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Abstract of dissertation 

Carbon nanomaterials (CNMs) are a class of materials that aroused great interest in the last decades 

in several research fields. In particular, CNMs showed great potentialities in biomedical applications 

because their advantageous nanometric size and biocompatibility. In addition, CNMs have been also 

investigated as materials for electrocatalysis due to high surface and outstanding electro-mechanical 

properties. In particular, doping with heteroatoms have shown to be efficiently improve their 

electroactivity due to the formation of active sites in the inherent graphitic skeleton. 

Carbon nano-onions (CNOs) are a member of the carbon family with a structure composed of 

concentric graphitic shells akin to that of an onion. CNOs were firstly discovered by Ugarte in 1992, 

but only in the last two decades aroused great interest in the scientific community due to peculiar 

features such as small size, large surface area and interesting physical and chemical properties. To 

date, CNOs have been successfully applied in several applicative area with remarkable outcomes in 

biological and electrochemical applications. 

The aim of the present thesis is to developed novel CNO derivatives for possible applications in 

biomedicine and electrocatalysis in order to expand the current knowledge in these research fields. 

 Chapter 1 contains an introduction on the fascinating world of carbon nanomaterials with particular 

emphasis given to carbon nano-onions. The structural characteristics and the reported production 

methods are discussed in details in the first part, while the second part illustrates the remarkable 

physico-chemical properties, the functionalization strategies exploited to enhance their dispersing 

abilities, concluding with the description of current applications involving CNOs. A detailed 

description has been provided in two applicative fields, which are of interest for the present thesis. In 

the first part, the biological investigations performed on CNOs have been described with particular 

attention on the in vitro and in vivo bio-evaluation, showing that CNOs are a biocompatible material. 

In the second part, the operative principles of fuel cells and information about oxygen reduction 

reaction have been discussed in detailed. Later, a literature review on the doping strategies performed 

on carbon nanomaterials for electrocatalysis has been provided with particular emphasis given on the 

use of CNOs as electrocatalysts for the oxygen reduction reaction.  

Chapter 2 illustrates the synthesis and characterization of 5 nm-sized pristine CNOs (p-CNOs). 

Thermal annealing of detonation nanodiamonds was employed to fabricate CNOs and the successful 

formation was corroborated by several characterization techniques such as x-ray diffraction (XRD), 

x-ray photoelectron spectroscopy (XPS), high-resolution transmission electron microscopy 

(HRTEM), Raman, electron energy loss (EEL) and Fourier-transform infra-red (FTIR) 

spectroscopies. 
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Chapter 3 reports the development of a novel CNO-based biological imaging agent. A novel far-red 

fluorescent BODIPY dyes, synthetized in our laboratory, was attached by esterification reaction to 

the CNO surface bearing carboxylic acid functionalities and tested on human breast cancer cells 

(MCF-7). Fluorescent CNOs exhibited bright fluorescence upon internalization and negligible effect 

on the cell viability at different concentrations. Low cytotoxicity, ease of internalization and 

remarkable emission properties confirmed the outstanding abilities of CNO derivatives in biological 

applications. 

Chapter 4 illustrates the development of an efficient and low cost CNO-based electrocatalyst for the 

oxygen reduction reaction (ORR). The introduction of boron and nitrogen into the CNO framework 

was accomplished by an in-situ co-doping strategy based on thermal annealing of a mixture of 

detonation nanodiamonds and boric acid. The electroactivity towards ORR of the CNO derivatives 

were compared with that of p-CNOs and standard carbon-supported platinum catalysts (Pt/C). The 

results showed that the co-doped materials exhibit enhanced ORR performance, higher long-term 

stability and negligible metal crossover effect as a consequence of the presence of  large amount of 

active sites (i.e. pyridinic N and substitutional B species), thus confirming the abilities of the proposed 

co-doping approach to create a new material able to efficiently catalyze the ORR. 

Chapter 5 describes the materials and methods used for the experimental work of the proposed thesis. 

Finally, Chapter 6 contains the conclusions as well as the future perspectives of the presented 

doctoral activity. 
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Chapter 1 - Introduction 

1.1 Carbon nanomaterials 

Carbon is one of the most abundant elements on earth and plays a key role in nature, as it is the 

principal constituent of all organic materials. Due to the small energy gap between the 2s and 2p 

electron shells in its ground-state orbital configuration (i.e. 1s2 2s2 2p2), one of the electrons from a 

2s orbital can be excited to a 2p orbital. This allows carbon to show different hybridization states, 

namely sp, sp2 and sp3 and, therefore, to exist in several allotrope forms, each showing unique 

structure and physico-chemical properties. Diamond and graphite, the traditional bulk carbon forms 

present in nature, show different arrangement and bonding of C atoms in their structure. Diamond is 

composed of a three-dimensional cubic lattice of strongly covalently bonded sp3 C atoms, which gives 

rise to its remarkable physical properties (i.e. high hardness and thermal conductivity). Graphite, by 

contrast, consists of a three-dimensional layered structure with each sheet composed of sp2 bonded C 

atoms arranged in a hexagonal honeycomb lattice; these layers, held together by weak van der Waals 

forces, are able to slide over each other, making graphite a good lubricant.  

In 1985, an another allotropic form of carbon, C60 fullerene [1], was discovered and marked the 

beginning of a new era in the carbon research. In the last thirty years, the carbon family has expanded 

after the discovery of several new carbon nanomaterials (CNMs) [2], attracting great interest from 

both scientific and industrial point of view. The unique and outstanding properties exhibited by these 

nanomaterials enabled their investigation for a wide range of applications. The main members of the 

nanocarbon family are schematically reported in Figure 1.1.  

Fullerenes are a family of enclosed cage-like carbon structures composed of twelve pentagon and a 

variable number of hexagon, following the Eulerôs theorem for polyhedral. In particular, C60, the most 

famous and investigated component of the family, consists of 20 hexagonal and 12 pentagonal faces 

to form a spherical closed structure of 0.7 nm in size similar to a soccer ball, with carbon atoms (i.e. 

60) located at the vertices of a regular truncated icosahedron. Furthermore, larger molecular weight 
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fullerenes have been also reported [3]. The C60 molecule, historically known as Buckminsterfullerene 

in honor of the geodesic domes built by the architect R. Buckminster Fuller, was firstly synthetized 

via laser ablation of graphite targets in helium (He) gas and detected by mass spectroscopy by Kroto, 

Smalley and Curl [1]. The great impact that this discovery had on the scientific community was 

confirmed in 1996, when they were awarded with the Nobel Prize for chemistry.  

 

Figure 1.1: Schematic representation of the main members of carbon nanomaterials. 

In addition, the development by Kratschmer et al. [4] of a gram-scale synthesis method, consisting 

of an alternating current (AC) arc discharge between high purity graphite rods in He gas, paved the 

way for the intensive investigation of fullerene and, progressively, of CNMs. 

In 1991, Iijima observed by electron microscopy the formation of cylindrical structures, consisting of 

coaxial tubes of graphitic sheets, on the cathode of the standard arc discharge apparatus used for the 

synthesis of fullerenes [5]. This material, consisting of a diameter ranging from 5 to 40 nm and a 

length of several mm, is nowadays known as multi-walled carbon nanotubes (MWCNTs). Two years 

later, Iijima [6] and Bethune [7] independently observed the formation of tubes composed of a single 

graphitic sheet, namely single-walled carbon nanotubes (SWCNTs), by doping one of the electrodes 

with elements such as cobalt. This kind of CNMs display a diameter of 1ï3 nm and a variable length 

up to tens of micrometers. Depending on the structure, CNTs display very interesting properties, such 
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as high aspect ratio and high thermal and electrical conductivity. Interestingly, the electronic 

properties of SWCNTs are strongly affected by the way that the graphitic sheet rolls up to form the 

tube; depending on this orientation with respect to the tube axis (namely, the chirality), they show 

metallic, semi-metallic or semiconducting behavior [8]. 

Only one year after the observation of MWCNTs, in 1992, Ugarte described the formation of multi-

shell fullerenes, also known as carbon nano-onions (CNOs), by irradiating amorphous carbon with 

the high energy beam of an high resolution electron microscope [9]. 

Graphene has been for the first time isolated by mechanical exfoliation in 2004 by Geim and 

Novoselov [10], who were awarded the 2010 Nobel Prize in Physics for the discovery of this 

fascinating material. Its structure, consisting of single layers of sp2-hybridized carbon atoms in a two-

dimensional hexagonal lattice, can be considered the building block of all graphitic materials. Due to 

the excellent mechanical, electrical and thermal properties, which approach very closely the 

theoretical ones, graphene is nowadays the most attractive CNM [11].  

Nanodiamonds, the nanoscale counterpart of bulk diamond, were firstly synthetized by detonation 

process in the 1960s [12]. They exhibit mainly rounded shape with an average size of 4-5 nm and the 

sp3 diamond core is typically stabilized by different functional groups or reconstructed into sp2 carbon 

shells. Nowadays, due to the remarkable physico-chemical properties and controllable surface 

chemistry, have a wide range of potential applications [13]. 

Carbon-based nanostructures have been extensively investigated in the last decades as promising 

materials for a large number of applications, becoming a hot topic in the scientific community. In the 

next section, the structure, the synthesis and the applications of a fascinating member of the carbon 

family, namely carbon nano-onions, will be discussed in details. 

1.2 Carbon nano-onions 

Despite carbon nano-onions were discovered at the same time as carbon nanotubes, they remained in 

the shadow of its carbon counterpart for many years before arousing interest in the scientific 

community.  

CNOs, also reported as onion-like carbon (OLCs), are quasi-spherical carbon nanoparticles composed 

of concentric graphitic shells to form a peculiar cage-in-cage structure that resembles the one of an 

onion [14, 15] (Figure 1.2). The multi-layered morphology typically consists of a C60 fullerene 

molecule as innermost shell, but hollow and metallic cores have been also reported [16, 17]). The 

outer graphitic layers are approximately 3.4 Å apart and the size ranges from few to tens of 

nanometers [18]. Ideally, they exhibit a spherical structure with the number of carbon atoms following 

the formula φπϽὲ, where n is the number of graphitic layers; however, the high defectiveness in the 
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structure gives rise to quasi-spherical or polyhedral arrangements [19, 20]. The morphological 

features of CNOs (i.e. shape, size and number of graphitic shells), and thus the physico-chemical 

properties, strictly depends upon the synthesis method, as reported by Echegoyen et al. [21]. 

 

Figure 1.2: HRTEM image (left) and structure (right) of CNOs, showing the concentric graphitic morphology. Reprinted 

with permission from [15] . 

Historically, it is due to S. Iijima the first reported evidence of CNOs. In 1980 he observed, by high-

resolution transmission electron microscope (HRTEM), the presence of small nearly spherical 

particles in amorphous carbon films prepared by vacuum deposition [22].  

However, only a decade later, D. Ugarte reported the first in-situ formation of onion-like structures 

with average size around 45 nm and about 70 graphitic shells. The highly energetic irradiation 

process, driven by an intense electron beam, induced the graphitization and the following curling of 

amorphous carbon, leading to the formation of multi-layered particles [9]. However, this method was 

not suitable to produce large quantities. The need for a bulk synthesis of CNOs to fully understand 

the properties of these novel CNMs led to the development of several fabrication strategies. 

Nowadays, a large number of production methods are available with thermal annealing of detonation 

nanodiamonds (DNDs) playing a key role as it is the only method with potentialities for industrial 

scalability [15]. The detailed discussion of the different methods is reported in the following 

paragraph. 

1.2.1 Synthetic approaches for production of carbon nano-onions 

Conventionally reported as the first method to show a reproducible way to generate CNOs [9], 

electron beam irradiation of carbon soot have been object of further investigation in the following 

years. Xu et al. reported the formation of giant onion-like structures, consisting of 10 to 54 graphitic 

shells and diameter ranging from 4 to 38 nm, by irradiating amorphous carbon film in the presence 
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of Al nanoparticles (Figure 1.3A). The CNO formation is promoted by the metal catalyst acting as 

nucleation sites and the mechanism involves three distinctive and consecutive steps. In the first stage, 

the presence of Al nanoparticles catalyze the formation of a nucleus and the first graphitic shell. The 

second step involves the gradual growth of irregular layers surrounding an inner hollow core as the 

catalyst NPs are moved out by the electron irradiation. Finally, the hollow interior is eliminated, 

forming a quasi-spherical structure [23].  

Arc discharge is a traditional production method for the synthesis of CNMs, as reported for fullerenes 

[24]. In 2001, Sano et al. employed this method as a viable way to produce CNOs with average size 

of 25-30 nm and consisting of 15-30 carbon shells (Figure 1.3B); the main technological advantage 

consists in the possibility to produce high amount of materials without the need of a vacuum 

equipment. 

 

Figure 1.3: HRTEM images of CNOs produced by A) electron irradiation and B) arc discharge. Adapted with permission 

from [23]  and [25] , respectively. 

CNOs were synthetized by applying a discharge voltage (16-17 V) in the presence of a constant 

current (30 A) between two graphite electrodes submerged in deionized water and collected as 

floating powder on the liquid surface due to its hydrophobic nature that causes the formation of large 

clusters induced by van der Waals interactions [25], as shown in Figure 1.4A.  

