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Stickstoff-Funktionalisierung von CNFs und seine Awendung in der
heterogenen Katalyse

Rosa Arrigo

Die Notwendigkeit der Entwicklung selektiver und im&t heterogenen Katalysatoren
hat zur Suche nach neuen synthetischen Strategiiithry um die sehr spezifische
chemische Struktur von Bio-Systemen nachzuahmernrciDuhre unvergleichliche
Eignung fur chemische Funktionalisierung, stelleanastrukturierte Kohlenstoffe ein
ideales organisches Substrat dar, dessen Oberficiohimie entsprechend der
spezifischen Bedurfnisse angepasst werden kann.

In dieser Arbeit wurde Stickstoff Funktionalisieguauf der Oberflache von CNFs Uber
eine Aminierungsreaktion durchgefuhrt um N-Komplexe offenen Stellen und / oder
Kanten der graphene Schichten einzubringen, die arc die Struktur des Stickstoff-
Einheiten wie sie in biologischen Systemen angkgnoiverden, angleichen kdnnten.

Im Idealfall kann die hohe koordinative F&higkeierdPorphyrin-Strukturen zur
Herstellung von hoch dispergierten unterstitzteriaM&atalysatoren genutzt werden.
Der Effekt der Temperaturbehandlung auf die Veutegl der O-und N-Funktionalitaten
ist untersucht worden.

Durch TP-XPS wurde gezeigt, dass die Menge von ©NHSpezies temperaturabhangig
ist. Insbesondere bei hohen Temperaturen ist $oitkals Ersatzposition der Grafit-
Struktur, wie heterozyklische Ringe, stabilisiert.

Funktionalisierungsbehandlung durchgefiihrt bei mgea Temperatur erzeugt Stickstoff
Spezies mit basischem Charakter die mit sauren ritfeunalisierungen koexistieren. In
diesem Zustand wird eine bi-funktionelle Saure-B&berflache mit hohem hydrophilen
Charakter erzeugt. Die funktionalisierten CNFs vewrdals Support fur die Pd-
Nanopartikel verwendet. Cs-korrigierte HRTEM Unteisungen haben die Rolle der
Oberflachenchemie der CNFs bei der Immobilisierwmn Metall-Nanopartikeln
aufgezeigt.

Das Vorhandensein von Stickstoff als hetero-zykksd&inge auf der Oberflache von
NCNF673K und NCNF873K produzieren eine Ladungslsiaiung auf der Grafit-
Oberflache, die sich als Lewis basische koordieatBtellen fir Metall-Nanopartikel
verhalt.

Makroskopisch betrachtet verringert sich die MetaBupport Schnittstellen Energie
wobei Metallbenetzung begunstigt ist. Die Metalpfart Wechselwirkungen
produzieren Reorganisation von Metallatomen anQ@eerflache der Nanopartikel, mit
Anderungen der Gitterkonstanten und der Bildung Veaft" Metall-Partikeln mit
niedrigem Koordinationsstellen und Metall-Atom Metmuingen wie in den HRTEM
Bildern gezeigt wird.

Die bessere katalytische Leistung die fir dieseakaatoren (Pd/NCNF673K und
Pd/NCNF873K) in der flissigen Oxidationsphase van&/lalkohol zu Benzaldehyd
beobachtet wird, lasst sich durch die verbessestiuktive Sauerstoff Adsorption
erklaren. Diese Hypothese wird durch die ahnlichiemdenzen in der katalytischen
Leistung der Katalysatoren in der Synthese ve@Hintermauert.

Da die Reaktion durch die Bildung von Superoxidefrt stattfindet, wurde die
verbesserte reduktive,@dsorptionsfahigkeit der Katalysatoren, die eihéheren Grad
der Benetzung der Pd-Nanopartikel auf der Kohldfi@berflache zeigen, bewiesen.



Dies wird durch das Einfigen von Stickstoff-Het&yklus Ringen an der Oberflache
der CNFs realisiert was dazu fihrt, dass es zur diaglungslokalisierung an den
Grafitdomanen kommt, welche die Metall-Nanostrugturauf der Oberflache der
Nanopartikel modifizieren.

Zusammenfassend lasst sich sagen, dass ein wertwMeg zur Synthese von N-
funktionalisierten CNFs in dieser Arbeit beschriebend diskutiert wurde. Dieses
Funktionalisierungsverfahren erlaubt es, die cheh@s Oberflacheneigenschaften von
CNFs zu andern. Die detaillierte Charakterisierudig, in dieser Arbeit durchgefihrt
wurde hat dazu gefuhrt, eine Verbindung zwischenatbemischen Eigenschaften der
Oberflache durch die Funktionalisierung und die Midkeiten dieser Materialien in der
Katalyse herzustellen.



Nitrogen Functionalization of CNFs and Applicationin Heterogeneous
Catalysis

Rosa Arrigo

The need to develop highly selective and activerbgeneous catalysts has lead to
search for new synthetic strategies which mimic highly specific chemical structure
encountered in bio-systems. For instance, the bagitdinative capability of porphyrin-
like structures can be exploited in the preparatbmighly dispersed supported metal
catalysts. Due to their incomparable feasibilityvéods chemical functionalization,
nanostructured carbons represent an ideal orgabgtrate whose surface chemistry can
be tailored according to specific needs. In thigkymitrogen functionalization of the
CNFs surface was carried out via amination reaatitth the purpose of introducing N-
complexes at vacancies and/or edges of the graghgees which might resembles the
structure of the nitrogen units encountered in dgmal systems. Successively, the
functionalized CNFs were used as supports for Padbperticles. The effect of the
treatment temperature on the distribution of O BAnfiinctionalities was investigated. It
was found that the acidic oxygen species on the Ldlffface are necessary to achieve
high nitrogen concentrations and thus they areliregbin the nitrogen insertion pathway.
TP-XPS investigations show that the population ofa@ N species is temperature
dependent. In particular, functionalization treatiearried out at lower temperature,
introduces nitrogen moieties with basic charactegexisting with acidic O
functionalities. At this condition a bi-functionalcidic and basic surface is obtained
showing high hydrophilic character. At high tempera, most of the oxygenated acid
species are decomposed, while nitrogen is staBdilisesubstitutional position of the
graphitic structure, as heterocyclic-like moieti€s-corrected HRTEM investigations
have highlighted the role of the CNFs surface clsamiin the immobilization of metal
nanoparticles.

The presence of nitrogen as hetero-cyclic moietieshe surface of NCNF673K and
NCNF873K produce charge localization on the graphsurface which act as Lewis
basic coordinative sites for metal nanoparticldse Tetal-support interactions produce
metal atoms reorganization at the surface of theoparticles and formation of “raft”
metal particles with low coordinated site as shown the HRTEM images.
Macroscopically, the metal/support interface fregergy decreases favoring metal
wetting as observed in the HRTEM investigation. Tietter catalytic performance
observed for these catalysts (Pd/NCNF673K and PNM8Z3K) in the liquid phase
oxidation of benzyl alcohol to benzaldehyde is assguence of the increased amount of
highly active sites induced by the interaction vitie support.

In conclusion, a valuable route to the synthesibl-dfinctionalized CNFs was described
and discussed in this work. This functionalizatpocedure allows tailoring the surface
chemical properties of the CNFs. The detailed dtaraation presented in this work has
lead to establish links between the chemical natfitbe surface moieties introduced by
the functionalization treatments and the poteryiabf those materials in catalysis.
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Introduction

This chapter aims to introduce some backgroundsdeawhich the scientific relevance
of this thesis is based. Several aspects aboutheof carbon material in catalysis are
discussed, with more emphasis on the functionaintey of nanocarbons. Finally a

short overview of the thesis content is presented.

Carbon materials have been used for decades inohetgzous catalytic reactions.

Pioneering research in the field has been dedicatathly to activated carbon (AC)
which was used as early as 1963 as a catalyst wethss catalyst suppdrtin the AC
crystallites, the deviation from the characteristider of graphene layers encountered in
graphite, due to both vacant lattice sites and ghesence of built-in hetero-atoms,
together with a chaotic mutual arrangement of tloegstallites by a cross-linked network
of aliphatic carbon, assure a well developed pbtypand define the structural, electronic
and chemical properties. The ability to disperseaimngarticles as well as the adsorption
and catalytic features are due to a synergistiecefdf the above mentioned properties.
Soon AC has earned the reputation of offering ingarable flexible physical-chemical
behavior and the deep characterization of the otemhysical structure and the
understanding of the impact of each propertyvatrking conditior’ were considered to
be the key point for tailoring the catalytic projpes to specific needs. In fact, current
research in heterogeneous catalysis aims at thgnde$ highly efficient, safer and
cleaner catalytic processes. Thus a catalyst wigh batalytic activity, but especially

1



with high selectivity would lead to a series of adiages such as reducing waste and by-
products, lower the cost of products separatiammatconomyetc Such a noble target is
reachable, in theory, through the rational desi§rthe whole AC production cycle.
Necessary considerations include the choice ofmaterial, the activation processes, and
subsequent thermal and chemical treatments.

On one hand, the developed microporosity is synaugmwith high reactivity, i.e. high
number of unsaturated valences and unpaired etsctb the edge of graphene layers
(active sites However, on the other hand it is responsibletlierlow thermal stability of
AC in high temperature processes especially unsiggemn or hydrogen atmosphetes
This is due to the difficulties of selectively tiing and controlling the properties of AC
during the activation process. Nowadays, AC is pneidantly used to disperse precious
metal catalysts, which are widely used in the sysith of high value added chemical
producté*> Since these reactions are carried out in lighigisg, it should be emphasized
that such narrow micropores very often lead to niasssfer limitation of the substrate to
the active species. In the last two decades rasearthe field of materials science has
been characterized by a large volume of literatie@icated to the problem of diffusion in
micropores. This was the driving force for the depment of synthetic routes to
mesoporous solid materials, worthy of mention hare the successful syntheses of
mesoporous silica and silica-aluminates.

Since the discovery of allotropic forms i carbon in tubular-like arrangements, new
hope has invigorated research aimed at exploitiegpotential of nanocarbon (NC) in
heterogeneous catalysis. The family of nanostrastof carbon includes nanotubes and
nanofilaments with different orientation of the gin@ne planes with respect to the tube
axi€ as shown in Fig.1.1. These polymorphic forms ofbea exhibit outstanding
properties such as: high thermal conductivity, bighest observed Young’s modulus,
and high mechanical resistance. They offer a broathe of intrinsic properties
depending on the diameter, chirality and microstmec The felatively higher chemical
inertness of nanostructured carbon, with respect to ACgeixpected to allow a better
control of the surface chemical properties indubgdcchemical treatments. With respect
to their applications in heterogeneous catalys(Ss Ntrike a good compromise in term of
the concentration and type distribution of defextisites that affect the reactivity,

selectivity and the thermal stability.
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Fig.1.1: Schematic representation of ideal structures©f N
1.1 N-containing NC: generality and aim of the work

The nitrogen functionalization is a well-known reuin heterogeneous catalysis for
inducing basic properties on the surface of a temaaterial and it was applied to
different materials (Zeolife Silicaté, AIPO’ and MOR?) including carbon materidi In

the last three decades, after Boéhhas reviewed about the peculiar chemical propertie
of NHs-treated ACseveral groups investigated the catalytic behawfoAC treated by
NHs in different catalytic reactions such us in thguid phase oxidation of pollutants in
water®, liquid phase and gas phase oxidation of,'4ONO, abatemert'® H,S
oxidatiort’, in fuel cell® etc The common observation was the improved catalytic
activity of N-containing carbon with respect to tNefree counterpart. This fact was
explained in terms of improved ability of the ngem-containing carbon in the reductive
oxygen adsorption and formation of superoxide-asimadicals (@). These species are
considered the active oxygen species determiniagalalytic activity of carbon in liquid
phase oxidatiolf*. However, no correlation between catalytic agfieind amount of N
was establishéd One of the sources of uncertainty was the magtific in the textural
properties of the AC during the thermo-chemicahtimeent in NH. Development of
microporosity due to the etching effect of Nireatment was observEdRecently, the

interest of the scientific community is shifted ttee nanostructured forms of carbon.
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Several works have been dedicated to the applicatd nitrogen-containing
nanostructured carbon (fullerene and nanofibershaterogeneous catalytic reactions.
Among these are the applications in fuel ¢&f§ hydro-desulfuration reactiéh and in
oxidation of pollutants from watEt In analogy to the biological systems, nitrogesnat
can improve the metal dispersion providing prefeagsites (Lewis basic sites) for the
adsorption of metal. One of the most recent andrésting applications of nitrogen-
containing nanocarbon (N-NC) is as support for fetmoparticle€’. N-NCs have
shown beneficial effect for a uniform assembly atabilization of metal nanoparticles.
Nitrogen atom influences also the metal catalytitvity>', through weak metal support
interaction (WMSI). Those interactions WMSI modife structure of the metal particles
by favoring specific crystallographic plane addfects such as steps, kinks, atom
dislocation.

However, establishing a structure-activity corrielatis complicated by the possible
coexistence of different factors, which might haveynergistic effect on the catalytic
performance. These factors include huge variety poksible surface chemical
configurations of nitrogen on defect structures, ¢hexistence of other structural defects;
presence of metal impurities, different texture daopological nanostructure. Another
problem hindering the understanding of timrogen effectis the limited resolution of
the analytical methodology, which is not yet suéfitly developed to analyze all
occurring surface groups with suitable chemicablgson.

On the basis of the properties of N-containing oaritnaterials reported in literature, it is
expected that compared with the N-free carbon,ajpy@ication of nitrogen-containing
carbon materials as support for noble metal shtmald to catalysts more active towards
the oxygen activation in liquid phase selectivedation. To our knowledge no reports
are available up to date on the use of N-contairsagoon as support for metal
nanoparticles and the application in the liquidgghaxidation of alcohol.

In the attempt to find correlation between thensioal configuration of the N atom on
the surface of graphite-like materials, the surfegactivity, and the potentiality of this
material in heterogeneous catalysis, the nitrogerctionalization is explored in this
work as a way to tailor the surface chemistry of. NKdrthermore, the impact of the
surface chemistry of the NC support in the catalpgrformance of the metal supported

catalysts was studied as well.



The thesis is split in two parts: in the first ptiré experimental procedure for nitrogen
functionalization and the detailed characterizatodnthe material is presented. In the
second part the N-NCs are used as support for Rdpagticles and applied in liquid
phase selective oxidation of benzyl alcohol to ladshehyde. We use a post-synthesis
treatment of commercial carbon nanofibers (CNFshwiH;, as suitable route for
incorporating nitrogen functionalities on the saegaThis chemical route, with respect to
the most commonly used catalytic chemical vaporodien (CCVD), allows efficient
insertiorf* of nitrogen functionalities in a more homogenepusbnner — depending on
the homogeneity of the nanostructure of the s material — and untying from the
problems related to the control of the filamentsosructure. The questions arising
during the study on which the investigations hagerbaddressed are:
o How does the distribution of nitrogen function&gi change by modifying the
thermo-chemical treatment?
o Which is the thermal stability of the differentnoigen functional groups?
o How do the different thermo-chemical treatmentsronithe surface chemical
properties of nitrogen-containing CNFs?
Characterization techniques suitable for carbon leméed and the data reported in
literature for the assignment of oxygen and nitrogpecies are controversial.
One of the questions to be answered is if it isibds to assess precisely the nitrogen and
oxygen functionalities. Application of temperatupeogrammed X-ray photoelectron
spectroscopy (TP-XPS) coupled by on-line mass smpeeter (MS) supply a
phenomenological approach for assessing oxygemiamgien functionalities.
The second part of the thesis is aimed at the statating of the role of the surface
chemistry of the carbon support in the catalyticfggenance of the Pd on N-CNFs
catalysts. Thus, in this section we will try to aes the following questions:
o How does the surface chemistry (acid/base and pdtmc/ hydrophilic
character) of the support affect the nanoparticiegphology?
o Does the metal-support interaction influence thalgac performance of the Pd
nanoparticles?
o Does the experimental condition influence the lgtta performance of the

catalysts?






1.2 Overview of the thesis

The thesis is organized as follow:

Chapter 2 gives a literature survey on the nitrogen fundiaation of NC, with
emphasis on the experimental and theoretical stuitieused on the influence of the
nitrogen functional group on the electronic stroetand chemical properties of the NC

surface.

Chapter 3 discusses the experimental procedure for the fomalization, catalyst
preparation and liquid phase oxidation reactionddtns. Furthermore an introduction

of the characterization techniques used in thikuspresented.

Chapter 4 is focused on the characterization of the naturethef surface species
introduced by the thermo-chemical treatments. XR& &PD characterizations of the

functional groups are reported.

In Chapter 5 is discussed the functionalization procedure as rdatetuning the
acid/base properties of NCs. Characterization eflthsic sites by liquid phase titration

and by microcalorimetry is presented.

Chapter 6 includes the characterization of the Pd-based ysitabnd the screening of
these catalysts in the liquid phase oxidation afizlge alcohol to benzaldehyde. The
catalytic tests have been performed partially atdbpartment of inorganic Chemistry of
the Fritz-Haber institute in Berlin and partialliythe university of Milano in Laura Prati’
s group. In order to establish structure-activigyationship, further results about the
application of those catalysts in the liquid phagathesis of KO, are presented. The
catalytic tests in the #D, synthesis have been performed within the framewark
ELCASS and IDECAT at the University of Messina irol? Gabriele Centi and Prof.

Siglinda Perathoner’s group.

Chapter 7 provides the summary and some outlook.



The carbon nanofilaments used in this work preaeninner cavity, and walls with two
differently structured sections: the most innerelagas “herringbone” structure and the
outer layer present the typical no long range oadgyrolitic carbon black. The structure
of pyrolitic carbon is referred as turbostratit’ graphite lattice. The turbostratic lattice is
defined as a series of graphene layers with ranoidemtation, random stackifitf® and
expanded lattice constant with respect to grapHitevirtue of the “special” structure not
easily classifiable, the NC used in this work via# referred following in the text as a

general term “carbon nanofiber”.
According to Zhod":

“The overwhelming majority of the carbon material better described as a “paper
Mache” of small graphitic sheets, rather than aeteRussian doll. This model has been
proposed for carbon black.



N-containing NC: a literature survey

As the thesis is dealing with nitrogen functioretiian of carbon nanofibers and the
application in heterogeneous catalysis a literatgtgvey about the concepts related to
the nitrogen functionalization is presented in tluisapter. The emphasis is on the
understanding of the effect that the presence tobgen and oxygen functionalities has
on the physical and chemical properties of NCs.

The extraordinary properties of NC materials have fe the birth of an entirely
dedicated branch of the scientific researtdstorically, the pioneering work on the
growth process of CNFs was carried out in #B§ Endo and coworkersiowever, the
beginning of thecarbon nanotubes ers usually dated back to the investigations of the
microstructure of multi-wall carbon nanotube (MWCNAY ljima?® in 1991, followed a
few years later by the discovery of single-wallozar nanotubes (SWCN¥)
Since then,carbon nanotubes sciendeas become one of the most active fields of
research. A large volume of literature is dedicaiedhe subject, much of it towards
understanding of the structure and physical prgpeftnanostructured carbon, but also
the development of economic and high-yielding sgtithmethods.
The intrinsic properties of NC materials vary witha wide range depending on the
structure, morphology and topological charactersstbn the nanometer scale. For this
reason nanostructured carbon materials are suitablese in a variety of applications in
materials science and nanotechnology, such as Imeteoe-junctions, diode
interconnectors, nanotransistors, sensors and oampsites.
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Particularly, research in materials science has besavily devoted to studying the
outstanding physical properties of SWCNTs and MWGNSuch as high tensile strength,
elastic properties, high thermal conductivity, aslvas topologically controlled electronic
and field emission properties.

Recently, interest has been focused on the chemiogkrties of the NC surface, paving
the road for CNTs and CNFs into heterogeneousysasalThe lack of an economic large
scale production and the low selectivity in coringl the physical properties are the
factors limiting the commercial application of CNTSpecifically, the growth of CNTs
exhibiting homogeneous chirality has to date natnbeemonstrate, thus limiting the
electronic application to mixtures of metallic asemiconducting CNTSs.

For this reason, new directions in nanotube scientkzing the concept of structural
defect! as a way to tailor the electronic, mechanical amémical properties of
CNTs?°261433334have arisen. Besides the direct synthesis of N@nted at the
introduction of doping impurities, a dominant rake played by the post-synthesis
chemical functionalization, currently representagopen windowin carbon nanotube
science. Chemical functionalization is a fundamiestiap in the view of exploiting the
properties of CNTs in any potential applications.can improve solubili and
processability, and at the same time establisipliysical-chemical properties of the final
material.

It is clear that in these applications the mateisahpplied with different purposes and
different specific requirements. Thus, theoretieald experimental studies aimed at
evaluating the effect of the defects on the physibamical properties of nanostructured
carbon are important issues in order to predict havetionalization affects the potential
for various applicationsi-or examplethe control of the structure defectiveness on the
nanometer scale provides potentiality for a nevsclaf material applicable as nano-sized
hetero-junction¥. This can be realized by the introduction of Stuviales defects
(pentagon-heptagon pairs) in the CNT structureciwimduces changes in the helicity and
thus, produces a semiconductor/metallic junctiotiwithe same tutj&

The introduction of donors/acceptors by substitdlodoping with N a/o B has been
studied theoretically and experimentally impartoudstanding electronic properties when
compared with pure carbon nanostructiitel this way it is possible to overcome the

problems related to the topological dependenchephysical properties in CNFs
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N-doped CNTs behave similar to n-type semicondsctwhile B-doped CNTs similar to
p-type semiconductors. This fact has several impbos on the physical properties of
the resulting doped material. N-doped CNTs haveveel work function than pristine
CNTs, while the work function of B-doped CNTs iglner than that of pristine CNTs. As
consequence, N-doped CNTs shows enhanced fieldsiemiproperties, while boron
doping has an opposite effect on the field emisgimperties of CNT¥. On the other
hand, the introduction of localized defects redutbesconductance in N-SWCN¥$”.
However, N-doping of graphitic material occurs iffetent way than the most studied
case of substitutional nitrogen. Different effebtsve been reported depending on the
chirality and the type of nitrogen-containing defee site>°. By a controlled N-doping

it is possible to modulate the sensitivity of thaterial with respect to adsorbed gas
molecules, for e.g. sensor applications.

In every nanotechnological application, the nitroggom should exercise a doping effect
on the electronic structure of graphitic-like makrA very small amount of nitrogen
(below 1%) is sufficient to this scopPe Substitutional doping, where nitrogen is
incorporated directly into the CNT's framework i tmost desirable methods as it does
not compromise the mechanical properties of th@tdnes.

From a chemical point of view, the introduction fohctionalities containing hetero-
atoms is a way of manipulating the surface chesnftiNC according to specific needs.
Research devoted to the application of N-contairdaghon materials in catalysis has
taken two different routes: in one case nitrogemcfiwnalization is used as a means of
introducing basic sites on the carbon surface.

The carbon material is considered as a carrier lwban be used to introduce nitrogen
functionalities by grafting of organic moieties taning nitrogen atom with an ion pair
available as pyridine or amino grotipin this case the chemical reactivity is deterrdine
by the chemical nature of the organic moieties twedtextural properties of the material
play the main role driving the choice of the carinosterial used.

Other research has focused on exploiting the sitriohemical properties of the graphitic
structure which contains substitutional N-functiliines interacting with thet-electron
system.

In fact, the introduction ofn-type donor states by basic nitrogen in substihatio

positions in the graphite structure is expectedniprove the reactivity with electron
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acceptor moleculé$ Vice versathe introduction of acceptor statgs-type acceptor
states) in the valence band, typically by introdhrctof substitutional boron atoiffs,
would lead to an improvement of the reactivity witbnor molecules. In this case, the
electronic structure at the surface of NC is thg geint describing and explaining the
reactivity of the NC surface. The electronic stanetof the functionalized NC reflects the
“defectiveness” of the carbon material which i®dlse factor determining the reactivity.
In this thesis, the interest is focused on undedstey and exploiting the chemical
reactivity of graphitic system containing nitrogemctionalities.

Following, the description of the influence of defe on the electronic structure of an
ideal graphene will be reported, with more emphamsisthe presence of nitrogen
substitutional impurities, curvature and vacancyedis. These are the typical defects
characterizing the nanostructured form of carboedus this work. Finally, a literature
survey about the surface chemical properties of Catkl CNTs containing nitrogen will

be presented.
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2.1 Electronic structure of Carbon

Due to the aromatic chemical nature of 8 bonding in an ideal graphite sheet, the
basal planes at the surface manifest low reactiatyd act mainly as nucleophiles
through thern-system toward weakly adsorbed species (disperstegaction). Indeed,
the surface chemistry &f carbon involving covalent bond formation is reletat the
prismatic face. However, the assumption of thetnems of the basal plane and the
restriction of the reactivity to the prismatic face not longer valid for realistic
nanostructured carbon systems, whereas the roleletéct became a key factor
dominating the reactivity. The possible defectitracures present in carbon material can
be classified into four main groups: topologicatioduction of rings containing more or
less than six carbon atoms), curvature induced npigi@ization andzn orbital
misalignment (rehybridization ability of carbon mtdo hybridize between $@nd sp),
incomplete bonding (vacancies, dislocations) anpirdpwith other elements such as N,
B, P....etc

These features are present in every form dbspded carbon network such as fullerenes,
nanofilaments, nanotub®Bsand other non-crystalline carbon structures caittgi
fullerene-like segmerftSalso known as nanoporous cartfosoot, glassy carbon, carbon
black, charcoal, AC). The occurrence of these defedetermines the atomic
nanostructure and the electronic structure of @wdan material. In addition, realistic
non-crystalline carbon materials are characterizgda mixture of tri-coordinated and
tetra-coordinated atoms. The loss of long-rangeroptoduces smoothing of the density
of states (DOS) features and tailing of the loealiztates below the band edge into the
band gafi*?

Research in the field often suffers from the chrjke of coupling experiment and theory.
This is because realisticsparbon networks are characterized by a nanosteiofumore
complicated defectiveness than the model systencrides above. Theoretical
calculations have shown that the population of pdefects in SWCNT depends on the
curvaturé® and on the topolody** ™

The population of defects, e.g. vacancies, inceagth the curvature of the graphitic
planes resulting in a higher concentration of vages) which are binding sites for hetero-

atoms. On the other hand, it was predicted by #taal calculation that the introduction
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of hetero-atoms during the growth of CNTs inducésen defects such as pentagonal
rings, structural corrugations and atom vacancies withsequent deviation from the

planarity of the graphene layar

Thus the surface of realistic functionalized NCeispected to be characterized by
heterogeneously and energetically different defectites co-participating in defining the

surface electronic structure.

However, the theoretical predictions concerning éfiect of point defects on model

graphitic system on the electronic properties esehstructures give useful information

for understanding the impact of the defects orrélaetivity of realistic carbon systems.
2.1.1 Influence of the defect on the electronic sicture of the model carbon system

The pioneering theoretical calculations on the ted@ic structure of graphite were
carried on by Wallaé& in the early 1947. These studies have been extetudthe case
of SWCNTs by M. S. Dresselhaus and co-authors aedorted in several
textbook§®*®*’ A small graphene domain was used as model systederive the
electronic structure of graphite and SWCNT andtiolys the modification induced on the
electronic structure by defects.

To describe the electronic structure of grapheneyrbital tight-binding” approach was
used®. According to the “tight-binding approximationhe electrons are considered part
of the atoms and overlapping of the electrons wametion between neighboring carbon
atoms is possible. The linear combination of neigimy 2sp hybridized carbon atoms
lead toc bands formation and the linear combination of 2mic orbitals lead to the
formation of = bands. Thes bonds form the hexagonal network, and théonds,
pointing perpendicular to the surface, are respmsior the weak van der Waals
interactions between graphene sheets.

The o bonds are too far from the Fermi level to playke iin the electronic transport or
optical adsorption properties. Th®nding and antibondingz bands, in contrast, meet
each other at the k-point of thogillouin zone (Fig. 2.1) exactly where the Fermi level
(E) is Fig. 2.2.
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Fig. 2.1: Brillouin zone in graphene Fig. 2.2:Band structure of graphene

For this reason an individual graphene sheet exa-gap semiconductor. The interaction
between the graphene layers in graphite causdsatigs to overlap such that the bands
are partially filled at the £l.e., perfect graphite is actually a seminf&t&)

SWNTSs can be imagined as a graphene sheet rolled sych a way that the edges are
joined together; concentrically cylinders are reddras MWCNTS.

