerized on graphite electrodes for immobilizing biomolecules [78]. Graphite
electrodes are also widely utilized for biosensing. A low-cost, sensitive and selective graphite
electrode modified with nickel hydroxide was utilized for sensing glucose [79]. The sensor reached
a detection limit of 0.3 µM of glucose and its original response towards glucose remained almost
unchanged after 28 days. Another glucose sensor was fabricated by coating a graphite electrode with
the 6-(4,7-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)-2H-benzo[d][1,2,3]triazol-2-yl)hexan-1-amine
conducting polymer used as an immobilization matrix for enzymes such as the glucose oxidase [80].
To improve the efficiency of the biosensor, gold nanoparticles functionalized with mercaptopropionic
acid were immobilized onto the polymer surface through a carbodiimide coupling to achieve the most
effective surface design for sensing. Graphitic hollow spheres were produced using a suspension
of magnetite/silica-encapsulated core-shell sphere and glucose. A hydrothermal and subsequent
partial or complete removal of the silica core with HF were applied to produce hollow graphitic
nanoparticles [81]. A second hydrothermal process was applied to a suspension of these nanoparticles in
ammonia and triethylamine for adding amino functional groups. The nanoparticles displayed tunable
photoluminescence dependent on the fraction of the sp2 domains and N-doping. Biocompatibility of
the graphitic hollow nanoparticles was evaluated in human HeLa cells, demonstrating their potential
for applications as cellular tags for imaging, delivery of therapeutics, and biosensing. Graphite
electrodes were also utilized as transducer for the detection of specific oligonucleotide sequences. The
graphite surface was electropolymerized with 4-hydroxyphenylacetic acid to reveal a specific sequence
of the mycobacterium tuberculosis genome [82].

Due to the important technological implications, there is a rich literature dedicated to the
solubilization of graphene [83–85]. The lack of graphene surface polarities causes an easy aggregation
and precipitation in a variety of matrices. Physical methods such as ultrasounds are generally utilized
to re-disperse graphene sheets. However, due to the stability of the π-π stacking, the solubilization is
very poor. Good dispersions are obtained by functionalizing graphene sheets. There is a wide variety of
molecules utilized at this aim and some of them are represented in Figure 2. Additional functionalization
methods include: small organic molecules such as isocyanate [86], 1-ethyl-3-(3-polyetylene-glycole
molecules [87], thionyl chloride [88], and N,N0-Dicyclohexylcarbodiimide [89]. Another convenient
method is based on the π-π interaction. The method is based on the conjugation of hexatomic
rings of graphene with other organic molecules possessing the same structure. This interaction was
successfully utilized to detect or bond aromatic molecules and single stranded DNA on the graphene
surface [87,90,91]. Another interesting way to render graphene soluble is the use of graphene quantum
dots (GQD) [92]. The latter are produced by chemical oxidation of graphene or other graphitic carbon
materials. This generates oxygen functional groups on the GQD surface rendering them hydrophilic.
The π-π interaction is then used to attach the GQD to the monolayers rendering graphene water
dispersible and fluorescent. Hydrogen bonding is another possibility to functionalize graphene.
Recently it has been demonstrated that the solubility of graphene oxide (GO) and the stability of the
solutions strongly depend on the chemical interactions between graphene sheets and solvents [93]. In
particular, the GO dispersion is allowed by the strong hydrogen bonding formed by solvent molecules
and the GO functional groups. The hydrogen bond is also exploited to attach a large variety of
molecules to the hydroxyl and carboxyl groups highly abundant on the GO surfaces. For example,
hydrogen bonds was demonstrated to be essential in stabilizing single-stranded DNA (ssDNA) on
GO [94]. The DNA molecule adsorption proceeds first by DNA-GO surface interaction by hydrogen
bonding, and then the π-π stacking interactions between the aromatic rings of the nucleobases.
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Hydrogen bonds were utilized to disperse graphene into a chitosan-lactic acid matrix [95] allowing
the fabrication of conductive chitosan hydrogels while improving their mechanical properties. The gels
show great promise to be used in scaffolds for electro-responsive cells in tissue engineering. Hydrogen
bonding was successfully utilized to disperse graphene as a reinforcing element, in polyvinyl alcohol
(PVA), a hydrophilic polymer [96]. Graphene is dispersed in elastomers where strong hydrogen bonds
lead to an increase of the tensile strength and of the tear strength by 357% and 117%, respectively [97].
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Figure 2. Different kinds of graphene surface functionalization. (A) Schematic draw of loaded
nano-graphene oxide (GO) sheet polyethyleneglycol (PEG) functionalization. Reproduced with
permission from [87]; (B) Synthesis of graphene sheet functionalized with PNIPAM-N3. Reproduced
with permission from [98]; (C) Schematic synthetic route of polymer-grafted GO. Reproduced with
permission from [99]; (D) In situ growing of PPEGEEMA polymer chains via SET-LRP from the surface
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of tris(hydroxymethyl) aminomethane modified graphene oxide sheets. Reproduced with permission
from [100]; (E) Synthesis route of polystyrene-functionalized graphene nanosheets. Reproduced with
permission from [101]; (F) Preparation of imidazolium-modified graphene-oxide hybrid materials and
anion exchange reactions. (i) (COCl)2, at 80 ◦C for 18 h, (ii) 1-(3-aminopropyl)imidazole, at 100 ◦C for
18 h, (iii) 1-bromobutane, at 90 ◦C for 18 h, (iv) H2O, NaPF6 or protoporphyrin IX disodium salt, at
25 ◦C, for 18 h. Reproduced with permission from [102]; (G) Synthesis procedure of the graphene-C60

hybrid material. Reproduced with permission from [88].

2.1.2. Carbon Nanotubes

The carbon nanotubes (CNTs) are other high impact nanostructures broadly utilized in a
high number of applications. There is a large literature describing methods to disperse CNTs
in various solvents (see for example [103] and references there in). Solubilization of CNTs is
performed by both physical and chemical processing [33]. In the first case, we can mention
ultrasounds [104], gel electrophoresis [105], dielectrophoresis [106], chromatography [107], density
gradient ultracentrifugation [108]. Other methods such as plasma treatments, and UV light [109]
are utilized for modifying the surface chemistry grafting polar functional groups. In particular, UV
radiation is able of inducing defects on the CNT surface thus leading to exfoliation and opening
of the CNT ends. Plasma treatments are widely utilized for grafting desired chemical functions to
non-reactive surfaces [110,111] with the advantage to be a very clean processing method. Different
precursors may be utilized to graft different functional groups [112] enabling different functionalization
mechanisms [110]. The selection of plasma parameters is crucial to optimize the grafting efficiency.
Generally, pure oxygen, Ar/O mixtures, CO2 and their mixture with H are utilized to generate oxygen
based functional groups, while N, H, ammonia are utilized to aminate the CNTs [110], There are also
wet chemical procedures to functionalize CNTs. In these cases, acids are commonly used inducing
the formation of oxygen based functional groups and defects [113,114] thus making the CNTs soluble.
Salts are also utilized to disperse CNTs in water [112]. As an example, aryl diazonium salts are
frequently introduced as organic intermediates in radical addition of CNTs [115]. Results show that
the functionalization promotes the accessibility to spun CNTs enabling a more extensive and uniform
additional modifications. Surface modifications with primary and secondary amines and enzymes is
also possible [116]. The authors of ref. [116] were able to bind various primary and secondary achiral
and chiral amines to CNTs providing the chemistry to synthesize three-dimensional enzyme arrays
with potential use in biosensing. Solubility of CNTs may also be improved by adding porphyrins [117].
The efficient dispersion of CNTs in water allowed the authors to align the nanotubes on PDMS and
transfer them onto silicon or glass substrates for potential fabrication of devices. Pyrrolidine molecules
can be utilized as an alternative method for functionalizing CNTs. In [118] pyridinium ylides reacted
with single-walled carbon nanotubes through cycloaddition, a simple and convenient process for
covalent modification of the CNT surfaces. The indolizine functionalized CNTs, when excited at
335 nm, emit blue light which can be used for imaging. In [119] a similar reaction was utilized to bind
biological molecules.

