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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 partey 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 outstandingredelctnoical
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 nan@nions (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 ih@ific community due to peculiar
features such as small size, large surface area and interesting physical and chemical pfaperties.
date, CNOs have been successfully applied in several applicative area with remarkable outcomes in
biological and electchemical applications.

The aim of the present thesis is to developed novel CNO derivatives for possible applications in
biomedicine and electrocatalysisorder to expand the current knowledge in these research fields.
Chapter 1 contains an introductioon the fascinating world of carbon nanomaterials with particular
emphasis given to carbon naanions. The structural characteristics and the reported production
methods are discussed in details in the first part, while the second part illustrates ttkablema
physicachemical properties, the functionalization strategies exploited to enhance their dispersing
abilities, concluding with the description of current applications involving CNOsletailed
description has been provided in two applicative fieldsich are of interest for the present thesis. In

the first part, the biological investigations performed on CNOs have been described with particular
attention on thén vitro andin 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 beemdpobwith particular emphasis given on the

use of CNOs as electrocatalysts for the oxygen reduction reaction.

Chapter 2 illustrates the synthesis and characterization of 5sized pristine CNOs (ENOSs).
Thermal annealing of detonation hanodiamondsemployed to fabricate CNGsdthe successful
formation was corroboratday severatharacterization techniques such asy diffraction (XRD),

x-ray photoelectronspectroscopy (XPS), higtesolution transmission electron microscopy
(HRTEM), Raman electon energy loss (EEL)and Fourieitransform infrared (FTIR)

spectroscopies



Chapter 3reports the development afnovel CNGbased biological imaging agert novel farred
fluorescent BODIPY dyes, synthetized in our laboratory, was attached by estenfieggtctionto

the CNO surface bearing carboxyhkeid functionalities and tested on human breast cancer cells
(MCF-7). Fluorescent CNOsxhibited bright fluorescence upon internalization and negligible effect
on the cell viability atdifferent concentrans. Low cytotoxicity, ease of internalization and
remarkable emissioproperties confirmed the outstanding abilities of CNO derivatives in biological
applications.

Chapter 4 illustrates the dvelopnent ofan efficient and low cosENO-basecklectrocatalyst for the
oxygen reductiomeaction (ORR)The introduction of boron and nitrogen into the CNO framework
was accomplished by an-situ co-doping strategy based dhermalannealing of a mixture of
detonation nanodiamondsd boric acid. Thelectroactivity towards ORR of the CNd&rivatives
were compared with that of@NOs and standard carbsnpported platinuncatalysts (Pt/C)The
results showedhat the cedoped materials exhibénhanced ORR performance, higher lbegnm
stability andnegligible metal crossover effees a consequence of the presence of large amount of
active sites (i.e. pyridinic N and substitutional B specisis confirming the abilities of the proposed
co-dopingapproach to create a new material able to efficiaratglyzethe ORR.

Chapter 5describes the materials and methods used for the experimental work of the proposed thesis.
Finally, Chapter 6 contains theconclusionsas well as the future perspectives of the presented
doctoral activity.

KEYWORDS:
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Chapter 1- Introduction

1.1 Carbon nanomaterials

Carbon is one of the most abundant element earthand plays a key role in nature, as it is the
principal constituent of albrganic materialsDue to the small energy gap between 2iseand 2p
electron shells int$ groundstate orbital configuration (i.e. 185 2p?), oneof the electroafrom a

2s orbital can bexcitedto a 2o orbital This allowscarbon to show different hybridization states,
namely sp, spand sp and, herefore,to existin several allotrope forms, each showing unique
structure angbhysicechemicalpropertiesDiamond and graphit¢he traditionabulk carbon forms
present in nature, shosfferent arrangement and bonding of C atoms in their strudi@enondis
composed of a thregimensionatubic latticeof strongly covalently bondesp® C atomswhich gives
rise toits remarkable physical properties (i.&@lhhardness andhermal conductivity)Graphite by
contrastconsiss of athreedimensionalayeredstructurewith each sheet composed of spnded C
atoms arranged in a hexagonal honeycomb lattice; these, lagiet sogether by weak van der Waals
forces, ae able to slide over each otheraking graphite a good lubricant.

In 1985, ananotherallotropic form of carbonCeo fullerene[1], was discovered ancharked the
beginning of a new elia thecarbonresearchin thelast thirty yearsthe carbon family has expanded
afterthe discovery of several new carbon maaterials (CNMs)2], attracting geat interest from
both scientific and industrial point of view. Thaique andutstanding properties exhibited these
nanomaterialgenabled their investigation for a wide range of applicatibhe mainmembersf the
nanaarbon family are schematicaligported inFigurel.1.

Fullerenes ara family ofenclosed cagkke carbonstructurescomposed ofwelve pentagon and a
variable numberofhexagon f ol | owi ng t h polylkedrdl @ padiculanCd, themostm f o
famousand investigatedomponent of the familyconsiss of 20 hexagonal and 12 pentagonal faces
to form a sphericatlosedstructureof 0.7 nm in sizesimilar to a soccer ball, with carbon ate(he.

60) located athe vertices of a regul@iruncated icosahedrofrurthermore, larger molecular weight

1
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fullerenes have been also reporigd The Gomolecule higorically known as Buckminsterfullerene
in honor of the geodesic domes built by the architect R. Buckminster Fudiefirstly synthetized
via laser ablation of graphite targets in helium (He) gas and detected by mass spediyp&copy

Smalley and @rl [1]. The great impact that this discovery had on the sciemdfiomunitywas

confirmed in 1996, when they were awarded whid Wobel Prize for chemistry.

Nanodiamond

Graphene Carbon Nanotube

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

In addition, the development by Kratschne¢ral. [4] of a gramscale synthesis method, consisting

of analternating current (ACarc discharge between high purity graphite rods in He gas, paved the
way for the intensive investigation of fullereaed, progressively, of CNMs.

In 1991 lijima observed by electron microscopy the formation of cylindrical structcwesisting of
coaxial tubes of graphitic shegts the cathode of the standard arc discharge apparatus used for the
synthesis of fullerenef®]. This material consisting of a diameter ranging from 5 to 40 nm and a
length of severalm, isnowadays known as multvalled carbon nanotub¢sWCNTS). Two years

later, lijima [6] and Bethun¢7] independentlpbserved the fonation of tubes composed of a single
graphitic sheetnamely singlevalled carbon nanotubes (SWCNTIsY,doping one of the electrosle

with elements such as cobdlhis kind of CNMsdisplaya diameteof 1i 3 nm and aariablelength

up to tens ofmicrometersDepending on the structure, CNTs displayy interesting properties, such

2



Chapter 1

as high aspect ratio and highermal and electrical conductivitynterestingly, he electronic
properties of SWCNTSs are strongly affected by the thaythe graphitc sheetrolls upto formthe
tube depending on this orientatiomith respect to the tube axis (namely, the chirglitiyy show
metallic semimetallic or semiconductinigehavior{8].

Only one yeaafter the observation of MWCNT® 1992, Ugartelescribedhe formation of multi
shell fullerenesalsoknown as carbon naranions (CNOs)by irradiating amorpbus carbon with
the high energpeam of an high resolution electron microscf$je

Graphenehas beerfor the first timeisolaed by mechanical exfoliationn 2004 by Geim and
Novoselov[10], who were awarded the 2010 Nobel Prize in Physics for the discovery of this
fascinating material. Its structy@onsising of single layers of Sphybridized carbon atoms in a two
dimensional hexagwl lattice canbe considered the building block of all graphitic materialge to
the excellent mechanical, electrical and thermal properties, which approach very closely the
theoretical ones, graphersenowadays the moattractiveCNM [11].

Nanodiamond, the nanosta counterpart of bulk diamonaverefirstly synthetizedby detonation
processn the 1960$12]. Theyexhibit mainly rounded shape with an average size®h#handthe
sp*diamond core isypically stabilized by different functional groupsreconstructed into Sgarbon
shells. Nowadays, due to the remarkable physkemical properties and controllable surface
chemistry have a wideange of potential applicatiofi$3].

Carbonbased nanostructures have been extensively investigated in the last decadesising
materials for a large number of applicatiobecominga hottopic in the scientific community. In the
next section, the structure, the synthesis and the applicati@fasdfinating member of the carbon

family, namelycarbon nan@nions will be discusseth details

1.2 Carbon naneonions

Despitecarbon nananions werealiscovered at the same time as carbon nanotthmaemained in

the shadow of its carbon counterpart for mamars before arousing interest the scientific
community

CNOs, alsaeportedas onionlike carbon (OLCs), arguastsphericatarbon nanoparticles composed

of concentric graphitishelk to form a pculiarcagein-cage structure that resembles the one of an
onion [14, 15] (Figure 1.2). The multilayered morphology typically consists of acQullerene
molecule as innermost sheliut hollow and metallic cores have been also repdiéd 17). The
outer graphitic layersire approximatel\3.4 A apart andhe size rangefrom few to tens of
nanometergl8]. Ideally, they exhibit a spherical structure with the number of carbon atoms following

the formulap & , wherenis the number of graphitic layers; howevée high defectiveness in the

3
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structure gives rise to quaspherical or polyhedral arrangemefi®, 20] The morphological
features of CNOs (i.e. shape, size and number of graphitic shells), and thus the-gihssimal
properties, strictly dependgpon the synthesis method, as reported by Echegziyan21].

.' ,i*,;,‘, u

Figure 1.2: HRTEM image (left) and structufeght) of CNOs showing the concentric graphitinorphology Reprinted
with permissiorfrom [15].

Historically, it is due to S. lijima the first reped evidence o€ENOs.In 1980 te observedby high
resolution traemission electron microscope (HRTEMhe presence of small nearly spherical
particlesin amorphous carbon films prepared by vacuum depogRjn

However, only a decade later, D. Ugarte reported theiffirsitu formation of oniorlike structures

with average size around 45 nm and aboutgiphitic shells The highly energeticirradiation
proaess,driven byanintense electron begnmduced the graphzation and the following curling of
amorphous carbon, leadjo the formation of muliayered particlefd]. However, this method was
not suitable to produce large quantities. The rHeed bulk synthesis of CNOs to fully understand
the properties of these nov€INMs led to the development of several fabrication strategies
Nowadaysa 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 potentialitieslfstrial
scalability [15]. The detailed discussion of the different methods is reported in the following

paragraph.

1.2.1 Synthetic approaches foproduction of carbon nanc-onions

Conventionally reported as the first methodstiow a reproducible way to generate CNOs
electron beam irradiation of carbon soot have been objdattbker investigation in the following
years.Xu et al.reportedthe formation of giant onictike structures, consisting @D to 54 graphitic

shells and diameter ranging from 4 to 38 nm, by irradiating amorphous carbon film in the presence
4
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of Al nanoparticlegFigure 1.3A). The CNO formationis promoted by the metal catalyst acting as
nucleation siteand the mechanismvolves three distinctivand consecutivsteps. In the first stage,

the presence of Al maparticles catalyzéhe formationof anucleus and the first graphitic shélhe

second step involvebe gradualgrowth of irregularlayers surrounding an inner hollow cas the
catalyst NPs are moved out by the electron irradiation. Findléyholbw interior is eliminated,
forming aquasispherical structurg3].