For perfect tubes, the dependence of the electrproperties on the diameter and
chirality of the CNT&*" is well-known. This concept is usually depictedtfie CNTs
index map often reported in text books dealing \ih topié®+’(not shown here).
Recently, more sophisticated theoretical studisgt@nab initio calculations have been
used to derive the electronic structure of graptsistem®°!. One important issue in
the study of CNTSs is the effect of the curvaturaahhs claimed to determine in part the
higher reactivity of CNTs compared to flat graphite

Very large CNTs can be approximated as a flat graphlayer. However, curvature
induces rehybridization af and=n states, which is especially pronounced for tubgls w
small diametér. Such a rehybridization is enhanced by the local mhomogeneous
distributed deformations of the tube which are ligcavisted and bent. These structural
distortions modify the electronic structure of CRFS’ locally at the distortion site. For
metallic SWCNT# it has been reported that due to the mixing ofithestates at the
deformed region of the CNT structure, the LDOS rn&aincreases and a shift of the

valence band edge to a lower binding energy occurs.
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With increasing local distortion, a broadening lué fine structure of the mixedo states

is observed nedt:. In addition, due to the-c rehybridization a charge polarization of
the C—C bonds in the distorted regions is obseresdlting in charge density localization
(increaseds character). This fact has an implication on thexteic transport and on the
chemical reactivity.

In fact, scattering of the conduction electrongh&t defect side leads to charge-carrier
localization and the reduction of the conductae the other hand, the localized charge
density induced by defects plays a role in electransfer reactiott and facilitates the
adsorption and dissociation of molecule.

Dynamic structural distortion is a feature of thanotube surface in contact with a
substrate. It was observed experimentaliynd theoretically? that the nanotube surface
in contact with a substrate (support or metal) témdbend and to conform to the
morphology of the substrate. Local bending is gissent in other forms of graphite-like
material and thus similar effects are expectecheir tocal electronic structure.

Other types of defects of relevance and extensistldied in carbon material are the
possibility to introduce n-type donor and p-typeeqtor states within the same tube.
This can be realised by B and N substitutional int@s in the carbon network. The
effect of B impurities and N impurities on metalB®VCNT is depicted in Fig. 2.3 and
Fig. 2.4, as was reported in literattfreor a (10,10) CNTSs.

DOS
LDO

0 A A A 0
0.5 0 0.5 0.5 0 0.5
E (eV) E (eV)
Fig. 2.3: Effect of B impurities on the LDOS for Fig. 2.4: Effect of N impurities in the LDOS for
(10,10) CNTS? (10,10) CNT®
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The presence of nitrogen or boron impurities gersrguasi-bound states close to the
conduction band and valence band, respectivelyn dgpical semiconductor or semi-
conducting nanotubes.

The quasi-bound levels associated with the nitroggrurity behave as donor states with
respect to the lower sub-band of the conductiordbbncontrary, the quasi-bound states
associated with boron behave as acceptor statbs@g@pect to the valence band. In both
cases two quasi-bond levels are generated: one tpgalized with stronger binding
energy having s-like character and one more dekszhlwith weaker binding energy
state having p-like character.

SWCNTs can become hole-dopéd the presence of adsorbed oxygen because of
oxygen's electroraffinity®’. Other types of defects often found in®sgarbon are
vacancies and motifs derived from ti&nThe atoms in the neighbourhood of a vacancy
rearrange to reduce the number of dangling bonading to the formation of motifs
which are combinations of non-hexagonal rings. ddi@on, carbon atoms rearrange to
reduce the bond strain by changing the bond angldog bending the lattice.

Vacancies motifs can be classified in even def@mten number of missing atoms) and
odd defects (odd number of missing atothdp the even defects the carbon atom are
totally bond saturated, while the odd defects hawder-coordinated C atoms.

The absence of an atom perturbs the alignmentegd,tbrbitals forming ther band. This
will produce additional peak in the DOS close te ffermi level. For vacancies formed
by an odd number of missing atoms there will beaalized dangling bond. These odd
vacancies are negatively chargfeand are thought to be responsible for the chemical
reactivity of sp carbon materials. This is in agreement with theeeimental observation
that @ molecules preferentially dissociate at these Sites

Typical defects in graphitic material are the St¥viales defects characterized by a pair
of heptagon-pentagon ring. The presence of this tfpdefects produces additional DOS
above and below the; Eor this reason the introduction of these typeslafect offers
interesting opportunity for the design of new ngmaection electronic devises.

In summary, the reactivity of carbon materials mrelated with the existence of
localized quasi-bond states close to the Fermi edbeh produce static charge
localization around the defect site. Dependinghendrigin of these localized quasi-bond

states, a different reactivity is expected: quasieb states generated from the valence
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band (VB) are acceptor sites characterized by ehdepletion around the defect site
(seen as positively charged), thus they adsorb rdomolecules. Quasi-bond states
generated from the conduction band (CB) are domas scharacterized by charge
localized around the defect site (seen as neggtigbhrged) thus they adsorb and

dissociate acceptor molecules.
2.1.2 Nitrogen chemical configuration in nanostrutured carbon

The nitrogen insertion in the graphitic structuféN@ surface dramatically influences the
morphology, nanostructure and the electronic prtogeeof the NC surface.

The way and the magnitude in which the physicochahsurface properties of NC are
affected depends on different factors: type of ogén functionalities present,
concentration and mutual organization of the nerogpecies in the graphene layer,
topological localization of nitrogen site (i.e. aimair or zigzag termination), extension of
the graphene domains and eventually the NC miercistre (i.e. curvature effect), and
the coexistence of other type of structural pogfedts (vacancies, other hetero-atoms).
One important point in the view of the exploitatiaf the physical and chemical
properties of N-functionalized NC is the establigmnof “atomic structure-electronic
structure” correlation. In simple words, it is im@nt to understand the chemical
configuration of the nitrogen responsible for thduced electronic properties discussed
above. One approach often used to derive the cla¢stimicture of nitrogen in graphitic
nanostructures, is the comparison between the expetally measured electronic
structure and that theoretically calculated for pter model spcarbon networks.
Nitrogen in the graphitic structure may be presasita substitutional atom (R,
defect complexes composed by substitutional N @whncies (N3+vat?*%3and N4
+divac>*®3 and as chemisorbed N moieties

The effect of the presence of substitutional dopivas studied in the literature on
different model systems: graph&hesmall SWNTE!, amorphous carbon nitric&g*°
etc.

It was shown by Miyamof§ et al that two different systems are expected to erist
sp bond configuration: g\, in which each N is bond to 2 C atoms in a pyridike

configuration and CN in which N is bond to 3 C asorin that paper, it is shown that
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both GN4 and CN are not stable in planar forms at highoggn content. Out-of-plane
atomic deformation results in the structure staailon. Furthermore the development of
three-dimensional covalently bonded (tructures are predicted to occur at very high
nitrogen concentration.

Those results are in agreement with the theoretieddulation by dos Santos and
AlvareZ’* on the nanostructure of nitrogen substituted aphite clusters.

It is possible to distinguish two extreme situasiogarding the coordination of the
nitrogen atoms in the carbon atom network. Theogén coordination depends on the
amount of nitrogen incorporated. In theory, at l@encentration the nitrogen is
substitutional in a 3-fold coordinated configuratioThe additional electron fills the
empty state in the conduction band while the plastancture is maintained. With
increasing N concentration, the conspicuous exoéstectrons coming from N atoms
occupying ther* anti-bonding states destabilize the planar geoymeis the energy
increases, the configuration changes from planatotd of plane” bonding and the
additional electron occupies a non-bonding stat¢hemitrogen and produces a carbon-
dangling bond. Such carbon-dangling bond is unstalld give arise to cross-linking
with neighboring atoms, forming a three dimensiarzabon nitride network.

In addition, another natural consequence of theugation induced by nitrogen doping is
the rolling of clusters to form a tube. This is rairorated by experimental evidences of
the effect of nitrogen insertion to induce curvatof the graphene layéfs

Sumpteret al® have tried to explain the growth process of N-dbp&Ts. They found
that nitrogen prefers to substitute carbon into IlEmadiameter tubes and stabilize
neighboring pentagon ring responsible for the cdumea and the compartments.
Entrapments of a pentagon or a heptagon by hexagohsot both contiguously (as in
Stone-Wales defects), is a necessary conditioth®dgrowth of curved $structures. In
this situation the structure is stabilized and adon-dangling bonds are present in the
DOS™%

In order to assign the donor states in the DOS-dbpled graphitic material to a specific
N species, Terron€%®* et al. have investigated experimentally and thizaky the
electronic structure of N-doped MWCNTSs. The ideaétion of the lattice defects was

carried out by scanning tunneling microscopy (STand the theoretically calculated
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LDOS using tight binding andb initio calculations were compared with that obtained
experimentally.

In order to explain this additional level, layingpeoximately 0.2 eV from £ the authors
proposed in virtue of the scanning tunneling micopy investigations and the
theoretical DOS, an alternative model where N ipoaates into the graphite lattice in N
rich cavities (3N+vac). In such a way, zig-zag seonducting tubes can lmedoped by
insertion of nitrogen.

At the same time such a nitrogen configurationodtices vacancies, behaving as
acceptor site in the valence bands. For this reabese electron-rich structures could
pave the way to real molecular hetero-junction desi RosSéP et al. has studied by DFT
the thermodynamic stability, the implication on théal DOS and charge localization of
different N-complexes in armchair, zig-zag carbanatubes and in graphene. Beside the
1N (three-fold coordinated N) and the 3N plus vagaproposed firstly by Terron&s

in this paper the authors proposed a more staliggemation of N-defects characterized
by the presence of four N atoms and two vacandids-divacy>®. These defects might
exist in flat graphene; however they occur moreleas curved graphitic structures as
reported in many other work<%61:6283 |t was reported that defects composed by the N1
substitutional N introduces donor state close te ttonduction band in a more
pronounced way for armchair (5,5) nanotubes thai8®) zig-zag nanotubes. The three
pyridine-like rings surrounding a vacancy introdsiceidgap states in the semiconductor
(8,0) tubes, whereas acceptor site close to thenga band in the metallic (5,5) tubes.
The N4-divac does not introduce new gap statesemicnductor tubes, while in
armchair tubes, p-type acceptor states and n-typ®rdstates are introduced. The
presence of these defects produces charge densitmcathe N atoms, in a more
pronounced manner for the N4-divac defective sitémse defects site are involved in
defining the chemical reactivity and the affinipwtards the adsorption of different kind
of molecules.

Beside the issue of substitutional nitrogen defetigraphite and graphite-like material,
the effect of chemisorbed molecule has been stuatiatell.

The understanding of the effect of donating or diétwing functional groups (oxygen

and nitrogen) on the electronic properties of carbvas matter of intensively studies in
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early time, owing to the tailoring of the red-oxoperties of the carbon for the application
in electro-catalysis in substitution to preciousahbased catalyt*66:67.68

The effect of the side functionalization with elect donating moieties such as NH
groups or withdrawing N©groups on the ionization potential has been deteuff ®’
by Strelkoet al.

Oxygen-containing functional groups lower the el@ttdonor properties of carbon
matrices. The functionalization with electron withding moieties such as carboxylic
and carbonyl groups significantly shift the enerfythe HOMO to a lower val§é®®
Since the energy of the HOMO reflects the ionizoagential of the specie in such a way
that the lower the HOMO the bigger the ionizing grdial, those types of functional
groups produce a decrease in the electron-donptoyerties of the carbon matefral

In particular, the carbonyl group shows a very lodMO level which is an indication
that this site would rather behave as electrongocesite. Nitrogen-containing
functional groups produce an increase in the aeeationating properties of the carbon
material.

Nitrogen heteroatoms in pyridine species increggafeantly the electron-donor ability
of the carbon matrix. More significantly than tmeroduction of an amino group. Those
species influence the adsorption properties ofcimbon surface occurring throughn
staking interactiorf§. For instance, the functionalities with a donatiegonance effect
on ther-system will improve the adsorption of organic noolles. The opposite behavior

is expected for withdrawing functionalities.
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2.2 Surface chemistry of NC

The reactivity of the graphite-like carbon mateisatletermined by the relative amount of
exposed edge of graphene layer (maximum in the aiafsghbone structure), defects and
in the case of tubular or fullerene forms also hgy $train induced by the curvature of the
graphene layer, which in turn induces a rehybriibraof sg* bond with partialsp®
character. Bending of graphene layer is possiblenwhss-stable non six-member rings
are present. Edges, corners, vacancies and dgéntarbon atoms at the surface are
potential binding site for hetero-atoms. Such tetgoms, generally oxygen or nitrogen,
can exist on the carbon surface in a wide rangdiftédrent chemical configuration, and
together with the delocalized electrons of the fitapstructure, define the acid/base and
hydrophilic/hydrophobic properties of the surface.

Thus, understanding the surface chemistry of carbéumdamental for the understanding

of the adsorption properties and the catalyticeledtrochemical properties.
2.2.1 Nitrogen and oxygen functionalities in NC

Carbon materials are very often accompanied bytesence of hetero-atoms such as H,
O,N, P,andS.

From a chemical point of view, the most studiedctional groups contain oxygen and
nitrogen atoms.

Those functional groups present in carbon matesdaloriginate from both the precursor
used for the production or can be intentionallyadticed by specifically addressed post-
synthesis treatments.

For instance in the production of N-CNT by CCVD finctional groups are introduced
during the synthesis by using a nitrogen-contairtiygrocarbon. In the case of other
forms of carbon, i.e. AC or carbon fibers, functibigroups can derive from the raw
material used such us coal, melamine resios

Oxygen functionalization is often carried out byans of oxidative treatmefitin gas-
phase by oxygen, ozone, carbon dioxide, nitrousleoxir liquid phase by nitric acid,
hydrogen peroxide, chromate, permanganate etc. eTHasactionalities, especially

carboxyl oxygen species, can be used as graftieg $6r more complex moieties, for
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example grafting of hetero-atoms-containing moledy mean of the classic routes used
in organic chemistry syntheéts

Nitrogen functionalities are often introduced bysgahase chemical treatment with
ammonid™*#**>%r hydrogen cyanidé

The extension of the functionalization depends twe treatment condition, the
functionalization agent and the nanostructure dizieess of the carbon material.
Obviously the same treatment will give a higherrdegf functionalization in AC than in
graphite.

However, it is important to point out that the saymes of O and N functionalities occur
in any kind of carbon material indistinctly frometimicrostructure.

Most of the studies reported in literature haveutws on the identification of the
chemical structure of the species and their impacthe surface properties, with special
regards to the characterization of acid/base ptigser

However due to both the limited resolution of tmalgtical technique available and the
high complexity of the carbon surface, a detailedcadiption of the surface functional
groups in carbon material is often very difficult.

Conceptually, one can imagine that all the possihiemical configuration of nitrogen
and oxygen in organic molecule (i.e. amide, amniigile groups etc...) could be found
in the graphene layer of NC.

Those nitrogen and oxygen functional groups carstexi side terminations of the
graphene layer in both aromatic and aliphatic attaraor at the bending site of the
graphene sheets. Heteroatoms may be introducediaszancies sités.

In Fig. 2.5 is reported the schematic represemtaifca graphene cluster with the various
hetero-atom (oxygen and nitrogen) chemical conégans.
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Fig. 2.5: Different oxygen and nitrogen species in carbon

In a deductive reasoning, the similitude of thecte#y of the functional groups in
carbon material with the parent organic molecula good qualitative description of the
system.

The temperature-programmed desorption of N and Often used for determining
gualitatively the acid/base strength of the species

The less thermo stable species behave as acidter s@ution, while the most thermal
stable species are basic species. The thermalitstabrelated to the combination of the
withdrawing or donor inductive and/or mesomerieeffof the functional groups on the
n-electron system of graphite. The acidic functiagralups exercise a withdrawing effect
on the aromatic system which is a destabilizatctdr for the aromaticity, thus those
acidic species has a low BE and decompose upombestlower temperature.

There is a general consensus that the acidic dearat carbon material is due to the
presence of oxygen structures like carboxylic acmhhydride, lactone, and
pheno}20,122,182—18.5

In contrast, the structure and the strength obtmsac oxygen species are not yet clarified.
The proposed structures for basic oxygen specietaicoketones group, ethers groups,
guinones and pyrone-like structures. Among the httional group, species like amine

and pyridine are basic, while amide, lactam andoug species are considered to be
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weakly acidic. However, the thermal desorption teghe gives a chemical behavior
feeling, but does not give a numerical scale of gamnson as it is a pvalue.

The pk; value is determined experimentally by chemicaation, such as potentiometric
titration and Boehm titration specifically developéor the acidic sites determination.
However, it is not possible to deduce the structidrthe functional group basing on the
similitude between the experimentally determinettl/aase reactivity (pKvalue) and
that one of the parent organic aromatic molecules.

There are two motivations for this affirmation:stirthe experimental measured pK
values are the resulting value among the diffespeties present. The functional groups
present on the carbon surface are not entitiegapobone another, but they can undergo
to intra and inter- molecular interaction influemgieach other the chemical behavior;
Secondly, assuming that one is able to charactarizgengle species, the pkalue of
certain acid/base specie substituted in the bendeges influenced by the number of
member of poly-condensed aromatic hetero-cyclethedelative position of the hetero-
atoms in the cluster (structural isonfér)lt is obvious how difficult would be to
discriminate between the different kinds of speste®wving similar pi value.

In the attempt to identify the chemical configuoatiof the species inducing the strong
basic character to the carbon surface, Montes-Mogiral have demonstrated by means
of theoretical calculations that the p¥alue of pyrone-like species increase dramatically
by increasing the number of poly-condensed aromiagitero-cycle in a pyrone-like
structure. Calculation on N species indeed, shdwh o big variation on the pkKalue

of the N species occurs among different structigiahers or by increasing the number of
poly-condensed aromatic hetero-cycle. Also basaighlre considered as hydrogen bond
acceptor, however the basic strength is much Idlaar that one of the functional groups,
especially pyrone-like species.

In virtue of this fact, the authors propose a pgrtike poly-condensed aromatic hetero-
cycle cluster as plausible structure mainly detamng the basicity of the carbon surface.
However it is found experimentally that the amoohtacid adsorbed on N-containing
carbon is considerably higher than in the analolyopeepared nitrogen-free carbfdn
Thus, further studies are needed to elucidate &ter@ of the N species contributing to

the basic character of nitrogen-containing carbatenml.
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In virtue of the peculiar surface chemical struefucarbon material can be used in
application where proton transfer (acid/base reagtior electron transfer (red-ox

reaction) are involved.
2.2.2 Adsorption properties

The graphene network in carbon material can beiderest as composed by hydrophobic
domains coexisting with hydrophilic domaffisThe graphitic basal planes represent the
hydrophobic part while the functional groups indingelrophilic character to the surface.
In general nitrogen and oxygen functionalities ieteno-cyclic moieties which are
stabilized by resonance with theelectron system do not alter strongly the hydrdgto
character of the carbon surface. The most impospeties of this class of functional
groups are pyridine species which carry a double @a the nitrogen atom and the
species containing carbonyl and ethers oxygen afidmse types of species produce
partial charge localization of theelectron system and infer Lewis a/o Brgnsted litgsic
to the graphitic surface. They represent, in fiegdctive site for a further chemical attack.
The hydrophilic character of the carbon surfadeiither enhanced from the subsequence
chemical attack (usually oxidative) at the defextite leading to the local destruction of
the extended electrons delocalization oftksystem.

By mean of oxidative treatments, Brgnsted acidssftarboxyl and phenol group) are
introduced on the graphitic carbon surface. Thgeeiss can be converted basically in
any types of moieties by grafting of functional angc molecules.

Thus once in aqueous solution, the surface of carbpaterial is amphoteric, and is
characterized by the coexistence of both negatiaelg positively charged sites, in a
given relative amount that depends on the pH ofatiigeous solution. In the Fig. 2.6 is
reported a schematic representation of the carbdiace depending on the pH of the

agueous solution.
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Fig. 2.6: Schematic representation of the carbon surfacgueeus media (adapted from &j.

As shown in Fig. 2.6, the-electron density of the carbon basal planes isidened as
non-heteroatomic Lewis basic sites and undergedtmpation in aqueous solutior®

The relative extension of the hydrophobic and hptiic domains a/o the acid/base
properties can be tailored by thermo-chemical tneat according to the requirements of
the application for which the carbon material isigaated. For instance, through stronger
oxidative treatment the extension of the hydrophplart is increased, while by means of
thermo-treatments the hydrophobicity restored.

In those application in which the electrostaticerattions play a fundamental role, for
instance anions and cations adsorption, the pmtohange capacity must be maximized.
This can be reached by increasing the hydrophilapgrties of the carbon surface. In
particular, for cations adsorption the functionafian must be addressed in such a way to
develop a negatively charged surface (oxidativattnent)vice versao adsorb anion the
surface must be positively charged (basic carbon).

In opposition, the adsorption of organic molecutas the carbon surface, specially
unsaturated molecules, occurs through staking interactions which are hydrophobic in
naturé®. In such case all the functionalities with a démtresonance effect on the
system will improve the adsorption of those molesukpecially those carrying electron
with-drawing substitutes.
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2.2.3 Electron transfer properties

The defects existing on the surface of-Bpnded carbon induce localization of the
extendedr-electron system with charge localization in thepdrene plane. Those
localized charges are artifice of the red-ox propsrof the material. The electron
transfer effect plays an important role in the ation reactions, electrochemical and
electrocatalytic reactions.

Furthermore, the electron transfer process is respte of the metal support interaction.
In the view of the application of graphite and drige-like material as carrier, the
electron transfer from the local site of the carbarface to the metal is auspicial.

The nature and the strength of the metal supptetantion have an influence on the
atomic and electronic structure of the metal plsicby inducing a preferential
crystallographic structure and defects at the mstiefacé’. Flat particles have been
found in catalyst with strong metal support intéiat ".

In particular, the electron donor functionalitiégwis basic sites, such as oxygen and
nitrogen atoms located at the edge of the graptéee in hetero-cycle moieties, induce
atom reorganization at the metal surface with ckang the lattice parameter, generation
of low coordinated sites and probably charge acdationm at the metal surface.

On the other hand, electron deficiency on the meabparticles can be originated from
the interaction of the metal particles, with loeaidic surface sites, Brgnsted or Lewis
acid sites. This effect became relevant for verglsmanoparticles and for cluster.

The metal support interactions stabilize the metaloparticles and prevent them from
sintering or leaching into the reaction media, Hretefore prolonging the life-time of the
metal supported catalyst. The effect of the matgpsrt interaction on the metal surface

structure has an impact on the catalytic propedieke catalyst.
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2.2.4 Reaction catalyzed by carbon

2.2.4.1 Carbon as catalyst

o

Oxidative dehydrogenation (ODH)f organic substrate can be catalyzed by

carbon at lower temperature than conventional gsttaln the ODH of ethyl
benzene to styrene, CNTs show higher long termilyathan AC, with good
selectivity and yiell The selective introduction of functional groupspbably
quinones species, on the surface of carbon mateiah prerequisite for
minimizing the unwanted total oxidation. ODH of otane to butadiene was
carried on oxygen-functionalized CNTs. The selectiocking of acidic oxygen

species by phosphate lead to an increase in taetisity to butadien€.

Dehydration of alcohols catalyzed by carbon material containing oxygeta

functional group with acidic character. In partenulthe activity was directly

correlated with the amount of carboxylic acid gr6up

SO, abatementan be realized by gas phase oxid&fiamo SQ and liquid phase

oxidation into HSQ, catalyzed by carbon material in the presence decutar
0,%%. The activity was directly correlated with the ambof certain basic groups
as suggested by the enhanced catalytic performahceeat treated carbon

materiaf? or N-functionalized carbon mateff4p" Bookmark not defined.

NO,_abatementis conduced by selective catalytic reduction wiHl3, in the

presence or absence of,y means of carbon catalstin this reaction the
coexistence of both acidic and basic site was #ne point to assure a high
catalytic activity®. Alternatively, the catalytic oxidation to NQGs used for the
removal of NO from the effluent gas. Successivaly NG can be converted in

nitrate by reaction with aqueous basic solution.

H,S can be adsorbed and catalytically oxidized by p®rcarbon into S©or S.
Important properties of the carbon material foisthpplication are: developed
microporosity of very small micropores and high cemtration of nitrogen basic-

site$®,
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o

Oxidation of organic pollutants by B, or O, can becatalyzed by carbon

material. In this application the electron transfapability of the basic site in the
carbon material are claimed to be involfeh the formation of surface radicals
species which are thought to be the oxidant spétikguid phase oxidatioh.

Hydrodehalogenatiowf chlorinated of organic compound can be catalyagd

basic nitrogen functionalized carbon matéfial

Knoevenagel condensatidor the synthesis of fine chemicals was carried on

recently by using N-containing CNTs as basic catdly The pyridine-like

species are suggested are active site for thearact

2.2.4.2 Carbon as catalyst support

o

Hydrogenation reactionsf different organic substrate have been carriedhetal

supported carbon material catalyst. Ni/B/CNT catyhave been used for the
selective partial hydrogenation of acetylene toyletie. The treatment of the
support with NH improves high metal dispersion which turns ouhawe positive

effect on the reactivity and selectivity. Liquid gs#® hydrogenation of
cinnamaldehyde has been performed over Pd suppont€diNF, CNT and AC.

Pd/CNF catalyst are more reactive than Pd/AC csttaRt/CNF has been also
used in this reaction. The removal of oxygen-fumdl group by heat treatment
leads to a substantial increase of the activity s@ldctivity to cinnamaldehyde.
The hydrogenation of nitrobenzene into anilineiquild-phase was carried out on
palladium deposited inside MWN's Slightly improved catalytic performances
are observed with respect to the Pd/activated oharghis fact was explained in
terms of mesoporous textural properties of the MWiiich by-pass the problem
related to the mass-transfer of reactant and ptodocurring in microporous

carbon.

Liguid phase Oxidation of alcohealas carried on different noble metal supported

catalyst&®. For instance it was reviewed that Pt/C gives epettatalytic

performance in the cinnamyl alcohol oxidation thather noble metal catalyst

supported on oxide. Recently, CNTs and CNFs haen hused as support for
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noble metal and used to catalyze the oxidationlyfegol to higher added value

compounds.

Fuel Cell electrocatalysis one of the most relevant applications of CNFd an

CNTs as support. Researches on the topic have sti@wiPt supported on CNF
are better electrocatalysts than commercial Pbérablack electrode in PEM fuel
cell®¥999 This was attributed to the CNF porous structuré # the better Pt—
support interaction through the surface oxygen gsoof the support. In other
studies N-CNFs have been used as electrocatalyskygen reductiom alkaline
fuel cells$™. With respect to the nitrogen free CNFs, N-CNFsvshbetter electro
catalytic performance attributed to the presendéesN-C surface complex in the
nanotube structure which are thought as active.giteecent stud3? has shown
indeed that the realization of a metal-free eleatalyst for the oxygen reduction
reaction (ORR) in fuel cell as replacement of nehktal based electrode is
possible. Vertically aligned N-CNafter the complete metal purification, have
shown a much bettealectrocatalytic activity, long-term operation sl than
conventional platinum based catalysts.

The electrocatalytic conversion of @@o fuel was carried on Fe and Pt

nanoparticles supported on CNfs Although the catalysts suffer faster
deactivation it is demonstrated that this difficattd challenging reaction could be

realized with reasonable productivities.

Liguid-phase synthesis of methyl isobutyl ketoneBMIfrom acetone and Hvas

carried on Hydrotalcites supported on CNFs witthbigspecific activity than that
of unsupported catalysts

NHs; decompositionwas carried on successfully over commercial Fe-Cor

containing carbon nanotubiés

Photocatalytic water splittingzas carried on Ti@supported on carbon material.