2.1.3. Fullerenes

Another important carbon class of nanostructures is that of fullerenes. Their solubility has been
widely studied in the past leading to several review papers [22,120,121] due to the vast range of
applications of fullerenes. The main difference with graphitic sheets or CNTs which can be seen as
graphite ribbons rolled around the main axis, derives from the presence of a curvature leading to
the spherical shape. This structure cannot be generated by simply using a hexagon base unit. The
spherical cages of carbon atoms can be obtained only alternating hexagons and pentagons. However,
the presence of pentagons forbids the bond resonance, thereby making C60 a superaromatic structure
with poor electron delocalization.
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C60 and other similar carbon spherical molecules show a rather poor solubility in aqueous solvents,
which causes aggregation. The fullerene surface functionalization is a convenient route to solve the
problem. The functionalization leads to fullerenes with excellent solubility both in aqueous and organic
solvents [122,123]. The chemical modification of the fullerene surfaces may be performed following
two different methods: (i) the complexation with solubilizing agents to partially hide the fullerene
hydrophobic surface [124]; (ii) the covalent functionalization of the fullerene surface [125].

An example of the first chemical processing is the C60 complexation with cyclodextrins [126],
which were utilized to disperse fullerene in water. The solution was then utilized for photodynamic
therapy exploiting the capability of C60 of generating reactive oxygen species (ROS). The introduction
of oxygen based functional groups, mainly hydroxyl groups, on the fullerene surface can be made
using strong acids at high temperature [127]. Another route is the use of a basic solution where an
excess NaOH in water is mixed to a suspension of C60 in benzene [128]. The reaction is carried out in
the presence of a small amount of tetrabutylammonium hydroxide acting as a catalyzer. Despite the
lack of control on the addend density, these reactions are widely utilized to make fullerenes hydrophilic.
The property of OH functionalized fullerenes (fullerenols) preventing the process of lipid peroxidation,
and the scavenging activity towards superoxide, hydroxyl radical, and nitric oxide chemical species
has been demonstrated [129].

Another common surface modification is the grafting of amine groups which can be carried
out mixing C60 with different aliphatic primary amines (n-propylamine, t-butylamine, and
dodecylamine) [130]. In other reactions, smaller primary-, secondary-amine chains (methylamine,
diethylamine) are reacted with C60, C70 fullerenes. The reaction mechanism for amination of C60 with
addition at the [6,6] bond is represented in Figure 3.
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Figure 3. Amination mechanism of C60. Initially a single-electron transfer (a fast process) produces a
C60 anion radical. Radical recombination gives a zwitterion which can be stabilized by proton transfer
to give the final product. Reproduced with permission from [22].

Another popular reaction is the 1,3-dipolar cycloaddition of an azomethine ylide to a C60 molecule
producing a stable compound formed by a C60 with a pyrollidine ring attached across the [6,6]
bond [131]. The amin-functionalized fullerenes are utilized for gene transfection [132]. The authors
demonstrated the ability of two-handed fullerenes of binding to duplex DNA in a reversible manner
enabling the transfection to cells. In another work [133], the authors utilized fullerenes functionalized
with multiple amines as an efficient transfer mean to deliver extra-cellular DNA to mammalian cells.
An efficient gene delivery was also obtained in vitro with the positively charged octa-amino derivatized
C60 and a dodeca-amino derivatized C60 [134].

An alternative process is the cyclopropanation where an α-halo ester/ketone is bonded to
the fullerene under strongly basic conditions [135]. The reaction scheme is reported in Figure 4
where the strong basic environment causes deprotonation of the 2-diethyl bromomalonate or methyl
2-chloroacetoacetate and a nucleophilic attack at the [6,6] position of the fullerene. The popularity of
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this reaction stems from the possibility of easily modifying the original reaction to produce a vast class
of different complexes [136].
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Sugars in a variety of forms are rather common in biological processes. The sugar complexation
leading to glycofullerenes opens interesting possibilities for biological applications. There are a number
of possible routes of complexating fullerenes with sugars [137]. The most popular are: reaction via
diazoniums, reactions with azides, the Prato reaction, the Diels-Alder reaction. The variety of chemical
processes gives the possibility to attach different molecules producing simple complexes, branched
complexes, and dendrimers [137]. During the reactions, the individual properties of fullerenes
and sugars are generally retained though mutual influences have also been observed. In a study,
glycofullerenes were utilized to recognize concavilin exploiting the binding affinity of this protein
with glycofullerenes [138]. Affinity of glycofullerenes for specific molecules has been exploited for
pathogen deactivation [139]. It has been shown that initial stages of viral infections proceed through the
interaction of glycoconjugates on the surface of several pathogens with cellular receptors. In ref. [140],
glycofullerenes were utilized to hinder this interaction, thus blocking the viral infections.

In particular, the mechanism is based on the capability of the glycofullerene to inhibit the C-type
lectin DC-SIGN binding site on cell surfaces with the mannose-containing glycans [140], thus impeding
the interaction with the Ebola virus as shown in Figure 5. Another interesting example is the use
of glycol-functionalized C60 as a multimodal platform to bind lectins and carbohydrate-processing
enzymes such as glycosidases which are essential in living organisms [141]. Carbohydrate-protein
interactions are often at the basis of the adhesion of bacteria to living tissues leading to infections.
To block the bacterial colonization, a possible strategy consists in inactivating the bacterial lectin’s
binding sites with high-affinity ligands. Fullerene sugar balls C60(8)12 and C60(18)12 showed an
extraordinary affinity for the PA-IL (Presudomonas aeruginosa lectin A) site and can be considered
efficient anti-adhesive agents against Pseudomonas aeruginosa bacteria [142].
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2.1.4. Diamond

Diamond is another interesting carbon structure widely utilized in biological research. In diamond,
carbon atoms are sp3 hybridized leading to a tetrahedral orientation of the strong covalent bonds. This
symmetric arrangement of the four electron orbitals has a density higher than that of graphite, an
unpaired resistance to compression, and hardness which, on both the Vickers and the Mohs scales, is the
highest with respect to all other substances. To the high strength of the C–C bonds corresponds a high
chemical inertness of the diamond surfaces. The possibility of depositing diamond films at reasonable
cost by chemical vapor deposition (CVD) technology, was utilized in a variety of diamond-based
technologies with outcomes in a number of commercial products.

Here we will confine our attention to the functionalization of nanodiamonds (NDs) since the
same chemistry holds for the diamond films. NDs are produced by fragmentation of diamond powder,
or are produced by CVD, laser ablation or detonation. In all the cases, NDs require a processing
which consists in an accurate purification, deagglomeration, and fractionation. The quality of material
manipulation during these steps strongly affects the properties of the final material.

The use of NDs in biology and medicine has begun when it was demonstrated that NDs do
not influence the cell metabolic activity, the cell differentiation, growth, and proliferation [143]. In
addition to the safety and high biocompatibility, NDs show a rich surface chemistry [144] which
enables grafting a wide variety of molecules [145,146]. Depending on the synthesis method, the
diamond surface is characterized by rather different chemistries. The identified chemical groups on the
nanodiamond surfaces may include H, O, COOH, OH, CO, CNH, NH2, CH2, SH, alcohol functions,
ether, anhydrides, and lactones [147]. The polarity of these moieties easily causes aggregation in most
solutions unless a surface homogeneization is performed [148]. This process is carried out under
oxidative or reductive conditions leading to hydrogen terminated surfaces, hydrodroxylated surfaces
or to a high density of acidic carboxyl groups. Reduction is generally performed using a plasma
treatment while oxidation is obtained in strong acids. Finally, the surface hydroxylation is the result
of a reduction treatment applied to the oxidized ND surfaces [148]. After surface homogenization,
functionalization processes are generally applied to obtain colloidal dispersibility, solubility and
stability in different media at different pH values, and specific chemical species needed for interaction
with targeted biomolecules. In this regard, both covalent and non-covalent approaches may be utilized.
Non-covalent interactions are utilized to immobilize drugs on the ND surface through hydrophobic
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interactions [149,150]. The advantage of this conjugation is the possibility to suspend various water
insoluble therapeutics preserving their functionality as demonstrated in [151]. Also, the electrostatic
interaction developed by polar groups on the ND surface is exploited to attach the desired molecules.
Carboxylated NDs were utilized to immobilize proteins through non-covalent interactions which
can be useful for protein separation and proteomics [152]. The non-covalent interactions were also
exploited to adsorb poly-L-lysineas that is the first step for further surface engineering of the NDs [153].
Another example is the electrostatic immobilization of lysozomes on the ND surface [154]. The authors
demonstrated that the molecules are not denatured and after their adsorption much of the enzymatic
activity is preserved.