Arc discharge is a traditional production method for the synthesis of CNMs, as reported for fullerenes
[24]. In 2001, Sanet al.employed this method as a viable way to produce CNOs with average size
of 25-30 nm and consisting of 430 carbon shellsH{gure 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 producedA)electron irradiation and) arc dischargeAdaptedwith permission
from[23] and[25], respectively.

CNOs were synthetized by applyirgdischargeroltage (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 surfacele to its hydrophobic natutieat causes the formation of large
clusters indced by van der Waals interactid@s], as shown ifrigure1.4A.

The formation mechanism has been proposed by the same group and schematically dhigwesl in
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
surraunding 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 CNTSs, as results of thendliffeemching 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 fronj26] .

To overcome this problem, Borgohain andweorkers have reported an optimization of the arc
discharge method proposed by Sano; by controlling the dyntbenditiors through different
processing parameters, homogeneous C{4®25 nm in size) with minimal carbemased impurities

were produced. In addition, they proposed an efficient purification pathway, exploiting the
preferential adsption of phosphotungstic acid onto CNOs compared to the other imp{Rifies
Thermal annealing of detonation nagiamonds (DNDs) is neadays thenly method that showed
potentialities for the industrial scalability, as it ensuogscostandhigh yield(close to 100%long

with thehigh purity and narrow size distributiaf the products. Typically)NDs with size around

5 nm(Figurel.5A) are employed as precursor material to yield small CNOs with an average diameter
of 5-8 nm and composed of B) graphitic layergFigure1.5B) [28].

Figure 1.5: HRTEM images of DNDs (a) and spherical CNOs produced by thermal anne&tiagtedwith 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 199429]; five years later, based on seempirical calculations, they demonstrated that
the transformation of DNDs into spherical onions occurs through the preferential exfoliation of (111)
planes. Therefore, they proposed a zigp&r scheme as formation mechanism for which three (111)
diamondplanes reconstruct into two (002) graphite planes as the interface migrates towards the
diamond corg30].

The graphitization of the (111) facdiegins at theliamondsurface with the formation of graphitic
fragments angbroceeding towards the ingidas shown irFigure 1.6A where the formation of the

first carbon layers is observdduring theintermediate stages, dteenergetic reasons, the graphitic
sheets tend gradually to connaatcurve, surrounding the diamond coFegurel1.6B). Finally,the
graphitization process ends with thermation of closed graphitic shefisound a hollow cor@Figure

1.6C) and CNOs exhibia size that is similar to the startidamondparticles[31].

L1 00.206 nmly:

Figure 1.6: HRTEM images of the evolution of the transformation of DNDs to CNORifia) stage, (b) intermediate
stage and (c) final stag&eprintedwith permissiorfrom[30].
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From the thermodynamics point of view, as graphite is the most stable carbon foionmisgon of

flat graphitic sheets should h@eferentially promoted over a curved structure. However, at the
nanoscale the surfaemergyof the particless extremely highFor this reasorthe graphitic sheets

are forced to curl in order to reducastizontribution by elimination of the dangling bonds at the
carbon atoms boundaf$2].

Kinetically, asenough energy has to be provided to briek GC bondsin the diamond structure
(namely, 348 kJ/mol), the graphitizatiprocess should take place at least at 112W0°C. Actually,

the defectiveness of the structure along with the higher energy content of the surface than the interior
allows to reduce thenergy barrier required for the graphitization to stagultingin the formation

of the firstgraphitic fragmentsvenat 900°C [31].
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The conversion of DNDs to CNOs is a multistage process, as shdwguirel.7. Below 900°C, no
graphitization occurs and NDs undergo to a thedwsorption process of the nroarbon
contaminant§l7]. This step includes the desorption of water and oxypgetaining 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 andy@s@sat around 850C, the last non
carbon impurity, hydrogen, dags from the ND surfacfl7, 33, 34] The formation of dangling
bonds asresult of the detachment of the surface functional grompli&cates the beginning of the
graphitization with the creation of pcarbon shells on the ND surface and proceeding towards the
inner part. Between 1100 and 1300, the externalcarbon shells acquire a higher degree of
graphitizationandthe continuous Spsp’ phase transformatiomith the increase of temperature lead
to the formation of spherical onions at temperature higher than°Co@nally, at temperature above
1800°C, aprogressive polygonization of CNOs is obserjEd 31}

Progressive
polygonization

Complete transformation
to carbon onion

Continued sp*-sp? phase
transformation
from the outside
to the inside

Desorption of
functional groups

900-1100 °C | Carbon onion shell formation

Desorption of
functional groups

o= Reconstruction of dangling bonds
700-800 °C and amorphous carbon

Desorption of water
and functional groups

functional groups

Figure 1.7: Schematic representation of the DNINO transformatiorduring annealing including TEM micrographs
and optical imaesReprintedwvith permissiorfrom [17].

Similarly to vacuumannealing 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 ard@5], nitrogen[36], hydroger{37] as well as in heliun2l, 38]
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Several parameters have to be taken into account when thermal annealirngers ahi@roduction
method. Firsttheannealing atmosphere is an important parameter in the CN@esyait In vacuum,
spherical CNOs can be produced at around Y@)0nvhere NDs are completely transformed, and
increasing the temperature leads to a polygehaped nanoparticl¢28, 39] In the presence of an
inert atmosphere, lower temperatures are required to form spksra@ed GIOs with higher
ordering occurring at increased annealing holding {#®. In addition,the annealing atmosphere
has a direct impact on the CNO purity. While in vacuum CNOs are the main product, annealing NDs
in aninert gas may lead to the formation of graphene nanoribbons@®tyct.The generation of
carboncontaining gases as a result bétdesorption of functional groupom the ND surface
induces a partial pressure inside the furneesylting ina local etching procegbkat form unwanted
graphitic structuref41]. Finally, ND size and annealing time are two other important fadtothe
first case, the graphitizatiqggrocess may take place at lower temperatures for smaller NDs particles
as they exhibit a higher contribute of surface endrggddition,an enhanced degree of graphitization
may occurat lower temperatures with the prolongation of the heating holdirej4i2j.

Chemical vapor deposition (CVD) is another effective wayéapce CNOs due to the direct control
on the synthetic parameter$ypically, hydrocarbons such as methane are employechron
sources in the presence of a catalyst to yield CNOs bearing hollow or metall[d204d] CNOs
consisting of a K€ core (1550 nmin size) were synthetized by Yang andworkers through the
decomposition of gH, at 420°C catalyzed by a Na&upported iron cataly$45].

He et al achieved the synthesis of CNOs by low temperature @\Mxaalytic decomposition of
CHa in the presence of Adupported Ni catalys{d6]. The formation is promoted by the presence of
the Nibased catalyst, which act as nucleation. Sitee mechanism involves, during thesgehase,
the adsorption of carbon vapor onto the surface of the mredathe following formatioand bending

of severalgraphitic layergo yield CNOs withsize ranging from 5 to 50 nnfFigure 1.8A) [46].
Therefore, he shape (quasipherical or polyhedragnd the core structure (hollow or metallic) strictly
depend on the nickel particles moogbtgy and siz§47].

Chenet al.reported the formation of spherical CNOs (from few to several tens of nm in size) via
radio-frequency plasma CVDy using a mixture of CHH> in the presence of a Co catal{48].
This method ensured high yield and, more ingaty, high purity because thgraphitic shells do
not encapsulaténé catalystThe growth mechanism involves the formation of carbon ridge to
the decomposition of CHon the surface of the catalysied their stabilization in the presence of
atomic hydrogenThe resulting formation a fullerene domeand ts following growthleads to the
emergence of the first cage, whichsaas substrate for thieirther formation of spherical cages to

form an encapsulated structyi4a].
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Radiofrequency plasma was employed by Bual. by using coal and a mixture with graphite as
precursors to synthetize hollow CNOs with gusigherical and polyhedral morphology. The presence
of graphite acting as additional aromatic fragment soussesures higher degree of graphitization

and more reglar morphology with an average diameter ranging from 10 to 3@-gurel.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
Huanget 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 curvdddlwe fragments, the formation of closed
structures occurg=(gure 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 Bafluced

l on i mplantation was pr opos ed etfaloas viabldh methbdita s t
produce CNOs onto copper substrateigiure 1.9B) [52]. Further nvestigations 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 @\, 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 heteratoms in the CNO structufg3].
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Figure 1.9: HRTEM images of CNOs producedA)ball milling andB) ion implantation.Adapted fronf51] and[53],
respectively.

Several other synthetic pathways have been reported sbafse. ablation of commercial pure
graphite targets alloadfor the production of highly pure spherical CNOs with size ranging from 10

to 25 nm and consisig of a hollow core surrounded by -P0 carbon shell§~igure1.10A) [54].

Carbon nanapnions with average size between 30 and 100 nm were synthetized by the-tratalyst
thermolysis of a sodium azide (Nghnd hexachlorobenzenes(@s) mixture(Figure1.10B), while

a purification step efficiently removed byproducts such as amorphous carbon nanoparticles and NacCl.
The formationis due to the coalescence of phenyl radicalsrasudt of therapid increase of pressure
duringthe proces§s5].

Flash pyrolysis of naphthalene vapor onto a glass or ceramic subs&jet@d thermal reduction of

a mixture of glycerin and magnesium at 880in a stainless steel autocld%&] werealso reported.

In the first case, large quantities of highrity 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 ofH/CH4/N2 as fuel stream andA\. as oxidizer stream. In
particular, they investigated the influence of ethylene, methane and oxygen concentrations on the
selective formation of CNOE-igure1.10C). Furthermore, theghowed the possibility to control the

CNO size (from 5 to 60 nm) by varying the methane concentration (from 15 to38p6)

Yan et al. exploited a low temperature solutiphase synthesis methday using commercial
mesophasitches (MPs) as a carbon precursmrobtain different graphitic structures, including
CNOs with sizébetween 30 and 80 nm, small carbon nanoparticles and carbon narjbppres
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Nanoparticles consisting of several to 20 graphitic layers ar8010m in average size were
syrthetized under strong shock compression of [6{@, while smaller CNOs have been produced
by pyrolysis of wood woo(Figure1.10D) [61-63] and combustion of common carbonaceous sources

such as camph@nd polystyrene foarf©4].

counterflow diffusion flames and D) pyrolysis of wood wéalaptedwith permissiorfrom [54],[55],[58] and [62],
respectively.

1.2.2 Physicachemical properties and applications of carbon nanc

onions

The choice of the synthetic procedurg@toducecarbon nanenionsis anessentiafactorin relation

to the selected applicative use.general,CNOsexhibit commonproperties such as a low density
andahigh surface are 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 detemes their physica&chemical propertiedn 2007, Echegoyen and -weorkers
investigated the effects of the synthetic approach on the properties and reactivity of CNOs. Thermal
annealing and arc discharge methag@re employed to produce CNOs with an avesage of 5 nm

and 1525 nm, respectivelyThey showed through different characterization techniques that ND
derived CNOs displayed more defective structure, higher thermal stability as well dsigirer
reactivity as a consequence of the higher curvandelarger surface ar¢l].