A significant increase in the photocatalytic adtivivas observed with respect to
the unsupported Ti&F. The facile reuse of the C-Ti@omposite together with
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the enhanced photocatalytic performance inducedhbycarbon material used

open chance for the development of this technology.
2.2.5 Future prospective for N-containing NC

The need for developing highly selective and actiatalysts has lead to the research of
new synthetic strategy which mimics the highly sfpjechemical structure encountered
in bio-systems. Biomimetic strategy offers largesgbility in catalytic applications
involving homogeneous transition metal catalystd anid/base catalysts. The field of
bio-catalysis is dominated by enzymatic catalyistems made by polypeptides units.
Such systems are very often composed by macromateblicontaining heterocyclic
units offering highly coordinative capabilities. rFonstance, the vast series of
cytochromes are composed by porphyrin rings showifigrent properties depending on
the type and oxidation state of the coordinatedaimabd on the ligand. On the other
hand, strong bases with purine-like structure dawd fapplication in base-catalyzed
reactions. Recently, it was reported that aminealga¢ Diels—Alder cycloaddition
between cyclopentadiene and diefilesFurthermore, metal-free catalytic transfer
hydrogenation ofa,p-unsaturated carbonyl compounds was catalyzed hipes.
However, the strict environmental regulations ontteraof waste disposal lead to a
tendency of developing processes based on heterogercatalytic systems rather than
homogeneous. Traditional approaches for combinihg selectivity control of
homogeneous catalysis and the easy separation ears@ 10of heterogeneous catalysis
employ the anchoring of a metal complex at theamarfof a support. For this purpose,
zeolites and micro and mesoporous aluminosilicate® been the focus of research due
to their shape selectivity which mimics the roldigands in enzymé&

In analogy to the biological system, nanostructwadbons are a potential substrate with
a surface chemistry that can be tailored to imithate specific active site of the bio-
molecules.

In this contest, N-containing NC plays a dominanter N-containing NCs open
possibilities for carrying out heterogeneous preessapproaching homogeneous-like
conditions. The chemical properties of N-containlNg embrace different fields of

catalytic applications from redox catalysis to #uwéde catalysis and bi-functional
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catalysis. For instance, the introduction of aagén complex at the vacancy or at the
edge of the graphene layer in a pyridine-like fashiesembling the structure of the
nitrogen units encountered in biological systemtersf isolated sites for metal ion
anchoring.

Another interesting aspect of N-NC is related t® @ipplication as basic catalyst. The use
of basic heterogeneous catalysis is a branch efrek in rapid development. Especially
in fine chemistry synthesis, basic solid materaten show better performance than the
acidic counterpart, either when used as catflpstas support for the active speéf8s
The possibility to model at the atomic level theface properties of NC by the
introduction of nitrogen species in the aromatngnn a conjugated situation that remark
the structure of purine-bases is a very big chglefor obtaining super-strong basic
material.

It should be noticed that the introduction of N @pe in the NC structure leads to
improved redox properties of the material openihgnces for the realization of metal-
free catalysi®. Finally, N-NC can potentially be used to accosipliCQ fixation in
analogy to the recently reported successful appdicaf N-heterocyclic carbenes to €0

capturé®.
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Experiments and characterization methods

The following chapter describes the experimentalt pagnd the characterization
techniques used in this work. The first part isidad to the synthetic procedure for N-
functionalization of NC. Following, the preparatiai the Pd-based catalysts and the

catalytic test condition are reported.

3.1 N-functionalization of NC

Various methods can be applied to introduce nitrogen the structure of

CNTg!02103.104105 Magnetron sputterin§® laser ablatiof**°% pyrolysis of nitrogen-
containing organic molecules in the presence o&mogetallic cataly$t®'®’ and CCVD
of nitrogen-containing hydrocarbons over heterogase metal supported
catalyst’®°9119 Most of the studies reported in literature haveused on CCVD of N-
containing hydrocarbon. The main reason is thiat & high yielding process compatible
with an economical scaling-up. Nowadays the stéti@art in N-CNTs synthesis by
CCVD has not yet reached such level of knowledgbeasg able to control the process
and there is a need for further investigation tolarstand the key factors driving the
growth process. A wide range of catalytic systeragehbeen tested in the CCVD.
Basically, all systems active for growing CNTs danused in the presence of nitrogen-
containing hydrocarbons. In most of the literatatedies, nitrogen insertion produces

disordering due to a local bending of the planapbitic structure and to the local
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expansion of thea-n interlayer distance. Very often the incorporataimitrogen affects
the CNT growth leading to compartmentalization loé tubes in a typicabamboo-like
fashiort®” 112

However, systematic and detailed studies aimedat@bnalizing the influence of the
synthesis parameters are still missing in liteetur

An attempt to discriminate between the synthesisditimn chosen and the impact on
structural properties was reported recentlyBy investigation of several aspects of N-
CNTs growth, i.e. the influence of the C/N sourtge of catalyst and synthesis
temperature, the authors were able to define s@timal parameter aimed to address the
synthesis of N-containing CNTs to obtain a high antoof specific nitrogen
functionalities.

However, the synthesis of N-CNTs with high concatmdn and uniform distribution of
nitrogen sites is still challenging. Controllingmailtaneously the localization of the
nitrogen functional groups and the tube morpholsggne of the main tasks. Literature
reports high variability in the nitrogen concenwatin different tubes within the same
sample batch? and along the cross section of one single 'fiibeTheoretical
calculationd™* are in agreement with the experimental evidenedsich show that
nitrogen is present with higher probability in timernal wall, and localized where the
graphene layer is béfif or as molecular nitrogen encapsulated in the comeat of the
bamboo-like structure of CN¥S'**® Controlling the growth process in the case of N-
CNTs appears to be more complicated than for CNOifferent morphologies are
expected depending on the kind of nitrogen speamigson the concentratibi. In fact,
depending on the type and concentration of nitrogesieties, different degrees of
disorder are obtained, i.e. bending, corrugatidges and vacancies.

The important issue in N-CNT synthesis is the aurf the process in such a way as to
induce a specific chemical configuration of nitrogevhich must be located in an
accessible position to be available for catalysis.

In order to introduce nitrogen in the structureN@?, other alternative routes can be taken
into account. NC can be though as an extendedmysteondensed aromatic rings, thus
all the reaction known in organic chemistry syntbesuld be applied to. In fact a lot of

work has been done in order to attach specific tiesi®n the surface of CN¥&. This
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kind of approach is used for the development of &M$ed materials such as sensors and
bio-sensors.

In analogy to AC? the surface of NC can be nitrogen-functionalibgdpost synthesis
treatments, using N-containing molecules such ag &hdl HCN. With respect to the
CCVD synthesis, it is expected that better controthe type of nitrogen introduced
functionalities may be achieved without affectinge ttextural properties and NC
morphologies of the starting NC structure. If thertsng NC presents fibers or tubes with
homogeneous morphologies and nanostructure, a romifadegree of nitrogen
functionalization is expected. Furthermore, su@atinent introduces functionalities on
the surface of carbon, which are accessible toahetant once applied in catalysis. Such
material could be considered a model system foedtigating the fiitrogen effectin
catalytic or electro-catalytic application, withotlte uncertainty due to the different

morphologies obtained with other synthetic methods.
3.1.1 Material and functionalization procedure

Commercial carbon nanofibers used in this studyehbeen supplied byyrograf
Products Inc. The nomenclature used by the company, PR2&#&s to the specific
grade. PS stays fdtyrolytically Strippingwhich is the post-treatment applied to the as-
produced fiber in order to remove the polyaromhtidrocarbons from the surface. SEM

images (Fig. 3.1) show heterogeneous morphologlyeofiber with an average diameter

f _
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PSLD-24 2.0kV x80.1k SE 500nm PSLD-24 2.0kV x80.1k BSE

Fig. 3.1: SE and BSE images of the starting VGCNFs.
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of 88 + 30 nm. The presence of catalyst impurias determined by X-ray fluorescence
spectroscopy (XRF). They are composed mainly cdlgsit traces (Fe, S) and traces of
impurities such as Mg, Cl, Ca, Cr. HRTEM image (RA@) shows the structure of these
fibers which are made up of two differently struetli layers.

3 nm

Fig. 3.2.HRTEM images for VGCNFs

The inner layer is composed of angled graphitetsh&&is morphology, termed "stacked
cup” or "herringbone”, generates a fiber with exqib®dge planes along the entire
surface of the fiber. The second layer covering @i surface is due to deposited
pyrolitic carbon so called turbostratic graphiteet@lled characterization of these
nanofibers was conducted in within the working groand reported recently in

literaturé™®. The measured specific surface area is%3mN, isotherm (Fig. 3.3) shows

a mesoporous texture with heterogeneous distrilpaees diameter.
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Before the N-functionalization, the nanofibers wesated with HN@ in order to create

oxygenated functional group that act as a readiiteefor the nitrogen insertion. For this

purpose the CNFs was suspended in concentrated; K@0Q of CNF per liter of HNg)

and kept at 373 K for 2h under continuous stirriagerwards, the sample was filtered

and washed with 1 liter distilled water and driée@2a3 K overnight. During the oxidation

the accessible metal impurities are largely disstlvAminated samples have been
obtained by thermal treatment of pre-oxidized CKExy for each batch) with NHn the
temperature range 473-873 K for 4 h. To gain dsdainformation regarding the

importance of oxygen functionalities on the surfate€CNFs, amination at 473 K have

been performed in the oxidized CNFs on which antfartreatment in He up to 973 K

has been performed for 2 h. Samples notation teg in Table 3.1.

Table 3. I Sample notation and details of correspondenttfonalization procedure.

Sample Characteristic

NCNF473K | CNFox functionalized by N+at 473 K

NCNF673K | CNFox functionalized by Nt 673 K

NCNF873K | CNFox functionalized by Nt 873 K

NCNF873K*| CNFox annealed at 973K in He and then inzNiti873 K
CNFox CNF functionalized by HNO

VGCNF Vapor Growth Commercial Carbon Nanofiber
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3.1.2 Characterization techniques

Characterization techniques used to identify theneaof the functional groups in carbon
materials can be classified, to a large extengnalytical methods (wet- and gas-phase
chemical methods) and in spectroscopic methods. aftedytical methods have been
mainly devoted to the characterization of acidiougs, and to lesser extent, to basic
groups. Those techniques include: the liquid phisgion of acidic and basic sites, the
more sophisticated BoeHffl titration of acidic sites that allows to quaniitaty
discriminating between the different species presarcarbon materials by mean of back
titration with base of different strength. Less amioof literature is present for the
determination of basic sites which is limited te thetermination of the total amount of
basic sites.
Potentiometric titratiof>, gas phase titration by microcaloriméfly zeta potentials
measurement, and a number of analytical tests usedrganic chemistry for the
functional group identificatioi>***are also characterization techniques widespreadl use
for solid carbon material. These techniques test ibhavior of the material in the
medium investigated but do not give direct infonm@atabout the individual chemical
structure of the functionalities. The chemical noelh are of practical relevance when the
carbon material is used as adsorbent of ionic speand organic pollutants or as a
support for a metal. These techniques are nevedwelmportant in view of the
application in acid/base catalysis. The resultshef characterization by potentiometric
titration, microcalorimetry, and zeta potential eeported in chapter 5. The spectroscopic
techniques lead to a description at atomic levethef functional groups. Among the
spectroscopic methods, techniques such as EfiR TDS?®18 xpge9-163
NEXAFS'412>126 EE| 927 ypS, ESF have been employed in literature to identify the
nature of the surface species in graphite and geapke materials. However, all the
mentioned techniques present some limitations sessng the chemical identity of the
functional groups and this is the reason why theyadten used in combination. In this
work, X-ray photoelectron spectroscopy and TPD hbeen applied and reported in
Chapter 4. The hydrophobic-hydrophilic propertiéshe VGCNFs and functionalized
samples have been determined by means of contglet measuremert€. Following the
description of the characterization techniques usékis work is presented.
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3.1.2.1 XPS

X-ray photoelectron spectroscogyg a surface analysis technique widely used for
obtaining information about the elemental compositichemical state and electronic
state of the elements present in the material undegstigation. When a sample is
irradiated by a beam of soft X-rays (200-2000 edMpmic core electrons are emitted
from the matter as consequence of the photoeleetigct. The kinetic energies of the
emitted photoelectrons are related to their origab@ctronic states through the following

equation:

BE=hv-E-® «y

whereBE is the so called binding energy, which is desigdas the energy needed to
remove an electron from the ground-state to theiwaclevel;hv is the energy of the
incident X-ray photons, Hs the kinetic energy of the emitted electron énid the work
function of the spectrometer. The variation of Bie of a certain atom, the so called
chemical shift, depends on the chemical environroéttie atom which is ionized (initial
state effect) and on the hole relaxation procedsfiewing the primary electron
photoemission process (final state effect). ThesBE shift gives information about the
chemical structure of the atom under investigat®imce for solids, photoelectrons can
escape only from a depth on the order of nanomdtetd nm), XPS is a surface

sensitive technique.

Experiments The experiments have been performed at the symohreadiation facility
BESSY (Berliner ElektronenspeicherringgesellscHiaft Synchrotronstrahlung) located
in Berlin using monochromatic radiation of the ISI$Innovative Station fofn Situ
Spectroscopy) beam-line as a tunable X-ray sdtitcedditional XPS experiments have
been performed using the high brilliance radiatoérthe undulator U49/2 as an X-ray
sourcé*®! as specified. XPS measurements have been performétl/ condition
(pressure of IO mbar) or in He at 0.5 mbar, according to the djmation. In brief, the
pellet of CNT samples is mounted inside a reactielh onto a sapphire sample holder

approximately 2 mm in front of thelaperture of a differentially pumped electrostatic
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lens system. The homebuilt electron lens servethasnput system for a (modified)
commercial hemispherical electron analyzer (PHOIBTE®, Specs-GmbH). For the
temperature programmed XPS experiments, heatipgisded by a NIR laser at the rear
of the sample and monitored by a thermocouple latthclirectly to the sample surface.
The heating rate was fixed at 5 K/min or 10 K/mirhe gas phase composition is
monitored via a quadrupole mass spectrometer cdupte the spectroscopic
characterization by XPS. For some experiments pedd in “high pressure”, helium
was introduced to the cell with the pressure ofrdar in the XPS chamber.

The O1s, N1s envelopes were curve-fitted using chi@aussian—Lorentzian component
profiles after subtraction of a Shirley backgrotfidising Casa XPS softwdré In the
spectra where the species abundance was close tietéction limit, a linear background
has been subtracted. The number of peaks introcueeteen determined by applying the

difference method&***

to spectra recorded sequentially during tempergitsgrammed
XPS experimenté. The fitting was done by fixing the peak maximuithin +0.1eV for
all spectra and applying a full width half maxim@@wHM) of 1.4 -1.6 eV .

Energy shifts due to surface charging were corceatden present, by calibration of the
N1s and O1ls XP spectra with the C1s BE for whiehpbak maximum was fixed at 284.6
eVl36.

The excitation energy for C1s/N1s/Ols core levedctjp were 435/550/680 eV,
respectively, resulting in a high surface senditiwith an inelastic mean free path
(IMFP) of the photoelectrons of about 0.86 nm. §pectra have been normalized to the
impinging photon flux that has been determined lptemned Au foil and corrected for
the fraction of higher order and the electron aurre the storage ring. Quantitative XPS
data analysis was performed by using theoreticabscrsectior’d” according to the

following equation:

A=llc*r*ny 2)

where A is population of atom of the speciessAs the theoretical cross section, r is the
ring current in mA and n is the number of photon per mA ring current (phdiax).
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3.1.2.2 TPD-MS

Temperature programmed desorptighPD) is a technique used to characterize the
chemisorbed species at the surface of a certaiariakatit also turns out to be very useful
for the characterization of the functional groupssent in a material.

When the sample is subjected to a temperature qamogn inert gas flow, and at
atmospheric pressure, the thermal desorption ofsffexies occur and the masses are
simultaneously detected by a mass spectrometer.

The intensity of each mass as a function of tenmperais the TD spectrum. The
temperature at which the molecule starts to evishzemeasure of the BE of the molecule
with the adsorption sites at the surface of theengtunder investigation. TDS does not
directly characterize the chemical structure of thgecies, but by coupling the
information of thermal desorption and mass spectpg is still possible to gain
knowledge about the chemical nature of the spaggegrating the mass fragments. The
amounts of adsorbed molecules on the surface cabtagned from the intensity of the
peaks, which preclude calibration of the mass spewter. When thermal desorption is
used to study kinetics of adsorption and desorpspecial equipment allowing operation
in UHV conditions is required in order to minimiggluence of contaminants. The TPD
experiment may also be carried out in a thermoigratric set-up, whereby the weight
loss of the sample during temperature program canrdrorded as function of

temperature.

Experiments Temperature programmed desorption analysis wa® d@ing a TPA
instrument in the temperature range from 298 ta31K2In each experiment, about 15
mg of sample were placed in a tubular quartz reaghich was fed with 100 mLmihof

He, with a heating rate of 5 K/min. The gas-phaselpcts were transferred through a
heated quartz capillary to a Balzers OmniStar quaale mass spectrometer operated in
SIM mode.
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3.1.2.3 Textural properties

The analytical methods for the determination of thetural properties, i.e. specific
surface area and porosity of a solid materialpaseed on the physical adsorption of a gas
at its condensation temperature, generallyalN77 K. Among the different theories that
have been developed to calculate specific surfee@ faom an adsorption isotherm, the
Brunauer, Emmet and Tellenethod® (BET) is the most widely used. BET theory is an
extension of Langmuir model applied to multilayesarption. According to this theory
the adsorption of the second layer starts wheffitstemonolayer is complete. Thus from
the measure of the amount of gas adsorbed to kacmonolayer, the surface area is
obtained. TheBarrett-Joyner-Halend4BJH)"* method is the most commonly used for
calculating pore size distributions from the desiorpbranch of the pisotherm.

The instrument used in this work is a Quantachrémmsorb-6B KR sorptometer. The
samples were previously outgassed at 473 K fouBder vacuum. The total surface area
was calculated using the BET equation. Pore siilolitions were determined using the
BJH method.

3.1.2.4 Potentiometric titration

A potentiometric titration was carried out on tlzenples using a Mettler Toledo Titrator
for the determination of the basic sites. Optima@atof the procedure leads to the
following conditions: about 0.2 g of sample werspended in 50 ml of KCI 1*1dM,
sonicated and equilibrated for several hours. Befsach measurement, the suspension
was continuously saturated with Argon to elimindue influence of C@until the pH was
constant. Volumetric standard of HCI (0.01 M) wased as titrant, starting from the
initial pH of the CNTs suspension. The p¥alue is calculated as the pH at a volume of
titrant added corresponding to half of volume atelquivalent point (EQP).

3.1.2.5 Microcalorimetry

Adsorption microcalorimetry is used to evaluate sheface property of a solid by means

of measuring the heat of adsorption of a specifaecule. Using this technique the
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acid/base properties as well as the hydrophobictppdlic properties of a solid can be
determined. The differential heat of adsorptioragbrobe molecule, either basic (§H
pyridine etc.) or acid (C§® SO etc.) measured as function of coverage, gives
information about the strength and the distributbmhe respective acidic and basic sites
present on the surface. If coupled with other teples (i.e. FTIR), it allows one to

identify the nature of the adsorption sites.

Experimental: The heats of adsorption were measureda MS 70, Setaram
microcalorimeter of the Tian-Calvet type (C80 and tflom Setaram), combined with a
house-designed high vacuum system, which enablesdtisage of probe molecules
within a range of 0.02 pumol. The pressure-contdoltlsing system with calibrated
volume allows for the detection of adsorbed amoohtsiolecules (adsorption isotherm)
as well as differential heat of adsorption and gitke possibility to elucidate the
distribution of the adsorption sites along the enfjadsorption hedf®.

The samples were pretreated and activated under goiditions to minimize thermal
and mechanical stress. All samples were presseer low pressures (125 MPa) and cut
into small pellets, which were sieved to a diamefdéd.4 to 0.6 mm.

The activation was conducted separately in the ricaéric cell connected to a
turbomolecular-pump (Balzers). The activation wasfggmed for 17 h at 373 K with a
heating rate of 2 K/min. The final pressure in tegiassed cell was approximately®10
mbar. The cell was cooled down to room temperafiexed inside the calorimeter and
connected to the micro calorimetric gas-adsorpsgstem. Following this, CO(4.5,
Messer Griesheim) was dosed stepwise at 313 K.sihes (mbar), adsorption

temperatures (K) and the heat signals (V) wererdszb
3.1.2.6 Zeta potential measurement

The zeta potential is the electric potential atittierfacial double layer (DL) between the
medium and the stationary layer of fluid attachethe dispersed particle in the medium.
Zeta potential gives a quantitative indication led tmagnitude of the electrical charge at
the double layer, which is directly correlated he tsurface charge of the dispersed

particles. The experimental procedure used to oer the zeta potential is based on a
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different physical principle. For instance, theazpbtential is calculated using theoretical
models which are applied to the electrophoretic ititplbof the particles determined
experimentally in appropriates apparatus. In thiskizeta potential measurements were
performed using a Malvern Zetasizer. In practites Zeta potential of the particles
dispersed in a suspension is measured by applyinglextric field to the dispersion.
Particles within the dispersion will migrate towdhe electrode of opposite charge with a
velocity proportional to the magnitude of the zetatential. The velocity is measured
using the technique of the Laser Doppler Anemometer

The frequency shift or phase shift of an incideager beam caused by these moving
particles is measured as the particle mobility, #msl mobility is converted to the zeta
potential by the application of the Smoluchowskid®lo The mobility of the particles is
measured as function of the solution pH in such teagletermine the isoelectric point.
The isoelectric point is defined as the pH value/laich the zeta potential is zero. At this
value, the sum of the positive charge compenshtesdgative charge so that the surface
is neutral, therefore, at this pH no particle migma occurs. Before impregnation of
metal ions on a polar support, it is convenientlébermine the isoelectric point of the
support and of the metal sol.

Briefly, since the ions adsorption on a surfaceucgchby electrostatic interactith
between the ionized species on the carbon surfiagethee ionic species present in the
solution, the catalyst preparation must be optichize order to realize an attractive
interaction.

At pH below the phtp the resulting surface charge is positive and wiitaat anions,
above it, it is negatively charged and will attraetions. The experimental procedure
used in this work for the determination of the zegtatential is the following:
approximately 5 mg of CNFs were dispersed in 500fmNaClQ, and sonicated for 10
min. Following the suspensions were kept at 298H the pH adjusted to a value of 12
by using 0.1 M sodium hydroxide. A titration wasrfpemed from pH 12 to pH 2 by
addition of 0.1 M hydrochloric acid and the zetaegmbial was recorded as function of
pH.

46



3.1.2.7 Contact angle

Hydrophobic or hydrophilic properties of solid sagé are important in any application
where wetting of solids by liquids plays a roleclsuas adsorption, or catalysis -
especially in the case of multiphase reaction systeontaining both gas and liquid phase
together with a solid catalyst. The surface hydodytity or hydrophilicity of a solid
determines the range of its prospective applicatidme driving force of the adsorption
of a substance on a solid surface can have arradeatic or dispersive natdfé The
electrostatic interactions contribute to the hydhibp character of the surface, while the
dispersive force to the hydrophobic character.Ha majority of real solid surfaces,
hydrophobic or hydrophilic sites coexist on theface. Thus the relative contributions of
those forces define the predominant charactereostiface. The macroscopic observable
parameter reflecting those interactions is the acindr wetting angle between the liquid
phase and the solid phase. The same concept capplied for the evaluation of the
interaction of a metal particle with the solid swé through the wetting angle. The
relation between the contact angle and the solithsel tension is given by the Young

equation:

Cod = (ysg Yms) / Ymg 3)

Whereysy is the surface free energy at the interface uginhgylsolid-gas,ymsis the
surface free energy at the interface sessile dasp¢fe)-underlying solid anging is the
surface free energy at the interface sessile gragi¢le)-gas.

A surface is considered hydrophilic when the coingengle of a sessile drop of water on
the surface is less than 90°, and hydrophobic vgneater than 90° as shown in Fig. 3.4.
In the same way, the particle shape depends ohalaece of the surface free energy at
the three interfaces. Between two extremes of netting @= 180°) and complete

wetting = 0°), situation of intermediate interaction exastillustrated in Fig. 3.4.
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Fig. 3.4: The contact angle of a liquid drop over a solid surfdéé

3.1.2.8 Elemental Analysis

Overall nitrogen and oxygen contents were deterchustng a LECO TC-300 / EF-300
N/O analyzer (hot gas extraction). After thermataaposition of the samples in a
Ni/Sn/Pt-melt at B000 K under helium atmosphere (graphite-heatadtaexe furnace,
graphite crucible), the oxygen content was deteechiny measurement of the €0
concentration (after oxidation of CO) with an IRkcAnalysis of the nitrogen
concentration was carried out measuring the thecaraductivity of the helium/nitrogen
mixture after absorption of GOThe accuracy i8R % of the N/O present.

The Pd content was determined by XRF spectroscsinga wavelength dispersive X-
ray fluorescence (WDXRF) Bruker S4 Pioneer spectttem Typically, 0.5 g of sample
were deposited inside a polystyrene holder (34mdiameter) and covered with a 4 um

polypropylene foil. The measurements have beeropagd under He atmosphere.
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3.2 Pd nanoparticles onto the surface of N-containg VGCNFs for the

liquid phase selective oxidation of benzyl alcohab benzaldehyde.

Metal nanoparticles have attracted a great intarestientific research and industrial
applications due to their uniquely large surfacedtume ratios and quantum-size
effectd*® Because of these outstanding properties, diffefriom those of the bulk metal,
metal nanoparticles mimic homogeneous catalytictesys leading to improved
selectivity and efficiency in heterogeneous caialyfor this reason they have been
considered as promising materials for catalysisziémv of any potential application, one
important issue is the control of the size andsthepe of the metal nanoparticles.

Those directly observable characteristics of théatmeanoparticles are related to special
structural features, which are the determiningdiector the high selectivity. That is, the
selectivity of the nanoparticles is size-dependéitr this reason, the target in the
synthesis is to approach the ideal mono-dispersion.

Another issue is the stability of those nanopagticin the application environment. In
view of the catalyst recycling, metal nanopartielessed catalysts are often assembled
into macroscopic structures via immobilization aafgng onto inorganic or organic
polymer supports. One of the approaches used thesize metal nanoparticles consists
of the preparation of a colloidal solution of metenoparticles by reduction of metal
salts in solution in the presence of a protectiyend**4°14°

The protective agents, usually donor ligands, peikgnand surfactants, by means of
different action mechanisms (steric, electrostatichrough ligand interactidft) have
the role of controlling the growth of the initialfgrmed nanoclusters and to prevent them
from coalescence by wrapping around the nanopastidt forms a protective interface
layer which also preserves the long term stability.

An obvious advantage of the metal colloid depositrath respect to the conventional
salt-impregnation method is that both the size thiedcomposition of the colloidal metal
may be tailored independently of the support. Tlze ®f the nanopatrticles is also
determined by the kind of protective agent andHgy strength of the reducing agéft
The stronger the reducing agent, the smaller tmeperticle formed. Furthermore, it is

not necessary to carry on any other thermo-redeidtiwatments to obtain the metallic
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form, thus preventing the metal sintering or angnafstry modification of the support
surface induced by the thermo-treatment.