The covalent bonding of specific molecular species to the ND surface is widely utilized in delivery
of therapeutics. Using a photochemical reaction it was possible to covalently attach an amine layer on
the NDs to further conjugate DNA strands [155]. Another example is the reaction of hydroxylated NDs
with functional silanes [156]. The silanes can be used for subsequent grafting of active biomolecules
as well as for the immobilization of other structures (monomers for polymerization, initiators, etc.).
The covalent reactions occur on fluorinated or chlorinated diamonds obtained, for example, with
direct reaction with fluorine gas at 400–500 ◦C [157]. Hydrogen terminated diamond surfaces can be
chlorinated via thermal reaction [158] or with an electron beam irradiation [159]. Fluorinated and
chlorinated diamonds may then be utilized for binding alkyl- and amino-groups, and aminoacids [160].

Finally, the ND surfaces may be functionalized utilizing polymeric molecules. Polyethyleneglycol
(PEG) and polyglycerol PG are widely utilized to functionalize the diamond surfaces [59]. These
polymers provide oxygen-based functionalities which improve the ND dispersivity and, at the
same time, mimetic properties towards the immune system. Hydroxyl-terminated nanodiamond
particles were functionalized using dopamine derivatives, bearing terminal azide groups or
poly-N-isopropylacrylamide [161]. Other authors functionalized a carboxylated NDs with silane
molecules rendering their surface hydrophobic [162]. In [163], the authors utilized two routes, namely
hexamethylene diisocyanate and acyl chloride processing, to graft poly(ε-caprolactone) to NDs. The
results demonstrate that the functionalization with the biodegradable polymer led to stable dispersions
in various solvents. The NDs are also widely utilized for bioimaging. The diamond luminescence
properties are based on the presence of color centers in the diamond matrix [164,165]. These defects
are generated during the diamond synthesis or intentionally produced for example by an ion or
electron bombardment. It has been demonstrated that the emission properties of the NDs are sensitive
to surface chemistry [166]. The authors compared hydrogen, hydroxyl, carboxyl, ethylenediamine,
and octadecylamine-terminated NDs samples. The results show that octadecylamine-functionalized
particles possess the brightest fluorescence with respect to the other terminated diamond surfaces. In
other works, authors demonstrate the use of NDs both for imaging and drug delivery applied to cancer
therapy [167]. The rich surface chemistry, the small dimensions, the high biocompatibility are very
attractive properties for using NDs as drug delivery fluorescent systems enabling theranostics. Thanks
to the different kinds of surface termination obtained by different processing, it is possible to adsorb a
variety of therapeutic molecules on the ND surface, such as doxorubicin, epirubicin, daunorubicin as
well as mitoxantrone [167], that are potent DNA intercalating agents. In [168], the authors were able to
efficiently deliver doxorubicin in living cells. In another work NDs were utilized to deliver doxorubicin
in adenocarcinoma cells with pH activated drug release [169]. ND-Mitoxantrone complexes were
utilized to kill the drug-resistant variant of breast MDA-MB-231 cancer cells [170].

2.2. Electrochemistry, Energy Conversion, Storage and Sensing

Electrochemical technology is becoming increasingly important in modern societies, due to the
existing and the potential applications in crucial areas such as catalysis, energy conversion and storage,
electro-synthesis, electrochemical/biochemical sensing, and recovery of environmental pollution. Key
components in electrochemical processes are the electrodes. In this respect, CbMs occupy a special
place for their properties which, among other, encompass high chemical stability, a good electrical
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conductivity, and suitable porosity. Importance of these parameters is clearly shown in Figure 6
displaying a typical electrochemical cell such those in batteries and supercapacitors.
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However, alongside good material properties, a common problem with the CbMs is the low
surface wettability. This generates important difficulties when these materials get in contact with
an electrolyte. Change of the surface chemistry by functionalization is a common route to optimize
the interaction of the carbon surface with the external environment [172]. As described above, the
modification of the surface chemistry of CbMs strongly improves their solubility in both aqueous and
organic environments rendering easier the development of new technologies.

An important consideration concerns the density of electronic states (DOS) of carbon-based
electrodes, which changes greatly for different forms of carbon. For an electrode possessing a high
density of states (DOS) the likelihood of electron transfer to a redox system is high. Presence of defects,
disorder or changes in the surface chemistry which may affect the DOS, have remarkable effects on the
charge transfer during redox reactions thus influencing the efficiency of an electrode. As an example,
bonds with oxygen are very frequent and relevant in interfacial phenomena. Functionalization with
oxygen groups results in a negative surface charge, which can lead to significant electrochemical effects
on adsorption and electron transfer rates [173]. Ru(NH3)6

3+/2+ and Fe(CN)6
3−/4− redox systems are

useful benchmarks for comparing the electron transfer reactivity of various carbon electrodes. Both
these redox systems are insensitive to presence of oxygen on carbon electrodes. A significantly slower
kinetics of Fe(CN)6

3−/4− is found when the electrode surface is modified with a monolayer of covalently
bonded nitrophenyl groups [173]. Differently from the previous redox systems, Fe(H2O)6

3+/2+ strongly
depends on the presence of surface oxides and in particular carbonyl functional groups [174,175].
It was observed that presence of oxygen significantly accelerates the electron transfer between the
Fe3+/2+ and the carbon surfaces. Then, the different kind of functionalization and the methods utilized
to achieve specific surface chemical composition assume a crucial role to improve the efficiency of
electrochemical processes. Charge mobility, which is at the base of the chemical reactions, is also
important in electronics. Different functionalization are applied to obtain the desired surface properties
allowing optimization of CbMs in electronics are reviewed in [176].
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2.2.1. Graphite, Graphitic Carbons, and Graphene

Recently, electrodes made of graphite and graphitic nanostructure pastes are utilized because they
exhibit a large potential windows and low background currents, and a rapid surface regeneration. A
clear correlation with the particle dimensions and the electrochemical activity was observed with an
improvement of the heterogeneous electron transfer kinetics at smaller sizes. The accepted interpretation
of this effect explains the heterogeneous electron transfer as primarily due to the reactivity of plane edge
sites/defects while the basal planes are considered more or less inert [177,178]. This is due to a higher
amount of oxygenated species at the edges of smaller particulate [179]. Considering the crystalline
graphite as the highly-oriented pyrolytic graphite (HOPG), the defects density is rather low and found
in regions as large as a few micrometers [173,180]. Thus, the main part of the surface is non-useful for
electrochemistry and defects are mainly at step edges and grain boundaries. Defects created during
exfoliation readily react with the atmosphere or water and bonds with oxygen are formed. The negative
charge deriving from oxygen functional groups, and in particular the carboxylates, have significant
effects on the electrochemical processes with enhanced adsorption of ionic analytes and increased
electron transfer rates. Surface oxidation treatments are then performed to improve the electrochemical
properties of graphitic carbons [181–183]. In graphitic carbons as disordered amorphous carbon, and
glassy carbon, higher density of defect is present leading to much better electrochemical performances
despite presence of residual C–H bonds limiting the electron mobility [173]. The use of plasma to graft
oxygen-based functional groups dates back to the seventies [184], where a radiofrequency plasma
was proposed as a more controlled alternative method to oxidation in air at high temperature able to
introduce oxygen functionalities both at edges and in the basal planes. More recently, air, argon, nitrogen
and oxygen discharge plasmas were utilized to enrich the surface of graphite electrodes with defects
and electroactive sites [185]. The plasma-treated cathodes showed enhanced electro-Fenton oxidation
of Acid Orange 7. In another work, the authors utilized ammonia and hydrogen plasmas to tune the
electrical properties of graphite oxide [186]. Ammonia plasma led to tunable semiconducting properties
of reduced graphite oxide useful for Field Effect Transistor (FET) devices. Using argon:hydrogen
mixture, the authors were able to increase the graphite oxide conductivity to 630 S cm−1.