Carbon nan@nions, as the other %garbon materials, exhibit a poor solubility in most of the
commonorganic solvents as wefl water, thus limiting to some extent their possible applicative use
their intrinsic hydrophobic naturedsie topronounced tendency to formggregatinduced by strong
intermolecular interactions promoted by van der Waals foffles.dhemical functionbzation of

CNOeis 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

noncovalent approaches have been investigatedsuccesfully appliedin the last decad@5].
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Generally, covalent functionalization methods impart hydrophilicity to the inert graphitic surface via
introduction of rew functional groupsas depicted ifigurel.11, and allows for further modifications

with a wide range of organic moieties (i.e. dyes molecules).
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Figure 1.11: Covalent functionalization pathways for CNOs. Reprinted with permission[&®m

Several covalent pathways have been investigated séfarfirst covalent modification of CNOs

has been reported Bratoet al.in 2003 where CNOs wer functionalized through an azomethine
ylide addition reaction, which imparted good dispersability in common organic so[é&htsA
modification of the 1,3lipolar cycloaddition reaction reported by Prato was proposed by Echegoyen
and ceworkers wo years laterin the same work, the authors showed two novel and efficient covalent
approaches for CNOs (i.e pegylation amiidation reactiongpb7]. In another work, the same group
reported a successful CNO functionalization via cyclopropanation and radical addition rgddtion
Improved solubility in organic solvents such as ethanol and DMF was accomplished by direct
fluorination of CNOs at different temperatur@8], while good dispersion in water was obtained
with the following modification with sucrogé9]. The first supramolecular CNO conjugate has been
reported by Echegoyest al.in 2008, where a pyridyl functionalized CNOs were complexed with a
Zn/porphyrin derivativesshowingvery good solubility in watef70]. Themodification of the CNO
surface with several functional groups such as beremd via Tour reaction has been reported by
Flavinet al.[71].
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Interestingly, theaddition of a similaZn/porphyrinderivativesto the one reported by Ecehegoyen
was obtainedhrough a new synthetic approaspported by XPS and TeHIMS [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 a@&ats].
Chemical oxidations one ofthe most common covalent approachitleads to an improvement of
solubility by introducing oxygercontaining functionaties such asarboxylic groups onto the CNO
surface furthermore, it is often used as initial step for further CNO modificatédrong acids such
as nitric acid21, 67, 76]or concentrated acid solutions such as mixture of nitric and sulfuric acid
[70] are typically employed for this purpos@xidation 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 iguidf 7]. Other covalent approaches
have been reported, such as alkylafit8, [2+1] cycloaddition[79, 80] radical polymerizatiof81]
as well agunctionalization with biomoleculd82].
Covalent functionalization, as discussed above, have the potentialities to enhance the solubility and
stability of CNOs. On the other hand, the structure ofrthterial as well as its native properties may
be seriously altered by the reaction conditions. The introduction of defectiiadassd by these
chemical modifications may lead to tbesruption of the graphitic structusad to the loss of itp
conjugdion character.
For this reason, necovalent functionalization is a convenient route to modify the hydrophobic
characteristic of the CNO surfacgyhile preserving their intrinsic propees. Noncovalent
approaches ardased on the adsorption of aromatieompounds or macromolecules such as
surfactants and polymers-"opntohydeophobaceiat e
a stable suspensioQne relevant example of nawvalent functionalization of CNOs has been
reported by Giordani et awhere a fluorescent pyreiBODIPY dyes derivative was immobilized
onto the CNO surface exploiting thep supramolecular interactions established between the pyrene
moieties and thextended CN(-systemg83].
Thecurrent availability of severdlinctionalizationmethods fothe chemicalmodification of CNOs
have opened up wide range ofpossible pplicatiors in different areasin the last decade
electrochemical16, 17]and biomedica[15] applications of CNOs are probably the most studied
topics and several investigation have been performed in theseTiedossibility to decorate the
surface with selected functional groups and the further conjugation with utasl@ntities 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
14
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penetration capability have been proved hatlvitro andin vivo, confirming tlat CNOsis a safe
material to be employed in biological applicatioffi$ie detailed discussion of the kbielated
applications of CNOs will be proposed in the following paragraph.

Similarly to the other CNM$84], CNOs have lsown 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/avif8a], DNA [85], glucosg86-88] and other enzymd89],
dopaming90], ascorbic acif91] as well as pH sensofs4, 92, 93]

In electronics, CNOs have been employed for different purposes. One of the most interesting
applications is as electrode materiabirpecapacitors and several works have been published after
that Portet and cworkers proved its efficacy in this applicatif®4]. Bushueveet al. showed how

the electrochemical performances in terms of capacity and conductivity weetatad to the
annealing temperature used for the CNO produd®8ih while Pechet al.reported the first CNO

based micresupercapacitor, which showed higher capacity tharconventional ong96]. In 2012,
Borgohainet al.reported the development of a RHONO composite materialith higher specific
capacitance and increased cyclic stabi[@y]. In the same year, McDonough and-workers
investigated the influence of different parameters such as structure, physical and electrical properties
of carbon nananions and nature of electrolytes on the supercapacitor performance, correlating the
results withsimulation data obtained by molecular dynamics (MD) model88]. The results
showed higher capacitive performance of carbon fmamons at high charge/discharge rates
compared to other carbon materials; furthermore, carbonaorioas annealed at 180Q exhibited

the highest conductivity the best capacitive performance at high rates, despite a lower specific surface
area than the ones annealed at 180(098]. In 2013, Gacet al.investigated the electrochemical
performance of CN&ased supercapacitoeetrodes 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 pristifgObr@ther
reportecelectronic applications involving the use of CNOs are as material for hydrogen $i@@ge

and Lkion batterieg101-103], in ogtical limiting [104] andelectromagnetic shieldind05-107].

In catalysis, remarkable performance towards the oxidative dehydrogenation of ethylbenzene to
styrene have been reported by using CNOs, who allowed for a high conversioil@&I1d09] in
addition, CNO as support for Pt nanoparticles showed enhanced electroactivity towards methanol
oxidation compared to the benchmark Pt/VulcanXcatalys{110, 111]

Finally, interesting applications in envirommtal remediation of heavy metal iofisdl2, 113]and

tribology as lubricantfl14-116] have been also reported.
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1.3 Carbon nano-onionsin nanomedicne

The development of new nafgarriers 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 cancelCompared to thetandard treament such as chemotheraftye possibility to use
nanoplatforms allows for the targeted delivery of drugs to malignant tissues and with enhanced
therapeutic efficacj117].

In the last decade CNMs such as carbon nanotufflek8, 119] fullerene[120, 121] graplene and

its derivative§122] as well as carbon dof$23, 124]have shown promising featuresrelevant bie

related applications Their unique intrinsic physgechemical properties together with the
development of establishedhemical modificatiorapproachesnade possible thereation ofnew
functionalized nanglatformsfor bio-imaging anddrug delivery purpose$n addition, their favorable
nanometer siziss comparable tthat ofrelevantbiomolecules sucBNA andproteins, making them
attractivefor biological application§l25].

In the perspective of biological applications, a careful evaluation regarding the biocompatibility and
the safety of a material is required and, is ttontextjn vitro andin vivoinvestigations are essential

for a practicable use in living entities.

Low cytotoxicity, efficient cellular uptake and weak inflammatory potential revealedCti@s are

a bocompatible materiasuitable for different bi@pplications 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, discussirghin vitro andin vivoinvestigationsvith particular attention

to the production methogimployed for the CNO synthesis

1.3.1In vitro bio-evaluation of carbon nanconions
The firstin vitro evaluationof CNOshas been reported by Dirg al.in 2006. Large CNOs (around

30 nm in size) wererpduced by arch discharge method and the effects towards human skin fibroblast
cells were evaluated and compared to MWCNTSs. The results showed toxic resfooniseth
nanomaterials, inducing a variation in the mRNA levels and affecting the cellulatyaictitérms of
growth and differentiatiorfFigure 1.12A). However, compared to MWCNTs, CNOs induced less
stress and no response from the cell immune sy[dt26}.

Xu et al.tested the same CNOs on human umbilical vein endothelial cells (HUVECSs) and a dose
dependent effect on cajrowth was observedavith significant toxicity at high concentration (from

25 to 200mg/mL) (Figure1.12B). In addition, DNA damage and apoptosis was found to be induced
by the presence of CNQ%27].
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The cytotoxic effect of pristine and functionalized (i.e. oxidized and pegylated) CNOs on the viability
of rat cermal fibroblasts has been investigated by Luszezyad.in 2010 and any toxic effect was
observed for all the CNO materiglsigure1.12C). More inerestingly, this was the first evidence of
the biocompatibility of NDslerived CNOg82].
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Figure 1.12: Cell viability measurements after treatment with CNO derivatives of A) skin fibroblast cells and comparison
with MWCNTs, BHUVECs and Cyat dermal fibroblasts Adaptedwith permissionfrom [126], [127] and [82],
respectively.

Kang and ceworkers reported the comparison between the cellular cytotoxicity induced by spherical
CNOs, synthetized by laser irradiation, and C&ived MWCNTson anormal human bronchial
epithelial cell line. The results showed a better biocompatibility of CNOs and a lower generation of
intracellular reactive oxygen species (ROS), ascribed toghba&rical morphology. In addition, the
same trend was observed in the presence of am@dant with a remarkable decrease of the ROS
level induced by MWCNT§128].

In 2006, a report on the useadionlike nanoparticleas 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 tolsawitia coli

and Pseudomonas putida cellsaddition,thefluorescent systemas employed as biosensor for the
detection of glucose exploiting an on/off fluorescemexhanisnj87].

The small size and the ease of functionalization of CNOs produced by thermal annealing have been
exploited by Giordani é6s group to develop nove
In 2013, theyconducted am vitro andin vivo investigation orthe inflammatory potential induced

by CNOderivatives were tested on immortalized bom&row derived mouse macrophages (iBMM)

and mouse bonmarrowderived dendritic cells (BMDCs). For this purpose, -N&ived pistine

CNOs were firstlydecorated by benzoic acid via Tour react{@i] and then coupledvith a
fluoresceinamine dye by amidation reactiorenableheir cellular visualizationas suggested by the
green emission ifigure1.13A. The release of the inflammatory cytokineslll? by BMDCs in the
presence of tollike receptor (TLR) was promoted by the CN@ghich in addition inducedhe
activation of the NLRP3 inflammasonteurthermore, benzoic actecorated CNOs were found to

produce lowin vitro inflammation and to reduce tirevivorecruitment of neutrophils and monocytes.
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Finally, CNOs wereefficiently uptakernby antigenpresenting cells andrgeted to draining lymph
nodeq73].

In 2014, Giordanet al.developed a nov€lNO-based imaging platform, which was tested in human
breast cancer cells (MCFH. CNOs bearing benzoic acidrictionalities were coupled with a green
emitting boron dipyrromethene dyes (BODHZNOS) by esterification reactip@as confirmed by
several characterization techniquis;in vitro toxicity was investigatetty studying the metabolic
activity of the cellsat differentCNO concentrations am toxic effectavere observedp to 72 hin
addition,the fluorescent nanoparticles were efficiently internalized by the cells and localized in the
lysosomes, as depictdry the yellow celocalization signal in the confocal image kigure 1.13B

[75].

A)

Figure 1.13: Confocal images of A) C57BL/6 BMDCs, B) MCFells and C) HelLa cells incubated with different
fluorescenCNO derivativesit 10 ng/mLCNO concentrationAdapted with permission frof@3], [75] and[76].