However, the supports must have a suitable sur&emistry in order to optimize
metal/support interactions during immobilizationdathius to homogeneously distribute
the metal nanoparticles all over the support serfat the present work Pd nanoparticles
have been synthesized by following this afore-noer@d route, which has been
optimized and already reported in literafd?é**4® The colloidal solution was
immobilized on the N-functionalized VGCNF describq@@viously in section 3.1.1. The
selective oxidation of benzyl alcohol to benzald#hys used as test reaction to explore
the potential of functionalized CNFs in stabilizingetal nanoparticles in the reaction
media a/o favoring preferential metal phase thromgial support interaction. The work
presented here is a comparative study on the mfkieof the surface chemistry of

different NC supports on the catalytic propertie®d-based catalyst.
3.2.1 Catalyst preparation: Immobilization of metalnanoparticles on VGCNFs

Na&PdCl, from Aldrich (99.99% purity), NaBkd (>96% purity) from Fluka and
polyvinylalcohol (PVA) (Mw = 13,000-23,000, 87-8%gdrolyzed) from Aldrich were
used. Gaseous oxygen from SIAD was 99.99% purst, Fiqueous solutions of PVA
(2%, w/w) and NaBK (0.1 M) were prepared. The Pd sol,RdCl-2H,0O (0.043 mmol)
and PVA solution (88Qul) were added to 130 ml of J&. After 3 min, NaBH solution
(860 pul) was added to the yellow-brown solution underovggs magnetic stirring.
Successively the sol was immobilized by adding @iNFs and thus the suspension was
acidified at pH 2 by sulphuric acid under vigoraisring. The amount of support was

calculated as having a final metal loading of 1 wt%
3.2.2 Catalytic test: liquid phase oxidation of beryl alcohol to benzaldehyde

The reactions were carried out in a thermostatisgleactor (30 ml) equipped with an
electronically controlled magnetic stirrer. The gep uptake was followed by a mass
flow controller connected to a PC through an A/[attb The catalytic tests have been
carried on in solventless condition and in aquesnlstion fixing the metal/alcohol ratio
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to 1/3000 mol/mol and the total volume at 10 mlir Bee reaction in water, the alcohol
concentration was 0.3 M. The reactor was presdiiridea pressure of Lbf 2 atmand
thermostated at 353 K. The reaction was initiatgdstrring. When using the organic
solvent, periodic sampling of the solution from tleactor was performed, whereas in the
case of water as solvent, the product mixture wadsaeted with acetone at the end of
reaction. Identification and analysis of the pradugere done by GC-MS and GC using a
Dani 86.10 HT gas chromatograph equipped with allaap column (BP21 30 mx0.53
mm, 0.5um film; SGE) Quantification of the reactant produetas done by the external

calibration method.

3.2.3 Catalytic test: liquid phase oxidation of Hto H,O,

Catalytic oxidation tests of +o H,O, were carried out in a stirred stainless steeltoeac

coated with Teflon (capacity 250 ml), containingrd@ of catalyst in a fine powder form

and 150 ml of anhydrous GBH as a reaction medium. A gas mixture containirtg 7

vol% of H, with a H/O, ratio of 1:2 and C®was bubbled continuously through the
reaction medium under vigorous stirring at room gerature until the pressure reached
the set value of 6.5 bar. The reaction productewealyzed by potentiometric titrations
of H,O, (Metrohm, 794 Basic Trinoand HO (Metrohm, 831 KF Coulometgr

respectively.

3.2.4 Characterization of Pd/CNFs based -catalysts yb Electron Microscopy
techniques

Electron microscopy techniques are powerful toals the local investigation of the

morphology, nanostructure, dispersion and size ribligton of supported-.metal

nanoparticles. The information is derived from thetection of the signal generated by
physical processes occurring as consequence aftdgraction of the electron beam with
the matter. When electrons interact with a targatenal, they might scatter elastically or
inelastically. The elastically scattered electr@am de forwarded through the sample or
backscattered. The inelastically scattered elestrvansfer the energy to secondary
processes such as Auger electron and x-ray emis§luose processes are reported in

Fig. 3.5.
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Fig. 3.5: Schematic representation of thteraction of the electron beam with the matter
(Adapted from*).

In the Scanning Electron Microscogd&EM), the images are formed by the detection of
secondary electrons and elastically backscattdestkens. The secondary electrons have
low energy so that they are emerging from the samyth a probing depth of few
nanometers, depending on the acceleration volfagethis reason secondary electrons
give information about the surface morphology. Tr®bability of back scattered
electron (BSE) is proportional to the atomic makshe elements, thus images in BSE
mode give information about the elemental compasibf a samples. Standard SEM
instruments are always equipped with EDX deteatdrich gives information about the
elemental composition by analyzing x-rays emittedhie relaxation process that follow
the generation of the hole in the core shell du&éanteraction with electron beam.

A Transmission Electron Microscog@ EM) operates in diffraction mode or in image
mode. The diffraction mode produces the diffractjattern of the sample when the
electron beam is in Bragg condition. The transmittdectron beam forms an image,
which is a two-dimensional projection of a threaezdnsional object in the direction of
the beam. Images formed by the large angle eldlgticxattered electrons are

characterized by a contrast which is indicativenafss/thickness. The cross section for
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high angle scattering is proportional to the th&ss of the sample and the atomic mass
of the elements composing the specimen. Thus, asguthe thickness constant, the
HAADF give information about the element compositi)A TEM might also be
equipped witrElectron Energy Loss SpectroscqRELS) detector.

The EELS is based on the detection of the inela$fiscattered electrons. The inelastic
scattering of the primary electron beam origindtes interaction in which a part of the
energy of the incident electron beam is transfetoethe process of the ejection of an
electron from the ground state to the valence b@hds, the measure of the energy loss
of the primary beam gives information about thettmic structure of the atoms and the
bonding states of the elements in the specimen. pdssibility of coupling all this
information output in one instrument makes the tetec microscopy techniques very
powerful and established characterization techrsgnecatalysis. It should be however
emphasized that due to the high resolution of tiserument they give only a local view
of the system under investigation.

Different microscopes have been used in this work:

0 A Hitachi S-5200 Scanning Electron Microscope (SE&tupled with EDX
detector for elemental analysis was used to ingat&ithe surface morphologies
of the nanoparticles and of the VGCNFs. The sampiater investigation have
been deposited on conduction carbon tape. All imagere acquired using an
acceleration voltage of 3 kV for better resolutafrsurface features, and 15 kV to
investigate the inner cavity of the VGCNFs.

0 The microstructure of the carbon samples and thepmted catalyst was
investigated by Transmission Electron Microscop¥NI). HRTEM have been
performed with a Philips CM200 TEM FEG equippedhat GATAN tridiem for
EEL spectroscopy. The samples were dry-depositetlebideposited on a holey
carbon film supported on a Cu grid. In order toestgate metal phase and
structural defects of the nanoparticles and toig@ght in to the immobilization
process of metal nanoparticles through the undeistg of the metal/support
interface and the occurrence of the protective tagenFEI 80-300 Titan

microscope equipped with Cs-corrector from CEO Shises used.
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Characterization methods:
XPS and TPD-MS

Nitrogen functionalities on the surface of CNFs atearacterized by coupling two
experimental techniques: Temperature programmed WRS on-line MS. Information
about the thermal stability of different N and hdtional groups and the dynamic
surface rearrangement of the functionalities ar¢éaated. These measurements provide a
phenomenological approach to the assessment afitftgen and oxygen species in the

very broad N1s and O1s core level XP spectra.

In the introductory part of this thesis the impocgnof nitrogen and oxygen

functionalities in determining the physic-chemigabperties of the carbon surface, such
as surface acidity-basicity, wetting and adsorpticapability, red-ox properties,
hydrophilic-hydrophobic properties, was emphasizéd. order to induce specific
properties on the NC surface, it is thus very inguar to introduce functionalities in a
selective manner. The approach used in this worailsering the surface chemistry of
oxidized carbon by means of thermal treatment ins.NHhe first question to answer is
then: how does the treatment temperature influence thsdrillition of N and O
functionalities?In order to answer to this question, deep charaeti®on of the sample
with high resolution analytical tools is necessaifhen dealing with carbon material, the
deep characterization of the surface functionalugsois not an easy task. The
characteristic high adsorption of light on carbottledes the possibility of using IR
spectroscopy, which is in principle the best tegbaifor the characterization of functional
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groups in organic chemistry. Indeed, XPS and TP® the most suitable and applied
techniques for the characterization of the chentoalfiguration of the species present on
the surface of carbon materials. XPS studies theling configuration of the elements
present in the sample, while TPD determines thenthk stabilities of the functional
groups present on the carbon surface. Coupling ittiermation from both the
characterization techniques represents a valid oagpr in the attempt to assign the
chemical nature of the measured XPS and MS sighmafsarticular, in this work the two
characterization techniques are usedtamdem XPS measurements are performed
sequentially during TPD experiments. When the samipl subjected to a thermal
treatment, any occurring surface modification ad fhnctional groups can be monitored
by XPS and the gas release recorded by on-lineTW& experiments described following
have two aims: on one side the more general andtiaogbtentative to asses the BE of
nitrogen and oxygen functionalities in graphitesliknaterials; on the other side to
investigate the influence of the functionalizatibeatment conditions on the distribution
of nitrogen and oxygen functionalities. The thermstlability and the surface
rearrangement of the functional group are studsedell.

In order to describe and discuss the XPS dats nécessary to establish the parameter for
the fitting of the O1s and N1s spectra. The rexflthe difference spectra methdtfs*
applied to the XP spectra recorded during a TP-XRBeriment are reported in the
Appendix. Literature assignment of the N1s and &iwelopes and the thermal stability
of the functional groups in carbon material detewdi by TPD are presented in this
chapter. Finally, the chemical interpretation af tPS is reported with emphasis on the
influence of the functionalization temperature dre tdistribution of the N and O

functionalities.

56



4.1 Assessment of N and O species in carbon by meart XPS and TPD

4.1.1 Surface analysis by XPS: Critical aspects

Although XPS is the most suitable analytical tegaes for the characterization of the
surface functional groups in carbon material, thare some limitations hindering the
precise and unequivocal identification of thosecsg®e This is reflected in the large
amount of literature dealing with XPS analysis dfagen a/o oxygen species in carbon
materials and in a controversial assignment of rtaeire of the nitrogen and oxygen
components in the N1s and O1s spectra among tlade*d’® The controversy derives
from the high heterogeneity of the carbon surfadeer a multitude of species are
presents. Those species have nearly the same BIg P spectrum, not resolvable with
the resolution of the analytical tool available rmolays. The peaks overlap with each other
rending their assessment complicates. In additiom,surface of realistic nanostructured
carbons obtained by CVD of a hydrocarbon, such B&Cand CNTs, is very often
characterized by the presence of a deposit of pgdlic aromatic hydrocarbon (PAH).
The functional groups in the PAH contribute to tk@adening of the XPS spectra.
Conceptually, the XP spectrum of a model compouard lie used as finger-print for the
identification of the species on the surface ohebon samples. Unfortunately, due to the
intrinsic topological heterogeneity of graphitediknaterials, it is also very difficult to
prepare model system containing only one type etigs. When the spectra are broad, the
approach often used to solve the problem is thénenadtical deconvolution of the very
broad XPS peak in singular synthetic componentse Tain problems faced while
analyzing XPS data concern the methods to fit tResgectrum (number of peaks, peak
shape, and type of background) and the assignnfetiteochemical identity of these
peaks. Surface scientists have dedicated a Idfat®in the understanding of the physic
of the photoemission process resulting in the erptally measured peaks. Although
the problem of the peak deconvolution is still gemw question, some fitting parameters
have been settled nonetheless for comparison uattature work. In particular, N1s and
O1s peaks are well described by a G-L curve aftehidey background subtraction. Still
the problems concerns the number of peaks usatlttefbroad XP spectrum. In order to
identify the different O or N species on carbon enat, chemical, electrochemical and
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thermal treatments have been applied to the cambaterial with the aim of inducing
surface modification that can be monitored by ¥P&%° Early literature has been
mainly focused on the assessment of oxygen spetipslymers or graphite fibers. In
these papet®**! the authors analyzed principally the Cls corell@and only in few
cases there is an attempt to compare these datativeitO1ls analysis. Different values
have been reported for a given species dependitigeomature of the matrix in which they
are present, if aliphatit® or aromati¢>®. Thus, the comparison of the measured BE to
experimental BE of model organic molecule or tootletical calculated for small graphitic
domains, cannot be straightforward used to identié/species in graphite-like materials.
In summary the scatter of the BE for certain fumudlities can be due to the following

situationg*

°© The BE in condensed polyaromatic structure is ebgueto be smaller than the

values obtained for not conjugated cycles.

°© The accuracy for the position of the componentapeahdent upon the relative

intensity of the peak. If the atom content is Ithe uncertainty may be significant.

°© The chemical shift is influenced by the extensidntlee interaction of the
functionalities with thetr-system. The size of the graphite domains and hiaege
redistribution in within the graphite domain due telative presence of
neighboring functionalities also influence the clmah shift for a given

functionalities.

° The BE for a given functionality may slightly vasieepending on the topoldg§

of the termination in which it is located.

Another source of uncertainty in the assignmenthef XP spectrum components arise
from the presence of a film of adsorbed water, Wiscnot removed in UHV. The relative
interaction between neighboring species and therbdd water might produce a BE shift,
which is not straightforward predictable. For dietlisted above reasons, the absolute
value of BE for a specified functionality cannotdstablished, but rather a BE region. It is
thus clear than only coupling XPS with other expemtal techniques allows the
identification of the number and the chemical naifrsurface species.
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4.1.2 Surface analysis by XPS: literature assignmenof nitrogen and oxygen

functionalities in graphite-like material

Different nitrogen and oxygen functionalities orrlman with quite different chemical
properties are reporténd illustrated in Fig. 2.5 (ref. see chapter 2).

Table 4.1 reports some literature data concerriegBE relative to the most common
nitrogen and oxygen species in carbon matéristé®

Table 4.1 Literature assignments of the BE of the most cammitrogen and oxygen species present in
carbon materials.

Type pyridine amine amide Pyr_rol/ Quarter. N-oxide/Nitro Material Re
of N pyridone

398.3 400.1/399.5 401.3 403.1 AC 153

398.7+0.3 400.3+0.3  401.4+0.5 402-405 Char 154

398.9+0.1 400.9 403.1+0.5 NC 155

398.30.1 400.1+ 0.1 401.3+0.1 403.1+0.1 Char 156

398.7 399.9 399.9 400.7/399.7 402.5+0.5 AC 157

BE | 398.7+0.3 400.4+0.3  401.4+0.3 402-404 Char 158

[eV] | 398.6+0.1 399.4 400.3 401.5 Coal 159

398.8+0.1 400.2+0.1  401.4+0.1 402-404 Coal 160

400.2 399.4 CNT 161

399.7 SWNT 162

399.7-403.1 Model 163

400.2/406 CNT 164

398.4+0.1 399.4+0.1 400.1+0.1  401.1+0.1 6401 CNF ng'fk

I]}/ge Quinones &0 OH cC-O NG, water Mater. Ref

530.9 533.4 CNT 165

531 534 532.5 CF 149

531.7;532 533.3-533.8 CNT 166

531.4 533.5 ACF 167

BE 530.6 532.3 536.3 AC 168

€V) | 5311 532.3 534.2  533.3 534.3 535.9 AC 169

533 Graphite 170

531.6 533.6 5324 535-536 CF 171

531.1-531.8 532.6 533.5 535.2 CF 172

530.3 533 531.6 Graphite 178

530.740.1 531.4+0.1  533.%01 532.44#0.1  533.1 535+0.1 CNF ng'fk

Acronyms: AC Activated Carbon; NC nanocarbon; SW&iTgle-walled nanotubes; CF carbon fiber; ACF
AC fiber.
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In the case of the N1s, the BE values reportedterature scatter slightly for a certain N
species, but they are consistent with each othénenassignment to a specific bonding
state. For instance, the BE of N in pyridine (tongiify is referred as N1) is well
established in literature and can be used as referéor the shift of the other type of
species. It lies between 113.7 eV and 114 eV higteer the maximum of C1s péak

In agreement with the theoretical calculatiénfour different BE region have been
individuated in the experimental N1s core levelcs@eof carbon materiglrable 4.1):
the first region ranging from 398-399 eV referghe pyridine-like N atoms, considering
any forms of nitrogen which contribute to thesystem with one p-electron (N1); the
second region between 400-400.5 eV refers to N atompyrrol-like configuration
donating two p-electrons to thesystem (N3).

The N3 is composed of the contribution of pyriddaetam and pyrrol functional groups;
the pyridone functionality is the tautomeric forrhtbe lactam functionality. It can be
illustrated as a pyridine functionality having agplol group in alpha position. Within the
accuracy of XPS measurement, pyridone and pyrrcamot be distinguish&d %

The third BE region at around 2.5 eV higher than(Mbeled as N4) is usually referred
to any form of quaternary nitrogen (N4) includingbstitutional nitroget?®, and
qguaternary N due to intra or inter-molecular hya@mdoond with pyridine or aniline
functions. The chemical nature of the quaternatyogen, also known as “graphitic”
nitrogen is still matter of discussion in literagurAn exhaustive analysis about this
species was carried out by Buckigy The author argued on the inadequate assignment
of this specie to an oxidized form of pyridine agen. The argument was the lower
thermal stability that an oxidized form of nitrogspecies would have compared to the
over mentioned quaternary form of nitrogen. Theafditic” nitrogen is actually the
highest thermal stable nitrogen species found ibharamaterial. A hypothetical structure
of this functionality was derived by analogy of dhetical calculation carried out by
Boutiquée " et al. on model compound as the one reported in scheme2f in which
nitrogen is incorporated in the graphitic structueplacing a carbon atom. In such
configuration, the N atom forms threebonds with neighboring C or H atoms and
contributes with two electrons to thesystem. Thus, this nitrogen species carries a
formal positive charge. The existence of the “graghnitrogen is however not generally

accepted.
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In contrary, it is general accepted that the faogbion above 402 eV is the region of
oxidized forms of nitrogen. Pyridine oxide N5 isfedd to about 4.5 eV than pyridiffe
153 and up to 6.5 eV there are the nitro functionaditiés:>>.

The region between 399-400 eV is less documentediterature and it refers to
functionalities in a chemical bonding state thahiermediate between pyridine-like and
pyrrol-like configuration. This region is also rafed to the region of the N-H bonds.
There is a high uncertainty to define the naturéhoke species (referred here as N2) by
mean of the XPS BE shift, since several are thelidates having nearly the same BE:
amino group® attached to aromatic rings, amide gri@pnitrile groups and nitroso
specie¥®®. The BE for amide and amine referefi¢eare at 399.2 eV and 400.2 eV,
respectively.

The assessment of the components in the Ols speiraven more controversial. As
reported by some authdfs’’ the presence of a film of molecular water givéseato a
large O1s signal even in vacuum. This peak intesfexith the peak of many oxygen
functionalities and misguides the interpretatiohud, there is no common assignment of
the nature of the peaks composing the O1s spectiephite and graphite-like materials
at the moment. The main disagreement regards assignof the oxygen atom in
carboxyl groups.

Previous study/®***has suggested that the C-O single bond in hydmgootps fall in the
range of 532.3-533.3 eV regardless if due to ph@motarboxylic groups, while the
ketone function in the range 531.1-531.8 eV.

By analogy to model acid compound, Desinidti’ et al. assigned the peak at 534 eV
to carboxylic acids.

Sherwood et al'’® consider the two oxygen in carboxylic functiorigbt as XPS
equivalent, with an intermediate situation betwdeunble and single bond, that give arise
to the peak at around 532-533 eV. The most comgndescription of the Ols XP
spectrum consider the following BE regiofis®>"* 01 (530.7 eV) usually attributed to
a highly conjugated form of carbonyl oxygen suchgamine or pyridone groups™**
02 (531.1-531.8 eV) is assigned to a carbon-oxydmrble bond; O3 (532.6 eV) is the
carbon-oxygen single bond; O4 (533.5 eV) referoxggen single bond in hydroxyl
group. However from literature analysis is verych&y conclude which is the chemical

structure of the two different peaks referred a® Gingle bond. Note that the position of
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water is quite debated in literatd?&' "2 Exhaustive studies of adsorption of water carried
on polycrystalline graphite have lead to the idedtion of very broad peak centered at

533 eVV’°. Furthermore, some authors assign the signal @%eab35 eV to adsorbed
water and/or oxygen.
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4.1.3 Surface analysis by TPD: Oxygen functionaiés

Surface oxygen functionalities on carbon mated@sompose upon heating by releasing
in gas phase C{and CO at different temperature. These speciedeatetected in the
mass spectrometer following th#z44 andm/z28 signals.
The decomposition temperature is diagnostic of ¢hemical nature of the species
decomposed. Unfortunately, thermal desorption paaksjuite broad.
In order to assign a chemical identity to the viergad TPD peaks, earlier wofk has
approached the problem by means of the analogyeta@¢composition profile of model
organic molecules. The thermal stability of orgaamd molecules has been studied
extensively in literature®*®°as “finger-print” parameter to identify those malées.
Furthermore, some authors investigated the inflaeat several substituents in the
aromatic ring of benzoic acitt on the thermal decomposition of these speciesjimyo
that a shift in the decomposition temperature shbel expected depending on the nature
and mutual location of neighboring species. In steay where those species coexist, like
in carbon material, this fact leads to the overagpof fragments generated by the
thermal decomposition of those species. In additorthat, realistic nanostructured
carbons are characterized by a mixture of'sgp bonding configuration due to the
presence of both aliphatic and aromatic fractidrtee decomposition temperature of a
functionality depends on the carbon chemical stimectThere is other factors hindering
the unequivocally assignment of the nature of tR® Ppeak to specific groups.
For instance, before the thermal decompositionsgieeies can undergo to rearrangement
on the surface. Two adjacent carboxyl groups catergo to dehydration and anhydride
formation and decompose at higher temperature., Tthisstechnique is not suitable for
the characterization of species initially presamtloe sample, being itself a “destructive”
technique in which the system can dynamically clkaridie broadening of the peaks is
an indication of the occurrence of chemically difet species but, it is also due to the
presence of the same oxygen species on energetilifidrent sitesFor instance, it was
reported’®that functionalities present in different topolagisites ¢igzagor armchaip)
decompose upon heating at different temperaturdhargdbroadening the TPD peak.
Other sources of controversy in the literaturegassient of TPD peaks to specific surface
groups are the porous texture of the material hiéregting rate, and the geometry of the
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experimental system used. These factors affectrékedsorption of the decomposed
species and the mass transfer of the species tiethetion system.

Nevertheless some trends have been establi$H&d'® It was found that oxygen
functionalities with acidic character decomposeirgjvarise to C@ while the basic
species decompose upon heating releasing CO irplgase. The stronger the acidic
character (strongly oxidized species) the lowerdbdeomposition temperatundce versa
the stronger the basic character, the higher theordposition temperature. The
temperature range of the thermal decomposition arhes oxygen species in inert

atmosphere are reported in Table 4.2.

Table 4.2:Literature data for the thermal stability of the shoommon oxygen species.

Surface ) ) Carbonyls in
Carboxylic Anhydride phenols ) _
group _ Lactone [CQ, qguinone-like
acid [CQ] [CO+COy [CO] _
[product] species [CO]
182
900 K
673 K52 205 "
550-590 K82 623-823 673-850 K182 | 945 K184 1070 K

463,573,693,903 K° 9731093,1253 K7

Temp. | 530- 654 K®* 950 K'% 873-973 K% | °* _
85 (different sites) 184 (Different sites)
400-623 K 706-792 K& 770K 1073 K82
946 K84

According to the literature, CQlesorption appears at lower temperatures and gadsce
from the decomposition of carboxylic to anhydrideups (acidic groups) and/or lactone.
Those species can be distinguished by the fact ¢hgtoxylic anhydrides produce
simultaneously to the COpeak an equal amount of CO. On the other hand, CO
desorption occurs at higher temperatures from #emhposition of several types of
surface oxygen groups (i.e., phenolic, carbonylngues and ether-like weakly acidic,
neutral, and basic groups). Based on the valuertexpon literature, it is possible to
quantify the different species by the deconvolutioh the broad TPD ped#®*®°
However, in this thesis, the TPD measurements padd on the samples under study
(Table 3.1) are reported and qualitatively discdsse
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Fig. 4.1: m/z44traces for the CNFs samples during TPD
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Fig. 4.2:m/z28 signal for CNFox during TPD

Fig. 4.1 shows the evolution af/z44 during the TPD experiments for all the samples
investigated. It can be seen that in the CNTox [irez), the CQ desorption is noticeable
larger than in the others samples. Qualitatively rtiiz 44 spectrum for this sample is

composed by four components: the shoulder in thetéonperature range of the spectrum
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can be related to the lowest thermal stable spel@esmposing below 500 K; the peak Il
is in the temperature range 500-700 K with maximatnabout 600 K. The number of
peaks in the temperature range 600-800 K is mdfieudt to establish, nevertheless the
shoulder in this range suggests for a peak Ill widiximum at about 750 K; clearly a
peak IV with maximum at 900 K is present. The pnegeof those peaks is an indication
of the existence of several kinds of oxygen spediee TPD of N-CNT473K (green line)
showsm/z 44 traces evolving in a large range of temperafline species (peak ) with
thermal stability below 500 K are not present ie #ample N-CNT473K while all the
other oxygen species present in the CNFox arerstiélined after the Nfitreatment at
473 K. However, the amount is drastically redugesbk 11 with maximum at 600 K and
peak IV with maximum at about 900 K). In the sampfmctionalized at higher
temperature (NCNF673K blue line) only the high thal stable oxygenated species
decomposing through the formation of peak IV witaximum at 900 K in the TP spectra
are present. According to data reported in talffe hose fragments are generated at that
temperature by the thermal decomposition of lactgpmecies. The sample NCNF873K
gives arise to a negligible amount of £dpon heating.

Fig. 4.2 shows the CO evolutiom{z28) during the thermal decomposition of the swefac
functional groups for all the samples investigatédthough CNFox presents the
evolution of CO in the low temperature range, ftirtae samples investigated, CO
evolution occurs above 800 K. The samples CNFOXNREL73K and NCNF673K are
characterized by the main peak with maximum at ROQThis peak is not present in the
sample NCNF873K where the CO evolution occurs ab®960 K, indicating the
presence of ultra stable 3 or quinone-like species. However, the amount efttlgh
thermal stable species decreases while increaBsfunctionalization temperature. It is
thus demonstrated that the thermal and chemicaltntent in NH produces on the
CNFox surfacemodification of the starting oxygen functionalgidn particular the most
acidic functional groups such as carboxylic groapd anhydride, initially present on the
CNFox, are thermally decomposed or converted ifeidiht kind of species by reaction
with NHs. This is clearly seen in the increase of the,CG®olution in the high
temperature region for the sample NCNF673K witlpees to the samples NCNF473K.
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4.1.4 Surface analysis by TPD: nitrogen functiondiies

It was reportetf® that nitrogen functional groups in carbon materidécompose upon
heating by releasing in gas phasesNHCN, N, and in the most oxidized samples NO.
In the samples investigated, nitrogen evolves maad NO (Fig. 4.3) in the samples
CNFox and NCNF473K and, as CN radicals and HCNenaminated samples (Fig. 4.4
m/z27 for samples NCNF473K and Fig. 4.5 for the saniIiNF873K). For the CNFox
sample, N evolves giving arise to the formationN®D (m/z 30) with a trend that
highlights the decomposition of at least three mse(Fig. 4.3).
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Fig. 4.3:m/z30traces for the sample CNFox (blue line) and for NK@R3K (red line) during TPD.

The two visible peaks start at 400 K with maximutnabout 445 K and, the second
maximum at about 550 K. Those peaks can be unddiybtassigned to nitro

functionalities® The third peak has maximum at about 650 K. Witbréasing the

desorption temperature, the acidic character of gbecies generating the fragments
decreases. From a structural point of view, ie@sonable to imagine that the lower the
number of O atom coordinated to the N atom, thédrighe desorption temperature. In
NCNF473K, the release of the NO regards the twdérigemperature peaks but in
smaller amount compared to the CNFox. Those NOiaspeare introduced during the
oxidative step and, being thermally stable at 473th€y are still retained after the
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amination step. The decomposition of N specieshan NCNF473K occurs mainly by

releasing in gas phas&z27 (Fig. 4.4).
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Fig. 4.4: Mass traces for the sample NCNF473K during TPD.