Maleimide-thiophene copolymer functionalized with graphite oxide sheets was developed
for polymer solar cell applications. The performances of the polymer solar cell were improved
thanks to a better charge transfer/transport through the active polymer [187]. Water solutions
of triethylmethylammonium methylsulfateand acetonitrile were utilized to produce oxygen based
functional groups on exfoliated sheets of graphite. The nanographite platelets were then utilized to
fabricate electrodes for supercapacitors reaching a specific capacitance value of 140 F g-1 at 0.25 A
g−1 [188]. In another work [189], to optimize the supercapacitor performances, the graphite oxygen
functionalities were adjusted in alkali electrochemical baths such as KOH, NaOH or LiOH. The
electrochemical reduction of the graphite oxide led to a relatively high cation adsorption capacitance
of 140 F/g.

The considerations drawn for the graphite electrochemistry hold for graphene-based electrodes.
Graphene is obtained from graphite by exfoliation as described in Section 2.1, leading to strongly
oxidized graphene sheets. Graphene oxide (GO) consists of a single graphite-like monolayer with
randomly distributed oxidized aliphatic regions (sp3 carbon atoms) containing hydroxyl, epoxy,
carbonyl, and carboxyl functional groups. The epoxy and hydroxyl groups lie above and below
each graphene layer while the carboxylic groups are usually located at the edges of the graphene
patches. The presence of oxygen groups on the GO provides a remarkable hydrophilic character and
an analogous reactivity. GO and reduced GO (rGO) are utilized to fabricate electrodes for electrical
double-layer capacitors. Important when dealing with 2D graphene sheets, is avoiding the restacking
induced by van der Waals and π-π interaction. To this aim, crumpled structures may be generated
as in [190], which facilitate the charge transport especially at high current densities. In addition,
the heterogeneous electron transfer depends also on the extension of the graphene flakes [191], thus
affecting their electrochemical properties. In graphene, the density of defects is mainly linked to the
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flake dimensions and, as seen for graphite, the chemistry associated with the defects plays a critical
role in electrochemistry. A careful control over the degree of oxidation was performed on graphene
sheets to optimize the charge transfer properties [192] of the graphene flakes. A possible chemical
functionalization of graphene sheets is performed using diazonium salts [193]. This process results in
a remarkable decrease of the conductivity due to the change of C-atom hybridization from sp2 to sp3

with disruption of the hexagon aromaticity. An alternative free radical addition to graphene is the
reaction of benzoyl peroxide [194]. Graphene sheets deposited on a silicon substrate were immersed in
a benzoyl peroxide/toluene and the photochemical reaction was initiated using an Ar-ion laser beam.
The appearance of a strong D band at 1343 cm−1 proves the attachment of the phenyl groups to the
graphene sheets.

Graphene can be functionalized with amine groups using the Leuckart reaction, which not only
reduces the graphene oxide but leads to a 3.2% amination degree [195]. Other common methods
utilized to aminate graphene include nitrogen plasma treatments, chemical vapor deposition, and the
reduction of graphene oxide in nitrogen gas or ammonia [196,197]. Plasma treatments led to doping
of the graphene oxide, and in general, to modification and improvement of its electrical properties.
Considering energy conversion, attention is dedicated to dye-sensitized solar cells (DSSCs) for the
low cost, easy fabrication and reasonable solar energy conversion [198]. Nitrogen-doped porous
graphene foams (NPGFs) were produced hydrothermally treating a mixed solution of GO and ammonia
leading to an overall power conversion efficiency (PCE) of 4.5% for the iodide-based electrolyte [199].
Nitrogen-doped graphene (NrG) was obtained by annealing a mixture of GO and cyanamide at 900 ◦C
in N2 atmosphere, which was then utilized as an alternative to the Pt electrocatalyst for DSSCs obtaining
a PCE of 5.4% [200]. In another work, 3D N-doped graphene structures obtained by freeze-drying
graphene oxide foams and subsequent annealing in ammonia resulting in a PCE as high as 7.07% [201].
Besides amines, other kinds of graphene doping are performed using HNO3, HCl, H2O2, SOCl2 [202].
Comparing the best sheet resistance of the functionalized graphene sheets, the lowest sheet resistance
was obtained in the case of SOCl2.

Finally, graphene patches in the nanometer size can be produced by liquid exfoliation of graphitic
carbons. The edges of the nanoparticulate are functionalized by oxygen-based groups. The nanosized
dimensions of graphene patches and the presence of functional groups lead to luminescent properties
and for this reason they are called graphene quantum dots (GQD). GQD emission is in the blue-green
range, they display high stability and absence of photobleaching. GQD can also be doped modifying
the emission properties (see for example [203]). GQD have wide applications in different technological
areas [204] such as photodetector [205], light emitting diodes [206], photocatalysis [207], biology [208].
More information may be found in [204,208]. Graphene optical properties can be exploited to fabricate
graphene based optical biosensors. They are based on the efficient light absorption from UV to NIR.
Graphene is generally functionalized to bind fluorescent molecules. The light emitted by these dyes
is quenched by graphene when the two systems are coupled while dye emission becomes visible
when the coupling is broken. This scheme was utilized to detect DNA folding or interactions with
specific complexes [209], or to detect particular substances which can interact directly with the dye
molecules [210].

2.2.2. Porous Carbon and Carbon Fibers and Felt

Differently from the crystalline forms of graphite and graphene, there are other systems in which
carbon atoms are arranged in partially disordered structures characterized by different densities and
degrees of crystalline perfection, or others with highly disordered structures as in glassy carbons.
Similarly to graphite, glassy carbons have a bulk density greater than 1 g cm−3, corresponding to
pore volume/fractions <0.5. Glassy carbon is produced by pyrolysis at high temperatures (~1000 ◦C)
of resins, such as phenol formaldehyde. Lower temperatures lead to activated carbons, that are
disordered networks characterized by higher number of defects and typically lower conductivity.
Glassy carbons possess a highly cross-linked structure explaining the high Young modulus ranges from
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20 to 40 GPa [49,211]. Glassy carbons display a closed porosity due to the presence of fullerene-like
structures [212,213] which render the material impermeable to liquids. To improve the coupling with
electrolytes, the surface of glassy carbon is functionalized by mechanical polishing, washing, plasma
treatment, thermal and laser activation, ultrasonication, or by electrochemical treatments [49,214–216].
These pretreatments induce a grafting of radicals like NH4+ or of electroactive species such as
hydroquinone that are specific for the desired application. The modification of the glassy carbon surface
involves also the decoration with nanoparticles [217], nanotubes [218], other carbon nanostructures [219]
to improve the electrode performances.

Activated porous carbons are a different form of carbonaceous materials which are obtained from
coal, wood, petroleum pitch at high temperatures ranging from 600 to 900 ◦C in inert or oxidizing
atmosphere, or using strong oxidizing acids or bases. Activated carbons are highly porous materials
exhibiting a high surface area but much poorer mechanical properties. Electrochemical processes that
produce interesting models of these two different disordered structures may be found in [220].