The formation mechanism has been proposed by the same group and schematically showed in Figure 

1.4B. The process involves the formation of a hot plasma zone, with temperatures reaching around 

4000 K, between the two electrodes. This entails the generation of vaporized carbon from the 

surrounding liquid and its following rapid solidification to yield CNOs when in contact with the 

surrounding cold aqueous environment. However, this method leads to the inevitable formation of 

other carbon nanostructures, such as CNTs, as results of the different quenching zones in the plasma 

[26].  
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Figure 1.4: Schematic representation of A) arc discharge apparatus and B) CNO formation mechanism. Adapted with 

permission from [26] . 

To overcome this problem, Borgohain and co-workers have reported an optimization of the arc 

discharge method proposed by Sano; by controlling the synthetic conditions through different 

processing parameters, homogeneous CNOs (20-25 nm in size) with minimal carbon-based impurities 

were produced. In addition, they proposed an efficient purification pathway, exploiting the 

preferential adsorption of phosphotungstic acid onto CNOs compared to the other impurities [27]. 

Thermal annealing of detonation nano-diamonds (DNDs) is nowadays the only method that showed 

potentialities for the industrial scalability, as it ensures low cost and high yield (close to 100%) along 

with the high purity and narrow size distribution of the products. Typically, DNDs with size around 

5 nm (Figure 1.5A) are employed as precursor material to yield small CNOs with an average diameter 

of 5-8 nm and composed of 5-10 graphitic layers (Figure 1.5B) [28].  

 

Figure 1.5: HRTEM images of DNDs (a) and spherical CNOs produced by thermal annealing. Adapted with permission 

from [28] . 
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The synthesis of CNOs by vacuum annealing was proposed for the first time by Kuznetsov and co-

workers in 1994 [29]; five years later, based on semi-empirical calculations, they demonstrated that 

the transformation of DNDs into spherical onions occurs through the preferential exfoliation of (111) 

planes. Therefore, they proposed a zipper-like scheme as formation mechanism for which three (111) 

diamond planes reconstruct into two (002) graphite planes as the interface migrates towards the 

diamond core [30]. 

The graphitization of the (111) facets begins at the diamond surface with the formation of graphitic 

fragments and proceeding towards the inside, as shown in Figure 1.6A where the formation of the 

first carbon layers is observed. During the intermediate stages, due to energetic reasons, the graphitic 

sheets tend gradually to connect and curve, surrounding the diamond core (Figure 1.6B). Finally, the 

graphitization process ends with the formation of closed graphitic shells around a hollow core (Figure 

1.6C) and CNOs exhibit a size that is similar to the starting diamond particles [31].   

 

Figure 1.6: HRTEM images of the evolution of the transformation of DNDs to CNOs. (a) Initial  stage, (b) intermediate 

stage and (c) final stage. Reprinted with permission from [30] .  

From the thermodynamics point of view, as graphite is the most stable carbon form, the formation of 

flat graphitic sheets should be preferentially promoted over a curved structure. However, at the 

nanoscale the surface energy of the particles is extremely high. For this reason, the graphitic sheets 

are forced to curl in order to reduce this contribution by elimination of the dangling bonds at the 

carbon atoms boundary [32]. 

Kinetically, as enough energy has to be provided to break the C-C bonds in the diamond structure 

(namely, 348 kJ/mol), the graphitization process should take place at least at 1100-1200 °C. Actually, 

the defectiveness of the structure along with the higher energy content of the surface than the interior 

allows to reduce the energy barrier required for the graphitization to start, resulting in the formation 

of the first graphitic fragments even at 900 °C [31].  
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The conversion of DNDs to CNOs is a multistage process, as shown in Figure 1.7. Below 900 °C, no 

graphitization occurs and NDs undergo to a thermo-desorption process of the non-carbon 

contaminants [17]. This step includes the desorption of water and oxygen-containing groups at around 

200 °C, while the further increase of temperature allows for the detachment of acidic moieties such 

as carboxyl, lactone and anhydride groups to yield CO and CO2 gases; at around 850 °C, the last non-

carbon impurity, hydrogen, desorps from the ND surface [17, 33, 34]. The formation of dangling 

bonds, as result of the detachment of the surface functional groups, indicates the beginning of the 

graphitization, with the creation of sp2 carbon shells on the ND surface and proceeding towards the 

inner part. Between 1100 and 1300 °C, the external carbon shells acquire a higher degree of 

graphitization and the continuous sp3-sp2 phase transformation with the increase of temperature lead 

to the formation of spherical onions at temperature higher than 1500 °C. Finally, at temperature above 

1800 °C, a progressive polygonization of CNOs is observed [17, 31].  

 

Figure 1.7: Schematic representation of the DND-CNO transformation during annealing, including TEM micrographs 

and optical imaes. Reprinted with permission from [17] . 

Similarly to vacuum annealing, performing the process in inert atmosphere have shown to be an 

efficient way to synthetize CNOs. So far, successful transformation have been reported in several 

inert gases, such as argon [35], nitrogen [36], hydrogen [37] as well as in helium [21, 38].  
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Several parameters have to be taken into account when thermal annealing is chosen as production 

method. First, the annealing atmosphere is an important parameter in the CNO synthesis. In vacuum, 

spherical CNOs can be produced at around 1700 °C, where NDs are completely transformed, and 

increasing the temperature leads to a polygonal-shaped nanoparticles [28, 39]. In the presence of an 

inert atmosphere, lower temperatures are required to form spherical-shaped CNOs with higher 

ordering occurring at increased annealing holding time [40]. In addition, the annealing atmosphere 

has a direct impact on the CNO purity. While in vacuum CNOs are the main product, annealing NDs 

in an inert gas may lead to the formation of graphene nanoribbons as by-product. The generation of 

carbon-containing gases as a result of the desorption of functional groups from the ND surface 

induces a partial pressure inside the furnace, resulting in a local etching process that form unwanted 

graphitic structures [41]. Finally, ND size and annealing time are two other important factors. In the 

first case, the graphitization process may take place at lower temperatures for smaller NDs particles 

as they exhibit a higher contribute of surface energy. In addition, an enhanced degree of graphitization 

may occur at lower temperatures with the prolongation of the heating holding time [42].    

Chemical vapor deposition (CVD) is another effective way to produce CNOs due to the direct control 

on the synthetic parameters. Typically, hydrocarbons such as methane are employed as carbon 

sources in the presence of a catalyst to yield CNOs bearing hollow or metallic core [43, 44]. CNOs 

consisting of a Fe3C core (15-50 nm in size) were synthetized by Yang and co-workers through the 

decomposition of C2H2 at 420 °C catalyzed by a NaCl-supported iron catalyst [45].  

He et al. achieved the synthesis of CNOs by low temperature CVD via catalytic decomposition of 

CH4 in the presence of Al-supported Ni catalysts [46]. The formation is promoted by the presence of 

the Ni-based catalyst, which act as nucleation site. The mechanism involves, during the gas phase, 

the adsorption of carbon vapor onto the surface of the metal and the following formation and bending 

of several graphitic layers to yield CNOs with size ranging from 5 to 50 nm (Figure 1.8A) [46]. 

Therefore, the shape (quasi-spherical or polyhedral) and the core structure (hollow or metallic) strictly 

depend on the nickel particles morphology and size [47].  

Chen et al. reported the formation of spherical CNOs (from few to several tens of nm in size) via 

radio-frequency plasma CVD by using a mixture of CH4-H2 in the presence of a Co catalyst [48]. 

This method ensured high yield and, more importantly, high purity because the graphitic shells do 

not encapsulate the catalyst. The growth mechanism involves the formation of carbon rings, due to 

the decomposition of CH4, on the surface of the catalysts and their stabilization in the presence of 

atomic hydrogen. The resulting formation of a fullerene dome and its following growth leads to the 

emergence of the first cage, which acts as substrate for the further formation of spherical cages to 

form an encapsulated structure [48].  



Chapter 1 

10 

 

Radio-frequency plasma was employed by Du et al. by using coal and a mixture with graphite as 

precursors to synthetize hollow CNOs with quasi-spherical and polyhedral morphology. The presence 

of graphite, acting as additional aromatic fragment source, ensures higher degree of graphitization 

and more regular morphology with an average diameter ranging from 10 to 35 nm (Figure 1.8B) [49].  

 

Figure 1.8: HRTEM images of CNOs synthetized by A) CVD and B) radio frequency plasma. Adapted with permission 

from [47]  and [49] , respectively. 

High-energy ball milling of graphite is another efficient method to fabricate CNOs, reported by 

Huang et al. in 1999 [50]. The formation mechanism involves two subsequent steps. In the first, the 

heavy mechanical deformation introduces strain and lattice defects in the structure, leading to the 

bending and curvature of the graphitic sheets. Then, when the energy provided by the ball milling is 

high enough to induce the graphitization of the curved defective fragments, the formation of closed 

structures occurs (Figure 1.9A). The main drawback is the low purity of the method, as different 

carbon structures, such as nanoparticles consisting of an inner metal core, are typically produced [51].  

Ion implantation was proposed for the first time in 1995 by Cabiocôh et al. as viable method to 

produce CNOs onto copper substrates (Figure 1.9B) [52]. Further investigations performed by the 

same groups confirmed the efficiency of this technique to produce CNOs with variable size (from 3 

to 30 nm) and controllable microstructure by varying synthesis parameters such as ion flux and 

temperature. The formation of CNOs, occurring inside the substrate, is due to the immiscibility of 

carbon in the metal matrix; however, the main drawback was the low purity of the product due the 

presence of hetero-atoms in the CNO structure [53]. 
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Figure 1.9: HRTEM images of CNOs produced by A) ball milling and B) ion implantation. Adapted from [51]  and [53] , 

respectively.  

Several other synthetic pathways have been reported so far. Laser ablation of commercial pure 

graphite targets allowed for the production of highly pure spherical CNOs with size ranging from 10 

to 25 nm and consisting of a hollow core surrounded by 10-20 carbon shells (Figure 1.10A) [54].  

Carbon nano-onions with average size between 30 and 100 nm were synthetized by the catalyst-free 

thermolysis of a sodium azide (NaN3) and hexachlorobenzene (C6Cl6) mixture (Figure 1.10B), while 

a purification step efficiently removed byproducts such as amorphous carbon nanoparticles and NaCl. 

The formation is due to the coalescence of phenyl radicals as a result of the rapid increase of pressure 

during the process [55]. 

Flash pyrolysis of naphthalene vapor onto a glass or ceramic substrate [56] and thermal reduction of 

a mixture of glycerin and magnesium at 650 °C in a stainless steel autoclave [57] were also reported. 

In the first case, large quantities of high purity CNOs (50 nm in size and composed of around 50 

shells) are achieved, while, in the second case, larger CNOs (size ranging from 60 to 90 nm) are 

obtained.  

Counterflow diffusion flame synthesis onto a catalytic Ni substrate was reported by Hou and co-

workers in 2009 by using a mixture of C2H4/CH4/N2 as fuel stream and O2/N2 as oxidizer stream. In 

particular, they investigated the influence of ethylene, methane and oxygen concentrations on the 

selective formation of CNOs (Figure 1.10C). Furthermore, they showed the possibility to control the 

CNO size (from 5 to 60 nm) by varying the methane concentration (from 15 to 45%) [58]. 

Yan et al. exploited a low temperature solution-phase synthesis method by using commercial 

mesophase pitches (MPs) as a carbon precursor to obtain different graphitic structures, including 

CNOs with size between 30 and 80 nm, small carbon nanoparticles and carbon nanopores [59]. 
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Nanoparticles consisting of several to 20 graphitic layers and 10-30 nm in average size were 

synthetized under strong shock compression of SiC [60], while smaller CNOs have been produced 

by pyrolysis of wood wool (Figure 1.10D) [61-63] and combustion of common carbonaceous sources 

such as camphor and polystyrene foam [64]. 

 

Figure 1.10: HRTEM images of CNOs produced by A) laser ablation, B) thermolysis of NaN3-C6Cl6 mixture, C) 

counterflow diffusion flames and D) pyrolysis of wood wool. Adapted with permission from [54],[55] ,[58]  and [62] , 

respectively.  

1.2.2 Physico-chemical properties and applications of carbon nano-

onions 

The choice of the synthetic procedure to produce carbon nano-onions is an essential factor in relation 

to the selected applicative use. In general, CNOs exhibit common properties such as a low density 

and a high surface area to volume ratio. However, depending on the synthetic approach used for the 

production, CNOs exhibit different morphological features (i.e, size, number of graphitic layers and 

shape) and this determines their physico-chemical properties. In 2007, Echegoyen and co-workers 

investigated the effects of the synthetic approach on the properties and reactivity of CNOs. Thermal 

annealing and arc discharge methods were employed to produce CNOs with an average size of 5 nm 

and 15-25 nm, respectively. They showed through different characterization techniques that ND-

derived CNOs displayed a more defective structure, higher thermal stability as well as an higher 

reactivity as a consequence of the higher curvature and larger surface area [21].  