This is usually related to the formation of HCNcasfirmed by the fact that the/z27 is
always accompanied by the presence ofrtie 26 which is due to CN radicals. The
origin of HCN is often referred in literature asesult of the reaction between nitrile
radicals with water converted in HCN. The desorptiemperature of HCN is indicative
of the nature of the N species. It is repottetiat formation of HCN below 1073 K is
generated by decomposition of amide through a dealigath pathway or lactam through
ring-opening followed by dehydration. Above 1073tKvas reported being generated by
cracking of pyridine ring. In the sample NCNF473Ke evolution of HCN occurs in a
large range of temperature. This is indicationtfar high heterogeneity of N species such
as amide, lactam and pyridine. Nevertheless, tlease of HCN above 1000 K due to
pyridine species is very limited. In Fig. 4.5 aeported the signal generated during the
thermal decomposition of the N species for the $asmMCNF873K.
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In contrary to the sample NCNF473K, the main MShaldor the sample NCNF873K is
the m/z 26. The reason of the observed inversion in thative amount of these two
fragments 1n/z 27 andm/z 26) for this sample might be related to the pogaraphilic
character of the sample NCNF873K with respect ®NICNF473K as shown later on in
the Ols spectra of these two samples. The amountiat released during the TPD of
the NCNF873K is quite limited (not shown) compatedNCNF473K. Although the idea
reported in literature about the origin of HCNslitould be considered that in the case of
lactam species, the N atoms has ahcgmfiguration and carries an H atoms, thus the
break of the amidic C-N bond during the thermalasheposition leads obviously to the
formation of HCN. Differently in the case of pyndi species the N atom has & sp
configuration and does not carry any H atoms, thesthermal decomposition of these
species certainly gives rise to nitrile radicahi@tion as observed in our experiments. In
Fig. 4.5 is possible to distinguish a small peaktered at 700 K due to amide species,
and a very large peak centered at 1100 K whichabgbly due to the decomposition of
pyridine species. In summary, the sample functiaedl at lower temperature
NCNF473K contains nitrogen functionalities as chaioieties on the surface which give
arise to HCN formation through a very broad peaigiag from 800 to 1100 K centered
at 1000 K. The sample NCNF873K is characterizedhgy thermal decomposition of
species which give arise to the traw& 26 in the mass spectrum. A part for a small peak
centered at 700 K, the CN radicals are generateoveablO0O0 K. Thus, the
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functionalization temperature has a strong impacthe nature of the nitrogen species
introduced during the amination. In particular, whide functionalization is made at
higher temperature (NCNF873K) the nitrogen moiefstable at 473 K) can condensate
in ring and eventually dehydrating during the tmeert itself, and they evolve in the TPD

mainly asm/z26 at a temperature that depends on the degashgtiration.
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4.1.5 Dynamic Surface rearrangement and thermal stality of nitrogen and oxygen

functional groups studied by temperature programmedXPS-MS

The mathematical treatment of the spectra recoddeahg TP-XPS (Appendix) offers a
phenomenological approach to the fitting of the Nibsl Ols envelopes. The critical
analysis of the changes in the XP spectrum obselueidg the desorption process, the
sequential thermal decomposition, the relativenttatrstability and the type of fragment
generated by the desorption process allows toifgethe chemical nature of the species
giving arise to the peaks observed in the XPS &d-MS spectra.

If the sample is subjected to a thermal treatmeititer in inert atmosphere or in UHV,
part of functional group will be decomposed anceditd by on line MS. The remaining
functionalities appear in the XP spectrum, allowioga more constrained determination
of the BE and the line shape, i.e. FWHM for thepecges. Once all the possible
functional groups are well known, a consistenofi@all recorded spectra during the TP-
XPS is done considering always the same contribstio

The temperature recorded in several runs mightatevdue to a slightly different
mounting of the temperature sensor. Shift in teajpee are observed especially when
the measurement are performed in UHV. NeverthetbsslMS traces are consistent with
each other if one considers a rescaling of therdecbtemperature.

Such kind of combined experiments are extremelyulige characterize the functional
groups present on the surface of the carbon mbhtarththe species generated by their
decomposition. Furthermore these combined expetsngive information about the
thermal stability of the functional groups presemt the surface. This is of great
importance in the view of the application of fuocialized NC at elevated temperature,

for instance in catalysis.
4.1.5.1 Temperature programmed XPS -MS on oxidszgdple

The experiment described here aims at the compsedrenf the nature of the functional
groups introduced on the surface of VGCNF duriniglatxon by HNQ.
The experiment is carried out in a high pressursitun XPS chamber (ISSIS beam-line)

equipped with on-line MS in He at 0.5mbar and wigating rate of 10 Kmih

71



3.0 Nisfor CNFox — first spectrum

i —— second spectrum
25) € P
2.0} ‘ K
15] P ) \

1.0+ ) n,\m |
T

05k f it |
f
™ I

0.0F N

410 408 406 404 402 400 398 396
Binding Energy [eV]

Normalised Intensity *1)CPS/mA]

Fig. 4.6:Beam effect on the N1s for CNFox: first spectrunac¢k line); second spectrum (red line).

Fig. 4.6 shows XP N1s core level spectra for theT@Nat room temperature and after
exposure to beam for a few second. Similar spéwie been already report&d®? In
agreement with literature dafa'*%%%1%%he oxidative process by nitric acid introduces
small amounts of nitrogen in the form of nitro ftinoalities, probably intermediate
species further transformed in oxygenated functibes Those species referred as N6
are found in the XP N1s spectra at about 406 eMszsissed in section 4.1.2.

The chemical nature of the very broad peak betvd333400 eV with its maximum at
399.6 eV remains unclear, though it is a commotufeareported in literature for nitric
acid oxidation of carbon matertal+%%*!

In this binding energy region non oxidized nitroggrecies are found, although some
authors reported that nitroso functionalities camehBE within this regiofi>. However,
we observed that N6 species is beam sensitivethatdt is partially converted into this
very broad peak upon exposure to the beam for nergds (Fig. 4.6)Therefore, it is
quite likely that the reductive effect of the X-rgam converts those nitro species in
reduced form of nitrogen having the chemical siiéintioned above.

This is accompanied by the simultaneous decreasigei©1s of the specie centered at
533.1 eV (FWHM 1.3) which is thus assigned to oxygeN-O bond (Fig. 4.7).
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Fig. 4.7: O1s difference spectra before and after beam expdsuthe sample CNFox.

Among the samples investigated only the CNTox hasve beam damage.

Fig. 4.8 and Fig. 4.9 reports the MS traces reabrtiging the temperature programmed

desorption experiment.
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4.8: MS traces recorded during TP-XPS experiments foFax.
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Fig. 4.9: MS traces recorded during TP-XPS experiments foF&N

Similarly to the TPD experiment, the nitrogen spsctlecompose giving arise to NO
detected am/z30.

Fig. 4.10 shows the modification of surface N spe¢N1-N6) while heating during TP-
XPS experiment.
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Fig. 4.10:N1s species abundances (0.1 eV) versus T for CMiEarg TP-XPS: N1(398.4 eV); N2
(399.6 eV); N3 (400.1 eV); N4 (401.1 eV); N5 (408)eN6 (406 eV).
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At around 600 K the XP peak at about 406 eV (N6alimost totally gone in the gas
phase. It corresponds to the end of the evolutidhem/z 30 in the mass spectrum (Fig.
4.8). The evolution of the mass signal&z 30 is attributed to the decomposition of nitro
functionalities. Note that in this temperature rarigem/z 14 has the same profile than
m/z 30 (Fig. 4.9). The presence of the very broad 3¥zeak between 398-400 eV in
Fig. 4.6 justify the assumption that by HBGapart of the oxidized nitrogen, others
functionalities are introduced. This is proved by tevolution in gas phase of/z 27
which is released when non oxidized N species tarbecycle moieties are decomposed.
This is possible if one considers the reductivectfbf the X-ray beam on the functional
groups or if one assumes the presence of defedtseographitic structure that can insert
N atom in the graphitic structure. Thus, the speutis deconvolved as reported in the
appendix. In the deconvolved spectrum the main peédund at a BE of 399.6 eV (N2).
This functional group decreases in the XPS N1s tapmc while increasing the
temperature (Fig. 4.10) and might be related toeth@ution of them/z 27 in the MS
(Fig. 4.9). Note that then/z 14 evolves at lower temperature with a similandréo m/z
30 and at higher temperature with a similar tremdhem/z 27 evolution. Later on, the
N1s spectrum components at BE corresponding talipygi(N1) and quaternary nitrogen
(N4) at 389.4 eV and 401.1 eV respectively (Fid.13. However, the intensity of these
species is very low. It must be pointed out that tlias sample the dynamic surface
rearrangement of the N species follows the sanmal tas it is observed for the aminated
samples. This phenomenon will be described andusiésd in the next section dealing
with the assignment of the N species. The modibcabf the oxygen species are
analyzed by following the gas phase release of &@ CO in the MS

The CQ evolution profile in the MS (Fig. 4.8) is charaized by the main peak centered
at 500 K ending with a long tail.
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Fig. 4.12:01s species abundances (+0.1 eV) vs temperatur€316 eV); 02 (531.5 eV); 03 (532.5

eV); 04 (533.6 eV); 05 (535 eV).

The variation of the abundances of each specid®i®1s during heating are reported in
Fig. 4.12. In the fitting procedure of the Olshe®wn that for the CNFox the O3 oxygen
species at around 532.4 eV is the first specietersin modification induced by the

thermal treatment (appendix Fig. A.5). Simultandpuhe release of C{Qm/z44) and

water(m/z18) occurs in this experiment at about 373 K (Big).
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Fig. 4.13:Difference between O1s spectra recorded77 K and 553 K for CNFox.

The same trend is also observed for the sample MZBI. It was shown already in Fig.
A.7 (Appendix)that between room temperature and 412 K a broad peakd(#V.85
eV) centered at 532.4 eV decreases in the Olsrapectt was already reported in
literaturé ° that adsorbed water gives arise to a very broatt pevering a broad range
of BE. The adsorbed water might interact with th@ctional groups present on the
carbon surface producing a BE chemical shift. Heavess reported in Table 4.1 the BE
of the O3 species is referred to the region of Gh@® single bond. During the thermal
desorption the low thermal stable C-O single bones@nts on the carbonate groups
breaks firstly and this could explain the decregsohthe O3 (C-O single bond) as first
species being thermally decomposed.

While increasing temperature, desorption of thecigseat 532.9 eV between 398 K and
477 K occurs for the CNFox as reported in Fig. ABis peak might be correlated to N-
O species as observed during beam damage on tleessanple (Fig. 4.7). Above 477 K
the difference spectra reported in Fig. 4.13 shbwmwsdening in the low BE side where
the carbon-oxygen double bonds are found. The samebus and parallel decrease above
477 K of the surface abundances of O4 (533.6 eW)@a (531.5 eV) species observed in
Fig. 4.12 suggests that these species might bereleable The O4 species is found in
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the region referred as the O-H bond region whike @2 species is the carbon-oxygen
double bond. However, the O4 is always in largeoam than the O2 and it is the most
abundant species at high temperature. The Ols X&trgm recorded after tha/z 44
evolution shows a very low amount of oxygenateccfiomalities left, mainly present as
04 and O1(Appendix Fig. A.10). Considering that lbes thermal stable O4 specie is
found at a BE of 533.5 eV, while the high thermtabte species is found at higher BE
533.6 eV. The small shift in the BE of the O4, tinge with the different thermal stability
of those species, is an evidence of at least tiWerdnt chemical configuration of single
O-H bond contributing to the O4 peak. The lessrttaistable O4 species is identified as
OH in carboxyl groups while the high thermal staisledentified as OH in ultra stable
phenol groups. The O1 (530.6 eV) specie is presenhe CNFox in very small amount.
During the thermal desorption it slightly increaselsile above 700 K decreases again
and reaches the initial value. The nature of thecees is very difficult to establish. This
region is referred as the metal-oxide region. Hamvewnetal was not detected in the
survey spectra, although being the amount so smauld be even not visible in the
survey. Otherwise, the O1 species might be due@dduble bond in highly conjugated
guinine species. n summary, the amount of quintikesspecies (O1) or ultra stable OH
groups (0O4) introduced by the HN@eatment is very low and mainly by this way the
carboxylic groups and anhydride are introducedaliyinthe O5 species at about 535 eV
is still not well established. This feature is ay@wagresent in the Ols spectra recorder
during the thermal treatment. However, the abunelaofc this species increase and
reaches a maximum (Fig. 4.12) in correspondendbeofnaximum observed in the/z

18 in the MS (Fig. 4.8). Thus, in agreement witarhture this feature might be assigned
to adsorbed water.
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4.1.5.2 Temperature programmed XPS -MS on NCNF873K

The experiment described here aims at the compserenf the nature of the N species
present on the surface of aminated CNFs.

The experiment is carried out in a XPS chamber (R4@dulator beam-line) equipped
with on-line MS in HV (pressure 10mbar) condition with heating rate of 5 Kritin
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Fig. 4.14:Deconvoluted N1s core level spectra for sample N&EMNK during in-situ heating. Nlat
398.50.1 eV; N3 at 4080.1 eV; N4 at 401%0.1 eV; N5 at 403#40.1 eV.

The XPS N1s core level spectrum of the sample NCI8K8and its deconvolution is
reported in Fig. 4.14. As described in section2.1three BE regions can be assigned
to different nitrogen bonding in the N1s spectruhmodel carbonaceous materigfs

the pyridine nitrogen region (labelled as N1, ab@h398.5 eV), referred to nitrogen
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atom contributing to tha system with one p-electron; the pyrrol region @idd as
N3, at about 400.1 eV), referred to nitrogen atantdbuting with two p-electrons to
then system. N3 composes the contribution of pyriddaetam and pyrrol functional
groups. The pyridone functionality is the tautomddrm of lactam functionality. The
third region (labelled as N4, at 401-403 eV) isereéd to the quaternary nitrogen,
including protonated pyridine or the “graphitic’trdgen when the nitrogen atom is
incorporated in the graphene layer replacing carbtom®® Furthermore, a peak
labelled as N5 with a BE shift of about 5 eV to thgh energy side compared to
pyridine is assigned to pyridine oxide. No conttibn of amine or amide between
399-400 eV has been found.

Fig. 4.15 displays the TPD-mass spectra during P&XThe main detectable signals are
HCN (m/z27), NO (/z30) and N (m/z14). A part of than/z30, the species originated
from the decomposition of the functional groups #re same observed in the TPD
experiments. However the relative amount is difierend temperature scale differs too.
Them/z27 signals (Fig. 4.15 dotted line) exhibit ovdrtake temperature range several
features corresponding two different functional up®. The oscillation of this signal
between 400 K and 660 K indicates a dynamic charigde N-functional groups on
carbon rather than a simple decomposition intongakecules. In comparison with HCN,
signal assigned to NO is relatively low, and it®lation characteristics differ too. In
particular it is linked to the lower thermal staloligrogen functionalities. Then/z 14 is
strictly related to the nitrogen functionalitiegyce it comes from fragmentation of those
species. In fact it presents the same oscillatibantm/z 27, especially at high
temperature. According to literatite decomposition of functional groups through
formation of nitrile ion gives rise to HCN when wais present. At low temperature it is

attributed to the decomposition of lactam groupsiJevo pyridine at higher temperature.
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Fig. 4.15:Mass spectrum durinig-situ TP-XPS for N-CNT873Km/z27 (dotted line)m/z30 (dashed

line); m/z14 (full line).

Understanding the cause of NO formation is more plmate. It is probably due to
dynamic surface rearrangement of moieties contginitrogen and oxygen, e.g. lactam
or pyridine oxide giving rise to NO in the mass @pem. The fragments NO might be
generated from the decomposition of the nitro sgseas well. From Fig. 4.14,is clear
that some of the nitrogen functionalities initiaflyesent in the sample are released in gas
phase, with consequent decrease in the overalbgeitr content. However some
functional groups are retained and undergo to dymasurface rearrangement during
heating. The evaluations of various components Ml+&rsus temperature are plotted in
Fig. 4.16.

The N3 functionalities decrease continuously witbréasing temperature. Since at the
same time in the XP spectra, N1 and N4 componemsease, lactam and pyrrol
functional (N3) groups convert partly to these sg®c

Water trace is detected by MS while N3 componemtratse, we assume that lactam
species are present with a BE of 400.3 eV. Howether presence of pyrrol groups can
not be excluded. Lactam can dehydrate to pyridimetionalities, or can be thermally
decomposed through the breaking of the most sttaameidic bond leading to the gas
phase release of then/z 27 signals. For this sample, the formation mifz 30 in
correspondence of the first main feature of v 27 in the mass spectrum cannot be
assigned to the initial presence of surface nitougs as suggested by the absence of the
N6 species in the N1s spectra. In part, the refpatisa of the N species and/or the gas

phase successive recombination of the decomposethdNO radical species can be
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responsible for the NO formation. The pyridine t@hundance reaches a maximum at
450 K and above this temperature starts to deci@seurve in Fig. 4.16) while N4 still
increase reaching a maximum at a higher temperdtf@ K). Even in this case, a
competition occurs between the structural transédion of pyridine into N4 and the
decomposition in gas phase that give rise abovekb@the second main feature in the
m/z 27. Such processes occur in a wide range of teahpes so that the two pathways
are overlapping each other. The N4 species is thst rfhermal stable species, it is
generally referred in literature as quaternaryogién but the exact nature of this
functionality is still poorly established. Earlyitas reported that a hypothetical structure
of this functionality could be as reported in Scleefinl. The N5 and N6 species (NO
species) are produced in small amount during tlaéirigg however they are almost absent
at high temperature.

N abundance [¥

300 400 500 600 700 800
TIKI]

Fig. 4.16:Evolution of different N-species during TP-XPS ftiCNT 873:N1 (black curve); N3
(red curve); N4 (blue curve); N5 (green curve); (§hk curve).
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4.1.5.3 Temperature programmed XPS -MS on NCNF473K

In order to corroborate the results discussed @ grevious paragraph, TP-XPS N1s
spectra of the aminated samples N-CNT473K is repdnere following. The experiment

is carried out in a XPS chamber at U49/2 undulagam-line equipped with on-line MS

in HV (pressure 10 mbar) condition with heating rate of 5 Kritin

The abundance of the different N species versutethperature is plotted in Fig. 4.17.

The combined analysis of the Fig. 4.17 with the sregsectrum during temperature ramp
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Fig. 4.17:N1s Abundance vs Temperature. Fig. 4.18:MS during TP-XPS.

(Fig. 4.18) shows that in the high temperatureaegthe surface modification of the N
functionalities in the XPS and the fragment gerestaby their decomposition and
detected in the MS coincide with the previous ekpents discussed above. In this
experiment information concerning the lower therstable functionalities is obtained. In
fact, below 400 K, N2 is converted in N3 and nolation in gas phase was observed. Up
to this temperature a further decrease in the M2isp correspond to NO evolution in the
MS, and increase of N3 in the XPS is less pronadindeabout 550 K, N3 starts slightly
to decrease. Fig. 4.18 shoméz 27 traces evolving at 550 K with peak maximum %@ 6
K. Simultaneously N1 functionalities slightly inases and reaches the maximuné%a

K. Afterwards the N1 specie decreases and evolvgas$ phase giving arise to a further
increase ofm/z27. Them/z27 signal is always accompanied by the evolutiomfz 26.

In this sample (NCNF473K) the N1 and N3 specieshtae same behavior observed for

the sample (NCNF873K) discussed in the previousgraph. The N3 species can be
83



attributed to lactam or pyrrol groups since thetdbation N3 in the XPS N1s spectrum
with BE at 400.3 eV decreasisparallel with the evolutions oh/z27 in gas phase.

The modifications of N1 species lead to the uneogaily attribution of this species to
pyridine groups. Accordingly to the sample NCNF873#e spectra recorded at the end
of the experiment shows mainly the “quaternarytagen. The nature of N2 is uncertain.
In this experiment, the N2 species is the lessnihérstable species and partially
decomposes through the formation of théz 30. Thus, it is partially due to nitrogen
oxide species still present from the oxidizing tneent. However, the N2 species is
mainly due to not oxidized form of N species suantiree or amide groups that converts
into N3 while increasing the temperature. Thesailtgsare in agreement with the
experiments reported in section 4.1.4.

It is shown and discussed here the probable pressih@amide and lactam groups on the
surface of NCNF473K decomposing through the foramatof m/z 27 and m/z 26
fragments in a broad range of temperature in tHe-WrS.

The difference in the relative amount of fragmegénerated in the two experiments
(TPD and TP-XPS) mirrors the different condition thne experimental set-up. Those
conditions influence the decomposition pathwayhaf N2 and especially the formation
of NO in the gas phase. The re-adsorption of timaty decomposed species of the gas
phase successive reaction might have an influencéh® kind of fragments detected.
Nevertheless, it has been shown that TP-XPS igtabéel tool for the understanding of
the N1s spectrum and assessment of nitrogen funadiies. By correlating the mass
signal, the decomposition temperature and the BEeénXP spectrum it is possible to
assess the chemical nature of the functional grpugsent on the surface of the carbon
materials. Although the decomposition of the fumcél group compete with the
conversion to another functional group through aasyic surface rearrangement that
might depends on the heating rate and on the erpatal pressure condition, a general
trend was observed: initially N2 functional groupsth a BE at 399.4 eV partly
decompose through formation of NO, and partly conirdo N3 species which have a
BE of 400.1 eV (sample NCNF473K). With increasihg temperature those species N3
might decompose giving arise to HCN formation onwart into pyridine groups N1.
Later on, pyridine (N1) is transformed into quatasn nitrogen (N4 401.1 eV) or

decompose giving rise to further formation of HGMNbove this temperature the nitrogen
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species so called quaternary nitrogen is the mpéciss. In summary during the TPD

experiments, as the temperature increases, thecubete covering the surfaces are

successively desorbed according to the strengtheofnteraction with the surface sites.

However, rearrangement of surface atoms also oawnisg thermal treatment, which

may change the number and nature of the startiegiep present on the surface. The

results support the pathway for nitrogen inserteomd modification during thermal

treatment that was earlier proposed for aminatetP?ahd reported here in scheme 4.1.
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Scheme 4.1Nitrogen insertion pathway in Carbon.
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4.2 Influence of the treatment temperature on the dtribution of N and

O functionalities in VGCNF functionalized via aminaion

4.2.1 Surface analysis by XPS: C1s, N1s and Ols edevel spectra

In the previous paragraphs, by means of literaturalysis and specifically addressed
experiments, the description of the N1s and Oldkas presented. In this paragraph the
data are presented with emphasis on the influericeeatment temperature on the
distribution of nitrogen and oxygen functionalitigartly discussed in the previous

paragraph.

Table 4.3: Elemental composition as determined by (a) XPS(hhtiot gas extraction.

N(at%) O(at%)
Sample

Surfac&( 5-10A) | Bulk® | Surfacé | Bulk®
NCNF473K | 12.3 1.3 11.7 2.2
NCNF673K | 18.8 15 11.7 1.2
NCNF873K | 8 11 3.4 0.7
NCNF873K* | 3 - 19 -
CNFox 5 0.6 23.3 5.6
VGCNF 1.3 - 6.7 -

Table 4.3 reports the surface and bulk elementalposition as determined by XPS and
by hot gas extraction, respectively. The differefmstween the surface and bulk
abundance is a clear evidence of surface enrichofenitrogen and oxygen functional
groups. According to the data, the presence ofi@cikygen functionalities introduced
during the oxidative step by HNQs crucial for the introduction of a high amount of
nitrogen functionalities in the successive therntadatment with NH (samples:
NCNF473K, NCNF673K, NCNF873K). The thermal deconipos of these oxygen
functionalities with thermal stability below 973 ie€sults in a considerable decrease of

the amount of nitrogen bound to the CNFs surfaeenfde NCNF873K*). Beside the
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oxygen species, in agreement with literature, thentcal treatment with nitric acid
introduces also N functionaliti&. As reported in Table 4.3, the concentration cdrid

O species is temperature dependent. The amountspleies depends on the kinetic of
several competitive reactions: the reaction of3;Nklth the available acidic oxygen
species at the CNFs surface, the thermal deconposit the surface rearrangement of
an oxygen species to another which affect the adurel of the reactive oxygen species
and the thermal decomposition of BlH he increase of the temperature from 473K to
673K leads to the increase of the amount of N gsedihis is due to the fact that some
heterocyclic oxygen species might undergo ring omernhus rending further acidic
oxygen species available to react with NHHowever after a certain threshold
temperature (873 K), the thermal stability of b@hand N functional groups and the
competitive NH thermal decomposition lead to a decrease in tleeatiWN contents. At a
certain temperature, the thermal stability of tliféecent N species determines not only
the total amount but especially the types of s@rfsigecies. In fact, at high temperature
the graphene layers have energy enough to rearthegadefective structure in the most
thermodynamically stable graphene structure freelefécts as hetero-atoms. For this
reason more oxidizing species are less thermadlylestand are firstly removed. This is
also the reason why at high temperature the O nbrgesmaller than the N content and,
among all the temperature investigated, it is nbffecult to introduce larger amount of
N species at higher temperature. As reported laterat high temperature N and O
species in aromatic heterocyclic moieties are tbetrabundant species.

The effect of the functionalization on the XP Cpearum has been extensively studied
earlier in the fields of polymer and graphite fibesciencE®491°%15! Although the
fitting parameters have not yet been settled unanghy, it is general accepted in
literature that the C1s spectrum in carbon matéiabmposed by the main asymmetric
peak attributed to carbon atom in extensively d@ieed aromatic Spconfiguration in
the graphitic structure.

The asymmetry in the high BE side of the C1s pdattetect-free graphite is associated
with the excitation of conduction electrons whicbhcors in metal or semimetals as
consequence of the relaxation of the core-hole rgéee by the primary photoemission
process?*'%* The peak lineshape is well described by the DdmBunjic function but

the order of asymmetry depends on the structurectleéness. Disruption of the HOPG
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structure by ion bombardment produces a decreasbeointensity and the degree of
asymmetry of the main C1s pédk The BE of this peak may vary within few electron
volts, usually the value reported for HOPG varyhiit284.6 eV*°**’and 284.4 eV
Fig. 4.19 reports the C1s spectra for the samphesstigated and compared with C1s of
HOPG taken as reference after annealing at 873hK.thermal treatment was performed
on the HOPG with the aim of cleaning the surfacenfrany traces of impurity. In such a
way the C1s lineshape of almost pure, defect-fresplgte with the smallest peak
broadening for our setup is measured as a standacel

Immediately above the graphitic peak (above 285, el peaks stemming from
localized defects in the $graphitic structure and the sparbon species are found in the

C1s. These peaks are not present in the HOPG gpectr
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Fig. 4.19: C1s spectra for the CNF sample and  Fig. 4.20: C1s spectra for the CNF sample and
for HOPG reference. for HOPG reference: zoom on higher BE region.
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The shake-up satellite at about 291 eV gives alfmrration about the degree of order
characterizing the graphitic carbon sample. Thendnighe intensity of the peak, the
higher the degree of order of the graphitic strieetuDefects perturb the electron
delocalization of ther-system reducing the weight of shake-up phenomeviooh give
arise to the tail in the main speak and the satellite at 291 eV. At a furthehbigBE
than the spcarbon, all the carbon hetero-bonds are found.

In order to analyze the effects of functionalizatiit is necessary to refer the
corresponding spectra to the HOPG reference (Fi$9)4 The spectra have been
normalized with the shake-up at 291 eV, assumiagttiese feature must be the same for
carbon material with comparable graphitic order.

For all samples, the intensity of the maximum of tBls peak is lower compared to
HOPG. For both, the N functionalized (NCNF873K) @ahd O functionalized (CNFox)
the intensity of the peak is even lower than thetisty VGCNF. Furthermore, the
apparent BE of the main peaks slightly differs ddferent samples. It is found at 284.4
eV for HOPG, at 284.7 eV for CNFox, at 284.8 eV tloe NCNF873K and at 284.9 eV
for VGCNF. Compared to HOPG, these shifts togettitr a broadening on the high BE
side strongly suggest the presence of further commmis which we will address below.

In Fig. 4.20 the details of the high energy sidgioe of the Cls is illustrated. With
respect to HOPG, all samples exhibit a high intgnggion between ~ 285 and ~ 291
eV. In the case of CNFox a distinct additional deatat about 288.8 eV is observed
which is attributed to oxygen functional grdtip'®® A detailed analysis of the C1s region
between ~ 285 and ~ 291 eV is beyond the scopehisfwork due to the highly
heterogeneity of the surface. In this special cass, very difficult to deconvolute the
spectra, because of many possible contributionsbofh oxygen and nitrogen
functionalities as illustrated in Fig. 2.5. Howevaseful information about the structural
modification of the CNF subjected to the functionation treatments can be extracted
out of the Cls spectrum. The difference between dpectra of the Cls for the
functionalized sample investigated and the HOP@rafbrmalization with shake-up at
290.9 eV are reported in Fig. 4. 21.
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Fig. 4. 21:Difference C1s spectra of CNF samples and HOPG.