3-D electrodes made of porous carbon, carbon fibers, carbon felt and carbon in other structured
forms have obtained great attention because they generally possess a high surface area. Typical values
measured by Brunauer-Emmett-Teller BET method are: 500–3100 m2/g for porous carbon produced
from different biomass precursors [221], 700–3100 m2/g for carbon fibers [222] and 1800–1970 m2/g for
virgin and KOH treated carbon felt respectively [223]. Generally, these systems need a pretreatment
to improve the coupling with the electrolyte and reduce the charge transfer resistance. They include
plasma [224], irradiation treatments [225], thermal [226,227] and chemical processing [228–232]. It
is demonstrated that these treatments induce oxygen or nitrogen functional groups on the carbon
surface which affects the wettability of the electrodes and the redox reactions of the active species,
the point of zero charge, the electrical contact resistance, the adsorption of ions (capacitance), and
the self-discharge characteristics [225,231,233–235]. Generally, the carbon materials are derived from
organic precursors by carbonization, a heat treatment in inert atmospheres. The ultimate properties of
the carbonized materials are dependent on a number of critical factors such as the carbon precursor
and its phase state during carbonization (i.e., gas, liquid or solid), the thermal processing conditions,
and the structural and textural features of the ultimate products [236]. Carbonization is used to remove
the volatile compounds and the heteroatoms leading to a pure graphitic-like carbon residual. The
emission of these compounds leads to a porous structure. However, to increase the specific area,
which is a key parameter to improve the charge transfer to the electrolyte, a thermal or chemical
activation processes are generally performed [237,238]. The thermal activation is carried out at 700
and 1100 ◦C in the presence of suitable oxidizing gases. Wet chemical activation is performed at
lower temperatures from 400 to 700 ◦C, exploiting the dehydrating action of phosphoric acid, zinc
chloride and potassium hydroxide. As a result of the activation, a fraction of the carbon powder
is principally functionalized with oxygen atoms, and, to a lesser extent, to hydrogen, nitrogen and
sulphur depending on the original precursor utilized to produce the carbon powder [237]. The oxygen
functionalities are preferentially generated at the edges or defects of the graphite like microcrystallites.
Activated carbons easily react with oxygen (physisorption, chemisorption) also at room temperature
and this is another reason making the carbon-oxygen complexes the more frequent functionalities [173].
Plasma treatments was applied to graphite nanofibers used as a supports for Pt-Ru catalysts [239].
The concentration of the functional groups on the electrode surface was tuned by controlling the
plasma intensity, the N2/O2 proportion of the feeding precursors, and the treatment duration. The
changes of the surface chemistry of the graphite nanofibers allowed a better control size and density
of the Pt, Ru catalysts, enhancing the efficiency of the electroactivity of the nanofiber electrodes. In
another work, activated carbons obtained from carbonization of coconuts, were treated in a dielectric
barrier discharge plasma using H2O vapors as activating gas [240]. The plasma treatment induced
oxygen based functional groups grafting, and in particular carbonyl groups, leading to a better surface
wettability and improved charge transfer to the electrolyte.



C 2019, 5, 84 16 of 45

Generally, the functional groups increase the porous carbon wettability as well as that of carbon
fibers and felt, thus improving the carbon/electrolyte coupling. In addition, carbons possessing
a high concentration of oxygen-based acidic functionalities are prone to exhibit high rates of
self-discharge in supercapacitors. This suggests that the oxygen functional groups act as active
sites catalyzing the electrochemical oxidation or reduction of this class of carbon materials, or the
electrolyte decomposition [241]. Also, nitrogen functional groups deeply modify the electrode electrical
properties. As an example, N doping was obtained by chemically treating mesoporous carbon having
a specific surface of ~1900 m2 g−1 [242]. Doping was induced in the graphene-like layered graphitic
sheets with a HNO3 treatment that preserved the material conductivity. In a 0.5 M H2SO4 electrolyte,
the electrode displayed a specific capacitance as high as 790 F g−1 at 1 A g−1. Nitrogen-Doped Carbon
Nanocuboids arrays grown on carbon fibers were synthesized by pyrolizing cobalt-containing zeolite
imidazole frameworks [243] sketched in Figure 7. The active materials were used as supercapacitors
were the doped carbon and cobalt provided the electron transport. The electrodes achieved an areal
capacitance of 1200 mF cm−2 at 1 mA cm−2, and highly stable performances with more than 90%
capacitance maintained after 20,000 charge-discharge cycles.
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Figure 7. Top left, the synthesis scheme of cobalt-containing zeolite imidazole framework (Co-ZIF) and
top-right the SEM image of the resulting material; bottom left the Cyclic voltammetry curves of Co–ZIF
composites for obtained for Co-ZIF annealed at 350, 450 and 550 ◦C; bottom right, the cycling stability
of Co–ZIF-450 after 20,000 consecutive charge-discharge cycles. Adapted with permission from [243].

However, the presence of surface oxygen also increases the resistivity of the carbon
powders [244,245]. Bonds with oxygen increase the barrier for electrons to transfer from one
microcrystalline unit to the next [246]. Then a careful balance between degree of wettability and
oxygen-induced loss of conductivity is required. In [247], porous carbon activated by KOH was utilized
as an electrode for supercapacitors and the effect of the surface porosity and of the chemistry was
studied. In particular, the authors investigated the hydrogen chemisorption capability of the electrodes.
The results show that the increase of oxygen species on the electrode surface enhances the wettability,
thus favoring the H chemisorption. However, if the KOH carbon treatment generates pores with too
small sizes, the active sites cannot be reached by the electrolyte preventing H chemisorption.

Amines can be electrochemically grafted on carbon surfaces using a large number precursors
such as the primary amines (methylamine, n-butylamine, ethylenediamine, triethylenetetramine,
nitrobenzylamine, aminomethylthiazole, . . . ), the secondary amines (dimethylamine, diphenylamine,
di-n-butyl, di-isobutyl, . . . ), and tertiary alkylamines [248]. XPS shows that the grafting efficiency
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is higher for the primary amines, it is about half with the secondary amines and hardly detectable
for tertiary amines. Amines can react spontaneously with carbon fibers tough high concentrations,
temperatures and long reaction times (15 h) are required [249].

The high specific surface area is also important in electrochemical sensing. Recently, a new type
of glucose sensor based on porous carbon has been developed [250]. The sensor is based on porous,
high surface area, fluorine-doped carbon obtained by pyrolysis of fluorinated polymer nanofibers. The
fibers are then functionalized with a boronic acid receptor with a sensitivity from 50 µM to 5 mM of
glucose, excellent specificity for fructose, ascorbic acid, and uric acid.

2.2.3. Carbon Nanotubes

Carbon nanotube electrochemical properties are also at the basis of the sensing functions. There
are a few key parameters, which are fundamental in sensing applications: (i) a large surface area
allowing great adsorptive capacity; (ii) a significant modulation of the electrical properties upon
coupling with the analytes; (iii) the possibility to tune the electrical properties of the sensing element
by changing composition and size; (iv) the possibility to fabricate the sensing element with desired
geometries. In this respect, carbon systems and nanostructures are materials of choice also for the
development of miniaturized chemical sensors. However, carbons have drawbacks like lack of
specificity to different analytes and the low sensitivity towards analytes that have low affinity to
them. The surface functionalization reduces these limitations and is unavoidable processing step. The
electrochemical properties of carbon materials are utilized since years in biomedicine to sense the blood
glucose. The sensing is based on a redox mediation between the carbon surface and NADH [251,252].
In some sensors, the electron transfer is mediated by electroactive species covalently bonded to
the carbon surface [253]. Specific surface area is generally increased using carbon nanostructures
and in particular CNT and graphene. However, Van der Waals attraction and π-π stacking lead to
agglomeration of CNTs and graphene which strongly reduces the adsorption capacity of electrodes
with loss of sensitivity. Functionalization renders these nanostructures more soluble in both polar
and non-polar solvents protecting from aggregation. Surface functionalization is accomplished via
covalent and non-covalent bonding.

Oxidation is the more common covalent functionalization of CNTs [59,172]. As already
observed, oxygen functional groups are obtained on the carbon nanostructures using strong acid
treatments [254,255]. Oxygen based groups lead to a reduction of the Van der Waals forces and allow
a further surface engineering by attaching other molecules or nanoparticles as polymeric molecules,
dendrimers, DNA strands, enzymes [256].