A novel oxidation procedure alloweGiordani and cavorkers to develop a CN@ased imaging

agent with enhanced solubility in biological fluids. The oxidation was carried ouvimi&ic acid

for 48 h to yield oxidized CNOs (0x@¢NOs) with much higher surface coverage of carboxylic acid
functionalities (around 210 per CNO) than the one obtained via Tour repttipas confirmed by

TGA; the following attachment with a fluoresceinamine dye was accomplished by ester bond as
discussed above to create a fluorescent nanoprobeGRi@s) with enhanced dispersing ability and
stability in water, as confirmed by dynamic light scattering and petential. The successful CNO
modification was confirmed by different spectroscopic techniqties. biocompatibility of all the
functionalized CNOs was tested in HelLa cdélisusing a PrestoBlue cell viability assagyd the

results showedthat CNO deriva ves di dndét affect the cell viat
Furthermore, flueCNOs were efficiently internalized by the cells, as confirmed by confocal imaging
(Figurel.13C), by an endocytosis pathwpab].

The same group reported a multiple covalent modification approach with the aim to create a novel
CNO platform capable of both imaging and targetiRgy this purpose, a FITC dye anditoacid
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(FA) were attached to the surface of benzoic acid Chitasthe CNO modification was confirmed

by FTIR, Raman, XPS and TEHMS spectroscopieNOs bearing both ligands (CNA) or only

the dye molecules (CN®) were tested in HeLa and KB cdiig assessing their metabolic activity at
different incubation timeand 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
fluorescet CNOs by HelLa cells with localization in the lysosomal vesicles. In addition, as KB cells
exhibit an overexpression of folate receptors, Gh\@ere internalized to a greater extent than €NO

5 by the cell{Figure1.14A) through a folatanediated endocytosis pathway; further confirm was
given bytheminimal internalization in thpresence of free FA in solution, which woutzhtpete for

the folate receptofd 29].

The first CNO fluorescent probe exploiting Roovalent interactions was published in 2015, where
a pyreneBODIPY dye molecule was coupled wiitrCNOs throughp-p stacking interactions
between the extended aromatic CNO graphitic network and the pyrene unit of thesdy&sfirmed

by absorption, fluorescence and FTIR spectroscopieka wild type (wt) cervical cancer cells were
incubated withdifferent 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 regioffFigure1.14B) confirms the efficient uptake by Hela cells. In addition, after that

the cells were incubated at’€, the CNO hybrids were internalized to a very low ex{arget in

Figure1.14B), suggesting an endocytosis mechanism for their uptake instead of a passive diffusion
pathway[83].

Figure 1.14: Confocal images of HelLa cells incubated with A) CNO derivatives bearing FA and FITC ligatfs
ng/mL for 12 h at 37 °@nd B) pCNO/pyreneBODIPY derivativest 10 ng/mL for 30 min at 37 °CThe inset shows
the uptake of the same CNO derivative incubated at Ad&pted with permission frofi29] and[83], respectively.

As in the visible region of the electromagnetic spectrum photons are largely absorbed and scattered
by biological tissues and water, for braaging 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 na#rared (NIR) region and many efforts have been
involved in the development of NIR emitting fluorescprabes. In this particular imaging window,
tissuesshow unsubstantial absorbance allowing for an extended penetration of the light, thus
improving the ability of biemaging agentgl25]. With this in mind, Giordani and emorkers moved

from green emitting dyegas the ones discussed above) to novel dyes with emission at longer
wavelength (fared and NIR region)ln 2014,the same authoneported a new fluorescent CNO
derivatives with emission in the NIR region ahdyinvestigated its potentiality as imagiagent in

HelLa cells[74]. CNOs bearing benzoic acid groups were coupled with two boron difluoride
azadipyrromethene BODIPY dyads showing almgy- and hydroxysubstitution to yield Meand
OH-CNOs, respectivelyspectroscopy 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 negigible cytotoxicity after internalization in HelLa cellgven at the highest
concentration tested (i.e. 10@/mL). Laser scanning confocal microscopy (LSCM) confirmed the
excellent internalization of MENOSs, as depicted by the strong NIR emission irpdrenuclear area
(Figure 1.15A). Interestingly, the OHCNO 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 insolution andn vitro. In particular, a strong NIR emission was observed from the cell only at
acidic pH, while a weak signal waletected at pH 8.5. This peculiar characteristic is very attractive

in the perspective of cancer cell imagiiid].

A novel highly fluorescent bromterminated BODIPY alkyl ether dyes was employed to create a
new interesting bidmaging fluorescent probe with emissidn the fafred/NIR region. The
successful formation of the CNO derivative was proved by sesgeatroscopyechniquegRaman,
absorption and emission) as well as thermogravimetric analysis. Furthermore, the remarkable
emission properties of the fluoreEsit CNO nanoprobe were confirmed by laser confocal microscopy,
after the dispersion of the sample in a polystyrene slide, with thesBaxrking images displaying an
intense red fluorescent emission arising from the whole sdiRg

Recently, another interesting example of CN&ed pH probe was published by the same group
[92]. I n this work, oxi di zed CNOs -extendesl distyoyb al e n
substituted boron dipyrromethene (BODIPY) dye and thpraduced flueCNOs were tested in

HelLa 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 asn vitro. In particular, no emission was detectegl donfocal 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 sigiag(re1.15B) [92].

A) 1))

0p

Figure 1.15: Confocal images of HelLa cells incubated with A}@0s and B) flueCNOs. Adapted with permission
from [74] and[92], respectively.

1.3.2In vivo bio-evaluation of carbon nanc-onions

Thein 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 ia tliteo investigation, systematia vivo
analyses on cytotoxicity and bastribution on complex living systems are required and, to date, few
evaluations have been published. Sarkar andariiers reported twm vivoinvestigation of onion
like nanopartites synthetized by conventional pyrolysis method of wood wool. The further oxidation
process led to a high surface coverageanboxylic acid functionalities onto the CNO surface, which
increased the dispersing ability of these nanoparticles in watetpandurface passivation effect,
which induced tunable emission properties from visible to NIR region. In the first investigation,
Drosophila Melanogastewas fed with the fluorescent CNOs and the life cycle from pupal to adult
stages was monitored by agal fluorescence spectroscofisigure1.16A).
The results showed no effects on the normal activity oDthiglelanogasteiinduced by CNOs; in
addition, the fluorescent nanoparticles were normally excrfg@fl The same nanoparticles were
used as biological imaging agents in the prokarygscherichia Coliand in a more complex
eukaryotic organism like multicellula€aenorhabditis Elegans The presnce of CNOs, which
allowed for the imaging d&. Coli, showed no negative effect on the bacterial growth of this organism.
In addition,C. Elegansvas later fed with CN@reatedE. Coliand no detrimental effect was induced
on the complex organism, suggesting the lack of toxicity of CNOs even when used in a food chain
21



Chapter 1

(Figure1.16B) [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 o@ with good excretion efficiendg31].

Fluorescent intestine

due to fluorescent
E.coli

Figure 1.16: Fluorescence images of A) CNéd Drosophila melanogaster, under 488 and 561 nm filters and B} CNO
E. Coli-fed C. Elegans under 385, 488 nm and 561 nm peasd filters. Adapted with permission fr¢éd].

The ecetoxicological consequences of CNOs freshwater pblydra vulgariswere evaluated by
Giordaniet al. in 2015, investigating different parameters such as morphology, reproductive and
regenerative capabilities. Pristine CNOs as well as CNO derigdbwaring benzoic acid, pyridine

and methylpyridinium were used to assesavoanalyses on uptake and kdestribution. The results

showed efficient internalization for all the CNO derivativaes shown by the presence of black spots
inside the animalFigure 1.17A), following a micropinocytosis mechanism. No alterations on
behavior and morphology eve observed alongvith no effects on the loaterm eproductive and
regenerative capabilitiesonfirming the lack of toxicity of CNOs over a long time s¢ak2].

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 embryodaavek 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 regardini
the animal organogenesis. Bging inverted selective plane illumination microscopy (iISPIM),
fluorescent CNOs were found to be distributed inside the zebfafige in a homogenous way, as

shown inFigurel.17B [133]. These outcomes confirmed the outstadmgvo biocompatibilities of
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CNOs in this vertebrate model, in contrast to what reported for other CNMs such as fu[lE3dhes

graphene quantum ddts35] and graphene oxida36].

Figure 1.17: A) In vivo uptake and biodistribution in Hydra of CN@ecorated with 1) benzoic acid, 2) pyridine and 3)
methylpyridinium. B) In vivo imaging of the superior part of a zebrafish larvae treated with BAINI®$; E:eye, YS:
yolk sac. Adapted with permission fr¢f32] and[133], respectively.

1.4 Carbon nano-onionsin electrocatalysis

1.4.1 Fuel cells and oxygereduction 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 high efficiency[137, 138] Fuel cell is currently the most
promising technological strategy proposed to solvestiezgetic isstsd139]. The schematization of

the operating principle of a fuel cell is reportedrigure1.18A. In this energy devicelectricity can

be generated by thelectrochemical oxidation of a fuel (typically, hydrogen) and the reduction of
oxygen to produce watdBriefly, the hydrogen is pumped at the anodic side of the cell where is split

in protons and electrons, which follow two different pathways. The efecti®ave the anode,
providing electricity, and reduce the oxygen at the cathode $hie.protons, instead, crossing

through the cell, react with the oxygen species at the cathode to producgld@ler
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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 fronj140] and[141], respectively.

Typically, ORRcanoccurin both alkaline and acidimediafollowing two different routes: the first

is through a twestep tweelectron pathway withhe intermediate formation ofO0 (in acidic
environment) ofOU (in alkaline environment). The second route, which is the preferred one, is the
direct reduction of oxygen intéO 0 in acidic medium or the intermediate formation(fO in

alkaline medium to form water by combination with protons through adlaatron pathwayfigure

1.18B) [140, 141]

Commonly, the evaluation tie ORR electrocatalytic performance of a catalyatisevedy using
techniques such as rotating disc electrode (RDE), rotatingdrtgelectrode (RRDE) and linear

sweep voltammetry (LSVANn example of LSV curves at differentot at i ng speeds (
RDE is reported inFigure 1.19A. In general, lte current density increases bgineasi ng ¥ &
enhanced oxygeconvectionand its following reduction occurs at the electrode surface; in addition,

the plateauobtained at high overpotentials is due to the extremely fast oxygen reduction process
Onset potential (f&se) and halfwave potential (k2) are the two parameters usually employed to
establish the activity of a catalyst. They t&uetermined from the polarization curves and, typically,
higher values correspond to better catalytic adtiwit

The overall measured ORR currédt depend®n the kinetic current)) and the diffusiodimiting

current (d4), asshownin equation {). At high enoughoverpotentia, the concentration of oxygen at

the electrode surface is almost zero because every atom or ion reacts instantarfesusiaching

the electrode, resulting in a diffusidimiting plateau.Jq is therefore dependent on the diffusion rate

and thus tar. Equation(1), known as Kouteckyevich (K-L) equation, iexpressed as

P PP P P
O 0 0 ¥

o 8 P
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B is determinedrom the slope of the K plot through the Levich equation:

T

& veo T TE

whereK is a constant dependent ®n(0.2 or 0.62if expressed in rpnor rad/3, n the transferred
electron numberi- the Faraday constant (@85 OQmol), D the oxygen diffusion coefficient in the
electrolyte(pgo 1 @ & T in 0.1 M KOH), 3 the electrolyte kinetic viscosity®t go & 7i in 0.1
M KOH) andC the oxygen bulk concentratigp®& Jp 1 & & &0 & in 0.1 M KOH) [141, 142]
Another essential technique to give insight on kinetics and ORR mechanism is the RRDEh&here t
disc (o) and ring currentsig) are recorded as the disc electrode potential is vafigdre 1.19B).
The molarO 0 OO ratio of produced species on the ring can be evaluated through RRIBE.
composed of two contributes, as depicted in the following equation:
© © ‘O (O] 9
0
where'© andO are the oxygen reduction and intexgmte currents, respectively, aNdhe
collection efficiency of the ringdefined asi ‘OfF'O and corresponds to the fraction of product
produced at the disk that is detected at the ring.
The™O U vyield (P00 ) andn can be determined as folloidsA1]:
€ 1 o
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Figure 1.19: Evaluation of electrocatalytic activities towa®RR. A) LSV curves of electrocatalysts in oxyggnrated
electrolyte with different rotating rates and B) Oxygen reduction curves on the disc and ring electrodes of RRDE at 5 mV
s 1scan rate at 1600 rpm, respectivedaptedwith permissiorfrom[141].
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The main limiting factor of fuel ceflerformancewhich hindered their commercialization, is related

to the kinetically slow oxygen reduction reaction (ORR) occurring at the cathodd 48Jewhich

is reported to be about six orders of magnitude slower than the hydrogen oxidation f@ddfjon
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 paieahed 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 voltdgmign asoverpotentia[144].

In order to enhance the electrochemical reduction of the oxygen (i.e. reduce the overpotential and the
activation energy of the reactiothe use of a catalyst is strictly required. Currently, caragported
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 nedaraes of Pt

limits its use; in addition, it exhibits several drawbacks such as including poor operation durability,
fuel crossover and CO poisoning effg45]. For this reason, extensive efforts have been devoted to
find a competitive, low cost and durable alternative t&SBteral materials have been proposed for

this purpose, includin@tfree noble metal§l45], nonprecious metal$146, 147]and metafree
caalysts[140]. Among the metafree materials proposed so far, CNMs showed to be a relevant
alternative to the expensive-Pased catalysts. The discussion about their use for ORR is reportedin

the followingsection

1.4.2Carbon nanomaterials asORR catalyst

Carbon nanomaterials are currently the most investigated-fregatatalysts due the large surface
specific area with tunable porosity, outstanding mechanical and electrical properties, high durability
and reasonable cogt48]. In their native form, CNMs display low catalytic performance due to the
absence of active sites, thus requirthg modification of the surface clgar distributions. An
effective way to improve their catalytic activity is through the introduction of heteroatoms such
nitrogen (N), boron (B), stuir (S) or phosphorus (P) in the inherent graphitic struct{ifigure

1.20A). The enhanced ORR catalytic activity is related to the breaking of the ebectiality of the

sp’ carbon network as a result of the charge redistribution induced by the dopants, VelsHai

the creation of active charged site suitable for the oxygen adsofpdibh

Due to the different size andanelecdantmodulatiengiat i v
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 chemicattity of the material [figure1.20B) [140, 149]
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A)

Heteroatom
doping

Figure 1.20: A) Common heteroatoms used for the doping of graphitic structure with heteroatoms and B) schematic
representation of their effects on the structédaptedwith permissiorfrom [140].

In 2009,Gong and cawvorkers reported the first evidence of the superior performance of a doped
carbon structurecompared to Pt. Nitrogedoped vertically aligned CNTs (VAICNTSs) were
synthetize via pyrolysis of iron (II) phthalocyanine and electrochemically edriéi removehe 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 overpatehtial
higher diffusion current Higure 1.21A) along with longer durability. The quantum mechanics
calculation they performed to explain this behavior showed that the strong N electron affiragsindu

an increased positive charge density on thadicent carbon atoms and the corresponding charge
delocalization produces new catalytic sites able to weaken-théb@nding and thus facilitating the

ORR process¢Figure1.21B) [150].

A)

1 A 1 A L A 1 A

-1.2 -0.8 -0.4 0.0

Figure 1.21: A) RRDE voltammograms for oxygen reduction insaiturated 0.1 M KOH at the 1/GC (curve 1), VA
CCNT/GC (curve 2), and VNCNT (curve 3) electrodes. B) Calculated charge density distribution for tHeGMVT's
Adapedwith permissiorfrom [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 figtlelectrocatalysisTwo different strategies are commonly employed

to doped CNMs; the first approach is based onrtlsgu-dopingduring the material synthesis, which
enables an homogeneous distribution of the dopant atoms in the carbon framework, while the second
approach relies on a pesdbping treatment with heteroatom precursors, which leads to a surface
modification of the mateal.

The most common doping strategies includemical vapor deposition (CVD), pyrolysis of
heteroatom precursors, heat treatmetihépresence girecursor gases and ball millifi49].

Nitrogen doping ishe mostpopularapproach and, as previously discussadises modification of

the structural charge density due to the differencehbatween C (2.55) and N (&). This charge
redistribution is the responsible for the easier oxygen chemisorption and improved dlacister

[149, 150] VA-NCNTSs, synthetizelly CVD in the presence of a catalyst similar way as reported

by Gong[150], showed higher ORR performantethat of Pt/Ceven in acidic environmentith

higher current density and better electron transfer prddédg. An efficient metatfree catalyst
approach was proposed by ¥tal.in 201Q where nitrogerdoped SWCNTs (MSWCNTSs) were
synthetized by CVD exploiting StOnanoparticles as catalytic substraiéne assynthetized N
SWCNTs, exhibiting a N content of 3.6 at%, showed improved ORIRitgovia a fourelectron
pathway and longer durability in acidic medium compared to the pristine s@Riglee 1.22A)

[152].
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Figure 1.22: A) RDE curves of the4SWCNTSs in oxygesaturated 0.5 M bB5Q, at different speeds at a scan rate of 10
mV/s (the inset showing the KouteckylLevich plots deri
ORR in airsaturated 0.1 M KOH at the-@raphene electrode (red line), Pt/C electrode (green line), ld-graphene
electrode (blue line) at 1000 rpm and scan rate of 0.01 V/s. Adapted with permissi¢ghS2prand[153], respectively.

Besides CNTs, Nloped graphene also showed its effectiveness as ORR catalyst. Quentes
achieved theiffst N-doping of graphene through CVD method using a gas mixture oaGtHNH;

over a Nicoated Si substrate amavestigated the electrochemical performancedmpari®n to
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pristine graphene and Pt/C catalysts. The reshitgi(e 1.22B) showed a quasdeal fourelectron
pathway for the oxygen reduction, while the pristine samples showed -atdprdweelectron
reduction route. In addition, higher current density (i.ein®$) and stability and remarkable
tolerance to methanol crossover and CO poisoning comparedbms®d catalysts was observed,
suggesting the importance of theddping[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 catalgtbehavior. As a proof of concephetdifferent nitrogenbondingconfigurations

in the carbon structur@reschematically shown iRigure1.23A. Pyridinic and pyrrolic N atoms are
present at the edger incorporatecdat defective position@.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 thether handg graphitic N atomsreplace carbon atoms in tigeaphitic network

[145, 154]
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Figure 1.23: A) Schematic representation of N bonding configuratidnsluding typical XPS binding energieB)
Schematic pathway for ORR orddped CNMSAdaptedwith permissiorfrom [145] and[155], respectively.
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In general, pyridinic (py) and graphitic (grap N atoms are reported to be responsible of the
improved ORR performance of-8bped CNMs, influencing onset potential and current density,
respectively[149]. Recently, Guoet al. perfamed an extensive investigation with the aim to
determinate the N ORR active site. They synthetized pyridinic)(pyd graphitic (graph highly
oriented pyrolytic graphite (HOPG) samples and tested the different samples in acidic medium. The
results shwed that the pyHOPG with the lowest N amount exhibited better ORR activity to that of
the graphHOPG with the highest concentration, thus demonstrating that the presencégblpys

the key role in enhancing the ORR performance -afoded catalystsnladdition, they proposed a
mechanism for the ORR induced by fiyratoms Figure1.23B). As the presence of these N atoms
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creates Lewis base sites, gey moleculeareadsorbed onto the-Bdjacent carbon atoms (step 2 in
Figurel.23B) and then protonated (step 3). At this point, two routes carllbe/éal. A fourelectron
pathway, where two other protons bind the two oxygen atoms, causing the breakage -@Hhe O
species and the formation of OH species (step 4). Then, the formatie®aiddurs when the OH
species react with an additional prot(step 5). Otherwise, if a twstep tweelectron reaction
pathway is followed, at step 3, the@H species react with a proton to forQd (step 6), followed

by its readsorption and reduction by two protons to finally fos® F.55].

Besides Ndoped CNMs, B doping have shown to be an effective approach for thesgrthORR
electrocatalystsThe first bororbased carbon catalystsewm proposed by Yang and -a@orkers in
2011. Borordoped CNTS(B-CNTs) were synthetized by CVD of benzene with triphenylborane
(TPB)as B precursoand ferrocene as catalysifferent ®ncentrations 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 #ectron reduction pathway; in addition, the ORR
activity wasfound to increaswith the increase dghe boron contenContrary to the electrerich N
atoms, the presence of electdeficient B atoms in the graphitic network induces a different
mechanism for the enhanced electroactiviBxploiting DFT calculations, they proposed a
medianism for the electrocatalytic activity induced byg&oing.In this casein contrast with Ntype
doping, the B itself is positively polarizedacting as active site for thadsorptionof oxygen;
furthermore, B accumulat@selectrons fronthe carbon atms and transfer them to the oxygen, acting
as a bridg¢156].
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Figure 1.24: ORR Electrocatalytic activities of-BNTs in Q-saturated 1m NaOH electrolyte. A) CV curves at scan rate
of 50 mV3s. B) RDEvoltammetry at 2500 rpm and scan rate of 10 mi¥®r comparison, corresponding examinations
for CNTs and commercial Pt/C catalysts (20 and 40 wt% Pt loading) are slB@NT, BCNT and BCNT exhibit
different B content (0.86, 1.33 and 2.24 at&spectively) Adaptedwvith permissiorfrom [156].
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Remarkable results have been reported also for {tiepBg of graphene. In particular, Shesigl.
introduced B dopants into the graphitic structure through thermal annealing atG20@er inert
atmosphere (i.e. Ar) of graphene oxide (GO) by using boric acid as precursor. The ORR activity of
the Bdoped GO, showing a B content of 3.2%&s investigated in alkaline condition and compared

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

to that of graphene via a featectron 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 4358, 159] P[160] and halogens (I, Cl and B}61, 162]have

been introduced in CNMs with outstanding results in enhancing the ORR perforrbaifeent
explanatios have been reported for the increased ORR featirese t o t he | arger s
the presence of P promotes the creatibactive ORR sites; the same charge delocalization induces
the enhanced catalytic performance of CNMs doped with hal¢té8k On the contrarynithe case

of S, beings 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 redistrift&&jn

Furthermore, codoping strategies have shown to be an efficient way to improve the ORR aictivity
CNMs with even better results from those obtained by single atom doping.