Apart from the feature at 288.8 eV directly relatedoxygen, which is obviously most

prominent in the CNFox spectrum, in this figure eV distinct differences between
HOPG and our sample series are visible. The sampésent differences in the intensity
of the contribution with its maximum at around 289 (see Fig. 4.20) compared to
HOPG.In patrticular, the feature at this BE in the diffiece spectrum shows a long high
BE tail for NCNF873K and VGCNF being more pronouhder the former, whereas the
CNFox exhibits a smaller intensity in that regidihis tail suggests further contributions
of carbon hetero-bonds such as CO and N-relatedespeAccording to data reported in
Table 4.3, the VGCNF has higher oxygen contenthendurface whereas NCNF873K
exhibits more nitrogen. Hence, we suggest thatbtieader tail may be related to N-C
species rather than oxygen on NCNF873K. Oxygenratndgen functionalities can be

analyzed by the Ol1s and N1s emission, respectively.
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Fig. 4.22:XP N1s spectra: a) NCNF873K; b) NCNF673K; c) NCNBK7d) CNFox.

XP N1s and O1s core level spectra for all samplepbotted in Fig. 4.22 and Fig. 4.23,
respectively. Depending on the treatment tempezatrdifferent overall N1s and Ols
peak line shape was observed. The peaks are vergdbas consequence of the
heterogeneity of the CNFs surface. As describede&le multitude of species coexists in
the C1s spectrum having close BE shift in the X&spm. The same peak broadening is

observed in the N1s and O1s regions.
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Fig. 4.23:XP O1s spectra of : a) NCNF873K ; b) NCNF673K; €§MF473K; d) CNFox.

Accordingly to the difference spectra analysis rodtheported in the Appendix of this
thesis, it seems appropriate to introduce six carapts in the N1s. The binding energies
were as following: N1 (398.4+0.1); N2 (399.4+0.N3 (400.1+0.1); N4 (401.1+0. 1);
N5 (403+0.1); N6 (406+0.1). The XP O1s core leymra have been deconvoluted by
introduction of five contributions with peak maximuas following: O1 (530.7+£0.1); O2
(531.4+0.1); O3 (532.4+0.1); O4 (533.7+0.1); O5583.1). The N1 species can be
identified as the pyridine-like nitrogen, the N2esjges is a functionalities containing
nitrogen-hydrogen bonds as in amide, the N3 spésieferred as N atoms in pyrrol-like
configuration, as it is the case for both pyrrot gsyridone functionalities. The N4
usually referred to any form of quaternary nitrddém*>>*%1>%(N4) including
substitutional nitrogen, and quaternary N due taailor inter-molecular hydrogen bond
with pyridine or amine functions. Furthermore, Sassociated to the pyridine nitrogen-

oxide species and N6 to nitro functionalities.
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Table 4.4 Summary of XPS data: species abundance is givatom percentage; in parenthesis the
correspondent binding energies 0.1 eV.

N1 (N2 |[N3 [N4 N5 [N6 |[O1 |02 |03 |04 |05

sample (398.4) |(399.4) |(400.1) |(401.1) |(403) |(406) | (530.7) |(531.4) |(532.4) |(533.7) |(535)
CNFox 0 1.3 0.5 0.7 0.8 (2 0.8 3.8 8 9.2 1.6
NCNF473K 1.4 5 25 1.3 1 1 0.7 4.2 2.9 3.4 0.4

NCNF673K | 1.6 6.7 54 2.8 12 |1 0.6 2.9 3.3 3.8 1

NCNF873K |35 |0 2.5 1 06 |04 |04 0.7 1 1.2 0.1

In the O1s XP spectrum the components are ass@méallowing: O1 (530.7+0.1 eV) is
an highly conjugated form of carbonyl oxygen sustgainine or pyridone group$§*>®
02 (531.4 0.1 eV) is assigned to a carbon-oxygaubke bond; O3 (532.4 +0.1eV) is
the carbon oxygen single bond in ether-like speds (533.7 +0.1eV) refers to carbon
oxygen single bond in hydroxyl groups. Another teatis present at around 535 +0.1 eV
(O5). Although the assignment is not clear, acewydo our results (section 4.1.5.1) this
feature might be assigned to adsorbed water.

Table 4.4 reports the summary of the XPS speciasddnce. The amount of pyridine
species increase with the functionalization temjpeeaand is the maximum for the
sample functionalized at 873 K.

At high functionalization temperature, aromatic layenoieties of nitrogen are stabilized
at the edge of graphitic domains in carbon materighter on in the XP spectrum, the
contribution (indicated as N2) and found 1 eV higtiean the N1 BE could be due to
many functional groups: amino groups attached ¢tonatic rings, amide groups, nitrile
groups have been reported in a interval of BE betws99-400 eV.

The N2 is the main species when the functionabzais carried out at lower temperature.
As reported in the previous section, our resultengfly support the idea that the
functionalization occurs mainly by reaction of Nkith those acidic sites that are
thermally stable below 973 K, i.e. carboxylic greus it is reported in Table 4.3,
thermal decomposition of those oxygen species meslla strong decrease of the
nitrogen content. The MS profile during the TPD releterization on this sample
(NCNF473K) has shown simultaneous detectionngg 27, m/z 26 (Fig. 4.4) in a
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temperature range reported for amide species. &unttre, if one considers that the
amount of oxygen forming double bond with carbod @d O2 in Table 4.4) is for both
CNFox and NCNF473K quite similar, it is quite proba that such kind of oxygen
species is retained during the nitrogen functi@adion as it is the case for the formation
of amide groups. Note that the total amount of @ Bnare similar in both NCNF473K
and NCNF673K, so it is quite likely that for thelseo samples, nitrogen is present in
functionalities accompanied by oxygen, i.e. in agnid lactam species. Nevertheless, the
presence of aromatic amine is not unreasonablecandot be excluded based only on
XPS results. Considering that the N2 species isgriealso on the surface of CNFox, it is
hard to accept the existence of amide species ersuinface of CNFox. However, it
should be mentioned that the N2 species was fouB8%4 eV for the aminated samples
while at 399.6 eV for the oxidized sample, thualso possible that in the two samples,
the N2 species has different chemical configuratitiich have the same BE shift in the
XP spectrum.

If the functionalization is done at 673 K the Nireelshape gets less sharp, but broad to
the high BE side. This could be explained as arremse in the amount of N3
functionalities with a maximum located at 400.1 €6 eV higher than N1 BE).

Cc'™8and our recent results on CNts

According to previous findings on NHreatedA
the N3 species could be an intermediate speciels aacpyridone or pyrrol groups,
resulting in pyridine formation upon heating. Altlgh it is not possible to establish
exactly the nature of the species described byittireg of the N1s, it is evident that the
distribution of the different species is affectgdtbe treatment temperature in a trend that
follows the pathway of nitrogen insertion alreadyparted in literature and illustrated
here in Scheme 4.1.

The amination, in general, produces a strong deergathe absolute abundance of ether-
like C-O single bond (O3) and the hydroxyl speci©@g). This reflects a change in the
character of the surface from predominantly hydiapin the CNFox and NCNF473K
to hydrophobic in the NCNF673&nd NCNF873K

In the sample NCNF873K, the small amount of O1 @2dloxygen carbon double bound
in pyridone groups) with respect to the amount 8fddmponent (nitrogen in pyridone or
pyrrol species) suggests that for this sample tBespecies does not containing O. Thus,

for this sample the N3 species is partially dublto pyrrol-like groups.
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In agreement with literature dat&'®®*%% the N6 species is the main species present in
the N1s spectrum related to the oxidized CNFs. @xidative process by nitric acid
introduces small amounts of nitrogen in the form nitro functionalities, probably
intermediate species further transformed in oxygahdunctionalities. As described in
the previous section, the oxidative treatment ohices also not oxidized form of
nitrogen species. They may be introduced at theatlsites present on the pristine CNFs
surface such as vacancy or pentagon ring. Howekeryeductive effect of the X-ray
beam on the nitro species can be the reason gfrdsence of N components in the low
BE region of the XP spectrum of CNFox.

In spite of some remaining uncertainties in thegassent of some XPS components to a
specific structure, the XPS chemical shift analysisa powerful tool to evaluate the
chemical nature of the species generating the kigmaly studies by Shirlé)*?**have
dealt with the correlation between the characierfgtoton affinity for a series of alcohol
and amine and the correspondent Ols and N1s BEordiogly, for a series of alkyl-
substituted aliphatic amine or alcohol, the fin@te polarization effects determines the
chemical shift in such way that the more stabilibgdhe surrounding groups the charge
on the O or N induced by the photoemission, theenpponounced the BE shift to a lower
value. This concept can be applied to the presemk Wy considering the BE shift as a
measure of the basicity of the functional groupsspnt on the aminated CNFs. In fact,
final state polarization effects in the photoenuasprocess can be compared with the
stability of the basic site towards protonation.

Briefly, the lower the BE the more pronounced is tlucleophilic or basic character.
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Tuning the acid/base properties of
CNFs by functionalization with NH;

In this chapter, the effect of the different therohemical treatment on the surface
chemical properties of nitrogen-containing CNFsréported. The characterization of
basic sites on the surface of aminated CNFs isiedrout by potentiometric titration and

gas-phase micro-calorimetric titration.

The surface chemistry of carbon plays a dominarg inl determining its catalytic

properties and adsorption capabilitfésin fact, the functional groups, usually oxygen or
nitrogen, and the delocalized electrons of the Igtepstructure define the acid/base and
hydrophilic/ hydrophobic character of the carborfate. The acid/base properties of the
carbon surface can be exploited in many catalyggieations and thus they are the key
point to be tailored in order to improve the catalyperformance. This work is focused
on the characterization of basic sites introducgdhie functionalization treatment with
NHs. The characterization techniques which can beiegior this scope are few.
Among these, potentiometric titration with strorgdahas been extensively applied for
the determination of the amount and the strengththef basic sites in carbon
material***?%2 |ntrinsically, chemical titration does not givaféormation about the
molecular structure of the species but conceptubftlycomparison with the pKalue of
model compounds can be used to derive structufainmation. As already mentioned,

the critical aspect in the characterization of theébon materials is that due to the high
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heterogeneity of the surface species, the expetahé&chniques often suffer from the
impossibility to resolve the individual chemicaltiées. In fact, the surface of carbon
materials is more properly described as a distiobubf surface chemical properties
characterized by titration curve with not-well defd equivalent point. In some case
numerical methods for data deconvolution have leeatied® to determine qualitatively
and quantitatively the number of functionalitiesnigetitrated. In the attempt to assign the
chemical identity of these species, informatior@rirother characterization techniques
are useful. Another critical aspect is that ther&lation between the results obtained by
different characterization techniques is not alwstyaightforward. This is due to the fact
that the functional groups behave flexibly to tHemcterization environments, i.e. in
liquid phase or gas phase, and during the charaaten tests they might undergo to
changes (sometimes irreversibly). The effect of dyaamic character of the carbon
surface is difficult to predict since it depends anseries of factors, such as the
experimental set-up and conditions used, and therenaf the samples. This point is
highlighted and discussed in this chapter withdhecal analysis of the results obtained
by the characterization of the surface chemistrgasbon. Further characterization of the
surface chemistry of the functionalized carbon iarried on by means of
microcalorimetric gas-phase titration using an i@&cidorobe molecule. Such
characterization technique widely used for the abtt@rization of basic sites in oxide is
rarely applied in the researches for the deterriinaif basic sites in carbon materfafs
Tentatively, the correlation of the results of lsasites characterization by potentiometric
titration and microcalorimetry with the spectroswogharacterization discussed in
Chapter 4 is presented with the aim to have a cetaplicture of the surface chemistry of
the CNFs.

5.1 Potentiometric titration with HCI
Typically, the titration curve of a suspension ofabon materials does not show well

separated equivalent-poift§’® This fact is usually interpreted as result of thiele

varieties of intra and intermolecular interactidmestween neighboring species, which
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alter the original Brgnsted acid/base character pratluce broadening in the pK

domains resulting in the overlapping of the equeanabpoints relative to different species.

This was always observed in the potentiometri@tiitn of acidic sites by NaG#¥.

Indeed, potentiometric titration by HCI gives arditon curve characterized by two
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Fig. 5.1 HCI titration curve: (a) NCNF473K; (b)
NCNF673K; (c) NCNF873K

distinct equivalent points (EQP) as shown in
Fig. 5.1. Table 5.1 reports moles of basic site
and the pK for the two species. The amount
of basic sites is of the same order for all
samples, with slightly stronger basic character
for the samples functionalized at higher
temperature. This seems to be in contradiction
with expectations based on the total amount of
nitrogen detected by XPS or by elemental
analysis (Table 4.3 Chapter 4). Before
discussing the results from the titration some
considerations are necessary.

We learn from the analysis of the XPS results
presented before, that the samples contain a
distribution of oxygen and nitrogen
functionalities,  which is  temperature
dependent. Thus, each sample presents a
distribution of acidic and basic species. Once
the samples are immersed in water and left to
equilibrate under stirring overnight, acid/base
reaction will occur between functional groups
and water molecule. The concentration of
hydronium generated by reaction of the water
with the acidic sites is ruled by the pkalue

of the species, while the concentration of

hydroxyl ion by the pK value of the basic
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sites. Thus, a multitude of acid/base equilibriwoexist. The neutralization of

Table 5.1 Amount of Basic sites determined by potentiomeitiation

Sample mol basic site/g RK
NCNF473K 4.5*10 79,78
NCNF673K 6+10" 8.2; 8
NCNF873K 1*10° 8.35; 8.34

the hydronium ions with the hydroxyl ions resuhtstihe final pH of the solution which
mirrors the distribution of species on the sampld® final pH of the solution in contact
with the carbon sample is in the basic range adépends on concentration and strength
distributions of the original acidic and basic sitd the sample. When the acid titrant is
added to the basic CNFs suspension, the hydroniontentration increases and
consumes the hydroxyl ions, which shift the bassgoration equilibrium toward the
right, to form new hydroxyl ions. This will occumtil the equivalent point is reached
when all the basic sites are consumed. Half ofvtiiame added to the equivalent point
corresponds to the condition in which the basenithe protonated form for half of the

total concentration according to the following etprafor a generic acid HA:

PH = pKa + log [A]/[HA] )

At this point, the pH value of the solution corresgds to the pKof the base. However,
one must take into account that the position ofdbeilibrium for a type of basic sites
does not only depend on the solvent used, whiclhsthe acidic counterpart, but also on
the acidic sites present on the surface samplessiigated. For instance intermolecular
and intramolecular hydrogen bond between neighbaspecies might change the proton
affinity for certain functionality. According to X®analysis, all samples contain different
types and amounts of species. In particular, thepsa functionalized at 473 K still
contains oxygen functionalities with acidic chaeactDuring the equilibration time that

precedes the titration, the hydronium species geeérby the dissociation equilibrium of
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the acid species neutralize part of the hydroxylegated by the protonation equilibrium
of the basic species. Thus, for this sample thal teblume of acid added is lower
compared to the samples functionalized at higheperature. From other point of view,
the strength distribution of basic site is differéar the entire set of sample remarking the
different distribution of nitrogen functionalitieShis is reason for the slight deviation of

the pKy value observed through the samples investigatadl€T15.1).

5.1.1 Correlation of analytical methods with spectwscopic methods: titration vs.
XPS

Table 5.2: Dissociation constants of the conjugated acidasebmolecules in aqueous solution at 288

molecule pkK
Ammonia 9.3
n-butylamine 10.77
diethylamine 10.489
piperidine heterocycle aliphatic 11.123
Piperazine 9.83
Benzylamine 9.33
Succinimide 9.6

Aniline 4.63
Pyridine 5.25
Pyridine 2-amino 6.82
Pyridine 4-amino 9.1141
Piridine 2-hydroxy 1) 0.75 2) 11.65 [293 K]
pyridine 2-aldoxime 1) 3.59 2) 10.18
Pyrazine 0.65
quinoline 4.90 [293 K]
isoquinoline 5.42
acridine 5.58

pyrrol 0.40
Naphthylamine 3.92
Benzimidazole 5.532
2-pyridone 11.76%
phtalimide 8.3%

In order to identify the chemical nature of the @pse being titrated, correlation with the
pKa value for organic model compounds could be esthbt. However, it is well known
from organic chemistry that the g value of certain acid/base specie substitutetién t

benzene ring is influenced by several factors diclg the inductive/mesomeric effect of
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neighboring species, the number of member of polydensed aromatic cycle, the
position and eventually the relative position of tiitrogen with other hetero-atoms in the
cluster (structural isomer). Some theoretical woakwed at the understanding of the
origin of the basicity of the carbon surface aresent in literatur@. In order to justify
the strong basicity of carbon, the proposed basiggen species structure such as
carbonyl or ethers group must be present in cobgagpolycyclic pyrone-like structure.
In such way the pKvalue of a pyrone species rise dramatically fraBib the case of
two condensed pyrone-like rings up to 8-12 for ¢hindensed pyrone-like rings
depending on the geometric isomer. This phenoménenore pronounced for oxygen
species than for nitrogen specres

Besides chemisorbed species, considered as thefamdiof the acid/base character of
the carbon surface, theelectron system in graphitic system is also careid as font of
weak Lewis basicity. However, changes fron? spanar geometry to partial $p
hybridization induced by the curvature of the g layers produce localized charge
accumulation and/or depletion which influence tlogdéase character of the carbon
surface. At the moment, however, there is not anykvin literature aimed to calculate
the effect of the structural curvature on the dmdé strength of the carbon surface.
Nevertheless, it is interesting to compare theltesaf the basic sites titration with the
structural informations obtained by another chamazation technique.

For instance, in spite of some remaining uncerisnin the assignment of some XPS
peak components to a specific structure, the XRSnatal shift allows to evaluate the
chemical nature of the species generating the kidiee correlation of the XPS with
titration data might help in the tentative to assitpe chemical structure of these
functionalities.

Already in early studies of Shirl&}***the attempt to correlate the variation in proton
affinity of an alcohol and amine to the variationthe Ols and N1s BE, was presented.
The chemical shift of the BE value observed inXiiespectrum for a certain atom, N or
0O, in a specified chemical bonding state, sp,sEsP, might be due to initial state effect
which depends on the inductive withdrawing (shifthigher BE) or donating (shift to
lower BE) exercised by the neighboring atoms andtloe mesomeric effect. The

inductive effect depends on the electronegativity neighboring atoms, while the
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mesomeric effect depends on the possibility to cidipe electrons through thesystem.

It might also be due to final state polarizatiofeef which depends on the capability of
the species to stabilize the charge induced bygdhe-hole created as consequence of the
photo-emission process. According to these authfors,aliphatic amine, final state
polarization effects determine the chemical shifirenmarkedly than initial state effect,
in such way that the better the charge on the @ @ stabilized by the surrounding
groups the more pronounced is the BE shift to lowadue. In fact the authors explain
that the final state polarization effects act asrimal solvation, remarking the role that the
solvent has in liquid-phase acid/base equilibrivithile performing XPS measurement,
depending on the hydrophilic/hydrophobic charaatrthe material, a monolayer of
water is present remarking the situation in aquephase. In this situation, the
protonation of the basic site might occur leadimghe shift of the BE to higher vaffé
The concept described above can be applied in résept work by considering the BE
shift as a measure of the basicity of the functligmaups present on the aminated carbon
surface.

Table 5.2 reports the pKralues of organic bases. In analogy to the p&lue for the
most common organic base compounds reported ineTal, the pK values found in
this work range between 7.9-8.35 and are in theesaxagnitude of the aliphatic amine.
While correlating the XPS data with those obtaibggotentiometric titration in analogy
to the pk, of model compound, a plausible N chemical bondwogfiguration with
similar pKj is the phtalimide-like structure (Rk8.3). This is found in the XP spectrum at
400.9 eV® which is close to the value at which we assignkd N4 species.
Unfortunately there is no correlation along the gkmnvestigated between the amount
of the N4 species and the amount of species giairggs to the first EQP. Indeed, it is
interesting to note that the volume of titrant adlde the ' EQP increases with the
functionalization temperature, similar to the irasimg amount of the pyridine species
observed in the N1s XPS (Fig. 4.22). The reportegvalue for the pyridine is about 5.2
and it differs largely from the pKvalue found ranging 8.3-7.9 which approach theieal
tabulated for aliphatic amine. Indeed, the NNjfioups substituted to the aromatic ring, in
aniline, has a pkof 4.6. Condensed aromatic cycle, as it is indioe, are characterized

by a pK, of 5.6. Increasing the number of poly-condensedmatic hetero-cycle
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containing N will not lead to a conspicuous inceeas the pK valu€®. Indeed, the
substitution of a basic group, NHe. in position 2 or 4 with respect to the pyrelin
nitrogen, produces a consistent increase of thevpKie up to 9. However, from the XPS
guantification analysis there is no evidence that ¢oexistence of different functional
groups highly conjugated with the pyridine specesh as amine or hydroxyl group,
would be the reason of the high p¥alue found with respect to the model compound. In
fact, there was not any species which would beemtes the same amount of pyridine
and justifying the trend observed through the sasipivestigated (Table 4.4). However,
the trend observed for the' EQP is a clear indication that the pyridine spedi
involved. And in fact this species is considered thost basic among all the N species
introduced according to its lower BE. It should peinted out that the XPS BE of
pyridine in carbon material shift to lower BE if mpared to the value for model
compound (399 eV) in which pyridine is grafted twe surface of a solid and does not
interact electronically (not shown). This is anigadion of the stronger basic character of
the pyridine in the graphene layer with respecth® model compound. Note that the
local partial sp character of the §graphitic structure induced by the curvature (pnese
of pentagonal hetero-cycles) produces localizedrgehaaccumulation which might
explain the increased basicity of the pyridine ggecFrom the XPS characterizations,
the species giving arise to th& ZQP should be due to amide, lactam species artideall
other species found at the higher BE side of thespéttra. Pyrrol is a very weak base
(conjugate acid pk-4). The N lone pair is involved in theelectron aromatic system.
Protonation will destroy the aromatic characteth@n electron system and this makes
the process unfavorable. It is thus unlikely thas tfunctionality will be detected by
titration. Amides do not have noticeable acid/baseperties in water. This lack of
basicity is explained by the electron-withdrawirgjure of the carbonyl group where the
lone pair of electrons on the nitrogen is delo@iby resonance, thus forming a partial
double bond with the carbonyl carbon. Thereforeeh more electron density on O than
N and under extremely acidic conditions the carlbaxygen can become protonated
with a pK; of roughly -1.

However, amide breakdown might occur via amide blydis. Such hydrolysis can occur

under basic or acidic conditions. Acidic conditioyield the carboxylic acid and the
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ammonium ion. In fact, in the characterization itnation in aqueous solution, amide and
lactam are equivalent species and there is notilplitysto distinguish them if one
considers that in acid environment lactam is susidepof ring opening to form amide
species, which undergoes hydrolysis. The lactafousd in the XPS spectra with BE
shift at 400.1 eV (N3). However there is not catiein between XPS and titration results
even by summing all the N2 and N3 contributionsisTis due to the fact that the
chemical treatment in ammonia, not only introdusasic sites with relative amount and
strength that are temperature dependent, but atgbfyrnthe distribution of the original
acidic site. In fact conversion of oxygen acid site basic sites occurs during the thermal
treatment. All those species contribute to define &cid/base character of the carbon
surfacé®. According to theoretical calculation oxygen spscire more strongly affecting
the basic character of carbon surface than nitroggecies. Nevertheless they are
influent. The thermal treatment of the CNFox up863 K in the absence of NH
produces an increase of the basic character afatimn surface less pronounced that the

aminated sample at 873K (not shown).

5.2 Microcalorimetry titration of basic sites with CO,as probe molecule
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In order to determine the amount and the strengdfnilsition of the basic sites on the
carbon surface, the adsorption of £@as studied by microcalorimetry at 313 K. The
differential heat of adsorption as function of (b€, uptake for the sample NCNF873K
is reported in Fig. 5.2. At low CQcoverage, the initial differential heat of ads@ptis
very high and decreases rapidly to reach a platétincreasing C@pressure. The high
values for the initial heat of adsorption and thpid decreases with increasing coverage
demonstrate the presence of heterogeneously ditdband energetically different
adsorption sites (basic). Above 8 pmol/g of GPtake the differential heat of adsorption
reach the value of the heat of condensation of CO7 kJ/mol) indicating that in this
range the monolayer is completed and multilayeogd®n proceeds. Successively, at
higher coverage of Cf the heat of adsorption increases again indicatireg the
adsorption of CQis accompanied by secondary exothermic procesagdbmreaction of
CO, with the species on the carbon surface. This ebditer observed in the integral
heat of adsorption recorded as function of timeoregul here for the sample NCNF873K
in Fig. 5.3, Fig. 5.4 and in Fig. 5.5. In Fig. 53reported the heat signal at low £0
coverage (1.fumol/g) corresponding to a differential heat of agsion of 100 kJ/mol
(Fig. 5.2). After the adsorption peak, the heanaigeaches the baseline which is an

indication of a quasi pure adsorption process.
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Fig. 5.3: Integral heat signal vs time at 1.7 Fig. 5.4: Integral heat signal vs time at 36

umolly of CQ (monolayer region) for umol/lg of CQ (multilayer region) for
NCNF873K. NCNF873K.
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With increasing C@ coverage (36umol/g) corresponding to a differential heat of
adsorption of 51 kJ/mol (Fig. 5.2 multilayer regipsimilarly after the adsorption peak,
the heat signal reach the baseline. However aftertin adsorption time, exothermic
secondary processes occur as suggested by thaseané the heat signal in Fig. 5.4. At
further increase of the G@&overage (4%mol/g) corresponding to a differential heat of
adsorption of 61 kJ/mol (Fig. 5.2), the integraatsignal after the adsorption peak does
not reach the baseline and at this condition tloerstary processes occur earlier (Fig.
5.5). For the sample NCNF873K, the total amountirdégral heat of adsorption
measured (-575 mJ) is much higher than the amoithteointegral heat of desorption
(+138 mJ) indicating the irreversibility of thosecendary processes. The differential
heat of adsorption in the monolayer region as foncof CQ, uptake for the various
samples investigated is shown in Fig. 5.6.

The highest value of differential heat of adsonmptiestimated from the first adsorption
point, was measured for the sample NCNF873K arsdabout 150 kJ/mol. Similar value
has been reported for other system such as footgidite’®, y-Al,0:*** . In the case of
the sample NCNF873K, after the desorption prodbesre-adsorption produces a lower
amount of differential heat that approach the vdluend for the sample NCNF473K,
which gives arise to an initial heat of adsorptmhabout 90 kJ/mol (Fig. 5.6a black
scatter and Fig. 5.6b). Thus, probably very snralbant of very strong basic sites giving
arise to the very high initial differential heaedost during the first run of adsorption due
to the reaction with the GO
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Fig. 5.6: Differential heat of CQversus CQ@uptake in the monolayer region for the CNFs sample

A Similar value of differential heat of adsorptioreasured for the sample NCNF473K is
reported in literaturé? for amino groups grafted on SBA-15. At high coggrahe curve
of the heat of adsorption for the sample NCNF478Koat coincide with that one of the
sample NCNF873K. Thus also in this case the mowrol#&/ formed before secondary
reactions take place. Following, the sample NCNR6g@®es arise to heat of adsorption
around 50 kJ/mol. The functionalities on the swefat this sample are highly reactive
with respect to the COIn contrary to the other samples, in this sanp& secondary
reaction occurs before that the monolayer is fornk@d this reason, it is not possible to
make a precise conclusion on the strength distdbudf the basic sites. Interesting to
note that the heat of adsorption measured for dhencercial VGCNF is very low around
30 kJ/mol, however slightly above the enthalpyigéiéfaction of carbon dioxideAHq

17 kJ/molf*®?2 thus there is a moderate interaction betweenatteorbed carbon
dioxide molecules and the VGCNF surface. Also s sample secondary reactions take
place before the formation of a monolayer (the h&fatdsorption increase without
reaching the value of the enthalpy of liquefactdiCO,).