Carbon nano-onions, as the other sp2 carbon materials, exhibit a poor solubility in most of the 

common organic solvents as well in water, thus limiting to some extent their possible applicative use; 

their intrinsic hydrophobic nature is due to pronounced tendency to form aggregate induced by strong 

intermolecular interactions promoted by van der Waals forces. The chemical functionalization of 

CNO is an efficient route to enhance the solubility of the material by introducing different functional 

groups onto the graphitic surface. Inspired by the extensive literature regarding CNTs, covalent and 

non-covalent approaches have been investigated and successfully applied in the last decade [65]. 
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Generally, covalent functionalization methods impart hydrophilicity to the inert graphitic surface via 

introduction of new functional groups, as depicted in Figure 1.11, and allows for further modifications 

with a wide range of organic moieties (i.e. dyes molecules).  

 

Figure 1.11: Covalent functionalization pathways for CNOs. Reprinted with permission from [65] . 

Several covalent pathways have been investigated so far. The first covalent modification of CNOs 

has been reported by Prato et al. in 2003, where CNOs were functionalized through an azomethine 

ylide addition reaction, which imparted good dispersability in common organic solvents [66]. A 

modification of the 1,3-dipolar cycloaddition reaction reported by Prato was proposed by Echegoyen 

and co-workers two years later; in the same work, the authors showed two novel and efficient covalent 

approaches for CNOs (i.e pegylation and amidation reactions) [67]. In another work, the same group 

reported a successful CNO functionalization via cyclopropanation and radical addition reaction [21]. 

Improved solubility in organic solvents such as ethanol and DMF was accomplished by direct 

fluorination of CNOs at different temperatures [68], while good dispersion in water was obtained 

with the following modification with sucrose [69]. The first supramolecular CNO conjugate has been 

reported by Echegoyen et al. in 2008, where a pyridyl functionalized CNOs were complexed with a 

Zn/porphyrin derivatives, showing very good solubility in water [70]. The modification of the CNO 

surface with several functional groups such as benzoic acid via Tour reaction has been reported by 

Flavin et al. [71].  
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Interestingly, the addition of a similar Zn/porphyrin derivatives to the one reported by Ecehegoyen  

was obtained through a new synthetic approach supported by XPS and ToF-SIMS [72]. Furthermore, 

the presence of benzoic acid functionalities onto the CNO surface was exploited for the following 

incorporation of dyes molecules via amidation/esterification reactions to yield fluorescent CNOs, 

which have been successfully used as biological imaging agents [73-75]. 

Chemical oxidation is one of the most common covalent approach as it leads to an improvement of 

solubility by introducing oxygen-containing functionalities such as carboxylic groups onto the CNO 

surface; furthermore, it is often used as initial step for further CNO modification. Strong acids such 

as nitric acid [21, 67, 76] or concentrated acid solutions such as mixture of nitric and sulfuric acid 

[70] are typically employed for this purpose. Oxidation by ozonation have shown to impart 

hydrophilicity to CNOs and in addition, compared to traditional oxidation methods, is considered a 

green approach as the use of hazardous substances is not required [77]. Other covalent approaches 

have been reported, such as alkylation [78], [2+1] cycloaddition [79, 80], radical polymerization [81] 

as well as functionalization with biomolecules [82]. 

Covalent functionalization, as discussed above, have the potentialities to enhance the solubility and 

stability of CNOs. On the other hand, the structure of the material as well as its native properties may 

be seriously altered by the reaction conditions. The introduction of defectiveness induced by these 

chemical modifications may lead to the disruption of the graphitic structure and to the loss of its p 

conjugation character.  

For this reason, non-covalent functionalization is a convenient route to modify the hydrophobic 

characteristic of the CNO surface, while preserving their intrinsic properties. Non-covalent 

approaches are based on the adsorption of aromatic compounds or macromolecules such as 

surfactants and polymers onto the surface of the CNO via ˊ-ˊ or hydrophobic interactions to achieve 

a stable suspension. One relevant example of non-covalent functionalization of CNOs has been 

reported by Giordani et al, where a fluorescent pyrene-BODIPY dyes derivative was immobilized 

onto the CNO surface exploiting the p-p supramolecular interactions established between the pyrene 

moieties and the extended CNO p-systems [83]. 

The current availability of several functionalization methods for the chemical modification of CNOs 

have opened up a wide range of possible applications in different areas. In the last decade, 

electrochemical [16, 17] and biomedical [15] applications of CNOs are probably the most studied 

topics and several investigation have been performed in these field. The possibility to decorate the 

surface with selected functional groups and the further conjugation with molecular entities such as 

fluorophores conferred to CNO derivatives an enhanced water solubility and biocompatibility.  

Furthermore, promising features such as low cytotoxicity, weak inflammatory and enhanced cell 



Chapter 1 

15 

 

penetration capability have been proved both in vitro and in vivo, confirming that CNOs is a safe 

material to be employed in biological applications. The detailed discussion of the bio-related 

applications of CNOs will be proposed in the following paragraph.  

Similarly to the other CNMs [84], CNOs have shown promising outcomes in the field of sensing. 

CNO-based sensors exhibited enhanced sensitivity and selectivity for the detection of several 

molecules of interest, such as biotin/avidin [82], DNA [85], glucose [86-88] and other enzymes [89], 

dopamine [90], ascorbic acid [91] as well as pH sensors [74, 92, 93]. 

In electronics, CNOs have been employed for different purposes. One of the most interesting 

applications is as electrode material in supercapacitors and several works have been published after 

that Portet and co-workers proved its efficacy in this application [94]. Bushueva et al. showed how 

the electrochemical performances in terms of capacity and conductivity were correlated to the 

annealing temperature used for the CNO production [95], while Pech et al. reported the first CNO-

based micro-supercapacitor, which showed higher capacity than the conventional ones [96]. In 2012, 

Borgohain et al. reported the development of a RuO2-CNO composite material with higher specific 

capacitance and increased cyclic stability [97]. In the same year, McDonough and co-workers 

investigated the influence of different parameters such as structure, physical and electrical properties 

of carbon nano-onions and nature of electrolytes on the supercapacitor performance, correlating the 

results with simulation data obtained by molecular dynamics (MD) modeling [98]. The results 

showed higher capacitive performance of carbon nano-onions at high charge/discharge rates 

compared to other carbon materials; furthermore, carbon nano-onions annealed at 1800 °C exhibited 

the highest conductivity the best capacitive performance at high rates, despite a lower specific surface 

area than the ones annealed at 1500 °C [98]. In 2013, Gao et al. investigated the electrochemical 

performance of CNO-based supercapacitor electrodes after the controlled introduction of porosity on 

the outer shells of CNOs by chemical KOH activation. The results showed five times larger 

capacitance along with a higher power density and energy density than the pristine ones [99]. Other 

reported electronic applications involving the use of CNOs are as material for hydrogen storage [100] 

and Li-ion batteries [101-103], in optical limiting [104] and electromagnetic shielding [105-107]. 

In catalysis, remarkable performance towards the oxidative dehydrogenation of ethylbenzene to 

styrene have been reported by using CNOs, who allowed for a high conversion yield [108, 109]; in 

addition, CNO as support for Pt nanoparticles showed enhanced electroactivity towards methanol 

oxidation compared to the benchmark Pt/Vulcan XC-72 catalyst [110, 111]. 

Finally, interesting applications in environmental remediation of heavy metal ions [112, 113] and 

tribology as lubricants [114-116] have been also reported.  
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1.3 Carbon nano-onions in nanomedicine 

The development of new nano-carriers bearing both imaging and therapeutic units is the object of an 

intense scientific research in nanomedicine for its possible use for the treatment of several diseases, 

in particular cancer. Compared to the standard treatment such as chemotherapy, the possibility to use 

nanoplatforms allows for the targeted delivery of drugs to malignant tissues and with enhanced 

therapeutic efficacy [117]. 

In the last decades, CNMs such as carbon nanotubes [118, 119], fullerene [120, 121], graphene and 

its derivatives [122] as well as carbon dots [123, 124] have shown promising features in relevant bio-

related applications. Their unique intrinsic physico-chemical properties together with the 

development of established chemical modification approaches made possible the creation of new 

functionalized nanoplatforms for bio-imaging and drug delivery purposes. In addition, their favorable 

nanometer size is comparable to that of relevant biomolecules such DNA and proteins, making them 

attractive for biological applications [125].  

In the perspective of biological applications, a careful evaluation regarding the biocompatibility and 

the safety of a material is required and, in this context, in vitro and in vivo investigations are essential 

for a practicable use in living entities.  

Low cytotoxicity, efficient cellular uptake and weak inflammatory potential revealed that CNOs are 

a biocompatible material suitable for different bio-applications such biological imaging and drug 

delivery. In the two following paragraphs, the current state of the art in the use of CNOs for these 

purposes will be presented, discussing both in vitro and in vivo investigations with particular attention 

to the production method employed for the CNO synthesis. 

1.3.1 In vitro  bio-evaluation of carbon nano-onions 

The first in vitro evaluation of CNOs has been reported by Ding et al. in 2005. Large CNOs (around 

30 nm in size) were produced by arch discharge method and the effects towards human skin fibroblast 

cells were evaluated and compared to MWCNTs. The results showed toxic responses for both 

nanomaterials, inducing a variation in the mRNA levels and affecting the cellular activity in terms of 

growth and differentiation (Figure 1.12A). However, compared to MWCNTs, CNOs induced less 

stress and no response from the cell immune system [126].  

Xu et al. tested the same CNOs on human umbilical vein endothelial cells (HUVECs) and a dose-

dependent effect on cell growth was observed with significant toxicity at high concentration (from 

25 to 200 mg/mL) (Figure 1.12B). In addition, DNA damage and apoptosis was found to be induced 

by the presence of CNOs [127]. 
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The cytotoxic effect of pristine and functionalized (i.e. oxidized and pegylated) CNOs on the viability 

of rat dermal fibroblasts has been investigated by Luszczyn et al. in 2010 and any toxic effect was 

observed for all the CNO materials (Figure 1.12C). More interestingly, this was the first evidence of 

the biocompatibility of NDs-derived CNOs [82]. 

 

Figure 1.12: Cell viability measurements after treatment with CNO derivatives of A) skin fibroblast cells and comparison 

with MWCNTs, B) HUVECs and C) rat dermal fibroblasts. Adapted with permission from [126], [127] and [82] , 

respectively.  

Kang and co-workers reported the comparison between the cellular cytotoxicity induced by spherical 

CNOs, synthetized by laser irradiation, and CVD-derived MWCNTs on a normal human bronchial 

epithelial cell line. The results showed a better biocompatibility of CNOs and a lower generation of 

intracellular reactive oxygen species (ROS), ascribed to their spherical morphology. In addition, the 

same trend was observed in the presence of an anti-oxidant with a remarkable decrease of the ROS 

level induced by MWCNTs [128]. 

In 2006, a report on the use of onion-like nanoparticles as imaging agent was published by Tripathi 

et al. In this work, the intrinsic and tunable fluorescence of the particles, synthetized by pyrolysis and 

arisen from the surface passivation induced by oxidation, was employed to image Escherichia coli 

and Pseudomonas putida cells. In addition, the fluorescent system was employed as biosensor for the 

detection of glucose exploiting an on/off fluorescence mechanism [87]. 

The small size and the ease of functionalization of CNOs produced by thermal annealing have been 

exploited by Giordaniôs group to develop novel nanosystems suitable for both imaging and targeting. 

In 2013, they conducted an in vitro and in vivo investigation on the inflammatory potential induced 

by CNO derivatives were tested on immortalized bone-marrow derived mouse macrophages (iBMM) 

and mouse bone-marrow-derived dendritic cells (BMDCs). For this purpose, ND-derived pristine 

CNOs were firstly decorated by benzoic acid via Tour reaction [71] and then coupled with a 

fluoresceinamine dye by amidation reaction to enable their cellular visualization, as suggested by the 

green emission in Figure 1.13A. The release of the inflammatory cytokines IL-1 ß by BMDCs in the 

presence of toll-like receptor (TLR) was promoted by the CNOs, which in addition induced the 

activation of the NLRP3 inflammasome. Furthermore, benzoic acid-decorated CNOs were found to 

produce low in vitro inflammation and to reduce the in vivo recruitment of neutrophils and monocytes. 
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Finally, CNOs were efficiently uptaken by antigen-presenting cells and targeted to draining lymph 

nodes [73]. 

In 2014, Giordani et al. developed a novel CNO-based imaging platform, which was tested in human 

breast cancer cells (MCF-7). CNOs bearing benzoic acid functionalities were coupled with a green 

emitting boron dipyrromethene dyes (BODIPY-CNOs) by esterification reaction, as confirmed by 

several characterization techniques; its in vitro toxicity was investigated by studying the metabolic 

activity of the cells at different CNO concentrations and no toxic effects were observed up to 72 h. In 

addition, the fluorescent nanoparticles were efficiently internalized by the cells and localized in the 

lysosomes, as depicted by the yellow co-localization signal in the confocal image in Figure 1.13B 

[75].  

 

Figure 1.13: Confocal images of A) C57BL/6 BMDCs, B) MCF-7 cells and C) HeLa cells incubated with different 

fluorescent CNO derivatives at 10 mg/mL CNO concentration. Adapted with permission from [73] , [75]  and [76] . 