In 2011, Wanget al.reported the first codoping approach of CNMs with boron and nitraggens.
Thesynthesiof codoped VACNTswas achieved by pyrolysis of melamine diborate and the activity
towards ORR was investigated in comparison withaNd BVA-CNTs. Theimproved catalytic
performance (i.e. more positive onset and larger current gieirsilkaline 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 afib8]. The following year, the same
groupachieved the sae 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 ttgy ene
bandgap and to the highdrarge and spin densitifs54].

Several combinations of binaf¥65-168] and even ternarjd 69, 170]doped carbon structure have
been reported in the last years, confirming that tdperdy of CNMs is a relevant and effective strategy

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

In contrast to other CNMd)eteroatorrdoping approaches afarbon nanmnions have been only
recentlyproposed; furthermore, vefgw 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 yistadctive 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 synthetiziedge scale with low cost and

high purity, making them an inexpensive alternative to thé#ded electrodes.

In the followingsection the stateof-the-art regarding doped CNOs and their electrocatalytic activity

towards ORR will be discussed.

1.4.3Carbon nano-onions as ORR catalyst

Heteroatorrdoping, as discussed in the previous paragraph, is an efficietmd wandify 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 impreirediectrochemical performance

After that Xuet al.showed that CNOs exhibited remarkable properties as support for Pt nanoparticles
(NPs)for the electreoxidation of methano]110], a number of imestigations regarding the use of
CNOs in electrocatalysis have been performed. In 2010, Wu andré@rs reported thase ofN-

doped magnetic CN®as supporting material for Pt NPs. The catalysts, synthdtizedgh the
pyrolysis of a hexamethylene diama-metal complexand 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) speciggsactin
new active sites, and to the better dispersion of Pt onto the s{ippbftFurther investigations on
N-dopeal CNO/transition metals composites showedrthetentialities as neprecious catalysts for
ORRJ[172] and dyesensitized solar cel[473].

The first report on a metélee Ndoped CNGbased 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 NRlerived CNOs, unet ammonia atmosphere. Interestingly, a tunable N content
(from 2.06 to 3.95 a®b) was achieved by changing the annealing temperature. The doped materials
showed remarkable catalytic properties towards the epoxidation of styrene to styreneswaide
higher than that of common catalysts, with excellent conversion and seleflifdty The same
material was appliedfor the oxygen electrode reaction in-Qp battery showing superior
performance in terms of capacity, stability dngh roundtrip efficiency[175].

Mykhailiv et al.reported an interesting-situ doping approacbf CNO, whee thermal annealing of
aminatedNDs was exploited to synthetize-ddped CNOs. fie CNOcatalys was testedor the
enzymatiefree detection of hydrogen peroxide by cyclic voltammetry in phosphate buffer solution.

The results showed higher electroactivitytted 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 obseft&é).

Nitrogendoped CNOs were only recently investigated for ORR2017, Choket al. synthetized p

CNOs via thermal annealing of DNDs followed by oxidation by Hummers méthoeld oxtCNOS

the doping was finally achieved via pyrolysis method in the presence ofpuoelicing NCNOs

The doping content was controlled by changing the oxidation time and thus the oxygen content of
oxidized CNOswith the highest content obtead after 6h of oxidation (N 8.09%).The NCNOs

were tested in alkaline medium, showing improved ORR catalytic activity (i.e. higher onset potential
and current density) thar pnd oxtCNOs(Figure1.25A); compared to the Pt/C catalysts, the ORR
activity was lower but with &onger stability andbetterresistance to methanol crossojEr7].

The same synthetic procedure was used by Zhang awdrg@rs to produce dopgdNOs with the

only exception of the oxidation procedure (in this case, a nitric acid treatment was performed). The
catalytic performancavas investigated in comparison to-,poxi-CNOs and Pt/C in 0.1 KOH.
Polarization curves showed more positive onset potaridlarge current density for@GINOs than

the other CNO derivativedigure 1.25B) via a quasiideal fourelectron transfer pathwawn € 3.8)

with low production of peroxide species (around 10%). In additie@NOs showed enhanced leng

term durability and good tolerance to methanol. The enhanced ORR performance itause ctip

thelarge amount of pyridinic and graphitic N atoms in the saifin18].
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Figure 1.25: A) LSV curves of the ND, exand NCNOs (at different oxidation time) and Pt/C. B) LSV curves,ahp
and, NCNOs in comparison with 20% Pt/C at 1600 rpm. C) RDE polarization curves dérbradhree different heat
treated samples and commercial Pt/C catalyst. Adapted with permissioflff@hn[178] and[179].

An interesting and direct #doping of CNOs was achieved by Chattergteal. by pyrolysis of
collagen waste source as N precursor at different temperaturég 4604 h and 1000C for 4 and

8 h). The particles showed an onilike structure with aunable N content from 7.5 to 3.1%. The
ORR activity was investigated in alkaline mediwshowing superior activity for the sample annealed
at 750°C in terms of onset potential and current denstdgnpared 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 between3b, suggesting a predominant falectron pathway.
Enhanced ORR pfrmance was observed compared to Pt/C catalyst, showing more positive onset
potential, higher stability and excellent methanol crossover tolerdheeremarkable catalytic
activity was addicted to the extensive presence of pyridinic N species andgtheudiace 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 OR&S been investigated a very small extent

The first Bdoping of CNOs was proposed by Lehal.in 2015 via thermal annealing of DNDs in

the presence of boric acid and thepasduced material was tested as catalyst for the nitroarene
hydrogenationThe results showed excellent catalytic activity comparddegristine catalyst with

a conversion of nitrobenzene over 80% and remarkable reduction selectivity to aniline[@B9Y%

The same group performed a systematic investigationder 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 TOQ13.800, 2100 and 240C). XPS analyses
showed a decrease in the B con{@mam 1 to 0.63 at%)vhile increasing the annealing temperature;
furthermore, the sample annealed at 13D@xhibited the highest amount of substitutional B species
(BCs), which is reported to be the highest ORR active s[t&85, 181] For this reason, this
temperature wachosen as optimum. In second instatioepercentag®f boric acid was increased

to 10 and 20 wt% anithe mixtureannealed at X °C, leading to an increase of the B content (from

1 to 4.57%). The dope@NOs were tested for ORR in alkaline environmamd showed good ORR
activity via a fourelectron pathway for the oxygen reduction (similar to Pt/C), in contrast tathe
electron route for the pristine samples. Interestingly, the sample with 10 wt% of boric acid showed
the most positive onset potertand highest current density among the differesf@¥Oswith an

value equal to 3.95 (close to the Pt/C value of 3Bigurel.26A).

~~ 0'
g 4.3% | C) 100+ 3%
5 4] —
<«
E -2 90-
- 22.5%

%. 5 /i 400 rpm § 0 ek

2 ’ . 3

S =41 '/ 900 rpm 3' 704 70

e 5 =——— s ——B-OLC-1-10 —B-OLC-1-10

@ / 2500 rpm 604 —20% PyC 604 ——20% Pt/C

‘5 -6 e ————’

Q T T r T T 50 T T v v T 50 T v T T T

02 04 06 08 10 1.2 0 2000 4000 6000 8000 10000 0 20 40 60 80 100 120
Potential/V(vs.RHE) Time (s) Time (s)

Figure 1.26: ORR investigation of NOs produced by annealing at 1500 °C with 10 wt% of boric acidl(B-1-10).

A) LSV curves at rotaih rate from 400 to 2500 rpm and at scan rate of 5 rh\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 Q-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 fraib82].
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In addition, higher stability and tolerance to methanol to that/6f was observefFigurel.26B-C),

even if with an more negative onset potenfi82]. The potentialities of thenal annealingas
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 sf@&8jeand as bi
functional catalysts in sodiuroxygen batteriegL84].

Besides B and N, the influence of P doping to the ORR activity of CNOs have been investigated by
Sunet al, who synthetized Pdoped CNOs (FENOs)througha postsynthesis treatment of ND
derived CNOs. Firstly, #£NOs were oxidizeth concentrated nitric acid and then doped following

two different approaches. In the first, @NOs were impregnated with different amouwfs
phosphateand calcinated at 700 (Phx-CNOs x = 5,10, 20 and 30 wt%)The second approach
involves a CVD process at 70C with triphenylphosphine (TPP) as P sour€PH-CNOs). XPS
analyses showed the presence €D® bonds in the first catalygtheir amount increasawvith the
increase othe phosphate loading) and the additional presenceRobGnds in the second orighe

ORR investigatiorof the different -CNOswas performed in alkaline solutiohPP-CNOs showed

very poor ORR activity, suggisg that the GP bonding state is not an ORR active site; this is
furthermore confirmed by thehg-CNO samples, which shovwgood performance even if exhibits

the same amount of-E bondssuggesting thus the ORR activity ofGEP bondgFigurel.27A).
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Figure 1.27: A) ORR activities of 4§ Phge- and TPRCNOs in a 0.1 M KOH electrolyte at 2500 rpm a@mV/s as
scan rate. B) ORR activity of all RIENOs. Adapted with permission fr¢85].

Regarding thé?h-CNO samples, the ORR activity increases as the P content increases, with the
higher current density for PACNOs(Figurel.27B); in addition, all the FCNOs showed good long

term stability. Finally, ultraviolet photoelectron spectroscopy (UPS) showed that the work function
linearly increases by increasing theO=P bonding states with the lowest value for TEBROSs. This

further confirms that €O-P bonds may be beneficial for ORR, stabilizing the OOH species in the
reduction procesd 85].
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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 ledfiaient way to improve the
electrocatalytic performance in alkaline electrolytes. In addition, fatdtn doping heishown 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 ofcarbon nano-onions by

thermal annealing

DNDs

2.1 Introduction

Since Ugarte reported, for the first time, the formation of spherical tay#red structures by
irradiating amorphous carb@hb, 2], many efforts have been devoted to the development of synthetic
approaches for a larggeale production of CNO# the last two decades Jarge mmber of strategies
have been employed for this purpose, including arc dischargd, chemical vapor depositids,
6], ball milling [7, 8] and ion implantatiof9, 10].
In 1994, Kunetsovproposed a viable way to produce small CNOs (with size below 10 nnghn hi
guantity through the thermal annealing of detonation nanodiamonds (DiN{Zjuum[11]. Due to
the high temperatures reached duringgiethesisan overall transformation occurs in the carbon
structure which involvesthe conversionof the sp® carbon atomsinto a sp network. The
graphitization process occurs from the ND surfandproceed towards the interigrinducing the
curling andthe final closure of the graphitic fragments to faime typical multishell structure of
CNOs[12].

47



Chapter 2

Thermal annealing is currently the common method to produce small CNOs with a size between 5
and 10 nm and consisting ofl@ graphitic shellsThe main advantages of this method are related to
the narrow size distribution and purity of the products. Furthermaeetalthe high yieldclose to
100%),low costand excellent reproducibilitghis method has the potential far endustrial scale

up. In addition, the possibility to perform the process under inert atmosfleer@gon13, 14]and
helium[15]) avoids the use of an expensive Rigituum equipment.