The CQ isotherms for the samples investigated are regontd-ig. 5.7. The monolayer
is completed at < 2 mbar G@r NCNF873K and < 6 mbar for NCNF473K, and above
this value is the multilayer region (identified &yrame in Fig. 5.7). In the multilayer
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Fig. 5.7: CO, adsorption isotherm for the CNFs samples.

region secondary reactions occur. Among the samiplesstigated, only the sample
NCNF873K gives considerable amount of £L&lsorbed and for all the others samples
the number of basic sites is very low. Since far shmples NCNF473K and NCNF873K
the monolayer is formed before secondary reactiakes place, the amount of €O
adsorbed to the point at which the monolayer isntt (when the differential heat
reaches the enthalpy of Glquefaction) is indicative of the amount of adstosn sites
present on the sample. For the other samples NCBK-@rd VGCNF characterized by
secondary reactions before the monolayer formatlm guantification of the basic sites
is not accurate. For the sample NCNF873K, the arnofibhasic sites measured in the
isotherm of the re-adsorption step is the sambefirst adsorption process. It is possible
that a chemical modification of the original basites is induced by the G@dsorption,
i.e. oxidation of the basic site by @@lving arise to the same amount of adsorptive basic
sites as in the first run of G@dsorption but with lower basic strength. Anothessible
explanation is that there is a very small amountesfy strong basic sites giving rise to
the very high initial differential heat which amst during the first run of adsorption. The
amount of these sites is so small, in comparisdh thie population of others basic sites
that not any differences are observed in the atisornd re-adsorption isotherm. The
CO, isotherm for the samples NCNF473K and NCNF873Kaara&yzed by applying the

Langmuir adsorption model in order to calculate dh@unt of basic sites. For those two
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samples the experimental isotherm in the monolaggion fits very well to the
theoretical isotherm according to Langmuir modethwan order higher than one. The
order of the isotherm larger than one matches thighconsideration that this is not a pure
adsorption process but rather secondary reactiotribate to the differential heat of
adsorption. This is specially seen in Fig. 5.6b tfog sample NCNF473K (blue spots)
where the differential heat of adsorption drasljcahcreases at 5 umol/g of GO
adsorbed. At this point, the differential heat déarption is due for 30 kJ/mol to the pure
adsorption and 40 kJ/mol is due to the secondaoggss. The specific surface area
calculated by the COadsorption is of about 2 %y and 1 rilg for the samples
NCNF873K and NCNF473K, respectively. This valuefalg largely from that one

calculated based on,Mdsorption which were about 55/m
5.2.1 Correlation of potentiometric titration with microcalorimetry data.

The liquid phase titration of basic sites in aquesalution by means of inorganic acid
such as HCl is a way of characterization of therBted basicity intended as affinity of a
certain species toward protonation. In gas phas#ged, the mechanism of acid/base
interaction is not the proton transfer, but ratwerelectron pair is involved, donated from
the base to the acid which is an electron deficggaicies. Thus, gas phase titration is a
way of characterizing the basicity according to [swdefinition. In addition, the
functional groups must be considered as dynamitiesabn a carbon surface and might
undergo changes during evaluation. Acid/base naactshould not be considered as a
static property of a material, but rather as a dyingroperties of the carbon surface that
respond flexibly (sometimes irreversibly) to itsveonment. For this reason the two
experimental characterization technique shouldgin¢ necessary consistent results on
the same sample. However some correlations mighstabdlished.

The summary of the results by microcalorimetry Agdid phase titration are reported in
Table 5.3.

Differential heat of adsorption for samples invgated partially correlates with titration
data. For the most basic sample (NCNF873K), midooitaetry measurement evidences

few very strong basic sites coexisting with weakbsic sites present in prevalence.
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Although, the number of active sites differ in dlog® value, this sample was also the
most strongly basic one and with the largest amainbasic sites according to the
potentiometric titration characterization. The miselation regards the sample
NCNF673K, which contains the weakest basic sitesor@ing to microcalorimetry.

Indeed potentiometric titrations give for this sdenp larger amount of basic sites than

for the sample NCNF473K.

Table 5.3 Summary of titration and microcalorimetry resulfsle N-CNFs samples.

Liquid phase titration Gas phase Microcalorimetry
| Amount of Initial
Sample . CcO, differential heat
mol basic site/g pPKa .
(monolayer) | of adsorption
mol/g KJ/mol
NCNF473K 4.5*10" 7,9:7.8 510 90
NCNF673K 6*10" 8.2; 8 1.5*1¢F 50
NCNF873K 1*10° 8.35; 8.34 8*10 150

It was already reported in chapter 4 that the fionetfization at 673 K lead to the closing
of amide group to form lactam that shows a lowesiddity than amide groups due to the
involvement of the N electrons in tlesystem of the graphitic structure of the CNFs.
This was observed by the increase of the intetsihjygher BE from the functionalization
at 473 K to the functionalization at 673 K. Thogpedes would be characterized by a
very low Lewis basicity during COadsorption by microcalorimetry. Indeed, the lactam
bond hydrolysis occurring in water solution to fommide could explain the higher
amount of basic sites determined by potentiometitiation with respect to the
microcalorimetry experiments. Finally, it must lerognized that the microcalorimetry
experiment for the NCNF673K was characterized lmpsdary process occurring before
the monolayer formation which, in fact, hinders ttigaracterization of the strength

distribution of the basic sites.
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Application of N-containing CNFs in heterogeneous atalysis:
liguid-phase selective oxidation of benzyl alcoholto
benzaldehyde over Pd-based catalysts

In this chapter, the application of N-CNFs as supgor Pd nanoparticles and the
catalytic performance of the catalysts in the ldjphase oxidation are presented. The
study aims at the understanding of the role ofshdace chemistry of the CNFs in the

reactivity of Pd nanoparticles.

The development of solid catalysts active in theiglaoxidation of alcohols has been

recently the subject of growing inter&stue to their central role in the production offin
and specialty chemicals. Among these, the oxidatbrbenzyl alcohol is the most
commonly reported test reaction, since it occurthvgood selectivity and vyields to
benzaldehyde on a large variety of catafifatdn this context, tailoring the “superficial
metallic structure® , which is intended as the coordination numbewbenh the active
metal atoms at the surface, is crucial towardsattieevement of very selective and active
catalysts. The intrinsic surface activity of a ¢ggcan be modified by exposing different
crystallographic planes or inducing low coordinatigdefective sites such as kinks and
steps. This can be achieved in different way, fstance, by varying the particles size in
the range of very small nanoparticles approachingters dimensions; by diluting the
active species with spectator species, or by imdumetal-support interaction.

Different catalytic system based on noble metal oparticle$**?*>%'® have been

investigated for alcohol oxidation with moleculatygen or hydrogen peroxide in liquid
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phase. Research has traditionally focused on the afs supported noble metal
nanoparticles catalysts, such as Pt/C or Pd/Cysasai’ '8

In the studies reported in literature, the targetthe synthesis is searching for a
preparation route that can lead to a colloidal tsmhuof metal nanoparticles characterized
by narrow size distribution approaching the ideanamdispersion. In fact, the size of
nanoparticles is considered as the direct conbialgparameter related to special
structural features that determines the reactasiy the selectivity of the catalyst.
Commercial carbon supports have been used for #ueascopic assembling of the metal
nanoparticles**>!*® however the influence of the surface chemistrytioé carbon
support on the adsorption of the metal nanopastialed the morphology of the wetting
particles at the carbon surface was often neglededcontrary, it is important to
elucidate the effect of the surface chemistry @f ¢rbon support in the preparation of
immobilized metal nanoparticles.

In order to favor the deposition of the metal nartiples at the carbon surface, the
surface chemistry of the support in contact with ¢blloidal solution of the nanoparticles
must be tailored in such a way to realize an ditra@nteraction particles/support.
Furthermore, the nature of the interaction at tretatisupport interface influences the
catalytic performance of the metal nanoparticlesebacatalyst.

Weak metal-support interactions (WMSI) stabilize thetal nanoparticles at the defects
sites, steps and kinks of graphitic structure pméwag the sintering or leaching of the
metal nanoparticles into the reaction media. Initewid WMSI are responsible for the
peculiar chemical behavior of carbon supported lgstfa>. The surface chemistry of
carbon affects the nature of the metal-supportacteon and modify the morphology, the
crystallographic metal phase and the electronicsire of the nanoparticles’®

Recently with the boosting of the carbon nanotubssa new carbon material in
heterogeneous catalysis, there is a growing intémethe application of this material in
reaction in which carbon materials were historicalbed either as catalyst itself as well
as support for metdlS. Due to the higher graphitic order of nanostrueducarbon
materials with respect to AC, which implies high&nertness”, they can be
functionalized in a more selective way preventihg tdeep changes of the textural

properties. It is thus expected that the more @efiphysic-chemical properties in NC
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leads to higher selectivity for the applicationscetalysis. In addition, the micropores
present in AC have a detrimental effect on massspart phenomena especially in
liquid-phase reactions. This problem is by-passedding NCs which are characterized
by mesoporous texture. In the prospective of rafiaesign of the catalyst, this work
aims to establish the role of the surface chemistrihe NCs in the reaction mentioned
above.

The screening of CNFs supports with different stefahemical properties (acid/base and
hydrophobic/hydrophilic) is used to investigate th8uence of those characteristic on
the catalytic performance of Pd-based catalyshénréaction under investigation. Pd was
chosen as active species since it shows bettesrpgahce compared to other metal such
as Au, and more poisoning resistant compared to Pt.

Although, only oxidation in the aqueous phase igpmactical importance due to safety
reason, the catalytic tests have been performédtim solventless and aqueous media in
such a way that the influence of the mass trardftre reactant to the catalysts surface is
taken into account. The application of the Pd -€H&sed catalyst in the direct synthesis
of H,O, is reported with the aim to corroborate the hypseit of improved affinity of the
Pd nanoparticles towards the &ctivation induced by a controlled N functionatiaa of

the CNFs.

6.1 Pd on N-containing CNFs

6.1.1 Catalyst preparation

The phenomena regulating the adhesion process @f piblymer-wrapped metal
nanoparticles onto the carrier surface during tobilization can have different nature.
The pathway in which the process occurs is striddgending on the chemical properties
of the couple support/metal nanoparticles collogtdlition and on the condition in which
the immobilization is carried out (with special aeg to the pH of the solution). It can
occur through electrostatic interactiqivan der Walls interaction, ionic and polar
covalent bonding) between the charged surface efcrtbon material and the charged

surface of the wrapped metal nanoparticles in tieidal solution. This is the dominant
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adsorption mechanism in case of hydrophilic systethsequires the presence of
electron-donating/accepting sites (Lewis acid/lasele) and Brgnsted acid/base couple
between the carrier surface and the metal nancfestsurface.

Indeed, dispersive interactions are typical of bythobic material. In the case of
graphitic material they occur mainly through sdext-stacking interaction.

In order to obtain Pd nanoparticles homogeneouslyilduted on the surface of CNF, it
is important that the particles-support interactisnstronger than particles-particles
interaction in the colloidal solution. As the catad properties of nanopatrticles are “size-
dependent”, it is necessary that the adhesion efntletal nanoparticles to the CNFs
surface occurs through interactions with the pitdtedayer of polymer. The protective
agent stabilizes the metal nanoparticles and presethe metal nanoparticles size by
limiting the coalescence. Once the metal nanopestiare deposited on the surface, the
catalyst is washed, owing to remove the excessrofegtive agent. Since the ions
adsorption on a surface occurs by electrostatieractiort*! between the ionized species
on the carbon surface and the ionic species presethie aqueous phase, the catalyst
preparation must be optimized in order to realiz@tiractive interaction. In this context,
Zeta potential measurements turn out to be veryulusAt pH below the phtp the
resulting surface charge is positive and the cashoface attracts anions, while above it
is negatively charged and attracts cations.

Fig. 6.1 shows Zeta potential measurements of hal gupports and of the Pd-PVA

colloidal solution.
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Fig. 6.1: Zeta potential measurement@ CNFs @
CNFoxA NCNF473KVNCNF673K €®NCNF873K
Pd-PVA sol.

At high pH, around 2, all the supports investigatese a positive charge while the Pd-
PVA colloid solution is negatively charged. Thug,darrying the immobilization at low
pH, i.e. 2, the attractive interaction will be nigatl and at the same time the metal
nanoparticles dispersion is preserved. However, sindace chemistry of carbon is
heterogeneous. Carbon is characterized by the steexe of both negatively and
positively charged sites, in a given relative antotirat depends on the pH of the
solution. Furthermore it is always composed by bptilic domains, coexisting with
hydrophobic domains. Thus, driving force for thetmhgol immobilization with different
nature than the electrostatic interaction cannoéuded. It was demonstrated that the
adsorption on HSAG (high surface area graphiteuscthrough dispersive interaction
and after oxidation the adsorption capability isakened because of the removal of
electron from then-system due to the oxidatih This affects to a greater extent
aromatic and unsaturated hydrocarbon and to ldssitefor alkenes,

In this work, the PVA was used as protective agpmutause it gives colloidal solution of
nanoparticles stable in a large range of pH. Intemdwhen AC is used as the support, it
was reported that PVA gives a high metal dispersmmost maintaining the same

particle dimension as in the 81 On the contrary other protective agent such aBGH

117



gives smaller nanoparticles, but there is some caggtation of the THPC-protected
during the immobilization stéff??° This is consistent with the results of our exmpenmt
reported in Fig. 6.2 for catalyst preparation usingPC as protective agent. Pd
nanoparticles agglomeration is evidenced by thghbpart in the BSE image.

Fig. 6.2: SE (left) and BSE (right) SEM images for the sanipdeTHPC/NCNF473K.

The actual loading of Pd on the CNFs supports deterd by XRF is reported in Table
6.1. It is shown that CNFs samples characterizelkss hydrophilic surface have higher
capability in the metal adsorption. In fact the Bdding for the samples VGCNFs,
NCNF673K and NCNF873K is about 0.7 % in weight, iht is much lower for the
most hydrophilic samples CNFox and NCNF473K.

Table 6.1:Pd loading on CNFs samples determined by XRF.

Sample VGCNFs CNFox NCNF473K NCNF673K NCNF873K

%owt 0.8 0.35 0.52 0.73 0.77

Characterization and catalytic data related to shistem Pd/PVA on CNFs will be
reported here following.

6.1.2 Metal nanoparticles characterization by TEM ad SEM

The influence of the surface chemistry of the carlBapport on the dispersion of Pd
PVA-protected nanoparticles has been investigayesltiv and TEM.

Following, some representative pictures of the lgata are reported. Fig. 6.3 shows
SE and BSE images of the sample Pd-PVA/VGCNFsslIshow that the metal
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nanoparticles are dispersed over the complete Cslkface. However from the
HRSEM images in Fig. 6.3 it is evident that sombéetw present higher particles
density as small agglomerate of particles. The steatures have been observed for
the other samples investigated. The TEM pictureg. (6.4) of the series of catalysts
confirm the trend observed in the SEM. Fibres vdiffierently nanoparticles density
and nanoparticles agglomeration are present in stimlb the sample. It is difficult to
judge to which extend this fact occurs as depengl@fidhe surface chemistry of the
NC.

The recurrence of metal particles agglomerationlenCNFs surface and the missed
deposition of the metal particles in some CNFs dobke due to the original
heterogeneity of CNFs nanostructure present inciiamercial batch used in this
work responsible probably of inomogeneous functi@aéion. Another reason might
be related to the immobilization methods of thewecspecies. The low metal loading
used in this work and the fast adsorption procegghtrlead to the inhomogeneous
wetting of the carbon surface with the Pd colloisialution.

It should be pointed out that the VGCNFs show matailoparticle dispersion similar
to that of the other supports, thus the hydrophatiieractions play an important role
during immobilization.

In the following paragraphs the results of the baia tests and the Cs-corrected
HRTEM investigation are presented with the aim spablish a structure activity-
correlation. It will be clear how implementation tfe microscopy techniques allows
the imaging of features relevant in catalysis, whiannot be seen in the conventional
HRTEM.
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Fig. 6.3: SE (left) and BSE (right) SEM images for the sanipdePVA /N-VGCNF.

Fig. 6.4:HRTEM images for the sample Pd-PVA/NCNF873K; naféedent particles density among the

CNFs and particular agglomeration of particlesiinle in the image on the left side.
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6.2 Selective partial oxidation of benzyl alcohola benzaldehyde by

molecular oxygen

The conversion of benzyl alcohol is plotted in F6gs versus reaction time for all the

catalyst investigated isolventlesgondition.
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Fig. 6.5: Catalytic data in solventless condition: Conversistime.

The initial rate of consumption of benzyl alcohible initial productivity of benzaldehyde

and the selectivity to benzaldehydesolventlesgondition are reported in Table 6.2.

Table 6.2: Catalytic data irsolventlesgondition.

Initial rate of| Initial rate of| Initial Selectivity at
benzyl benzaldehyde instantaneous max
sample alcohol formation selectivity to| Conversion
consumption | [mol/h*g] benzaldehydg (%)
[mol/h*g] (%)
Pd/NCNF873K 112 85 76 76 (90%)
Pd/NCNF673K 71 47 66 73.3 (90%
Pd/NCNF473K 21.74 12.84 60 68.7 (40%)
Pd/CNFox 45.45 33.5 73 75.3 (90%)
Pd/VGCNF 10.2 5 50 74.4 (40%

The functionalized CNFs supports used as catahgnselves under the same reaction
condition did not lead to a significant benzyl dob conversion. However, the
functionalization of the surface of the CNFs suppavith N or O species leads to better
Pd-based catalysts than the Pd-based catalysteopritine CNFsIn particular, the N-
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functionalization carried out at high temperat@wads to a significant enhancement of the
catalytic performance. PA/NCNF873K shows the higheiial rate of benzaldehyde
formation. This catalyst reaches almost total cesive after 30 min of reaction and it is
the catalyst most active and selective to benzghtehlPd/NCNF673K is also relatively a
high active catalyst, however the initial seledgitio benzaldehyde is lower compared to
Pd/NCNF873K (75% against 66%). As shown in Tabl@ the main by-products are
toluene and benzene, while benzoic acid and bdreytoate are side products formed in
a negligible amount. Note that catalysts with higbelectivity to benzene show lower
activity. The Pd/CNFox favors the further oxidatiohbenzaldehyde to benzoic acid and

the formation benzyl benzoate.

Table 6.3: Selectivity at maximum conversion in solventlessegrorted in Fig. 6.5.

Selectivity at maxim conversion [%]
Catalyst Benzeng Toluene| Benzaldehyde Ben;0|c Bz Unknown
acid benzoate

Pd/NCNF873K 0.8 18.8 76.0 2.7 1.2 0.5
Pd/NCNF673K 2.4 19.0 73.3 2.9 1.9 0.5
Pd/NCNF473K 5.3 22.8 68.7 1.8 14 0.0
Pd/CNFox 3.1 13.1 75.3 3.5 4.4 0.6
Pd/VGCNF 4.3 17.6 74.4 3.2 0.6 0.0

Table 6.4 reports the comparison of the catalyidggmance of the Pd-based catalysts
after 30 minutes and 2 hours of reaction time & different media considered in this
work (solventless and water). In this way, it isspible to highlight the impact of the
mass transfer in the activity and product distiifupf the catalysts. In the first 30 min of
reaction, the catalysts obtained by immobilizatioh Pd nanoparticle on NCNFs
functionalized at higher temperature lead to higtmrversion insolventlessonditions
than in aqueous media. For the catalysts PA/NCNkA#3 use of diluted agueous
solution of benzyl alcohol has a beneficial efféatfact in the initial 30 min of reaction,
the conversion obtained in aqueous media is mugtehithan in solventless. Indeed after
2 hours of reaction, the conversion approach simidue in solventless and in aqueous

solution for both PA/NCNF473K and Pd/NCNF873K.
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Table 6.4:Catalytic data in solventless aqueous media.

Benzyl Productivity of| Benzyl Productivity
alcohol benzaldehyde | alcohol of
Sample conversio.n after. 30min| conversion benzaldehyde
after 30min | reaction after 2h [%] | after 2h
[%6] [mol*h*g™] reaction
[mol*h*g™]
H,O | SL H,O | SL H,O SL | H,O |SL
Pd/NCNF873K | 46 85 305 | 44 92 95 |15.6 | 13
Pd/NCNF673K | 35 86 25 45 90 98 |[16.8 | 12
Pd/NCNF473K | 33 18 34 12 70 67 |18.6 | 13
Pd/CNFox 25 24 39 28 34 75 |13 23
Pd/VGCNF 5 12 3.5 3.6 18 38 |3 4.2

The Pd/VGCNF shows the worst catalytic performareggardless the solvent used. In
agueous solution, the Pd/CNFox catalyst, which shrelatively high productivity after
30 min, is almost deactivated as indicated by dleihcrement of the conversion after 2h
(Table 6.4 and Table 6.5). An inversion in the h&drais observed for the sample
Pd/NCNF473K which gives higher conversion afterdhreaction than Pd/CNFox in
water, while the opposite situation is observedsatventlesscondition. Those results
suggest that the initial course of the reactionedelpon theexperimental condition used
(solventlessrs. aqueous solution). The availability of thectaats at the catalyst surface
influenced by the mass transfer of the reactantstla@ capability of the catalyst toward

the chemisorption of the two reactants determine productivity and products

distribution of the catalyst.

Table 6.5:Catalytic data in aqueous solution.

Selectivity
Catalyst Time | Conversig Aldehyde Ben;mc Toluene Benzyl
acid benzoate
0.5h 46 95.6 3.9 0 0.5
PA/NCNF873K 2h 92 91.8 8 0 0.2
0.5h 35 95.4 3.7 0 0.9
PA/NCNF673K 2h 90 94.6 4.8 0 0.6
0.5h 33 96.8 0.9 0 2.3
PA/NCNF473K 2h 70 95.7 3.6 0 0.7
0.5h 25 96.2 0 3.8 0
PAICNFox 1,7 34 97.8 1.3 0.9 0
0.5h 5 96.8 0 2.1 1.1
PA/VGCNF 2h 18 93.1 6.2 0.1 0.6
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Under the same reaction condition, while the prdaigitg to benzaldehyde is strongly
affected by the surface chemistry of the CNFs sttppite selectivity to benzaldehyde is
always quite high and similar among the samplesestigated compared to the
differences observed by using the aqueous solvgntdable 6.5 the selectivity to
benzaldehyde is about 90% in aqueous solution badt&0% insolventless However,
regardless the reaction condition, the best catalyerformance is observed for the
catalysts PA/NCNF873K and Pd/NCNF673K in water el as insolventless
Thus, structural features present in these catalysist be responsible for the catalytic
performance. By evaluating the higher catalytidvitgt of the catalysts under the same
reaction conditiongolventlesk it is clear that the surface chemistry of thpmurt has a
strong influence on the activity of the metal naawigles. In order to better understand
the results from the catalytic tests and to outioee structure-activity correlation, it is
necessary to refer to the description of the reaatiechanism reported in literature.
It is well-known that Pd supported on carbon catedydifferent types of reaction in
organic synthesfé'. Several factors influence the selectivity of thenzyl alcohol
oxidation. The pH of the solution, the nature af #olvent, the @mass transfer process,
the nature and concentration of the chemisorbedjy@xyspecies at the surface of the
metal nanoparticles and the strength of the chetmsbspecies (reactant or products) at
the metal surface determine the selectivity in sachomplex network of reactions.
Although there is an open debate in the literabangcerning the reaction mechanism, in
fact, for the selective oxidation of benzyl alcohtwl benzaldehyde, an oxidative
dehydrogenation mechanism has been generally acf&>2%4
I. Dehydrogenation of the adsorbed alcohol ROH,q«> RCHO4+ 2Hyq

[I. Oxygen adsorption £+ 2H,0 < 40H4

[ll. Oxidation of adsorbed hydrogen @H Haq<> H>O
In the first step the alcohol deprotonation andftitemation of adsorbed alcoholate occur.
The adsorbed alcoholate reacts furtherfblyydride elimination forming the carbonyl
compound. This step is considered the rate-detémmistep. The hydrogen adsorbed at
the metal surface is consumed by the adsorbeith @e last step of the cycle. This step
may become rate-determining depending on the clamsiucture of the alcohol, on the

capability of the metal site towards hydrogen clsemption and molecular oxygen
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adsorption and on the chemisorbed oxygen concértrain the catalyst surfac@
Under mass transfer limited conditions the oxygeentisorption at the metal active site
could be the rate-determining step.

Fig. 6.6 shows the reaction pathways for the beradgbhol oxidation. However,

additional reaction pathway cannot be excluded.

CH,OH COOH

Benzyl alcohol Benzaldehyde Benzoic acid CH,0H

Hs

Benzyl alcohol

Benzene
Toluene : 0—C @

Benzyl benzoate

Fig. 6.6: Reaction pathways for the benzyl alcohol oxidation.

As reported in literatufé®, Pd clusters catalyze the disproportionation afzyealcohol
under anaerobic conditions while in presence gftl@@ oxidation of benzyl alcohol to
benzaldehyde is favored. The toluene is the coymiodf the benzaldehyde obtained
through a disproportionation pathway of the bersgbhof?’.

It was reportetf® that dehydrogenation of benzyl alcohol to benzsyde occurs on
reduced Pd even in absence oftBrougha dehydrogenation pathway which leads to the
formation of adsorbed hydrogen. Toluene is formgdhidrogenolysis of the benzyl
alcohol which favors the shift of the alcohol-algida equilibrium toward the aldehyde
formation. Thus in this case the reactant actsydsolgen acceptor. In the presence gf O
the rate of benzaldehyde formation increases duketdact that the 9is a much better
hydrogen acceptor than benzyl alcohol.

The side reactions include the successive oxidatfdrenzaldehyde to benzoic acid and
the further esterification reaction to benzyl beateo Different reaction pathways have

been proposed for the benzoic acid form&fidn Among these, benzaldehyde
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disproportionation to benzoic acid and benzyl atdalccurs when the concentration of
hydroxyl anion on the metal surface is high. Theobtained products might undergo
esterification leading to the formation of benzgnkoate. In addition, the hydration of
aldehyde at higher pH promotes the further oxidatiof the aldehyde to the
correspondent acid. However aromatic alcohols ardized to the aldehyde with good
yield owing to the stabilizing effect of the aroicating?® which lowers the hydration
capacity.

Benzene is obtained through parallel or successyFogenolysis reactions involving
both the benzyl alcohol and the intermediate prtsuc

One of the possible reactions leading to the foionadf Benzene is the decarbonylation
of benzaldehyd@". This reaction is strongly unwanted because leatthe¢ formation of
CO which is cause of catalyst deactivation.

Although the complex reaction network, the prodwlstribution is a clear indication of
the existence of two competitive parallel reactidhe oxidative dehydrogenation and the
hydrogenolysis, or eventually successive hydrogembf the benzaldehyde.

This might reflect the fact that the,@vailability at the metal surface and the O
activation capability of the catalyst is the cru@aint determining the activity and the
selectivity to benzaldehyde.

In fact, we have observed that solventlessall the catalysts are quite selective to
benzaldehyde with a value of selectivity rangingMaen 70-75%. The main by-product
is toluene and in some case benzene in small amdinet lower Q availability in
solventlessnight be responsible of the disproportionatiothef benzyl alcohol to toluene
and benzaldehyde. Higher selectivity is obtainethwhe same catalyst in aqueous
solution of benzyl alcohol.

The use of the solvent lower the chemical potemtiahe benzyl alcohol with respect to
the chemical potential of LOat the catalyst surface, reduces the amount ofolgah
chemisorbed due to the first dehydrogenation stgp thus limits the weight of the
hydrogenolysis pathway. This is reflected in thbstantial decrease of the selectivity to
toluene (Table 6.5).
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The higher catalytic activity observed for the PGMF873K with respect to the
Pd/NCNF673K and Pd/NCNF473K is indicative of higléinity of the Pd/NCNF873K
towards the @chemisorption than other catalysts.

On the other hand, catalysts favoring the hydrolysisreaction characterized by higher
selectivity to benzene (Pd/NCNF473, Pd/CNFox ant/B€NF) show lower catalytic
activity. The strong chemisorption of by-productclsuas the CO, formed by
hydrogenolysis of benzaldehyde, is poison for thetaincatalyst and this can be the
reason that the catalysts show low activity.