A novel oxidation procedure allowed Giordani and co-workers to develop a CNO-based imaging 

agent with enhanced solubility in biological fluids. The oxidation was carried out in 3 M nitric acid 

for 48 h to yield oxidized CNOs (oxi-CNOs) with much higher surface coverage of carboxylic acid 

functionalities (around 210 per CNO) than the one obtained via Tour reaction [71], as confirmed by 

TGA; the following attachment with a fluoresceinamine dye was accomplished by ester bond as 

discussed above to create a fluorescent nanoprobe (fluo-CNOs) with enhanced dispersing ability and 

stability in water, as confirmed by dynamic light scattering and zeta potential. The successful CNO 

modification was confirmed by different spectroscopic techniques. The biocompatibility of all the 

functionalized CNOs was tested in HeLa cells by using a PrestoBlue cell viability assay and the 

results showed that CNO derivatives didnôt affect the cell viability at any of the concentrations tested. 

Furthermore, fluo-CNOs were efficiently internalized by the cells, as confirmed by confocal imaging 

(Figure 1.13C), by an endocytosis pathway [76]. 

The same group reported a multiple covalent modification approach with the aim to create a novel 

CNO platform capable of both imaging and targeting. For this purpose, a FITC dye and folic acid 
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(FA) were attached to the surface of benzoic acid CNOs and the CNO modification was confirmed 

by FTIR, Raman, XPS and ToF-SIMS spectroscopies. CNOs bearing both ligands (CNO-4) or only 

the dye molecules (CNO-5) were tested in HeLa and KB cells by assessing their metabolic activity at 

different incubation times and no significant cytotoxicity was observed in both cell lines for all the 

CNO derivatives. 

Confocal imaging and correlative imaging analysis (CLEM) confirmed the internalization of 

fluorescent CNOs by HeLa cells with localization in the lysosomal vesicles. In addition, as KB cells 

exhibit an overexpression of folate receptors, CNO-4 were internalized to a greater extent than CNO-

5 by the cells (Figure 1.14A) through a folate-mediated endocytosis pathway; further confirm was 

given by the minimal internalization in the presence of free FA in solution, which would compete for 

the folate receptors [129]. 

The first CNO fluorescent probe exploiting non-covalent interactions was published in 2015, where 

a pyrene-BODIPY dye molecule was coupled with p-CNOs through p-p stacking interactions 

between the extended aromatic CNO graphitic network and the pyrene unit of the dyes, as confirmed 

by absorption, fluorescence and FTIR spectroscopies. HeLa wild type (wt) cervical cancer cells were 

incubated with different concentrations of CNOs and no significant cytotoxicity was observed even 

at prolonged time of incubation. The widely spread green emission of CNO derivatives in the 

perinuclear region (Figure 1.14B) confirms the efficient uptake by HeLa cells. In addition, after that 

the cells were incubated at 4 °C, the CNO hybrids were internalized to a very low extent (inset in 

Figure 1.14B), suggesting an endocytosis mechanism for their uptake instead of a passive diffusion 

pathway [83]. 

 

Figure 1.14: Confocal images of HeLa cells incubated with A) CNO derivatives bearing FA and FITC ligands at 10 

mg/mL for 12 h at 37 °C and B) p-CNO/pyrene-BODIPY derivatives at 10 mg/mL for 30 min at 37 °C. The inset shows 

the uptake of the same CNO derivative incubated at 4 °C. Adapted with permission from [129] and [83] , respectively.  

As in the visible region of the electromagnetic spectrum photons are largely absorbed and scattered 

by biological tissues and water, for bio-imaging purposes the use of dye emitting in this range may 
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be limited due to the attenuation of the fluorescence signal. An efficient approach to overcome this 

limitation is to use dye with emission in the near-infrared (NIR) region and many efforts have been 

involved in the development of NIR emitting fluorescent probes. In this particular imaging window, 

tissues show unsubstantial absorbance allowing for an extended penetration of the light, thus 

improving the ability of bio-imaging agents [125]. With this in mind, Giordani and co-workers moved 

from green emitting dyes (as the ones discussed above) to novel dyes with emission at longer 

wavelength (far-red and NIR region). In 2014, the same authors reported a new fluorescent CNO 

derivatives with emission in the NIR region and they investigated its potentiality as imaging agent in 

HeLa cells [74]. CNOs bearing benzoic acid groups were coupled with two boron difluoride 

azadipyrromethene BODIPY dyads showing a methoxy- and hydroxy-substitution to yield Me- and 

OH-CNOs, respectively. Spectroscopy techniques as well as microscopy confirmed the CNO surface 

modification. The metabolic activity was assessed by a PrestoBlue assay and both CNO derivatives 

exhibited a negligible cytotoxicity after internalization in HeLa cells, even at the highest 

concentration tested (i.e. 100 mg/mL). Laser scanning confocal microscopy (LSCM) confirmed the 

excellent internalization of Me-CNOs, as depicted by the strong NIR emission in the perinuclear area 

(Figure 1.15A). Interestingly, the OH-CNO derivatives displayed a fluorescence on/off switching 

phenomenon as a function of the pH. This switching ability was proved to be retained and reversible 

both in solution and in vitro. In particular, a strong NIR emission was observed from the cell only at 

acidic pH, while a weak signal was detected at pH 8.5. This peculiar characteristic is very attractive 

in the perspective of cancer cell imaging [74].  

A novel highly fluorescent bromo-terminated BODIPY alkyl ether dyes was employed to create a 

new interesting bio-imaging fluorescent probe with emission in the far-red/NIR region. The 

successful formation of the CNO derivative was proved by several spectroscopy techniques (Raman, 

absorption and emission) as well as thermogravimetric analysis. Furthermore, the remarkable 

emission properties of the fluorescent CNO nanoprobe were confirmed by laser confocal microscopy, 

after the dispersion of the sample in a polystyrene slide, with the 3D z-stacking images displaying an 

intense red fluorescent emission arising from the whole sample [130].  

Recently, another interesting example of CNO-based pH probe was published by the same group 

[92]. In this work, oxidized CNOs were covalently functionalized with a ˊ-extended distyryl-

substituted boron dipyrromethene (BODIPY) dye and the as-produced fluo-CNOs were tested in 

HeLa cells, showing remarkable cytocompatibility. The emission on/off switching properties, 

promoted by the protonation of the dimethylamino unit present in the BODIPY dye, were retained in 

solution as well as in vitro. In particular, no emission was detected by confocal imaging at 
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physiological pH; the emission properties were, instead, activated in response to an acidic pH, as 

confirmed by the strong red emission signal (Figure 1.15B) [92].     

 

Figure 1.15: Confocal images of HeLa cells incubated with A) Me-CNOs and B) fluo-CNOs. Adapted with permission 

from [74]  and [92] , respectively. 

1.3.2 In vivo bio-evaluation of carbon nano-onions 

The in vitro studies performed so far on CNO derivatives have demonstrated the biocompatibility of 

this carbon nanomaterial; in particular, minimal systemic toxicity and high capability to be uptaken 

by the tested cell lines have been reported. In addition to the in vitro investigation, systematic in vivo 

analyses on cytotoxicity and bio-distribution on complex living systems are required and, to date, few 

evaluations have been published. Sarkar and co-workers reported two in vivo investigation of onion-

like nanoparticles synthetized by conventional pyrolysis method of wood wool. The further oxidation 

process led to a high surface coverage of carboxylic acid functionalities onto the CNO surface, which 

increased the dispersing ability of these nanoparticles in water, and to a surface passivation effect, 

which induced tunable emission properties from visible to NIR region. In the first investigation, 

Drosophila Melanogaster was fed with the fluorescent CNOs and the life cycle from pupal to adult 

stages was monitored by optical fluorescence spectroscopy (Figure 1.16A).  

The results showed no effects on the normal activity of the D. Melanogaster induced by CNOs; in 

addition, the fluorescent nanoparticles were normally excreted [61]. The same nanoparticles were 

used as biological imaging agents in the prokaryotic Escherichia Coli and in a more complex 

eukaryotic organism like multicellular Caenorhabditis Elegans.  The presence of CNOs, which 

allowed for the imaging of E. Coli, showed no negative effect on the bacterial growth of this organism. 

In addition, C. Elegans was later fed with CNO-treated E. Coli and no detrimental effect was induced 

on the complex organism, suggesting the lack of toxicity of CNOs even when used in a food chain 
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(Figure 1.16B) [63]. In another work, the same group showed that a fragmentation procedure with 

repetitive nitric acid treatment led to a lower CNO size, allowing them to cross through the blood 

brain barrier of the treated mice with good excretion efficiency [131].  

 

Figure 1.16: Fluorescence images of A) CNO-fed Drosophila melanogaster, under 488 and 561 nm filters and B) CNO-

E. Coli-fed C. Elegans under 385, 488 nm and 561 nm band-pass filters. Adapted with permission from [61] . 

The eco-toxicological consequences of CNOs freshwater polyp Hydra vulgaris were evaluated by 

Giordani et al. in 2015, investigating different parameters such as morphology, reproductive and 

regenerative capabilities. Pristine CNOs as well as CNO derivatives bearing benzoic acid, pyridine 

and methylpyridinium were used to assess in vivo analyses on uptake and bio-distribution. The results 

showed efficient internalization for all the CNO derivatives, as shown by the presence of black spots 

inside the animal (Figure 1.17A), following a micropinocytosis mechanism. No alterations on 

behavior and morphology were observed along with no effects on the long-term reproductive and 

regenerative capabilities, confirming the lack of toxicity of CNOs over a long time scale [132]. 

The first evaluation of CNO impact on zebrafish (Danio Rerio) during the development as vertebrate 

model was published in 2016. The possible systemic effect of CNOs functionalized with benzoic acid 

and BODIPY dyes were evaluated exposing zebrafish embryos and larvae to different CNO 

concentrations. Firstly, the presence of CNOs showed no adverse effect on survival and hatching rates 

as well as on the heart beat rate and frequency of movements; the same results was observed regarding 

the animal organogenesis. By using inverted selective plane illumination microscopy (iSPIM), 

fluorescent CNOs were found to be distributed inside the zebrafish larvae in a homogenous way, as 

shown in Figure 1.17B [133]. These outcomes confirmed the outstading in vivo biocompatibilities of 
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CNOs in this vertebrate model, in contrast to what reported for other CNMs such as fullerenes [134], 

graphene quantum dots [135] and graphene oxide [136]. 

 

Figure 1.17: A) In vivo uptake and biodistribution in Hydra of CNOs decorated with 1) benzoic acid, 2) pyridine and 3) 

methylpyridinium. B) In vivo imaging of the superior part of a zebrafish larvae treated with BODIPY-CNOs; E:eye, YS: 

yolk sac. Adapted with permission from [132] and [133], respectively. 

1.4 Carbon nano-onions in electrocatalysis 

1.4.1 Fuel cells and oxygen reduction reaction 

Nowadays, the growing energy demand and the drop of natural fossil fuels along with the increasing 

environmental concerns related to their use makes of outmost importance the development of new 

and renewable cheap energy sources with high efficiency [137, 138]. Fuel cell is currently the most 

promising technological strategy proposed to solve the energetic issues [139]. The schematization of 

the operating principle of a fuel cell is reported in Figure 1.18A. In this energy device, electricity can 

be generated by the electrochemical oxidation of a fuel (typically, hydrogen) and the reduction of 

oxygen to produce water. Briefly, the hydrogen is pumped at the anodic side of the cell where is split 

in protons and electrons, which follow two different pathways. The electrons leave the anode, 

providing electricity, and reduce the oxygen at the cathode side. The protons, instead, crossing 

through the cell, react with the oxygen species at the cathode to produce water [140].  
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Figure 1.18: A) Operative schematization of a fuel cell and ORR process in alkaline and acidic media. Adapted with 

permission from [140] and [141], respectively. 

Typically, ORR can occur in both alkaline and acidic media following two different routes: the first 

is through a two-step two-electron pathway with the intermediate formation of Ὄὕ (in acidic 

environment) or Ὄὕ (in alkaline environment). The second route, which is the preferred one, is the 

direct reduction of oxygen into Ὄὕ in acidic medium or the intermediate formation of ὕὌ in 

alkaline medium to form water by combination with protons through a four-electron pathway (Figure 

1.18B) [140, 141]. 

Commonly, the evaluation of the ORR electrocatalytic performance of a catalyst is achieved by using 

techniques such as rotating disc electrode (RDE), rotating ring-disc electrode (RRDE) and linear 

sweep voltammetry (LSV). An example of LSV curves at different rotating speeds (ɤ) obtained by 

RDE is reported in Figure 1.19A. In general, the current density increases by increasing ɤ as an 

enhanced oxygen convection and its following reduction occurs at the electrode surface; in addition, 

the plateau obtained at high overpotentials is due to the extremely fast oxygen reduction process. 

Onset potential (Eonset) and half-wave potential (E1/2) are the two parameters usually employed to 

establish the activity of a catalyst. They can be determined from the polarization curves and, typically, 

higher values correspond to better catalytic activities.  

The overall measured ORR current (J) depends on the kinetic current (Jk) and the diffusion-limiting 

current (Jd), as shown in equation (1). At high enough overpotentials, the concentration of oxygen at 

the electrode surface is almost zero because every atom or ion reacts instantaneously when reaching 

the electrode, resulting in a diffusion-limiting plateau. Jd is therefore dependent on the diffusion rate 

and thus to ɤ.  Equation (1), known as Koutecky-Levich (K-L) equation, is expressed as: 
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B is determined from the slope of the K-L plot through the Levich equation: 

ὄ ὑὲὊὈ
Ⱦ
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where K is a constant dependent on ɤ (0.2 or 0.62 if expressed in rpm or rad/s), n the transferred 

electron number, F the Faraday constant (96485 C/mol), D the oxygen diffusion coefficient in the 

electrolyte (ρȢωϽρπ ὧάȾί in 0.1 M KOH), ɜ the electrolyte kinetic viscosity (πȢπρ ὧάȾί in 0.1 

M KOH) and C the oxygen bulk concentration (ρȢςϽρπ άέὰȾὧά in 0.1 M KOH) [141, 142]. 