In a sensor, the sensitivity is related to the extent of electron transfer for a given redox reaction. The
rate of electron transfer is proportional to the density of oxygen based functionalities on the electrode
surface [257]. As a consequence, these functionalities accelerate the reaction kinetic and the sensitivity
towards the analytes [258]. Other highly reactive species are utilized to functionalize CNTs, graphene
and fullerenes like halogens, radicals, carbenes, or nitrenes [22,259]. Other popular reaction utilized to
functionalize the carbon nanostructures are the cycloaddition and the amination processes [22,255,260].
Non-covalent functionalization relies on the electrostatic interactions, the van der Waals force, the
hydrophobic or hydrophilic interactions, the π-π stacking to immobilize of biomolecules onto carbon
nanostructures. In Figure 8, some of the chemical processes for CNT functionalization are schematized.
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Figure 8. (A) Covalent addition reactions on the sidewall of carbon nanotubes. (B) Reactions targeting
carboxylic acids (derived from nanotube surface defects). Reprinted with permission from [261];
(C) Reaction scheme for N-ethyl-N’-(3 dimethyl aminopropyl) carbodiimide methiodide (EDC) and
EDC-N-hydroxysuccinimide (NHS) based covalent crosslinking of biomolecule with carbon nanotube.
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Reprinted with permission from [262]; (D) Some decoration schemes involving chemical reactions and
hydrophobic or hydrogen bonding. Reprinted with permission from [263]; (E) Schemes of non-covalent
functionalization of carbon nanotubes. From top to bottom: proteins are anchored on the single
walled carbon nanotubes (SWNT) surface via pyrene π–π stacked on a nanotube surface. Right: A
transmission electron microscope (TEM) image of an SWNT conjugated with proteins; a SWNT coated
by a single-stranded DNA via π–π stacking; a SWNT functionalized with PEGylated phospholipids.
Both linear PEG (l-PEG) or branched PEG (br-PEG) can be used in this method. Reprinted with
permission from [264]; (F) Noncovalent attachment of gold or magnetic NPs onto SWNTs using pyrene
derivatives as interlinkers. Reprinted with permission [263].

The enzymatic biosensors couple the high specificity of the enzyme with the electrochemical
sensitivity of the electrodes providing interesting perspectives in the early diagnosis [265]. CNT-based
biosensors with this configuration have also been used to monitor biological reactions. This kind of
sensor was utilized to follow the enzymatic degradation of starch [266]. Non-covalent adsorption of
enzymes preserves the structural integrity; however, enzymes may progressively be lost during the
use. In [267], the enzyme was adsorbed into a CNT/graphene polymer to solve the problem. High
sensitivity was obtained functionalizing a forest of CNT coated with gold and then modified with
GOx [268] obtaining a detection limit of 0.01 mM glucose. DNA can be adsorbed on CNT although
covalent attachment via COOH-groups increases the conjugation stability. In [269], the fast charge
transfer between CNTs and daunomycin, selected as the redox intercalator, led to a detection sensitivity
of 1.0 × 9 × 10−10 mol L−1 in differential pulse voltammetry measurements. In another work the
Mn(II) complexes were selected as intercalators for charge transfer from DNA to CNTs leading to a
detection limit of 1.4 × 9 × 10−10 mol L−1 [270]. Other authors utilized single wall CNTs to fabricate
an impedance DNA sensor [271] conjugated with DNA single strands. A change of impedance was
measured upon DNA hybridization. CNT are also utilized in FET sensors as sketched in Figure 9.
Semiconducting SWNT is utilized as a gate electrode and can change the electrical FET characteristics
when a molecule binds on its surface [272–274]. Recently, graphene and graphene-CNT based FETs
were developed for sensing applications. FET biosensors based on graphene based were constructed
to detect DNA hybridization [275–277]. Ultra-sensitive FET were fabricated integrating graphene and
CNT in the gate electrode [278]. The high selectivity of the biorecognition element immobilized on
the CNTs and the high sensitivity of the FET allowed detection of mRNA at attomolar concentration
levels. FET sensors are utilized also for detection at molecular level. When uncharged molecules are
targeted, no electrostatic gating is present, thus inhibiting the FET sensing. To circumvent this problem,
the gate elements (CNT, graphene or Graphene-CNT) are functionalized with specific biorecognition
molecules (e.g., antibodies) which strongly amplify the amount of analyte bound on the gate electrode
thus inducing appreciable and detectable electrical changes in the sensor [279–281].

The CNTs may be utilized as optical biosensors. Upon excitation, semiconducting single walled
CNTs (SWCNTs) can emit a photons in the NIR range [282]. Since the SWCNTs bandgap is sensitive
to the chemical environment, the DNA polymorphism on SWCNT conjugations were optically
detected [283]. Polyethyleneglycol (PEG)-modified SWCNTs functionalized with specific antibodies
can selectively recognize cells with the appropriate surface receptor. This idea was utilized to recognize
HER2/neu-positive breast cancer cells [284].

Finally, CNT are utilized also in dye sensitized solar cells (DSSC) for efficient energy
conversion. In [285], multi walled CNTs (MWCNTs) were successfully integrated in
poly(3,4-ethylenedioxxythiophene) (PEDOT), polyaniline (PANI) and polythiophene (PTh) using
RF-rotating plasma grafting method. The composites were used as counter electrodes in DSSCs
showing short-circuit photocurrent densities of 11.19, 10.70 and 8.54 mA/cm2 for PANI/MWCNTs,
PTh/MWCNT and PEDOT/CNTs, respectively. In [286] a 3D structure made of graphene/CNTs with a
transmittance of 56.6% was synthesized. The DSSC showed a maximum PCE of 10.69% which was
attributed to the three-dimensional system structure characterized by a large specific surface area.
Interestingly, ink-jet printers are recently utilized in the area of flexible electronics [176]. In [287], the
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authors utilized dodecyl-benzene sulfonate as a surfactant to suspend SWCNT in water. Then they
utilized the suspension as an ink to screen print electronic circuits on cellulose.
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Figure 9. (A) schematic of miRNA detection principle by the p-19 functionalized carbon nanotubes-
field effect transistor (CNTs-FET) nanobiosensor; (B) I−V characteristics of the biosensor at various
stages of miRNA detection. (blue −) Bare CNTs; (pink �) CNTs functionalized with 1-pyrenebutanoic
acid succinimidyl ester (PBASE); (green circle) after p19 immobilization; (purple ♦) after blocking
unoccupied sites with Tween 20; (orange x) 10 µLof 10 fM miRNA-122a target + 1 µM miRNA-122a
probe after 1 h incubation at 37 ◦C. Reprinted with permission from [278].

2.2.4. Fullerenes

Coupling carbon nanostructures to materials for electrocatalysis has been recently explored as an
effective route to improve their electrochemical properties [288]. In this respect, graphene and CNTs
are widely utilized to enhance the electrical conductivity and electrochemical activity of composite
electrodes [289–291] which are also characterized by expanded surface area. These 2D carbon systems
are also coupled to inorganic materials like metals, hydroxides, metal oxides, and metal chalcogenides
to improve their functionalities. For this reason, fullerenes can be utilized as electrodes in different
areas such as fuel cells, photovoltaics, screen printed systems, and sensing. Despite the promising
electrical properties and the high electrical conductivity, fullerenes has been much less used to fabricate
high performance electrodes compared to graphene and CNTs. In redox processes, fullerenes display
a high electrochemical activity [292]. This derives from the strong electron-withdrawing ability of
the fullerenes [293] leading to a prominent modification of the electronic structure of the chemical
species during hybridization. An example is the coupling of the fullerenes with the positively charged
Ni-Fe-layered double hydroxide (LDH) with a significant change of the electronic structure of the 2D
LDH thin layers. This has beneficial effects on the electrical properties of the composite electrodes thus
improving the performances of batteries, and supercapacitors [294].