The data reported here shows that the catalytiwigcbf the metal nanoparticles is
influenced by the surface chemistry of the CNFspsup This is probably due to the
capability of the metal toward the oxygen chemisorpwhich serves as scavenger for
hydrogen chemisorbed. The hydrogen chemisorpti@tgss may also play a role in
determining the catalytic performance of the catslyHowever, further experiments
aimed at the determination of the nature and theuatnof active sites are necessary to
elucidate the influence of the surface chemistrytbé support on the amount of active
sites at the metal surface or rather the intriastovity of the active sites.
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6.3 Structure-activity relationship

In order to understand the catalytic properties @ftalyst, it is necessary to establish a
structure-activity correlation. This is a fundanadrgtep for catalyst design. Tailoring the
“superficial metallic structuré® , which is intended to optimize the coordinativeder
saturation of the active metal atoms at the suyfecerucial for obtaining selective and
active catalysts. The intrinsic surface activityao€tatalyst can be modified by exposing
different crystallographic planes or inducing lowocdinative defective sites such as
kinks and steps. This can be achieved by: 1) vgrihe particles size in the range of very
small nanoparticles which approach clusters dino#ssi2) diluting the active species
with spectator species; 3) inducing metal-suppasraction. A part of the second point
which is not considered in this work, the above tiogred factors might co-participate to
determine the final activity of the supported metahoparticles catalysts used here. This
can be explained in terms of the effect of the hmipport interaction on the metal
particle size and morphology, which is an obsemwad@rameter of great importance for
adsorption and catalytic properties because itlpdes a certain surface electronic

structure of the metal nanopatrticles.
6.3.1 Metal-support interaction

Most of the studies present in literature have tdeath the understanding of the
metal/oxide interface interaction and correlatiathvhe properties of those materials for
both catalysis and nanotechnolétly However there are experimental evidences for
weak metal-support interaction WM&l in carbon support which are responsible of the
peculiar behavior of carbon supported catalyst. Ehength of the metal support
interaction are determined by the nature of thedb(ispersive and Van der Walls
interaction, ionic and polar covalent bonding) ke tinterface metal/support which
depends on the physic-chemical properties of thgpew on one side and, on the
electronegativity of the metal and the particleesan the other side. The metal/support
interaction originates from charge transfer betweawstal and support and produces a

perturbation of the electronic structure of the ahettalyst with charge redistribution on
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the metal surface (according to image charge mbl Secondly the metal/support
interactions are responsible of inducing specifigstallographic plane, defect and low
coordinative sites on the metal surface. Yet stnorggal-support interaction, typical the
case of oxide, might lead to metal encapsulatiothbysupport or atoms inter-diffusion at
the metal-support interface. However the extenthote effects becomes of relevance
only for very small metal particles. Indeed anyrges induced on the metal of large size
would be shared among hundreds atoms and woulgdradtice conspicuous alteration of
the superficial metal structure.

Differently than oxide in which SMSI takes place,darbon material WMSI is expected
to interfere with the valence band (VB) of the nhetanoparticles and to modify the
geometric coordination of the metal atoms. The reatdi the interaction and the resulting
effect on the superficial metal structure dependstiee carbon surface chemistry. In
analogy to oxide, the interaction of the metal ipbe$ with local acid cites (Lewis or
Brgnsted) at the support surface, extensively studn the case of sulphated zirconia and
zeolité”, produce an electron deficit on the metal surfwéhe case of the couple metal
particles/proton of a Brgnsted acid site, the tefnfcollapsed bifunctional site” was
coined’. In such adduct the metal becomes less metallereas the proton becomes
less acidic. In the case of basic systems, sudh lagdrotalcites, the interaction of basic
sites with the metal cluster was found to inducgatige charging of the metal surface
and at the same time weakening of the basic ditas.discussion can be extended to the
case of basic carbons. When the support is chaisedeby no pronounced acidity or
basicity, usually neutral metal particles are fodmén theory, carbon materials are
usually considered as neutral carrier and they iyemteract through ther-electron
system.

However the presence of defects, i.e. functiomaljticurvature and vacancies induce
surface charging that stabilizes metal species witxpected activity. It was found that
metal nanoparticles are stabilized in the steps lankis of graphite where localized
charges are expected

An important characteristic of supported metal memticles is the particle shape which
is influenced by the strength of the metal suppugraction and on the size of the metal

nanoparticles. It is appropriate to consider fiatticles spread over the support surface as
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result of quite strong metal-support interactiomjle particles with well-defined shape

and less wetting with the surface are charactertzgdh weaker interaction with the

support.

Formation of raft metal structure has been foungetioer with spherical particles in

system such as Pd/C catafyst

Theoretical calculatiori§ for the system Ni/Si© revealed strong distortion of the

spherical particle shape occurring while in contath the support due to the capability
of the metal atoms to diffuse on the support serfax find energetically preferable

adsorption sites. This distortion results in a Ioaegerage coordination number compared
with thermodynamically stable condition for staldelated metal particles. Increase in
the interatomic distance for small particles wasoatalculated. Experimentally it is

indeed more difficult to evaluate the crystallodrigpstructure of the supported metal
particles. Therefore, usually the relationship lesiw the overall shape of the metal
particles (flat, hemispherical, etc.) and the gditalperformance is analyzed without

discriminating the contributions of the differemystallographic planes.

130



6.3.1.1 Metal-support interaction: HRTEM investigat

Transmission electron microscopy is one of the npmsterful tools for studying the
metal/support interaction. Compared with convergiddRTEM, the use of Cs-corrected
HRTEM offers new opportunities for atomic-scale astigations of materialsvith

extension of point-to-point resolution, clear imagé surfaces/interfaces border and

Fig. 6.7:HRTEM image by FEG( left image) and by Cs-correci&M (right image).

better resolution of metal lattice planes. Fig. @isplays HRTEM image of
Pd/NCNF873K and compared with CS-corrected imagse Nhe clear structure at the
metal surface compared with the conventional TEMagemn The higher resolution
achieved with CS-corrected TEM allow to visualizgails which cannot be interpreted
by means of conventional HRTEM. The left image iig.F6.7 reveal a feature
encountered in these catalysts investigated: ia od$ow degree of surface wetting, the
particles are encapsulated in an organic layerhef RVA used as protective agent;
otherwise the particles are imbibed with the PVAhatinterface support/metal, while the
exposed metal particles are not completely covaretithere is part in which the naked
metal surface is exposed. The structure of smdlhgiam particles was investigated in
literature by HRTEM with the aim to know if struc&ll metal variations could explain

some of the size effects encounteretiéterogeneous cataly&s However, the particles
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nanostructure is not easy to recognize at the HRTEMges due to the different
orientation of the particles with respect to theceélon beam. For the interpretation of the
EM images of metal nanoparticles computer simutetias been perform&d .

From these studies is well known that Pd
nanoparticles might exist with a broad
distribution of morphologies and
polydispersity of the size
distributiorf**?3°23® The Pd nanoparticles
can be imagined as formed by simple fcc
tetrahedrons connected to each other by
sharing of {111} planes. This type of
morphology is referred as multiply
twinned particles (MTPS).

A decahedral nanoparticle is made up of 10
face-sharing  tetrahedrons  while  an
icosahedral nanoparticle is made up of 20
face-sharing tetrahedrons. Truncated
decahedron forms have been found too and
they are referred as Marks decahedron,
cuboctahedron, star decahedron and round

decahedron.

Fig. 6.8:HRTEM image for the sample
Pd/NCNF873K.

Distortion of the tetrahedron from
the fcc structure occurs too.

Fig. 6.8 shows HRTEM image of the sample Pd/NCNKB#Bwhich it is possible to
distinguish particles with different sizes, morptgyf and wetting with the carbon
surface. Note the very small particles which apghoaluster dimension, the 5-fold
orientation decahedron particle and coalescedgbestiAs mentioned in section 3.2 the
nanoparticles size distribution during the synthedithe nanoparticles colloidal solution
is determined by the nature of the protective agemA) and the reductive agent used
(NaBH:). However, after the immobilization of the collaldsolution of the metal
nanoparticles on the carbon surface, if the intevaat the carbon support is not strong
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enough, during the successive washing and dryiege¢imoval of the capping layer of
PVA might occur leading the particles to undergalescence and overgrowth. In fact,
the aim is to stabilize the particles at the carbarface by enhancing the interaction with
the carbon surface. When the nanoparticles are ostggp on the CNFs, they
accommodate on the surface with a certain wettegyek which depends on the strength
of the metal/support interaction.

Fig. 6.9 shows the 5-fold decahedron particle wabibed on the surface of CNFs for
the sample Pd/NCNF873K(right image) and the ovevgracosahedrons particles less
wetted with the surface of CNFs for the sample FRIDWFs (left image).

Fig. 6.9:HRTEM image for sample Pd/VGCNFs (left image) aldNCNF873K (right image).

Other feature observed often is the elongationhef particles in the direction of the
wetting with the surface reported in Fig. 6.10 foe sample PA/NCNF873K. Yet, Fig.
6.11 show in the cycle the particular of low coasted site of the metal atom
arrangement on the surface of the metal nanopsstidr the samples Pd/NCNF673K.
Fig. 6.12 shows an atom dislocation for the sanBd&NCNF673K. Fig. 6.13 shows a
particular of step on the surface of a Pd partidalesced with another particles for the

sample PA/NCNF673K. Those step sites are expeatee highly reactive site.
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Fig. 6.1Q Elongated particles in Pd/N Fig. 6.11Low coordinated site in
CNF873K. Pd/NCNF673K.

Fig. 6.12: Atom in disequilibrium position in Fig. 6.13:Steps in PA/NCNF673K.
Pd/NCNF673K.
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Fig. 6.14:“raft" particles in PA/NCNF873K.

Following the Fig. 6.14 shows the so called “rgfidrticle similar to a multilayer of
metal. We attribute all these features to the ggormetal support interaction which
stabilize the metal nanoparticles at the defectites of the CNFs surface. All this
observed changes in the morphology are more prasalufor small particles, while the
bigger ones maintain the round shape. The smallopeticles are less
thermodynamically stable thus characterized by mgibility of the atoms which might
diffuse on the carbon surface to reach more siatdéion. In analogy to the Pd complex
with N-heterocyclic carbenes (NHC) ligand used @miogeneous oxidation catalysis
the presence of atomically dispersed Pd atoms tammoexcluded and must be the
subject of further investigation.

In order to define numerically the entity of the talesupport interaction, statistic
measurements of the aspect ratio of the particteshe carbon supports have been
measured. For non spherical particle it is convanie refer to the particle aspect ratio,
intended as the ratio between the length and tighhef the particle. The aspect ratio
gives numerical information about the divergencéhefparticle shape from the spherical
situation which is defined by an aspect ratio eqadl. For the statistical counting of the
particles size, “raft” particle have not been taketo account because of the difficulties
in determining the two dimensional lengths. Howewer do believe that those particles

are of relevance for catalysis.
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Fig. 6.17: Aspect ratio frequency for
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Fig. 6.19: Aspect ratio frequency for PA/INCNF473K.
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The statistical measurements are displayed in Hif-6.19 for the sample Pd/CNFox,
Pd/VGCNF, Pd/NCNF673K, PA/NCNF873K and Pd/NCNF47R&3spectively.

The correlation of the HRTEM investigation with tloatalytic data shows that the
samples with higher activity are also characterizg@ higher population of particles with
higher aspect ratio above 1.4. It is thus provesl sbrface chemistry of NC through
interaction with metal is responsible of the paeticelongation and induces defectiveness
on the metal surface which might have a role in ¢htalytic activity. As reported in
literature, we have found that the originally bagiof the support decrease after metal
nanoparticles immobilization as consequence of thetal support interactidh
Macroscopically, the wetting phenomenon can be ampt in term of the Pd/CNFs
interfacial surface free energy. The higher coative capability of localized charged in
the graphitic layer (Lewis basic site )induced by ammonia treatment at 673 K and 873
K give arise to stronger metal/C bond at the iateEfwhich lower the surface tension and
favor the wettability®®. The statistic measurements of the aspect ra@me highlighted
the tendency of the nanopatrticles to undergo stractnodification at the surface of the
carbon support depending on the surface chemisttlyeocarbon support. In analogy to
the high catalytic activity of Pd N-heterocyclicribanes ligand complex for the liquid
phase selective oxidation catalysis, the presefciah N-heterocyclic moieties on the

surface of the carbon support might stabilize Rdsters with high catalytic activity.
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6.3.1.2 Catalytic activity in the liquid phase dyesis of HO,

The series of Pd supported on CNFs catalyst haga beed for the direct synthesis of
H.,O, from O, and H. The catalytic test have been carried out in, Epanded methanol
in order to improve @and H solubility with respect to water as a solvent émas the
H,0, productivity and selectivity®.

The results obtained in batch conditions are shiovkig. 6.20.

(53]
T

///

sl —a—Pd/N-CNF873K
] —o—Pd/VGCNF
3k / —»— Pd/N-CNF473K

l\./.

Productivity of HO, [ppm* 10}

0 50 100 150 200
Time [min]

Fig. 6.20 H,O, synthesis on Pd-based CNF catalysts.

At room temperature and 6.5 bar total pressurecttalyst based on Pd nanoparticles
immobilized on N-containing CNFs lead in about 2uifso reaction time to D
productivities of 5000 ppm/gPd and a stable sel#gtof about 60%. Pd nanoparticles
on the N-free CNFs give productivities of about difln with respect to Pd /NCNFs
based catalysts in the same experimental conditidhe initial HO, productivity
observed along the samples investigated remarktrémed observed for the initial
benzaldehyde productivity in the benzyl alcoholdation reported before. This fact
corroborates the hypothesis of the improved redeatixygen adsorption capability of

the Pd nanoparticles induced by the metal supptataction.
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Conclusion and outlook

This thesis aims to evaluate and exploit the chemjmaperties of CNFs in

heterogeneous catalysis. Due to its incomparablasigity towards chemical
functionalization, NC represents an ideal organiossrate whose surface chemistry can
be tailored according to specific needs. This isirgeresting aspect in view of the
application of NCs as support for metal nanopa$iclAn important goal in the
preparation of highly active metal particles supgadron carbon is the enhancement of
the metal support interaction which favors the matetting and lead to more stable
catalysts. The metal support interaction influethe metal reactivity by inducing
defective sites on the metal nanoparticle surfacéhis work, the influence of N and O
functionalization of the carbon support on the &uite of the Pd nanoparticles is studied.
The selective liquid phase oxidation of benzyl hAlwoto benzaldehyde is presented as
test reaction to evaluate the catalytic activityRif-based CNF catalysts. In order to
establish a structure-activity relationship, the pbasis was placed on a detailed
characterization of support and catalysts. N-fumalization of VGCNFs was carried out
via amination reaction. This synthetic route in@acn oxidation step of CNFs by HHO
followed by thermal treatment in Nldt different temperature. In this way it was poksib
to tune the surface chemistry of the starting VGENFhe chemical nature of the
functionalities present on the carbon surface d&fterthermo-chemical treatments was
investigated by XPS and TPD. The impact of the fionalization route on the surface

acid/base properties was investigated by liquidsphpotentiometric titration and gas
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phase microcalorimetric adsorption of €Qhe surface of the functionalized CNFs is
characterized by the coexistence of energeticaffgrént acidic and basic sites. The
population of O and N acidic and basic sites isperature dependent. At 473 K acid
oxygen functionalities coexist with basic N and @es With increasing the
functionalization temperature (673 K), the mostlacsite are thermally decomposed and
the surface arrangement of nitrogen and oxygeniepéo form hetero-cycle moieties
results in the enhancement of the hydrophobic cbaraf the surface. A further increase
in the functionalization temperature up to 873 Kdarces a surface with the stronger
basic character. Pd metal nanoparticles from a PBxbected colloidal solution have
been immobilized on the surface of the CNFs samples

The screening of the catalysts under different arpntal condition golventlessand
aqueous solution) has lead to the conclusion tmatsurface chemistry of the carbon
surface and the experimental condition play a mladdressing the selectivity of the
reaction, quite probably by influencing the cherhipatential of the reactants at the
catalyst surface. However, the comparison of thelgtéc performance of the Pd-based
catalysts under the same condition has evideneeditferent catalytic activity of the Pd
nanoparticles depending on the surface chemistryhefsupport. Indeed, the results
presented here give indications for the role ofg¢hidace chemistry of carbon in affecting
the metallic structure through metal-support intéom. By means of Cs-corrected
HRTEM investigation, it was possible to establisttarelation between the catalytic
activity and the observable structural parametet th the aspect ratio of the metal
particles. Catalyst with metal nanopatrticles chi@r@ed by higher aspect ratio (average
above 1.4) shows the best catalytic performancehofigh the aspect ratio is an
observable parameter which does not describe thetste of the metal nanoparticles, it
is still an indication of the strength of the metapport interaction. The stronger the
metal support interaction the more pronounced & dlongation of the nanoparticles
along one direction. HRTEM investigations have hglited the presence of metal
cluster on the surface of CNF, formation of “raftetal particles with under-coordinated
site on the metal surface. Thus, the surface cheyro$ the CNFs play a crucial role in
the resulting metal support interaction and thughanformation of highly active metal

sites. The catalytic data show that the catalysainbd by immobilization of the metal

140



nanoparticles on the most basic and hydrophobip@tmive rise to the best catalytic
performance. Those catalyst (NCNF673K and NCNF878K) characterised by the
presence of nitrogen hetero-cyclic moieties on sheface which produce charge
localization on the graphitic surface acting as lsebasic site. Microscopically, for
small nanoparticles, in analogy to the homogenexatalyst based on N-heterocyclic
carbenes used as ligands for Pd complex, it is iplesso imagine high metal
coordinative capability on the defective N-contampisites of the carbon surface. The
presence of such kind of N species in heterocyeiaeties on the carbon surface
favor the spreading of the metal nanoparticlesht@ darbon surface as observed by
the increse of the nanoparticles aspect ratio. prosluces reorganization of the metal
atoms at the surface of the nanoparticles, withegetion of under-coordinated Pd
sites as obsedved by the EM investigation. Macrpsadly, this can be explained in
terms of decreasing of the metal/support interfiee energy due to the stronger
metal/support bond which increases the metal wiittabThe higher population of
spread particles on PA/NCNF673K and Pd/NCNF873i¢fiected in the higher catalytic
activity of these catalysts in the liquid phasesgVe oxidation.

In the framework of ELCASS and IDECAT, the cataty§td/VGCNF, PA/NCNF473K
and Pd/NCNF873K have been tested in the liquid @lssthesis of kD,. This work
was performed at the University of Messina. Itngeresting to note that with respect to
the Pd/VGCNF both the Pd/N-CNT873K and Pd/NCNF478tows better catalytic
performance in the ¥, synthesis. The investigations of the catalyticfqremnance of
these catalysts in the direct synthesis eDHallow us to corroborate the idea that the
presence of N in hetero-cycle moieties on the carborface induces, by means of
nanoparticles/support interactions, special stmattteature of the metal nanoparticles
with improvement on the reductive adsorption ¢f IDis noticeable that the higher initial
productivity of HO,in the case of the PA/NCNF873K with respect toROHENCNF473K
correlate perfectly with the higher catalytic aittivobserved in the liquid phase oxidation
of benzyl alcohol to benzaldehyde for the PA/NCN#87Instead in the synthesis of
H,0O,, the catalyst PA/NCNF473K presents an inductioretiAs the surface is highly
hydrophilic, it is probably highly covered by ioméich hinder the @adsorption leading

to the observed induction time. This is not dramati the HO, synthesis, became a
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limiting factor in the benzyl alcohol oxidation. &hlow initial concentration of
chemisorbed oxygen species, probably superoxideiesgemay lead to secondary
pathway such as disproportionation or decarboroatif the benzaldehyde to benzene
which is poison for the catalyst. The concentratioih superoxide species is the
controlling factor of the reactivity and the seleity. In fact, we have observed different
selectivity in HO solution (higher to benzaldehyde) where the chahpotential of the
two reactants at the catalyst surface is diffetiean insolventlesand less benzyl alcohol
is available. This was the reason of the large arhotitoluene obtained as co-product
together with benzaldehyde by the disproportiomatidé benzyl alcohol. At present, our
results show that Pd-based NCNF catalysts haveifismmt potential for selective
oxidation reaction. Although these are promisintplgat for the application in liquid
phase selective oxidation, in order to have a admpact at the commercial level, it is
necessary to improve the long-term stability andgeeance of the catalyst. In this work
the role of the PVA covering the nanoparticles atefwas not investigated, although it
may have an important role, besides protectingrbtal nanoparticles. Other preparation
techniques which do not include the use of protectigent are of interest because they
lead to a more exposed metallic surface. Furtheentle absence of the interlayer of
protective agent allows a better study of the metgport interaction. In the view of a
rational design of the catalyst, the systematiadstaf the influence of the singular
nitrogen functionalities on the catalytic behawdiPd on CNFs based catalyst represents
one of the points in the outlook. This point was possible to address here due to the
broad distribution of nitrogen species introducedtiis synthetic route on the support
surface.

Further experiment aimed at the understanding @firtipact of the surface chemistry of

the carbon support on the nature and the Pd expasarthe main outlook of this work.
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Appendix

A.1 Fitting parameters

Different methods have been reported in literattwe resolve the N1s and Ols
envelope¥*'* When the spectrum is very broad without well heso features, a
mathematical analysis of the XPS data, e.g. devivar difference spectra methdd >

or PCA (principal component analysis if an extendath set is available), can be used to
determine the appropriate number of peaks to fit ¥ spectrum. The temperature
programmed XPS was used as strategy to producefioadidin of species distribution
present on the sample surface that can be use@parate the XPS spectra in the
individual components. The data were, thus, matlieaily treated by means of the
difference method. The difference between two speccorded sequentially results in
the component which is lost (positive Y value) omfed (negative Y value) during the

thermal desorption experiments.

A.1.1 N1s

The temperature programmed XPS on the N-CNT873kem®rted as first example to

describe the parameter used to fit the N1s com kpectra. The spectra recorded at the
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Fig. A.1: N1s at 770 K for sample NCNF873K
higher temperature (Fig. A.1) shows well separakaks located at 398.5 eV and 401 eV,

easily fitted with a mixed G-L function (GL30) anwith FWHM of 1.5 after linear
background subtraction.
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Fig. A.2 Difference spectra from 329 K to 360 K for samNIENF873K
Fig. A.2 reports the difference of spectra recordigpwise while heating from 329 K to

360 K. This graph shows formation of a peak at &l3@8.1 eV (positive ordinate value)
and vanishing peak at 400.3 eV (negative ordinataey. In fact, the BE values which
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better fit the original spectrum (Fig. A.1) aregslily different from these ones obtained in
the difference spectra (Fig. A.2). This is duehe fact that the two peaks overlap in the
middle region of the N1s spectrum and then the peafginated by the difference
function (peak maximum and the FWHM) are not thenesaHowever, this spectrum
highlights the presence of another species in the & about 400.1 eV. The analysis of
the temperature programmed XPS on the N-CNT473Kpsrted as second example. The
N1s spectrum for the N-CNT473K is broader thanNRENT873K spectrum. Other peaks
should be taken into account for a good fittingtvideen 645 K and 672 K the surface
modification of the nitrogen functionalities allowse detection of another species located
at around 399.4 eV (Fig. A.3).

399.4
|
40000

20000

Difference XP spectra [cps]

-20000

408 406 404 402 400 398 396

Binding Energy [eV]
Fig. A.3: Difference spectra from 645 K to 672 K for sampleN\-473K

As shown in the Fig. A.4, it is necessary to introel other two peaks located at about 406
and 403 eV in the fitting of the N1s.

The reproducibility and the valuability of the exipeental methods were verified by the
mathematical treatments of the data resulting fdifferent TP-XPS measurement on the
same sample and the comparison with the results fine different sample. High number
of spectra has been analyzed by mean of the XP& siatwvare. In fact, the data are
consistent each other concerning the number ofgpaa#t the line shape, however among

the different sample and the different runs theohls value of peak maximum and
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FWHM slightly vary within £0.1 eV. The deconvolutioof the XP spectra was done
according to the following specifications: afterifBy background subtraction, six peaks
have been introduced for the deconvolution oftal $pectra, adjusting the fitting in such
a way to get a standard deviation (STD) value adalinFor the spectra with low amount
of N a linear background was subtracted. The sixrdmutions have peak maximum as
following: 398.4+0.1 (N1); 399.4+0.1 (N2); 400.130(N3); 401.1+0. 1 (N4); 403.5 0.1

(N5); 406+0.1(N6).
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410 408 406 404 402 400 398 396
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Fig. A.4: N1s spectrum recorded at room temperature for saM@NF473K.

The BE to which correspond the maximum of the peas fixed with interval of
freedom within +0.1 eV and a FWHM within 1.35 and 2V, which were the value
of the scattering between different samples a/osmesanents. For instance, it must be
pointed out that for the N1 species the FWHM vapnf 1.35 at room temperature up
to 1.5 at 770 K. However, even this small variatianFWHM results in different
number of species needed to fit the experimentavecuThis emphasizes the
complexity of the analysis of the XP N1s and Olscspum. Thus, here peaks with a

BE that were common to all the samples have beed wsth a FWHM ranging from
1.35-1.6 eV.
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A.1.2 Ols

If in the case of the N1s, the difference of specacorded sequentially during heating
show some positive peaks and negative peaks, dtlettost of some species and the
creation of new one, with the overlapping in theldhe region that make the peak shape
determination less obvious, this is rarely obsenvethe case of the O1s. In this case a
more precise determination of the peak shape, FWarlll BE, was possible. Fig. A.5
shows the difference of the O1s spectra recordedaamh temperature and 412K for the
sample N-CNT473K. The curve was fitted with a Garssurve with maximum at 532.4
eV and a FWHM of about 1.85 eV.
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Fig. A.5: Difference between spectra recorded at r. T. artdkdfior the sample NCNF473K.
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Fig. A.6: Difference spectra recorded at 479 K and 698 KHersample NCNF473K.

Fig. A.6 shows the difference of the spectrum rdedrat 479 K and 698 K for the

sample N-CNT473K. The curve was fitted by a Gaumsgidth maximum at 532.3 eV and

a FWHM of about 1.35 eV. From 712 K to 736 K (FAg7) there is loss of the species at
531.3 eV (FWHM 1.52) and another species at 539.6vegh FWHM 1.56 fitted with

Gaussian curve.
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Fig. A.7: Difference spectra recorded at 712 K and 736 Ktersample NCNF473K
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The same species was observed for the CNTox (F&). Arom room temperature to 398
K the peak located at 532.4 eV is lost while fro88 X to 447 K a slightly shifted peak
at 532.9 eV is removed by heating (Fig. A.9).

From 717 K to 838 K two new featurappear centered at 531.3 eV and 533.5 eV (Fig.
A.10)
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Fig. A.8: Difference between spectra recor@gd.T and 398 K for sample CNFox.
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Fig. A.9: Difference between spectra recorddd.T and 398 K for sample CNFox(black curve) &adn
398 Kto 477 K (red curve).
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Fig. A.10: Difference between spectra recordad17 K and 838 K for sample CNFox.

At 838 K (Fig. A.11) the 532.5 eV is totally gonedathe spectra is mainly composed by
the peak at 533.6 eV, 0.1 eV shifted with respketfeature observed during the initial
thermal desorption (Fig. A.10). Another peak lodaa€530.7 eV is visible.

2000

1500

1000

500+

Normalised Intensity [cps/mA]

537 535 533 531 529
Binding Energy [eV]

Fig. A.11 O1s spectrum recorded at 838 K for sample CNFox.
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Fig. A.12 reports the O1s for the sample CNFox mests at room temperature. For the
fitting of this spectrum it is necessary to introdua small peak at about 535 eV. This is a

common feature for all the samples investigated.
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Fig. A.12 O1s spectrum recorded at room temperature fopEa@NFox

The fitting of all the Ols spectra relative to te@mple investigated have been done
according to the results of the difference methathdreatment described here. Five GL
30 peaks have been used with BE maximum which kgintly vary +0.1 eV, which was
the scattered value observed through all the speetorded.

Furthermore, in order to reach a STD 1 a FWHM aldo#t1.6 was required. The FWHM
was considered the same for all the peaks. In aonif one wants to use a narrower
FWHM a higher number of peaks should be consideFad.O1s core level spectra have
been deconvolved after Shirley background subtractby introduction of five
contributions with peak maximum as following: 53071 (O1); 531.4+0.1 (O2);
532.4+0.1 (0O3); 533.7£0.1 (0O4); 535 (O5). When sseey a linear background was
subtracted.

Deconvolution of the C1s core level spectra wastteahiin this work considering that the
presence of both O and N would make the analysis a@mplicated and not leading to a
meaningful understanding. In conclusion, the congpds used to fit the N1s and Ols
spectra match with those reported in literatureb(@4.1).
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