Another essential technique to give insight on kinetics and ORR mechanism is the RRDE, where the 

disc (ID) and ring currents (IR) are recorded as the disc electrode potential is varied (Figure 1.19B). 

The molar ὌὕȾὌὕ ratio of produced species on the ring can be evaluated through RRDE. ID is 

composed of two contributes, as depicted in the following equation: 

Ὅ Ὅ Ὅ Ὅ
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where Ὅ  and Ὅ  are the oxygen reduction and intermediate currents, respectively, and N the 

collection efficiency of the ring, defined as ὔ ὍȾὍ and corresponds to the fraction of product 

produced at the disk that is detected at the ring. 

The Ὄὕ yield (ϷὌὕ) and n can be determined as follows [141]: 
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Figure 1.19: Evaluation of electrocatalytic activities towards ORR. A) LSV curves of electrocatalysts in oxygen-saturated 

electrolyte with different rotating rates and B) Oxygen reduction curves on the disc and ring electrodes of RRDE at 5 mV 

sī1 scan rate at 1600 rpm, respectively. Adapted with permission from [141].  
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The main limiting factor of fuel cell performance, which hindered their commercialization, is related 

to the kinetically slow oxygen reduction reaction (ORR) occurring at the cathode side [143], which 

is reported to be about six orders of magnitude slower than the hydrogen oxidation reaction [141]. 

Ideally, the fuel cell voltage should be 1.23 V, which is called reversible cell voltage; however, due 

to a series of irreversibilities arising during the cell operation, this value is not approached even at 

zero current (i.e. open circuit). For a single electrode, the difference between the cell voltage at a 

specific value of the current density and the reversible cell voltage is known as overpotential [144]. 

In order to enhance the electrochemical reduction of the oxygen (i.e. reduce the overpotential and the 

activation energy of the reaction), the use of a catalyst is strictly required. Currently, carbon-supported 

platinum (Pt/C) is the most performing electrocatalyst for the ORR, as it exhibits low overpotential 

and outstanding current density. However, the high cost and the scarcity of natural reserves of Pt 

limits its use; in addition, it exhibits several drawbacks such as including poor operation durability, 

fuel crossover and CO poisoning effect [145]. For this reason, extensive efforts have been devoted to 

find a competitive, low cost and durable alternative to Pt. Several materials have been proposed for 

this purpose, including Pt-free noble metals [145], non-precious metals [146, 147] and metal-free 

catalysts [140]. Among the metal-free materials proposed so far, CNMs showed to be a relevant 

alternative to the expensive Pt-based catalysts. The discussion about their use for ORR is reportedin 

the following section. 

1.4.2 Carbon nanomaterials as ORR catalyst 

Carbon nanomaterials are currently the most investigated metal-free catalysts due the large surface 

specific area with tunable porosity, outstanding mechanical and electrical properties, high durability 

and reasonable cost [148]. In their native form, CNMs display low catalytic performance due to the 

absence of active sites, thus requiring the modification of the surface charge distributions. An 

effective way to improve their catalytic activity is through the introduction of heteroatoms such 

nitrogen (N), boron (B), sulfur (S) or phosphorus (P) in the inherent graphitic structure (Figure 

1.20A). The enhanced ORR catalytic activity is related to the breaking of the electro-neutrality of the 

sp2 carbon network as a result of the charge redistribution induced by the dopants, which allows for 

the creation of active charged site suitable for the oxygen adsorption [145].  

Due to the different size and electronegativity (ɢ) of the heteroatoms, an electron modulation is 

induced in the structure, which change the electronic properties of the pristine materials. In addition, 

the presence of foreign atoms causes lattice distortion and defects in the structure, which potentially 

change the chemical activity of the material (Figure 1.20B) [140, 149]. 
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Figure 1.20: A) Common heteroatoms used for the doping of graphitic structure with heteroatoms and B) schematic 

representation of their effects on the structure. Adapted with permission from [140]. 

In 2009, Gong and co-workers reported the first evidence of the superior performance of a doped 

carbon structure compared to Pt. Nitrogen-doped vertically aligned CNTs (VA-NCNTs) were 

synthetize via pyrolysis of iron (II) phthalocyanine and electrochemically purified to remove the iron 

catalyst traces. The electrocatalytic activity towards ORR were investigated in alkaline medium and 

the results showed unexpectedly much higher performance than Pt with lower overpotential and 

higher diffusion current (Figure 1.21A) along with longer durability. The quantum mechanics 

calculation they performed to explain this behavior showed that the strong N electron affinity induces 

an increased positive charge density on the N-adjacent carbon atoms and the corresponding charge 

delocalization produces new catalytic sites able to weaken the O-O bonding and thus facilitating the 

ORR process (Figure 1.21B) [150].  

 

Figure 1.21: A) RRDE voltammograms for oxygen reduction in air-saturated 0.1 M KOH at the Pt-C/GC (curve 1), VA-

CCNT/GC (curve 2), and VA-NCNT (curve 3) electrodes. B) Calculated charge density distribution for the VA-NCNTs. 

Adapted with permission from [150]. 
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From that moment, a large number of approaches have been developed to dope CNMs, opening a 

novel research area in the field of electrocatalysis. Two different strategies are commonly employed 

to doped CNMs; the first approach is based on the in situ-doping during the material synthesis, which 

enables an homogeneous distribution of the dopant atoms in the carbon framework, while the second 

approach relies on a post-doping treatment with heteroatom precursors, which leads to a surface 

modification of the material. 

The most common doping strategies include chemical vapor deposition (CVD), pyrolysis of 

heteroatom precursors, heat treatment in the presence of precursor gases and ball milling [149]. 

Nitrogen doping is the most popular approach and, as previously discussed, causes a modification of 

the structural charge density due to the difference in ɢ between C (2.55) and N (3.07). This charge 

redistribution is the responsible for the easier oxygen chemisorption and improved electron transfer 

[149, 150]. VA-NCNTs, synthetized by CVD in the presence of a catalyst in a similar way as reported 

by Gong [150], showed higher ORR performance to that of Pt/C even in acidic environment with 

higher current density and better electron transfer process [151]. An efficient metal-free catalyst 

approach was proposed by Yu et al. in 2010, where nitrogen-doped SWCNTs (N-SWCNTs) were 

synthetized by CVD exploiting SiO2 nanoparticles as catalytic substrate. The as-synthetized N-

SWCNTs, exhibiting a N content of 3.6 at%, showed improved ORR activity via a four-electron 

pathway and longer durability in acidic medium compared to the pristine sample (Figure 1.22A) 

[152]. 

 

Figure 1.22: A) RDE curves of the N-SWCNTs in oxygen-saturated 0.5 M H2SO4 at different speeds at a scan rate of 10 

mV/s (the inset showing the KouteckyīLevich plots derived from RDE measurements). B) RRDE voltammograms for the 

ORR in air-saturated 0.1 M KOH at the C-graphene electrode (red line), Pt/C electrode (green line), and N-graphene 

electrode (blue line) at 1000 rpm and scan rate of 0.01 V/s. Adapted with permission from [152] and [153], respectively. 

Besides CNTs, N-doped graphene also showed its effectiveness as ORR catalyst. Qu and co-workers 

achieved the first N-doping of graphene through CVD method using a gas mixture of CH4 and NH3 

over a Ni-coated Si substrate and investigated the electrochemical performance in comparison to 
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pristine graphene and Pt/C catalysts. The results (Figure 1.22B) showed a quasi-ideal four-electron 

pathway for the oxygen reduction, while the pristine samples showed a two-step two-electron 

reduction route. In addition, higher current density (i.e. 3 times) and stability and remarkable 

tolerance to methanol crossover and CO poisoning compared to Pt-based catalysts was observed, 

suggesting the importance of the N-doping [153].  

The configuration of the dopants inside the graphitic structure plays a key role in enhancing the 

catalytic activity of the doped material as it determines the electronic structure of the doped system 

and thus the catalytic behavior. As a proof of concept, the different nitrogen bonding configurations 

in the carbon structure are schematically shown in Figure 1.23A. Pyridinic and pyrrolic N atoms are 

present at the edges or incorporated at defective positions (i.e. into a five member ring). In both cases, 

each N atom is bonded to two C atoms, sharing one or two p electrons to the aromatic system, 

respectively. On the other hand, graphitic N atoms replace carbon atoms in the graphitic network 

[145, 154].     

 

Figure 1.23: A) Schematic representation of N bonding configurations, including typical XPS binding energies. B) 

Schematic pathway for ORR on N-doped CNMS. Adapted with permission from [145] and [155], respectively.  

In general, pyridinic (pyr-) and graphitic (grap-) N atoms are reported to be responsible of the 

improved ORR performance of N-doped CNMs, influencing onset potential and current density, 

respectively [149]. Recently, Guo et al. performed an extensive investigation with the aim to 

determinate the N ORR active site. They synthetized pyridinic (pyr-) and graphitic (graph-) highly 

oriented pyrolytic graphite (HOPG) samples and tested the different samples in acidic medium. The 

results showed that the pyr-HOPG with the lowest N amount exhibited better ORR activity to that of 

the graph-HOPG with the highest concentration, thus demonstrating that the presence of pyr-N plays 

the key role in enhancing the ORR performance of N-doped catalysts. In addition, they proposed a 

mechanism for the ORR induced by pyr-N atoms (Figure 1.23B). As the presence of these N atoms 
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creates Lewis base sites, oxygen molecules are adsorbed onto the N-adjacent carbon atoms (step 2 in 

Figure 1.23B) and then protonated (step 3). At this point, two routes can be followed. A four-electron 

pathway, where two other protons bind the two oxygen atoms, causing the breakage of the O-OH 

species and the formation of OH species (step 4). Then, the formation of H2O occurs when the OH 

species react with an additional proton (step 5). Otherwise, if a two-step two-electron reaction 

pathway is followed, at step 3, the O-OH species react with a proton to form H2O2 (step 6), followed 

by its readsorption and reduction by two protons to finally form H2O [155]. 

Besides N-doped CNMs, B doping have shown to be an effective approach for the synthesis of ORR 

electrocatalysts. The first boron-based carbon catalysts were proposed by Yang and co-workers in 

2011. Boron-doped CNTs (B-CNTs) were synthetized by CVD of benzene with triphenylborane 

(TPB) as B precursor and ferrocene as catalyst; different concentrations of TPB were used to yield a 

tunable B content between 0 and around 2%. The results showed enhanced ORR performance 

compared to the pristine CNTs through a two-electron reduction pathway; in addition, the ORR 

activity was found to increase with the increase of the boron content. Contrary to the electron-rich N 

atoms, the presence of electron-deficient B atoms in the graphitic network induces a different 

mechanism for the enhanced electroactivity. Exploiting DFT calculations, they proposed a 

mechanism for the electrocatalytic activity induced by B-doping. In this case, in contrast with N-type 

doping, the B itself is positively polarized, acting as active site for the adsorption of oxygen; 

furthermore, B accumulates p electrons from the carbon atoms and transfer them to the oxygen, acting 

as a bridge [156].  

 

Figure 1.24: ORR Electrocatalytic activities of B-CNTs in O2-saturated 1m NaOH electrolyte. A) CV curves at scan rate 

of 50 mVs-1. B) RDE voltammetry at 2500 rpm and scan rate of 10 mVs-1. For comparison, corresponding examinations 

for CNTs and commercial Pt/C catalysts (20 and 40 wt% Pt loading) are shown. B1CNT, B2CNT and B3CNT exhibit 

different B content (0.86, 1.33 and 2.24 at%, respectively). Adapted with permission from [156].  
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Remarkable results have been reported also for the B-doping of graphene. In particular, Sheng et al. 

introduced B dopants into the graphitic structure through thermal annealing at 1200 °C under inert 

atmosphere (i.e. Ar) of graphene oxide (GO) by using boric acid as precursor. The ORR activity of 

the B-doped GO, showing a B content of 3.2%, was investigated in alkaline condition and compared 

to pristine graphene and Pt/C catalysts. The doped catalysts showed enhanced catalytic performance 

to that of graphene via a four-electron reduction pathway, similarly to Pt/C. In addition, no poisoning 

effects from methanol nor CO were observed for the doped samples along with an higher operational 

stability [157]. 

Several other heteroatoms such as S [158, 159], P [160] and halogens (I, Cl and Br) [161, 162] have 

been introduced in CNMs with outstanding results in enhancing the ORR performance. Different 

explanations have been reported for the increased ORR features. Due to the larger size and lower ɢ, 

the presence of P promotes the creation of active ORR sites; the same charge delocalization induces 

the enhanced catalytic performance of CNMs doped with halogens [149]. On the contrary, in the case 

of S, being ɢ comparable with that of C (2.58 vs 2.55), the intramolecular charge transfer induced by 

S is negligible and the improvement is related to an electron spin redistribution [159].  