As discussed in the first chapter, the production method has to be carefully selected in retlagion to
applicative usgfor instance in biological and electrochemical applicatidigferent synthetic
approaches lead to CNOs showing distinct features and pkogrsérnical properties.

An important factor is the size, which ranges from fex8 ¢&m for tlermal annealing for instance) to
tens of nanometers (ZBD nm for arc discharge and CVD methods). Smaller nanoparticles can more
easily cross the cell membrane, thus improving their potentialities telaited applicationsin
addition,higher surface &a to volume ratican allow for an increased loadingaobiomolecule of
interest (i.edrugs for drug delivery purpoSex for a better dispersion of catalysts in electrochemical
applications. The purity has direct impact on the cell viability, thuectiffg 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 millican lead tometalencapsulated€NOs or leave
catalyst impuritiesn the prodat; thismay have toxic effects on the biologiesitities and affect the
catalytic performanc¢l6]. The size plays also key role in determining the physiahemical
propertiesin 2007, Palkar and eworkers investigated the effects of the production method on the
properties and reactivity of CNQOfr this purpose, they compared CNOs produced by two different
methods, exlmiting different sizg15]. Thermal annealing of DNDs led to the formation of small
CNOs (5 nm as average size and consisting®g6aphitic shells), while bigger CNOs (25 nm in

size and 2680 layers) were produced by arch discharge. In general, a smaller radius imparts higher
curvature taa structure, leading thus to a higher reactivity of the particles. In addNidorjerived
CNOs showed a more defective nature of the outer shells, as suggefathly spectroscopy
According to this, differences are expected in termsattivity between the two types of CNOs.
The authors carried out three different functionalization approaches (i.e. [2+1] cycloadditien, free
radical addition and oxidation) onoth CNOs and showed that onllge smaller CNOswvere
successfully functionalizk while, in the same condition, no surface modification occurred on the
bigger CNOs.They experimentally proved the higher reactivity of W&rived CNOs as a
consequence of ttamall sizehigh structural curvaturandhigh degree of defectiveneds].

In this chapter, Will describe the synthesis and characterization of carboraraans produced by

thermal annealing otommercially availabledetonation namtiamonds.This synthetic method
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enables the production of high amount of homogeneous CN@sproposed heat treatment is able
to transform the sphybrized NDs into a quasipherical graphiticstructureand the successful
conversion has been confirmbg several characterization technigu®sstudying the surface and

structural properties of these nanomaterials.

2.2 Experimental

2.2.1 Synthesis opristine carbon nano-onions

The synthesis of pristine carbon namaons (p-CNOs) has beerachieved by traditional thermal
annealing procedd1, 15] Commercially availableatonation nanaliamond with a particle size of

4-6 nm were used as precursor. The anneglingessvascarried ouin atube furnace (model: GSL
1700X%-KS, MTI corporationFigure2.1A) under elium atmosphereln a typical proceduré~igure

2.1B), the right amount of DNDs wetteadedin a graphitic cruciblend 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 thermaliseatedat 1650°C at a heating rate of 3K min™ and kept at that

temperature for 1 h. Finally, the samplasre slowly cooled down to room temperature and

recovered. To remove any traces of amorphous carbon, the samplathestfeated at 450 °C for
4 hto yield highpurity CNOs.

a) 1650°C (He)
_—

b) 450°C (air)

p-CNOs

Figure 2.1: A) Tube furnace used for the annealing process and B) synthetic procedure of the producBimQs py
thermal annealing.

2.3 Results and discussion

2.3.1Transmission electron microscopy

The morphological characteristics of DNDs apdCNOs were investigated blyigh-resolution
transmission electron microscopy (HRTEM) investigations, proving the formation ofsplasical
CNOs.Figure2.2 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. Theriraegula
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noncrystalline shells around the diamond core suggest the presence of amorphous carbon

surrounding DNDs, as reported for N[15].

Figure 2.2: HRTEM images of DN®with inset in A) and B) showing diamond (111) plane and SAED pattern,
respectively.

The inset oFigure2.2A shows the presence of the typical crystal lattice composed by parallel (111)
planes separated by 2.06 A. The selected area@iediffraction (SAED) pattern of DNDs is shown

as inset ofFigure2.2B. 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 {B8jed he lattice fringes

and the SAED pattern indicate the crystallinity of the diamond cores.

Representative HRTEM images 6fJNOs are shown iRkigure2.3, confirming the presence of the
typical layered graphitic structure.

p-CNOs exhibit a closed quaspherical shape with an average size of 5 nm and highly defective
outermost shells. In particular;@NOs consist of several (up tel®) graphiic shells enclosing a
hollow core, while no traces of a remaining diamond core are observed. The averagkeyenter
distance between the carbon shells is around 3.4 A (inBegune2.3A), slightly different from that

of graphite. The SAED pattern (inset ifrigure 2.3B) shows four different diffretion rings
corresponding to graphite (002), (100), (004), and (110) layer planes, respdd®ely
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Figure 2.3: HRTEM images of £NOs with inset in A) and B) showing graphitic (002) plane and Sp&iern,
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 equab® t p& 1 | was obtained. The parameters obtained from the fit are

reported inTable2.1.
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Figure 2.4: Particle size distribution of {CNOs showing an average size o8 1 p& ¢ a.

Table2.1: Fit parameters from thelRTEMparticles size distribution.
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N total Mean Geometric mean| Mode | Minimum Maximum | Median
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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
carbonbased nanostructurdsgure2.5A shows the lowloss 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 excitatienedéctrons in the valence i of the

ND core 6-plasmon peak), while the second originates from the amorphous carbon layer onto the
DND surface, generated by the collective excitation optfeevalence electronp¢s plasmon peak)

[20, 21] Figure2.5B shows the lowoss region of the EELS spectrum feONOs. Compared to the
spectrum of DNDs, thp+s plasmon peak is shiftietowards 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 conversioh from sp
to s carbon atoms. Further confirm is given by the appearance of a weak peak at around 5 eV,

assigned to the collective excitationpélectrons | plasmonpeak)[21, 22]

2 B)

Intensity (a.u.)
Intensity (a.u.)

0 I 2I5 ' 510 ' 75 0 ' 215 ' 510 ' 715

Energy loss (eV) Energy loss (eV)

Figure 2.5: Low-loss region of EELS spectra of A) DNDs and EB}Os.

Figure2.6A shows the Carbon4{€dge region of the EELS spectrum of DNDs. The spectrunaicent

a sharp edge at 288 eV with three characteristic peaks at 292, 297.4 and 305.4 eV corresponding to
sp’ bonding stategi © , “ transition) as observed for diamond. The weak peak at 285 eV is
attributed to thepi © ““ transition and reveals th@esence of amorphous carbon on the particle
surface, in agreement with what obseruethe HRTEM images of DNDs.

The relative intensity of thpi © “*/pi © ,° increases as results of the conversion of the carbon
atoms.The EELS C Kedge spectrum of-@NOs [Figure 2.6B) exhibits a narrow peak due to the

transition from the 1ls cor e |l evel to the cor
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285.2 eV, indicating predominantly $ponded carbon atoms and a weaker peak at about 292.5 eV,

corresponding t[R0,2,28sYd* transition

x) B) —ponos

Intensity (a.u.)
Intensity (a.u.)

__

T T T T T T T T T T T T T T T T T
260 280 300 320 340 360 260 280 300 320 340 360
Energy loss (eV) Energy loss (eV)

Figure 2.6: EELS Carbon Kedge spectra of A) DNDs and BICNOs.

2.3.3 Xray diffraction

XRD analyses were performed in order to analyze the crystal structure of the different samples and
to confirm the transformation of nanodiamonds, composed®abspon atoms, into graphitic carbon
onions. XRD spectrum of DDs (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) plang20, 24]

The XRD spectrum of € NOs(Figure2.7B) 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+1@DY) and (110) graphitic planes, respectijal,

25]. The interplanar distancedéspacing) can be evaluated by using the Bragg ERQE+ ),

where_ p® 1 pBY(Cu ka radiation source). For DNDs, from the position of the first peak at
43.88°, a value equal to 2.06 A can be measured, which corresponds to the typical diamond (111)
inter-planar distancfll, 26] For pCNOs, from the positioof the first peak at 25.91°, a value equal

to 3.43 A is calculated, which is slightly greater from the perfect graphite (002platear distance

(3.35 A)[25].
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Figure 2.7: XRD patterns of A) DNDs and B)@NOs 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 pa2&jnThe Scherrer equation can be written

asQ 1@ T OAT-Q wherea i s-ray vmaeelength( p® T pBYy, b is the fu
half the maximum (FWHM) in radians and d is t
value equal to 5.26 nm wabtained for the diamond (111) plane, which is in good agreement with
HRTEM investigation. However, the value calculated fe€NOs (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 nand&@®jes

XRD analyses confirmed the cons&n from sp- to sg-hybrized carbon atoms, thus proving the

formation of graphitic CNOs.

2.3.4 Xray 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, reportedrigure 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%, rgsectively). The presence of nitrogen in DNDs is commonly reported and attributed to
the nitrogencontaining explosives used for the detonation process employed for the syjiBgsis

29]. On the other side, the presence of oxygedue to the purification treatments, which DNDs
undergo after the producti¢80].

After the annealing process, the most evident difference is the complete disappktoe nitrogen

peak. pPCNOs are mainly composed of carbon (99%), as depicted by the intense related in the

spectrum inFigure 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 anfyses.The elemental composition for both samples is shovirabie?2.2.

A) Cls ——DNDs|| B) G s —— p-CNOs
5 S5
8 8
= =
@ O1s [
[0 * [0
= N1s =
T T T T T T T T T T T T T T T T T ' T ) T ¥
600 500 400 300 200 100 0 600 500 400 300 200 100 0
Binding energy (eV) Binding energy (eV)

Figure 2.8: XPS survegpectra of A) DNDs and B}gNOs. The peaks denoted by * are due to the gold substrate used
for the analyses.

Table2.2: Elemental composition of DNDs anddNOs from XPS analyses.

Sample C content (at %) O content (at %) N content (at %)
NDs 93.3 5.2 15
p-CNOs 99.0 1.0 -

The different chemical states of carbon were investigated by acquiring theeb@htion C1s core
level XPS spectra for both samples; the different contributes were assigned through a fitting
procedure.
The C1s spectrum of DNDs, reportedFigure 2.9A, evidences the presence of predominait sp
hybridized carbon species, as depicted by the intense peak centered at 285.4 eV. In line with the
elementalcomposition, the peak at higher binding energy (about 287.0 eV) is attributed to carbon
bound to oxygen/nitrogecontaining group$31].
The C1s core level XPS spectrum e€plOs, reported irFigure 2.9B, exhibits the characteristic
asymmetrically bwadened peak profile of conductive materials such as graphite, which is induced by
the creation of electrehole pairs during the procef&2].
The spectrum was deconvoluted into five individual peaks, corresponding to the carbon atoms in
different bonding states. The mastense peak at 284.48 eV and the lower intensity peak at 285.4
eV are attributed to carbon atoms witlf apd sp hybridization, respectivelj32]. The shifting of
the sp carbon peak with respect to the value reported for graphite (i.e. 284 eV) is associated to the
weakenig of G C bonding resulting from the curvature of the graphitic sh@&;s34] The higher
binding energy peaks located at 286.5 eV and 287.9 eV are assigned toloaiyded carbon atoms
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in the form of hydroxyl and epoxy/ether groups @J and carbonyl/quinone groups (C=0), while
the presence of carboxylic acid groups (COOH) (peak at around 289.5 eV) is negligrie ¥
[34-36]. Finally, he satellite peak at 290.7 eV corresponds toptp# transition in the aromatic

systems, characteristic of graphitic structyBs 34, 37]
The chemical state, the position and the area (%) for every peaks are repodbl@3 andTable
2.4 for DNDs and pCNOs, respectively.