The carbon particulate is commonly used as catalyst supports because of the high specific surface
area and good electric conductivity. In this respect, the special features of fullerenes including
electrochemical stability, small size, specific morphology, and good thermal conductivity enable
their application in energy conversion systems [295]. As an example, fullerenes are integrated in
electrodes of a direct methanol fuel cells (DMFCs) [296]. In DMFCs C60 is coupled to Pt to improve the
catalytic oxidation of methanol [297] thanks to its strong electron accepting ability [298]. Fullerenes
also find applications in organic photovoltaics where an electron-deficient compound (acceptor) and
an electron-rich conjugated polymer (donor) are coupled together to generate charge separation
under light irradiation. Recently, fullerenes are introduced in polymer solar cells (PSC) as acceptor
substances due to their inherent high electron affinity and conductivity [299]. Different combinations of
polymer/fullerenes have been tested to fabricate the active layer of the PSCs [300]. The best results were
obtained coupling a [6,6]-phenyl-C61-butyric acid methyl ester/C60 derivative, used as electron acceptor
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with poly(3-hexylthiophene) which is an electron donor, reaching a PCE of up to 5.5% for single layer
devices [301]. Other works show that functionalizing the fullerene cage with donor molecules like
triphenylamines or indenes has positive effects on the overall performances of the PSC [302]. One
problem that affects PSCs is the exciton diffusion range which is 10 times shorter than the optical
absorption, leading to frequent charge recombination. Fullerenes are introduced in the heterojunctions
based on poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) to enhance the charge
separation. In [303], the authors combined C60 with graphene oxide/poly(3-hexylthiophene) (GO-P3HT
hybrid as illustrated in Figure 10. The GO-P3HT/C60 photovoltaic device displayed a 200% increase
in the PCE respect to the pure P3HT/C60 analogous system. The increase in the device efficiency is
attributed to an extended electron delocalization induced by GO in comparison to pure P3HT.
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Figure 10. (A) Synthesis procedure for chemical grafting of CH2OH-terminated P3HT chains onto
graphene, which involves the SOCl2 treatment of GO (step 1) and the esterification reaction between
acyl-chloride functionalized GO and MeOH-terminated P3HT (step2). (B) Schematic and (C) energy
level diagram of an ITO/PEDOT: PSS/G-P3HT/C60/Al photovoltaic device. Reprinted with permission
from [303].

Finally, fullerenes are extensively used in sensing due to the possibility to functionalize the surface
through different reactions. We briefly mention the Bingel reaction consisting of a cyclopropanation,
the Diels-Alder [4 + 2] cycloaddition reaction, the Prato [3 + 2] cycloaddition reaction, the [2 + 2]
cycloaddition, and others [22]. These reactions are sketched in Figure 11.

The Bingel reaction is frequently utilized to add a deprotonated halo ester or ketone to one of the
double bonds in C60. The cyclopropanation is utilized to prepare fullerene derivatives for biomedical
applications [304]. In [305], the authors were able to immobilize DNA onto a screen printed electrode
impregnated with fullerenes for detecting DNA strands of Escherichia coli.
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The Bingel reaction has been frequently used to prepare C60 derivatives in which a halo ester
or ketone is first deprotonated by a base and subsequently added to one of the double bonds in C60

resulting in an anionic intermediate that reacts further into a cyclopropanated C60 derivative. Amines
also react with C60 [307] showing different reaction patterns, forming hydrogenation products or
aminoketal-fullerenes upon the amine precursor utilized [308,309].

An aptasensor [310] was developed by mimicking a bi-enzyme cascade catalysis leading to
formation of O2 and consequent detection of the thrombin aptamer via electrochemiluminescence [311].
Most of the limitations of conventional immunosensors such as complexity and the need signal
amplification, can be solved using nanostructures like C60. In fact, fullerenes, as electrophilic molecules,
can be attacked by amines, antibodies, and enzymes which are electron-donating molecules. This
principle is exploited to fabricate fullerene-antibody immune sensor [312] composed by a C60, ferrocene
(Fc) and thiolated chitosan (CHI-SH) composite utilized to bind avidin coated Au nanoparticles. The
avidin was then utilized to capture antibodies of Escherichia coli exploiting the biotin and avidin
covalent reaction. Fullerenes were also utilized to detect glucose oxidase GOD important for the
diagnosis of diabetes. GOD is an enzyme catalyzing the oxidation of glucose with the production of
gluconic acid and hydrogen peroxide. Fullerene C60 is expected to efficiently immobilize the electron
donating GOD molecules. In [313], the authors fabricated a GOD/fullerene platform to catalyze the
glucose oxidation producing gluconic acid that was detected by a piezoelectric system.

2.2.5. D Hybrid Structures

As discussed previously, the specific surface area of electrodes is a key parameter governing the
electrochemical processes. Use of carbon nanostructures as graphene, CNTs, carbon fibers, fullerenes
and their mixture is used to generate high specific surface materials. 3D porous systems were fabricated
either using graphene nanofibers [314], combination of carbon nanostructures [315] or nanoporous
carbon sheets [316]. Thanks to the hierarchical nanoporous structures, these materials display good ion
transport and electrolyte permeability. Another strategy to optimize the specific surface is the coupling
of different carbon nanostructure ensuring accessible ion transport channels while increasing the
electrode energy density. As an example, porous coupling CNT to graphene fibers allowed optimizing
the ion accessibility to the electrode surface. The electrodes showed excellent mechanical flexibility
and structural stability with negligible capacitance differences upon bending and twisting [317].

CNTs and graphene are also utilized in gas sensors. Sensing is based on the change of the electronic
properties of these materials upon adsorption of the gas molecules on their surface. Essentially, gases
like NH3 and H2 are electron donor so that a charge transfer occurs when these molecules adsorb
on the CNTs and graphene thus modifying their conductance increasing their resistivity. In contrast,
electron acceptor gas molecules such as NO2 and O2 induce a resistance decrease [318–320]. Measuring
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the change of the resistivity, a qualitative and quantitative information about the gas is obtained.
Unfortunately, these kinds of sensors suffer from low specificity and sensitivity. These problems
can be solved by an appropriate decoration of CNT and graphene surfaces with metal nanoparticles.
Functionalization of these carbon nanostructures is utilized to attach metal nanoparticles like Pt, Ag, Au,
Al, Cu, Sn, Pd which enable selective sensing of gases like H2, NH3, NO2, CH4, H2S, and CO [321–324]
and their oxides [325–329]. More information about CNTs, graphene gas sensors may be found
in [318,320,330]. Mixed fullerenes CNTs hybrids were utilized to fabricate a gas diffusion electrode for
the production of H2O2 with a production rate of 4834.57 mg·L−1 h−1 [331]. Fullerenes CNT hybrids
are utilized to fabricate highly performing electrocatalysts for the oxidation of catechols utilized to
detect presence of tumor necroses [332]. Sequences of single stranded DNA were physisorbed on
C60/CNTs complexes that were utilized to modify a glassy carbon electrode to sense dopamine [333].
C60/graphene hybrids were utilized to fabricate superior electrodes for supercapacitors [334]. Modified
electrodes led to a specific capacitance of 135.36 F g−1 at the current density of 1 A g−1 that outperforms
that of pure graphene of 101.88 F g−1.