Furthermore, codoping strategies have shown to be an efficient way to improve the ORR activity of 

CNMs with even better results from those obtained by single atom doping. 

In 2011, Wang et al. reported the first codoping approach of CNMs with boron and nitrogen atoms. 

The synthesis of codoped VA-CNTs was achieved by pyrolysis of melamine diborate and the activity 

towards ORR was investigated in comparison with N- and B-VA-CNTs. The improved catalytic 

performance (i.e. more positive onset and larger current density) in alkaline medium was correlated 

to the synergistic effect of the dopants in the structure as a consequence of charge redistribution 

induced by the electronegativity difference between B, N and C [163]. The following year, the same 

group achieved the same codoping on graphene via thermal annealing of a mixture of graphene oxide 

and boric acid under ammonia atmosphere, showing better ORR activity compared to Pt/C. The 

improved performance were attributed through DFT calculations to the lowering of the energy 

bandgap and to the higher charge and spin densities [164].  

Several combinations of binary [165-168] and even ternary [169, 170] doped carbon structure have 

been reported in the last years, confirming that the doping of CNMs is a relevant and effective strategy 

to enhance the poor intrinsic activity of carbon nanomaterials towards ORR. 

In contrast to other CNMs, heteroatom-doping approaches of carbon nano-onions have been only 

recently proposed; furthermore, very few investigations reporting the doping for possible applications 

as ORR catalysts have been reported. 
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CNOs are an attractive material for electrochemical applications due to their small size and large 

surface area, which results to a high number of catalytic active sites. In addition, the high curvature 

confers high reactivity to the structure, opening the way for simple chemical modification. 

Furthermore, from the cost point of view, CNOs can be synthetized in large scale with low cost and 

high purity, making them an inexpensive alternative to the Pt-based electrodes. 

In the following section, the-state-of-the-art regarding doped CNOs and their electrocatalytic activity 

towards ORR will be discussed.  

1.4.3 Carbon nano-onions as ORR catalyst 

Heteroatom-doping, as discussed in the previous paragraph, is an efficient way to modify the physico-

chemical properties of CNMs and thus opening the way to possible new applicative uses. CNO doping 

has been only recently proposed as strategy to improve their electrochemical performance. 

After that Xu et al. showed that CNOs exhibited remarkable properties as support for Pt nanoparticles 

(NPs) for the electro-oxidation of methanol [110], a number of investigations regarding the use of 

CNOs in electrocatalysis have been performed. In 2010, Wu and co-workers reported the use of N-

doped magnetic CNOs as supporting material for Pt NPs. The catalysts, synthetized through the 

pyrolysis of a hexamethylene diamine-metal complex and the following immobilization of Pt (2 

wt%), showed enhanced catalytic performance towards ORR compared to the standard Pt/C catalyst. 

This was ascribed to synergistic effect of both nitrogen and metallic (i.e. Co or Fe) species, acting as 

new active sites, and to the better dispersion of Pt onto the support [171]. Further investigations on 

N-doped CNO/transition metals composites showed their potentialities as non-precious catalysts for 

ORR [172] and dye-sensitized solar cells [173]. 

The first report on a metal-free N-doped CNO-based catalyst was published in 2014 by Lin and co-

workers. The doping was achieved via thermal annealing of oxidized CNOs, obtained through nitric 

acid treatment of ND-derived CNOs, under ammonia atmosphere. Interestingly, a tunable N content 

(from 2.06 to 3.95 at. %) was achieved by changing the annealing temperature. The doped materials 

showed remarkable catalytic properties towards the epoxidation of styrene to styrene oxide, even 

higher than that of common catalysts, with excellent conversion and selectivity [174]. The same 

material was applied for the oxygen electrode reaction in Li-O2 battery, showing superior 

performance in terms of capacity, stability and high round-trip efficiency [175]. 

Mykhailiv et al. reported an interesting in-situ doping approach of CNO, where thermal annealing of 

aminated-NDs was exploited to synthetize N-doped CNOs. The CNO catalyst was tested for the 

enzymatic-free detection of hydrogen peroxide by cyclic voltammetry in phosphate buffer solution. 

The results showed higher electroactivity of the doped material compared to the pristine CNOs with 
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a lower reduction overpotential; in addition, a linear response between the reduction current and the 

hydrogen peroxide concentration was observed [176].  

Nitrogen-doped CNOs were only recently investigated for ORR. In 2017, Choi et al. synthetized p-

CNOs via thermal annealing of DNDs followed by oxidation by Hummers method to yield oxi-CNOs; 

the doping was finally achieved via pyrolysis method in the presence of urea, producing N-CNOs. 

The doping content was controlled by changing the oxidation time and thus the oxygen content of 

oxidized CNOs with the highest content obtained after 6h of oxidation (N = 3.09%). The N-CNOs 

were tested in alkaline medium, showing improved ORR catalytic activity (i.e. higher onset potential 

and current density) than p- and oxi-CNOs (Figure 1.25A); compared to the Pt/C catalysts, the ORR 

activity was lower but with a longer stability and better resistance to methanol crossover [177].   

The same synthetic procedure was used by Zhang and co-workers to produce doped-CNOs with the 

only exception of the oxidation procedure (in this case, a nitric acid treatment was performed). The 

catalytic performance was investigated in comparison to p-, oxi-CNOs and Pt/C in 0.1 KOH. 

Polarization curves showed more positive onset potential and large current density for N-CNOs than 

the other CNO derivatives (Figure 1.25B) via a quasi-ideal four-electron transfer pathway (n = 3.8) 

with low production of peroxide species (around 10%). In addition, N-CNOs showed enhanced long-

term durability and good tolerance to methanol. The enhanced ORR performance was attributed to 

the large amount of pyridinic and graphitic N atoms in the sample [178]. 

 

Figure 1.25: A) LSV curves of the ND, oxi- and N-CNOs (at different oxidation time) and Pt/C. B) LSV curves of p-, oxi- 

and, N-CNOs in comparison with 20% Pt/C at 1600 rpm. C) RDE polarization curves derived from three different heat 

treated samples and commercial Pt/C catalyst. Adapted with permission from [177], [178] and [179]. 

An interesting and direct N-doping of CNOs was achieved by Chatterjee et al. by pyrolysis of 

collagen waste source as N precursor at different temperature (750 °C for 4 h and 1000 °C for 4 and 

8 h). The particles showed an onion-like structure with a tunable N content from 7.5 to 3.1%. The 

ORR activity was investigated in alkaline medium, showing superior activity for the sample annealed 

at 750 °C in terms of onset potential and current density compared to the other CNO conjugates 

(Figure 1.25C). RRDE analyses showed an electron transfer number ranging from 3.5 to 3.7 and a 
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hydrogen peroxide production between 20-30%, suggesting a predominant four-electron pathway. 

Enhanced ORR performance was observed compared to Pt/C catalyst, showing more positive onset 

potential, higher stability and excellent methanol crossover tolerance; the remarkable catalytic 

activity was addicted to the extensive presence of pyridinic N species and the large surface areas of 

N-CNOs [179].  

Other heteroatoms such as B and P have been successfully introduced in the CNO structure; however, 

their use as electrocatalysts for ORR has been investigated to a very small extent. 

The first B-doping of CNOs was proposed by Lin et al. in 2015 via thermal annealing of DNDs in 

the presence of boric acid and the as-produced material was tested as catalyst for the nitroarene 

hydrogenation. The results showed excellent catalytic activity compared to the pristine catalyst with 

a conversion of nitrobenzene over 80% and remarkable reduction selectivity to aniline of 97% [180].  

The same group performed a systematic investigation in order to correlate the tunable B content and 

the annealing temperature with the corresponding ORR activity. For this purpose, a mixture of DNDs 

and 5 wt% boric acid was annealed at different T (1500, 1800, 2100 and 2400 °C). XPS analyses 

showed a decrease in the B content (from 1 to 0.63 at%) while increasing the annealing temperature; 

furthermore, the sample annealed at 1500 °C exhibited the highest amount of substitutional B species 

(BC3), which is reported to be the highest ORR active sites [165, 181]. For this reason, this 

temperature was chosen as optimum. In second instance, the percentage of boric acid was increased 

to 10 and 20 wt% and the mixture annealed at 1500 °C, leading to an increase of the B content (from 

1 to 4.57%). The doped-CNOs were tested for ORR in alkaline environment and showed good ORR 

activity via a four-electron pathway for the oxygen reduction (similar to Pt/C), in contrast to the two-

electron route for the pristine samples. Interestingly, the sample with 10 wt% of boric acid showed 

the most positive onset potential and highest current density among the different B-CNOs with a n 

value equal to 3.95 (close to the Pt/C value of 3.97) (Figure 1.26A).  

 

Figure 1.26: ORR investigation of B-CNOs produced by annealing at 1500 °C with 10 wt% of boric acid (B-OLC-1-10). 

A) LSV curves at rotation rate from 400 to 2500 rpm and at scan rate of 5 mV/s-1. B) Durability evaluation for 10 000 s 

at 0.6 V and a rotation rate of 900 rpm compared to Pt/C. C) Chronoamperometric responses with 3 M methanol added 

into an O2-saturated KOH electrolyte at a constant potential of 0.6 V with a rotation rate of 900 rpm and compared to 

Pt/C. Adapted with permission from [182]. 
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In addition, higher stability and tolerance to methanol to that of Pt/C was observed (Figure 1.26B-C), 

even if with an more negative onset potential [182]. The potentialities of thermal annealing as 

efficient way to introduce B dopants in the CNO structure have been demonstrated in other works, 

with interesting results of the doped material for electrochemical energy storage [183] and as bi-

functional catalysts in sodiumïoxygen batteries [184].  

Besides B and N, the influence of P doping to the ORR activity of CNOs have been investigated by 

Sun et al., who synthetized P-doped CNOs (P-CNOs) through a post-synthesis treatment of ND-

derived CNOs. Firstly, p-CNOs were oxidized in concentrated nitric acid and then doped following 

two different approaches. In the first, oxi-CNOs were impregnated with different amounts of 

phosphate  and calcinated at 700 °C (PhX-CNOs, x = 5, 10, 20 and 30 wt%). The second approach 

involves a CVD process at 700 °C with triphenylphosphine (TPP) as P source (TPP-CNOs). XPS 

analyses showed the presence of C-O-P bonds in the first catalyst (their amount increases with the 

increase of the phosphate loading) and the additional presence of C-P bonds in the second one. The 

ORR investigation of the different P-CNOs was performed in alkaline solution. TPP-CNOs showed 

very poor ORR activity, suggesting that the C-P bonding state is not an ORR active site; this is 

furthermore confirmed by the Ph30-CNO samples, which shows good performance even if exhibits 

the same amount of C-P bonds, suggesting thus the ORR activity of C-O-P bonds (Figure 1.27A).  

 

Figure 1.27: A) ORR activities of p-, Ph30- and TPP-CNOs in a 0.1 M KOH electrolyte at 2500 rpm and 10 mV/s-1 as 

scan rate. B) ORR activity of all Phx-CNOs. Adapted with permission from [185]. 

Regarding the Phx-CNO samples, the ORR activity increases as the P content increases, with the 

higher current density for Ph10-CNOs (Figure 1.27B); in addition, all the P-CNOs showed good long-

term stability. Finally, ultraviolet photoelectron spectroscopy (UPS) showed that the work function 

linearly increases by increasing the C-O-P bonding states with the lowest value for TPP-CNOs. This 

further confirms that C-O-P bonds may be beneficial for ORR, stabilizing the OOH species in the 

reduction process [185].  
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As discussed below, CNOs have been only recently investigated for ORR. Doping strategies to 

introduce heteroatoms such as N, B or P have shown to be an efficient way to improve the 

electrocatalytic performance in alkaline electrolytes. In addition, multi-atom doping has shown to 

further increase the activity of CNMs. However, this kind of approaches have not been yet reported 

for CNOs. 
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Chapter 2 - Synthesis of carbon nano-onions by 

thermal annealing 

 

2.1 Introduction 

Since Ugarte reported, for the first time, the formation of spherical multi-layered structures by 

irradiating amorphous carbon [1, 2], many efforts have been devoted to the development of synthetic 

approaches for a large-scale production of CNOs. In the last two decades, a large number of strategies 

have been employed for this purpose, including arc discharge [3, 4], chemical vapor deposition [5, 

6], ball milling [7, 8] and ion implantation [9, 10].  

In 1994, Kuznetsov proposed a viable way to produce small CNOs (with size below 10 nm) in high 

quantity through the thermal annealing of detonation nanodiamonds (DNDs) in vacuum [11]. Due to 

the high temperatures reached during the synthesis, an overall transformation occurs in the carbon 

structure, which involves the conversion of the sp3 carbon atoms into a sp2 network. The 

graphitization process occurs from the ND surface and proceeds towards the interior, inducing the 

curling and the final closure of the graphitic fragments to form the typical multi-shell structure of 

CNOs [12].   
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Thermal annealing is currently the common method to produce small CNOs with a size between 5 

and 10 nm and consisting of 6-12 graphitic shells. The main advantages of this method are related to 

the narrow size distribution and purity of the products. Furthermore, due to the high yield (close to 

100%), low cost and excellent reproducibility, this method has the potential for an industrial scale-

up. In addition, the possibility to perform the process under inert atmosphere (i.e. argon [13, 14] and 

helium [15]) avoids the use of an expensive high-vacuum equipment. 