A) ——Csp’ B) ¢ sp? ——Csp’

—C-0,C-N —C-0 ——C=0

COOH n-n*
3 El
© &
> 2
= E

DNDs p-CNOs
T T T T T T T T T v T g T d T v T T T T T T
290 288 286 284 282 28( 294 292 290 288 286 284 282 280
Binding energy (eV) Binding energy (eV)

Figure 2.9: High-resolution XPS spectra of the C1s region of A) DNDs and®N@s,including peakfitting analyss.
Experimental and fitting curves are reported in black and red, respectively.

Table2.3: Chemical state, positigmrea (%)and FWHMof the different peaks from the fitting of the C 1s peak of DNDs.

C-C sp? C-O/C-N
Sample ev) eV)

DNDs 285.40 (91.30 %2.30)  286.93 (8.70 %2.M)

Table2.4: Chemical state, position, area (%) and FWHM of the different peakstfrerfitting of the C 1s peak of p
CNOs.

Sample c-C Sp2 C-C Sp3 C-O C=0 COOH Ca—
P (eV) (eV) (eV) (EV) (EV) (eV)

284.48 285.35 286.54 287.92 289.50 290.71
(62.66% (16.47%  (5.17%  (3.99%  (0.18%  (11.53%
0.79 1.39 1.47) 2.00 0.69 3.11)

p-CNOs

2.3.5 Raman spectroscopy

Raman spectroscopy is a common and-a@esiructive technique for the structural characterization
of carbon materials asprovides unique information about the structure, crystal size dtsgpragtio
[38-40]. A crucialfactor in the Raman analysis of DNDs is the excitation wavelength as a strong

fluorescence background is produced by exciting with visible [i4bl. Therefore,as shown in
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Figure2.10A, where a 633 nm laser was employed to excite DNDs, it is impossible to determine
diamond peak shape, position, and width.

While visible lightRaman scattering is more sensitive pgdoonding, which exists in graphitic
structures (C=C double bonds), tRaman scattering is more susceptible toghsonding states
common to all carbon structurgX]. Due to the small Raman scattering cresstion of DNDs and

the shielding effect of graphitic or amorphous carbon onto the ND surface, uétg\dd) lasers are
commonly employed for Raman investigation of DNDs to createmesanance conditions. As the

UV photon energy almost matches the energy band gap between electronic states of thenN®

(i.e. 5.47 eV), its use allows for the ampdtion of the ND Raman signal and the suppression of the
D band of graphitic carbon that may overlap with a weak diamond[p8hk

Figure 2.10B shows the Raman spectrum of DNDs excited with a 325 nm laser, showing two
predominant broad peaks located at around 1325amd at 1640 crh The typical Raman spectrum

of singlecrystal diamond exhibits a single peak corresponding to the vibrations of the two
interpenetrating cubic stattices at 1333 crhwith a typical fullwidth at halfmaximum (FWHM)

equal to 32 cnt [42]. Compared to natural diamond, the leagge order spbonding (g mode)
results downshifte@d@ 8 cnt?, located at 1325 cr) and broadened (FWHM 35 cm?). In addition,

a leftsided asymmetric narrow shoulderafl250 cni! is observed in the diamond peak, which
originates from smaller NDs particles or smaller coherent scattering domainsesgpgreefects in

larger ND particle$29].

Z
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Figure 2.10: Raman spectra of DNDs at A) @ o © dand B)_ 0 ¢ ® @ 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 dsiwfted 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 Bictivever, 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 gumasmentum conservation, allowing phonons with

qi 0 to contri buum[43t4d] t he Raman spectr

The second broad peak observeérigure2.10B is attributed to the superposition of three different
contributions. In particular, the peak located at 1577 snassigned to the graphitic carbon band (G
band), the ©H bending peak, comg from adsorbed or covalently linked species on the ND surface

is located at 1647 crh while the shoulder at 1751 ¢this attributed to the C=0 stretching vibration
coming from surface functional groups].

To interpret the Raman spectra of graphitic structures, it is essential to analyze the phonon dispersion
of graphite Figure2.11). 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 inplane modes (one longitudinal (L) and one transv@ige)) and one is an owf-plane

(oT) mode. For graphite, the LO and iTO phonon modegsgsfnmetry) are degenerate at @point

(center of Brillouin zone) and are Raman active, while the 0TO phonon mode is infrareddddtive
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Figure 2.11: Calculated phonon dispersion relations of two dimensional graphite. Adatieghermissiorfrom[46] .

Raman spectra of graphitic materials commonly exhibit different characteristic featuresb@hd G
(appearing at 1582 chin graphite) is common to all graphitic materials and originates from the
stretching of the @ bond in sp carbon systems. This line is a doubly degenerate (iTO and LO)
phonon mode (& symmetry) at the Brillouin zone center and it is the Raawive optic in plane
stretching mode for $arbon network§6].

The D- (at around 1350 c) a n d - (atkamout D6E0 cH) bands are defeanduced Raman
features (thus these bands cannot be @emhighly crystalline graphite) that become active due to

the breakdown of the-gelection rule resulting from finite crystal size effects. The D peak is a
58



Chapter 2

breathing mode of 4 symmetry involving phonons near the K zone boundary which is forbidden in
perfect graphite and only becomes active in the presence of disorder.

The D6 b a n-ftequerichoempbrierg of the doublet observed at about 1580ismue to

a splitting of the doubly degeneratgyErst-order line. The secord r d e-lvand®fien called 2D)

is a Ramarallowed feature appearing in the secamder Raman spectra of crystalline graphite in
the range 250@800 cm! activated by double resonance processes and corresponds to the overtone
of the D band; interestingly, this peak H@een observed even in singlg/stal graphite, where the
disorderinduced D band is typically absent. Finally, another diseirttuced Raman feature is
observed at about 2950 Zrandit is associated to combinational scattering (the D + G combination
mode) [40, 47]

Figure2.12 shows the Raman spectrum e€plOsexcited with a 633 m laser which exhibis the
typical features reported for CNQ48, 49] In particular, two prominent peaks assigned to the D
band at 1321.9 cthand the Gbandat 1580.8 crit are observed along with the additional presence
of t-haed aDabout 1614.4 chand the 2Bband at 2644.4 cth The G peak center is slightly
downshifted compared to that of graphite; this is due to the tensile strain in the grapimés pl
induced by the introduction of pentagons during the formation of (NQJs The Dband is very
intense, confirming the high defectiveness of CNOs synthetize by thermal anfi£a]ing

——p-CNOs
- - — Lorentzian fit

Raman Intensity (a.u.)

I ! I
2000 2500

Wavenumber (cm™)

Figure 2.12: Raman spectmof p-CNOs at_ @ o © ¢ showing a prominent{band.
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2.3.6 Fouriertransform infrared spectroscopy

Attenuated total reflectance Fourteansform infrared spectroscopy (ATRIR) analyses have been
performed to have information on the functional groups preset on the material surface based on their
characteristic stretching vibrations.

The FTIR spectrurof DNDs (Figure2.13A) shows the presence of various functional groups on their
surface.The broad band between 3000 and 3500 amay be attributed to the overlapping oftN
stretching bands and thelbands from water molecules, while the lowensity peaks in the 2800

3000 cm' region are characteristic peaks of DNDs attributed to the stretching vibratied bb@ds.

A) B)

Transmittance (a.u.)
Transmittance (a.u.)

T T T T T T T T T T T T T T T T T T T T
3500 3000 2500 2000 1500 1000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™) Wavenumber (cm™)

Figure 2.13 FTIR spectra of A) DNDs and B}@NOs.

The peaks at 1568 and 825 toorresponds to the4plane and out of plane bending oHy whereas
the peak at around 1730 @nis assigned to the stretching \akions of the carbonyl groups (C=0).
The peaks around 1100400 cm?! are probably caused byi @ and N H bonds due to nitrogen
impurity distributed in diamond structure as well as toit@eOi Ci absorption. In the specific, the
peaks at 1114, 1076 and 1085 may be assigned to the@ vibrations in alcohol groups, while
the peaks at around 1290 ¢no the stretching of @ and GO-C groupg51, 52]

On the contrary, the FTIR spectrum ofoNOs Figure2.13B) shows no significant IR bands, in
agreement with what report2i3].

2.3.7 Thermogravimetric analysis

The thermal behavior of DNDs anddNOs was investigated by thermogravimetric analysis (TGA)

in air. Figure2.14 plots the TGA (solid lines) and the corresponding weight loss derivatives (dotted
lines) curves of DNDs (black) and@NOs (blue).Both samples exhibit a single weight loss
transition, suggemg their homogeneous single phase as further confirmed by the absence of any
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residue. DNDs show a decomposition temperature of&7%vhile pCNOs decompose at 69€,

thus showing a higher thermal stability compared to DNIble2.5).

No significant mass change in the whole temperature range is observed for both samples. DNDs
exhibit a negligible mass loss in the rangeiZlD °C due to the deconegition of oxygercontaining
functional groups. Furthermore, an oxidatioduced weight gain of about 0.5% at around 437s
observed for both samples. The observed weight gain is due to the thermally oxidatforadicps

into various oxygeftontaining groups. In particular, in the case of NDs, this produces a reduced
burningoff temperature through dourning the diamonds with the?sparbong53].
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Figure 2.14: Thermogravimetric analysis (solid lines) and the corresponding weight loss derivatives (dotted lines) of
DNDs (black) and f2NOs (blue)showingthe higher thermal stability of-ENOs.

Table2.5: decomposition temperature for DNDs andCplOs.

Sample lm
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 pCNOs are reported igure2.15A-B and show in both cases a type IV isotherm with a distinct
hysteresis loop observed in the range ofi 0.8 P/R, indicating that the main pore volume is

contributed bymesoporess a consequence of the capillary condensation effect
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Figure 2.15: BET isotherm of A) DNDs and B)@NOs.

Treating the data according to the Brunauer, Emmett and Teller (BET) adsorption isednatian,
the specific surface area (SSA) is found to be equal to 230.2§3nd 462.366 Ay for DNDs and
p-CNOs, respectivel{Table?2.6).

Table2.6: Specific surface areas (SSAs) of DNDs af@iNOs.

Sample 14 = A
DNDs 230.26
p-CNOs 462.F

The volume and pore sizistribution wereevaluated by density functional theory (DFT) method.
Both samples have mainly a mesoporous structure with pores in 50en2n diameter range. In
particular, DNDs exhibit a pore size distribution centered at around 11.7&igume2.16B), while
p-CNO pore size is mainly distributed at around 10.775 Rigufe 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)GNOs calculated by DFinethod.
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