2.3. Composite Materials

Carbon nanomaterials are widely utilized in combination with a large class of materials to
improve their properties. Composite materials are then utilized in a number of different applications
as packaging, automotive, aerospace, energy, healthcare with an annual global market expected
to reach $5 billions in 2020 [335]. The carbon nanostructures utilized in composites materials are
graphene nanoplatelets (GNPs), carbon nanotubes (CNTs), carbon nanofibers (CNFs), and carbon
black (CB). Generally, they are incorporated in the materials to improve their mechanical properties
(tensile strength, stiffness, fracture toughness, etc.) as sketched in Figure 12, enhance the electrical
conductivity and the thermal stability, decrease gas permeability and improve the flame-retardant
properties. CNFs are a good example. They find application where strength, stiffness, outstanding
resistance to fatigue and low weight are key requirements. They are also utilized where chemical
inertness, high temperatures, electrical conductivity and high damping are critical criteria [336]. When
the interaction between nanostructure and matrix is strong, composites display much better mechanical
properties deriving from the large interfacial area [337]. Conversely, when CNFs are used without
surface treatment, they produce composites with low interlaminar shear strength due to the weak
adhesion and poor bonding between the fiber and matrix [338]. The CNFs surface is chemically inert,
it leads to an insufficient adhesion with the hosting matrix.
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2.3.1. Carbon Nanofibers and Carbon Nanotubes

Surface functionalization is an essential step of the synthesis of composite materials. Adhesion
can be improved by increasing the CNFs surface roughness. Physical methods enhance the density
of contact points, micro-pores and pits in an already porous surface. Chemical methods involve
grafting of functional groups leading to a stronger interaction with the surrounding matrix. Extensive
description of the surface functionalization of the carbon nanostructures is reported in the previous
sections. Chemical modifications of CNFs often involve both changes simultaneously. Oxidation
of CNFs is induced by acid (nitric, hydrochloric, etc.), ozone, air at high temperature or plasma
treatments [340]. O–C–, –C=O, –O–C=O) functional groups were obtained on CNFs surface with a
HNO3 acid treatment [341]. Oxygen groups increased the surface wettability and the adhesion of with
polyimide (PI) matrix. Same treatment was applied to oxidize CNFs surface increasing the number of
sites active for hydrogen and Van der Waals forces improving the adhesion with PI [342]. Other kinds
of CNT functionalization utilized for composite production are fluorination and derivative reactions,
hydrogenation, cyclopropanation and cycloaddition, radical attachment, amidation esterification
thiolation silanization [343].

The authors of [344] describe a plasma treatment by air dielectric barrier discharge (DBD) at
atmospheric pressure to treat the surface of CNFs to induce COOH, –C–OH and =C=O groups leading
to a higher reactivity between fiber surface and matrix and a higher surface roughness. Atmospheric
CO2 and O2 plasma treatments were used to activate graphite nanoplatelets as well as highly graphitic
fibers used as reinforcing elements in composites [345]. The plasma treatments induced an increase
of the oxygen functionalities on the treated surfaces. The inclusion of the functionalized graphitic
nanoplatelets and fibers in epoxy resins led to an increase of the tensile strength up to 50% and
79% respectively.
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Considering high performance materials, CNTs exhibit a tensile strength 10 times higher than
that of CNFs and a Young’s modulus six times higher than that of steel [346]. It is then expected
that CNT based composites will display much better properties as compared to CNFs. As a matter
of fact, experiments show that CNTs-based polymer nanocomposites possess an interfacial average
shear stress of ~500 MPa which is much larger than of conventional fiber composites [347]. 1 wt %
of multi walled CNTs embedded in polystyrene elastic modulus and break stress increase 36–42%
and ~25%, respectively [348]. An improvement of 3.5 times of the material hardness was obtained
adding ~ 2 wt % of SWCNTs to an epoxy matrix [349]. At the same time, samples loaded with
1 wt % unpurified SWNT material showed an increase of 125% in the thermal conductivity at room
temperature and the enhancement was three time higher with respect to vapor grown carbon fibers.
Nanocomposites based on epoxy resins and MWCNTs organized in 1D and 2D structures improving
the material resistance with an increase of 138% in fracture strength in comparison to the neat epoxy
matrix [350]. CNT/polymer nanocomposites were prepared by free radical polymerization of an
imidazolium ion-based ionic liquid containing a methacrylate group [351]. With an inclusion of 7 wt
% of SWCNT, the authors reported a 120-fold enhancement of the Young’s modulus with respect to
the parent unmodified methacrylate. In addition, such a high amount of SWCNT led to a remarkable
improvement of the electrical conductivity of the material.

2.3.2. Graphene Oxide

Similar improvements are obtained using graphene as filler [352], which remarkably improves
also the electrical conductivity [353] and the gas barrier properties [354]. Graphene oxide obtained by
chemical exfoliation generates oxygen-containing polar functionalities such as carbonyl, hydroxyl,
epoxides, and carboxyl groups [355]. Oxygen groups are utilized to form amide groups by reacting
the amine group in N-ethyl-N’-(3 dimethyl aminopropyl) carbodiimide methiodide (EDC) with the
carboxyl group in GO [355]. Poly (2-(dimethylamino)ethyl methylacrylate) was grafted to GO via
atom transfer radical polymerization [356]. GO can be coupled to hydrophilic polymers as and
poly(ethylene oxide) (PEO) [357] and poly(vinyl alcohol) (PVA) [358], to form nanocomposites. Organic
isocyanates can react with carboxyl and hydroxyl group of the GO which, in turn, are known to
form composites with polystyrene, acrylonitrile-butadiene-styrene (ABS), and styrene-butadiene
rubbers [359]. Other examples are addition of GO to polystyrene [360], polymethylmetacrylate [361],
polyurethane [362,363], polyvinyl acetate [364,365], polyaniline [366] and polyesters [367]. In all cases it
was observed an improvement of the polymer mechanical properties. Graphene based nanocomposites
were successfully implemented in electrochemical applications [368,369], supercapacitors [370,371],
lithium ion batteries [372,373], solar cell [374,375], sensors [376,377], drug delivery and tissue
engineering [378–380], water purification [381,382].

2.3.3. Nanodiamonds

Among the carbon-based materials utilized in composites are also nanodiamods (NDs). As for
the other carbon nanostructures, also in the case of NDs the surface chemistry strongly influence the
properties of the nanodiamond based composite [383]. There are two main routes to perform the
functionalization of the ND surfaces: wet chemical processes at low temperatures or gas treatment at
high temperatures [384,385] which are illustrated in Figure 13.
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In the case of wet chemistry, strong acids (H2SO4, HNO3, HCl) are generally utilized to graft
oxygen based and chlorine functionalities [387–389]. These polar functionalities render the NDs
dispersible in polymeric matrixes [390–395] and are utilized to improve the composite mechanical
properties. Amination is another widely utilized functionality to couple NDs with other organic
molecules as in [396] where functionalization of NDs led to covalent bonding with the epoxy matrix.
This led to three times higher hardness, 50% higher Young’s modulus, and two times lower creep
compared to the composites in which the NDs were not chemically linked to the matrix.

In another work, inclusion of NDs 0.5 wt % in cellulose acetate membranes induced maximum
improvement in hydrophilicity and higher critical flux and anti-fouling properties were obtained with
inclusion of PEG functionalized NDs [397]. A good degree of oxidation can be obtained also with
reactive gasses alogenated [398]. Surface fluorination was utilized to prepare a series of functionalized
nanodiamonds by subsequent reactions with alkyl-lithium reagents, diamines, and amino acids to
obtain fluoro-nanodiamond and the corresponding alkyl-, amino-, and aminoacid-nanodiamond
derivatives [160,399]. Finally, non-covalent functionalization based on electrostatic interaction has
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been also utilized to modify the ND surface. In [400], the authors utilized oleylamine as surfactant
which interacted with carboxyl groups of the NDs through a charge transfer. Other examples are the
use of the electrostatic interaction to couple NDs in epoxy based composites [401] or in polyacrylic
matrices [383].

3. Conclusions

Carbon-based materials are utilized in a broad variety of applications ranging from the electronics,
electrochemistry and sensing, energy, biomedicine, composites, airplane and automotive, and
environment. A key element is the interaction of the carbons with the external environment. In this
respect, the functionalization processes play a critical role defining the surface properties which are
at play in regulating the material solubility in various solvents, its electrical properties, the chemical
reactivity, or determining the coupling with other materials as in composites or the interaction with
therapeutic substances and with living matter. As a consequence, different functionalization techniques
were developed for specific applications. There is a variety of covalent and noncovalent modification
of the carbon surface involving different chemical or physical treatments. This review provides an
overview of the recent research works on carbon systems with new insights into the processing and
consequent material properties. Interaction with other substances or with the external environment
needs great attention in choosing the correct treatment to avoid undesired outcomes. In this regard,
great effort has been devoted to implement the efficient surface modification strategies providing the
desired surface chemistry. In conclusion, carbon-based materials either in bulk or nanosized particulate,
offer great challenges in making the research exciting. The extraordinary long list of applications makes
carbon an “ever green” material still rich in opportunities for future new developments.
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