As discussed in the first chapter, the production method has to be carefully selected in relation to the 

applicative use, for instance in biological and electrochemical applications. Different synthetic 

approaches lead to CNOs showing distinct features and physico-chemical properties.  

An important factor is the size, which ranges from few (5-8 nm for thermal annealing for instance) to 

tens of nanometers (20-50 nm for arc discharge and CVD methods). Smaller nanoparticles can more 

easily cross the cell membrane, thus improving their potentialities in bio-related applications; in 

addition, higher surface area to volume ratio can allow for an increased loading of a biomolecule of 

interest (i.e. drugs for drug delivery purposes) or for a better dispersion of catalysts in electrochemical 

applications. The purity has direct impact on the cell viability, thus affecting the biocompatibility of 

a material; furthermore, the presence of impurity can modify to some extent the electroactivity of a 

catalyst. Methods such as CVD and ball milling can lead to metal-encapsulated CNOs or leave 

catalyst impurities in the product; this may have toxic effects on the biological entities and affect the 

catalytic performance [16]. The size plays also a key role in determining the physico-chemical 

properties. In 2007, Palkar and co-workers investigated the effects of the production method on the 

properties and reactivity of CNOs; for this purpose, they compared CNOs produced by two different 

methods, exhibiting different size [15]. Thermal annealing of DNDs led to the formation of small 

CNOs (5 nm as average size and consisting of 6-8 graphitic shells), while bigger CNOs (15-25 nm in 

size and 20-30 layers) were produced by arch discharge. In general, a smaller radius imparts higher 

curvature to a structure, leading thus to a higher reactivity of the particles. In addition, ND-derived 

CNOs showed a more defective nature of the outer shells, as suggested by Raman spectroscopy.  

According to this, differences are expected in terms of reactivity between the two types of CNOs. 

The authors carried out three different functionalization approaches (i.e. [2+1] cycloaddition, free-

radical addition and oxidation) on both CNOs and showed that only the smaller CNOs were 

successfully functionalized, while, in the same condition, no surface modification occurred on the 

bigger CNOs. They experimentally proved the higher reactivity of ND-derived CNOs as a 

consequence of the small size, high structural curvature and high degree of defectiveness [15]. 

In this chapter, I will describe the synthesis and characterization of carbon nano-onions produced by 

thermal annealing of commercially available detonation nanodiamonds. This synthetic method 
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enables the production of high amount of homogeneous CNOs. The proposed heat treatment is able 

to transform the sp3-hybrized NDs into a quasi-spherical graphitic structure and the successful 

conversion has been confirmed by several characterization techniques by studying the surface and 

structural properties of these nanomaterials. 

2.2 Experimental 

2.2.1 Synthesis of pristine carbon nano-onions 

The synthesis of pristine carbon nano-onions (p-CNOs) has been achieved by traditional thermal 

annealing process [11, 15]. Commercially available detonation nano-diamonds with a particle size of 

4-6 nm were used as precursor. The annealing process was carried out in a tube furnace (model: GSL-

1700X-KS, MTI corporation, Figure 2.1A) under helium atmosphere. In a typical procedure (Figure 

2.1B), the right amount of DNDs were loaded in a graphitic crucible and transferred into the tube 

furnace. Prior to the process, the furnace was thoroughly purged with helium to remove any traces of 

air. The sample was thermally treated at 1650 °C at a heating rate of 3.5 °K min-1 and kept at that 

temperature for 1 h. Finally, the samples were slowly cooled down to room temperature and 

recovered. To remove any traces of amorphous carbon, the sample was further treated at 450 °C for 

4 h to yield high-purity CNOs.  

 

Figure 2.1: A) Tube furnace used for the annealing process and B) synthetic procedure of the production of p-CNOs by 

thermal annealing. 

2.3 Results and discussion 

2.3.1 Transmission electron microscopy 

The morphological characteristics of DNDs and p-CNOs were investigated by high-resolution 

transmission electron microscopy (HRTEM) investigations, proving the formation of quasi-spherical 

CNOs. Figure 2.2 shows the HRTEM images of DNDs. The particles display mainly a rounded shape 

with uniform size between 4 and 6 nm and consist of a crystalline diamond core. The irregular and 
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non-crystalline shells around the diamond core suggest the presence of amorphous carbon 

surrounding DNDs, as reported for NDs [17].  

 

Figure 2.2: HRTEM images of DNDs with inset in A) and B) showing diamond (111) plane and SAED pattern, 

respectively. 

The inset of Figure 2.2A shows the presence of the typical crystal lattice composed by parallel (111) 

planes separated by 2.06 Å. The selected area electron diffraction (SAED) pattern of DNDs is shown 

as inset of Figure 2.2B. The inner ring is assigned to the (111) plane, while the middle and the outer 

ring in the electron diffraction pattern to the (220) and (113) diamond planes [18]. The lattice fringes 

and the SAED pattern indicate the crystallinity of the diamond cores.  

Representative HRTEM images of p-CNOs are shown in Figure 2.3, confirming the presence of the 

typical layered graphitic structure.  

p-CNOs exhibit a closed quasi-spherical shape with an average size of 5 nm and highly defective 

outermost shells. In particular, p-CNOs consist of several (up to 8-10) graphitic shells enclosing a 

hollow core, while no traces of a remaining diamond core are observed. The averaged inter-layer 

distance between the carbon shells is around 3.4 Å (inset in Figure 2.3A), slightly different from that 

of graphite. The SAED pattern (inset in Figure 2.3B) shows four different diffraction rings 

corresponding to graphite (002), (100), (004), and (110) layer planes, respectively [19]. 
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Figure 2.3: HRTEM images of p-CNOs with inset in A) and B) showing graphitic (002) plane and SAED pattern, 

respectively. 

A size distribution analysis has been performed to have information about the size of the CNOs 

(Figure 2.4). The diameter of 331 different nanoparticles were calculated by using ImageJ and as 

result an average size equal to υȢωτρȢς ÎÍ was obtained. The parameters obtained from the fit are 

reported in Table 2.1. 

 

Figure 2.4: Particle size distribution of p-CNOs, showing an average size of  υȢωτρȢς ὲά . 

Table 2.1: Fit parameters from the HRTEM particles size distribution. 

N total Mean          

(nm) 

Geometric mean 

(nm) 

Mode 

(nm) 

Minimum 

(nm) 

Maximum 

(nm) 

Median 

(nm) 

331 υȢωτρȢςπ υȢψσρȢςπ υȢυπ σȢφπ ρςȢχσ υȢχω 
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2.3.2 Electron energy loss spectroscopy 

Electron energy loss spectroscopy (EELS) is a powerful tool for the analysis of electronic states in 

carbon-based nanostructures. Figure 2.5A shows the low-loss region of the EELS spectrum for NDs, 

exhibiting a broad peak at around 28 eV, which can be attributed to the superposition of two different 

plasmonic peaks. The first is due to the collective excitation of s electrons in the valence band of the 

ND core (s-plasmon peak), while the second originates from the amorphous carbon layer onto the 

DND surface, generated by the collective excitation of the p+s valence electrons (p+s plasmon peak) 

[20, 21]. Figure 2.5B shows the low-loss region of the EELS spectrum for p-CNOs. Compared to the 

spectrum of DNDs, the p+s plasmon peak is shifted towards lower energies (located at 24 eV); this 

can be explained by the increase of this contribution and the simultaneous disappearance of the 

diamond peak as a consequence of the transformation, confirming the successful conversion from sp3 

to sp2 carbon atoms. Further confirm is given by the appearance of a weak peak at around 5 eV, 

assigned to the collective excitation of p electrons (p plasmon peak) [21, 22]. 

 

Figure 2.5: Low-loss region of EELS spectra of A) DNDs and B) p-CNOs. 

Figure 2.6A shows the Carbon K-edge region of the EELS spectrum of DNDs. The spectrum contains 

a sharp edge at 288 eV with three characteristic peaks at 292, 297.4 and 305.4 eV corresponding to 

sp3 bonding state (ρίO „ᶻ transition), as observed for diamond. The weak peak at 285 eV is 

attributed to the ρίO “ᶻ transition and reveals the presence of amorphous carbon on the particle 

surface, in agreement with what observed in the HRTEM images of DNDs.  

The relative intensity of the ρίO “ᶻ/ρίO „ᶻ increases as results of the conversion of the carbon 

atoms. The EELS C K-edge spectrum of p-CNOs (Figure 2.6B) exhibits a narrow peak due to the 

transition from the 1s core level to the corresponding unoccupied ˊ* band (1sŸˊ * transition) at 
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285.2 eV, indicating predominantly sp2-bonded carbon atoms and a weaker peak at about 292.5 eV, 

corresponding to a 1sŸů* transition [20, 21, 23]. 

 

Figure 2.6: EELS Carbon K-edge spectra of A) DNDs and B) p-CNOs. 

2.3.3 X-ray diffraction  

XRD analyses were performed in order to analyze the crystal structure of the different samples and 

to confirm the transformation of nanodiamonds, composed of sp3 carbon atoms, into graphitic carbon 

onions. XRD spectrum of DNDs (Figure 2.7A) displays the presence of two peaks related to the 

diamond phase: the peak at 43.88° corresponds to the (111) plane, whereas the peak at 75.33° to the 

(220) plane [20, 24].  

The XRD spectrum of p-CNOs (Figure 2.7B) shows significant differences from that of DNDs. After 

the annealing process, the two intense peaks of diamond disappear, confirming the absence of a 

residual diamond phase in the sample in agreement with HRTEM analysis.  

The most obvious change in the pattern is the growth of four peaks related to the graphitic phase. The 

broad peak at 25.91° is assigned to the (002) crystal planes, while the low intensity peaks at 43.42°, 

53.83° and 78.58° are attributed to the (100+101), (004) and (110) graphitic planes, respectively [20, 

25]. The inter-planar distance (d-spacing) can be evaluated by using the Bragg law (ςὨÓÉÎ— ‗), 

where ‗ ρȢυτρψ B (Cu ka radiation source). For DNDs, from the position of the first peak at 

43.88°, a value equal to 2.06 Å can be measured, which corresponds to the typical diamond (111) 

inter-planar distance [11, 26]. For p-CNOs, from the position of the first peak at 25.91°, a value equal 

to 3.43 Å is calculated, which is slightly greater from the perfect graphite (002) inter-planar distance 

(3.35 Å) [25]. 
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Figure 2.7: XRD patterns of A) DNDs and B) p-CNOs, showing characteristic peaks of the diamond and graphite phases. 

The Scherrer equation is often employed for the determination of the powder particles size as it relates 

the size to the broadening of a peak in a diffraction pattern [27]. The Scherrer equation can be written 

as Ὠ πȢωϽ‗Ⱦ‍ϽÃÏÓ —, where ɚ is the x-ray wavelength (‗ ρȢυτρψ B), ɓ is the full width at 

half the maximum (FWHM) in radians and ɗ is the Bragg angle in degree. By using this formula, a 

value equal to 5.26 nm was obtained for the diamond (111) plane, which is in good agreement with 

HRTEM investigation. However, the value calculated for p-CNOs (1.71 nm) differs from the 

HRTEM observations; this is due to the broadening of the (002) peak originated mostly from the 

structural microstrains, as also observed in multiwall carbon nanotubes [20]. 

XRD analyses confirmed the conversion from sp3- to sp2-hybrized carbon atoms, thus proving the 

formation of graphitic CNOs. 

2.3.4 X-ray photoelectron spectroscopy 

XPS analyses were performed in order to obtain information about the elemental composition and the 

chemical bonding states of each element to further confirm the formation of a graphitic structure.  

The XPS survey spectrum of DNDs, reported in Figure 2.8A, exhibits an intense peak attributed to 

the presence of carbon (93.3%) and two low intensity peaks assigned to nitrogen and oxygen (5.2% 

and 1.5%, respectively). The presence of nitrogen in DNDs is commonly reported and attributed to 

the nitrogen-containing explosives used for the detonation process employed for the synthesis [28, 

29]. On the other side, the presence of oxygen is due to the purification treatments, which DNDs 

undergo after the production [30].  

After the annealing process, the most evident difference is the complete disappearing of the nitrogen 

peak. p-CNOs are mainly composed of carbon (99%), as depicted by the intense related in the 

spectrum in Figure 2.8B, while the oxygen peak exhibits a very low intensity, suggesting its small 
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content (i.e. 1.0%). The peaks present in both spectra (listed as *) are due to the gold substrate used 

for the analyses. The elemental composition for both samples is shown in Table 2.2. 

 

Figure 2.8: XPS survey spectra of A) DNDs and B) p-CNOs. The peaks denoted by * are due to the gold substrate used 

for the analyses. 

Table 2.2: Elemental composition of DNDs and p-CNOs from XPS analyses. 

Sample C content (at %) O content (at %) N content (at %) 

NDs 93.3 5.2 1.5 

p-CNOs 99.0 1.0 - 

The different chemical states of carbon were investigated by acquiring the high-resolution C1s core 

level XPS spectra for both samples; the different contributes were assigned through a fitting 

procedure.  

The C1s spectrum of DNDs, reported in Figure 2.9A, evidences the presence of predominant sp3-

hybridized carbon species, as depicted by the intense peak centered at 285.4 eV. In line with the 

elemental composition, the peak at higher binding energy (about 287.0 eV) is attributed to carbon 

bound to oxygen/nitrogen-containing groups [31].  

The C1s core level XPS spectrum of p-CNOs, reported in Figure 2.9B, exhibits the characteristic 

asymmetrically broadened peak profile of conductive materials such as graphite, which is induced by 

the creation of electron-hole pairs during the process [32].  

The spectrum was deconvoluted into five individual peaks, corresponding to the carbon atoms in 

different bonding states. The most intense peak at 284.48 eV and the lower intensity peak at 285.4 

eV are attributed to carbon atoms with sp2 and sp3 hybridization, respectively [32]. The shifting of 

the sp2 carbon peak with respect to the value reported for graphite (i.e. 284 eV) is associated to the 

weakening of CïC bonding resulting from the curvature of the graphitic sheets [33, 34]. The higher 

binding energy peaks located at  286.5 eV and 287.9 eV are assigned to oxygen-bonded carbon atoms 
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in the form of hydroxyl and epoxy/ether groups (CïO) and  carbonyl/quinone groups (C=O), while 

the presence of carboxylic acid groups (COOH) (peak at around 289.5 eV) is negligible (πȢςϷ) 

[34-36]. Finally, the satellite peak at 290.7 eV corresponds to the p-p* transition in the aromatic 

systems, characteristic of graphitic structures [32, 34, 37].  

The chemical state, the position and the area (%) for every peaks are reported in Table 2.3 and Table 

2.4 for DNDs and p-CNOs, respectively. 

 

Figure 2.9: High-resolution XPS spectra of the C1s region of A) DNDs and B) p-CNOs, including peak-fitting analyses. 

Experimental and fitting curves are reported in black and red, respectively. 

Table 2.3: Chemical state, position, area (%) and FWHM of the different peaks from the fitting of the C 1s peak of DNDs. 

Sample 
C-C sp3 

(eV) 

C-O/C-N 

(eV) 

DNDs 285.40 (91.30 %, 2.50) 286.93 (8.70 %, 2.00) 

Table 2.4: Chemical state, position, area (%) and FWHM of the different peaks from the fitting of the C 1s peak of p-

CNOs. 

Sample 
C-C sp2 

(eV) 

C-C sp3 

(eV) 

C-O 

(eV) 

C=O 

(eV) 

COOH 

(eV) 

-́ˊ* 

(eV) 

p-CNOs 
284.48 

(62.66 %, 

0.75) 

285.35 

(16.47 %, 

1.34) 

286.54 

(5.17 %, 

1.47) 

287.92 

(3.99 %, 

2.00) 

289.50 

(0.18 %, 

0.69) 

290.71 

(11.53 %, 

3.11) 

2.3.5 Raman spectroscopy 

Raman spectroscopy is a common and non-destructive technique for the structural characterization 

of carbon materials as it provides unique information about the structure, crystal size and sp3/sp2 ratio 

[38-40]. A crucial factor in the Raman analysis of DNDs is the excitation wavelength as a strong 

fluorescence background is produced by exciting with visible light [41]. Therefore, as shown in 
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Figure 2.10A, where a 633 nm laser was employed to excite DNDs, it is impossible to determine 

diamond peak shape, position, and width. 

While visible light-Raman scattering is more sensitive to p bonding, which exists in graphitic 

structures (C=C double bonds), UV-Raman scattering is more susceptible to the s bonding states 

common to all carbon structures [20]. Due to the small Raman scattering cross-section of DNDs and 

the shielding effect of graphitic or amorphous carbon onto the ND surface, ultraviolet (UV) lasers are 

commonly employed for Raman investigation of DNDs to create near-resonance conditions. As the 

UV photon energy almost matches the energy band gap between electronic states of the ND s bonds 

(i.e. 5.47 eV), its use allows for the amplification of the ND Raman signal and the suppression of the 

D band of graphitic carbon that may overlap with a weak diamond peak [29].  

Figure 2.10B shows the Raman spectrum of DNDs excited with a 325 nm laser, showing two 

predominant broad peaks located at around 1325 cm-1 and at 1640 cm-1. The typical Raman spectrum 

of single-crystal diamond exhibits a single peak corresponding to the vibrations of the two 

interpenetrating cubic sub-lattices at 1333 cm-1 with a typical full-width at half-maximum (FWHM) 

equal to 1-2 cm-1 [42]. Compared to natural diamond, the long-range order sp3 bonding (F2g mode) 

results downshifted (  ͯ8 cm-1, located at 1325 cm-1) and broadened (FWHM ͯ 35 cm-1). In addition, 

a left-sided asymmetric narrow shoulder at  ͯ1250 cmï1 is observed in the diamond peak, which 

originates from smaller NDs particles or smaller coherent scattering domains separated by defects in 

larger ND particles [29].  

 

Figure 2.10: Raman spectra of DNDs at A) ‗ φσσ ὲά and B) ‗ σςυ ὲά, including Lorentzian peak fitting.  

This behavior is usually observed for Raman spectra of DNDs and is due to the phonon confinement 

effect in nanostructures, which results in asymmetrically down-shifted and broadened Raman lines 

[41]. In an infinite crystal, because of momentum conservation between phonons and incident light, 
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only the phonons near the center of the Brillouin zone (q~0) are Raman active. However, in a finite 

crystal, the presence of crystal boundaries or defects can induce phonon confinement and this lead to 

the breakdown of selection rules in terms of quasi-momentum conservation, allowing phonons with 

qÍ0 to contribute to the Raman spectrum [43, 44].  

The second broad peak observed in Figure 2.10B is attributed to the superposition of three different 

contributions. In particular, the peak located at 1577 cm-1 is assigned to the graphitic carbon band (G 

band), the OïH bending peak, coming from adsorbed or covalently linked species on the ND surface 

is located at 1647 cmï1, while the shoulder at 1751 cmï1 is attributed to the C=O stretching vibration 

coming from surface functional groups [45]. 

To interpret the Raman spectra of graphitic structures, it is essential to analyze the phonon dispersion 

of graphite (Figure 2.11). The lattice of graphite exhibit two carbon atoms per unit cell and thus there 

are six phonon modes, three acoustic (A) and three optic (O); in addition, for all the phonon modes, 

two are in-plane modes (one longitudinal (L) and one transverse (iTO)) and one is an out-of-plane 

(oT) mode. For graphite, the LO and iTO phonon modes (E2g symmetry) are degenerate at the G point 

(center of Brillouin zone) and are Raman active, while the oTO phonon mode is infrared active [46]. 

 

Figure 2.11: Calculated phonon dispersion relations of two dimensional graphite. Adapted with permission from [46] . 

Raman spectra of graphitic materials commonly exhibit different characteristic features. The G-band 

(appearing at 1582 cm-1 in graphite) is common to all graphitic materials and originates from the 

stretching of the C-C bond in sp2 carbon systems. This line is a doubly degenerate (iTO and LO) 

phonon mode (E2g symmetry) at the Brillouin zone center and it is the Raman-active optic in plane 

stretching mode for sp2 carbon networks [46]. 

The D- (at around 1350 cm-1) and the Dô- (at about 1620 cm-1) bands are defect-induced Raman 

features (thus these bands cannot be seen for a highly crystalline graphite) that become active due to 

the breakdown of the k-selection rule resulting from finite crystal size effects. The D peak is a 
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breathing mode of A1g symmetry involving phonons near the K zone boundary which is forbidden in 

perfect graphite and it only becomes active in the presence of disorder.  

The Dô band, the higher-frequency component of the doublet observed at about 1580 cm-1, is due to 

a splitting of the doubly degenerate E2g first-order line. The second-order Gô-band (often called 2D) 

is a Raman-allowed feature appearing in the second-order Raman spectra of crystalline graphite in 

the range 2500-2800 cm-1 activated by double resonance processes and corresponds to the overtone 

of the D band; interestingly, this peak has been observed even in single-crystal graphite, where the 

disorder-induced D band is typically absent. Finally, another disorder-induced Raman feature is 

observed at about 2950 cm-1 and it is associated to combinational scattering (the D + G combination 

mode) [40, 47]. 

Figure 2.12 shows the Raman spectrum of p-CNOs excited with a 633 nm laser, which exhibits the 

typical features reported for CNOs [48, 49]. In particular, two prominent peaks assigned to the D-

band at 1321.9 cm-1 and the G-band at 1580.8 cm-1 are observed along with the additional presence 

of the Dô-band at about 1614.4 cm-1 and the 2D-band at 2644.4 cm-1. The G peak center is slightly 

downshifted compared to that of graphite; this is due to the tensile strain in the graphitic planes 

induced by the introduction of pentagons during the formation of CNOs [50]. The D-band is very 

intense, confirming the high defectiveness of CNOs synthetize by thermal annealing [15]. 

 

Figure 2.12: Raman spectrum of p-CNOs at ‗ φσσ ὲά, showing a prominent D-band. 



Chapter 2 

60 

 

2.3.6 Fourier-transform infrared spectroscopy 

Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR) analyses have been 

performed to have information on the functional groups preset on the material surface based on their 

characteristic stretching vibrations.  

The FTIR spectrum of DNDs (Figure 2.13A) shows the presence of various functional groups on their 

surface. The broad band between 3000 and 3500 cm-1 may be attributed to the overlapping of N-H 

stretching bands and the O-H bands from water molecules, while the low-intensity peaks in the 2800-

3000 cm-1 region are characteristic peaks of DNDs attributed to the stretching vibration of C-H bonds. 

 

Figure 2.13: FTIR spectra of A) DNDs and B) p-CNOs. 

The peaks at 1568 and 825 cm-1 corresponds to the in-plane and out of plane bending of N-H, whereas 

the peak at around 1730 cm-1 is assigned to the stretching vibrations of the carbonyl groups (C=O). 

The peaks around 1100ï1400 cmī1 are probably caused by CïN and NïH bonds due to nitrogen 

impurity distributed in diamond structure as well as to the ïCïOïCï absorption. In the specific, the 

peaks at 1114, 1076 and 1035 cm-1 may be assigned to the C-O vibrations in alcohol groups, while 

the peaks at around 1290 cm-1 to the stretching of C-N and C-O-C groups [51, 52].  

On the contrary, the FTIR spectrum of p-CNOs (Figure 2.13B) shows no significant IR bands, in 

agreement with what reported [23]. 

2.3.7 Thermogravimetric analysis 

The thermal behavior of DNDs and p-CNOs was investigated by thermogravimetric analysis (TGA) 

in air. Figure 2.14 plots the TGA (solid lines) and the corresponding weight loss derivatives (dotted 

lines) curves of DNDs (black) and p-CNOs (blue). Both samples exhibit a single weight loss 

transition, suggesting their homogeneous single phase as further confirmed by the absence of any 
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residue. DNDs show a decomposition temperature of 575 °C, while p-CNOs decompose at 699 °C, 

thus showing a higher thermal stability compared to DNDs (Table 2.5). 

No significant mass change in the whole temperature range is observed for both samples. DNDs 

exhibit a negligible mass loss in the range 200ï300 °C due to the decomposition of oxygen-containing 

functional groups. Furthermore, an oxidation-induced weight gain of about 0.5% at around 447 °C is 

observed for both samples. The observed weight gain is due to the thermally oxidation of sp2 carbons 

into various oxygen-containing groups. In particular, in the case of NDs, this produces a reduced 

burning-off temperature through co-burning the diamonds with the sp2 carbons [53]. 

 

Figure 2.14: Thermogravimetric analysis (solid lines) and the corresponding weight loss derivatives (dotted lines) of 

DNDs (black) and p-CNOs (blue), showing the higher thermal stability of p-CNOs..  

Table 2.5: decomposition temperature for DNDs and p-CNOs. 

Sample ╣▀▄╬ 

DNDs 575 °C 

p-CNOs 699 °C 

2.3.8 BET nitrogen adsorption analysis 

Brunauer, Emmett and Teller (BET) nitrogen adsorption analyses were performed in order to have 

information on the textural properties of the different samples. The BET isotherm graphs of DNDs 

and p-CNOs are reported in Figure 2.15A-B and show in both cases a type IV isotherm with a distinct 

hysteresis loop observed in the range of 0.8ï1.0 P/P0, indicating that the main pore volume is 

contributed by mesopores as a consequence of the capillary condensation effect.  
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Figure 2.15: BET isotherm of A) DNDs and B) p-CNOs. 

Treating the data according to the Brunauer, Emmett and Teller (BET) adsorption isotherm equation, 

the specific surface area (SSA) is found to be equal to 230.263 m2/g and 462.366 m2/g for DNDs and 

p-CNOs, respectively (Table 2.6).  

Table 2.6: Specific surface areas (SSAs) of DNDs and p-CNOs. 

Sample ╢╢═ □ Ⱦ▌  

DNDs 230.26 

p-CNOs 462.37 

The volume and pore size distribution were evaluated by density functional theory (DFT) method. 

Both samples have mainly a mesoporous structure with pores in the 2ï50 nm diameter range. In 

particular, DNDs exhibit a pore size distribution centered at around 11.761 nm (Figure 2.16B), while 

p-CNO pore size is mainly distributed at around 10.775 nm (Figure 2.16B); in addition, a small 

fraction of micropores (<2 nm) was observed in both samples.  

 

Figure 2.16: Pore size distribution of A) DNDs and B) p-CNOs calculated by DFT method. 












































































































