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La filosofia no puede sino beneficiarse
de nuestras disputas, porque si
nuestras concepciones se prueban
verdaderas, se llegard a nuevos logros;
y st se prueban falsas, su refutacion
confirmard aun mds las doctrinas
originales.

Philosophy itself cannot but benefit from
our disputes because if our thoughts are
true then we will make new gains, and if
they are false then their refutation will
confirm further the earlier doctrines.

Galileo Galiles
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Kurzfassung

Kohlenstoffnanorohren (CNTs) werden aufgrund ihrer hohen spezifischen Oberflache, ihrer
einzigartigen geometrischen und elektronischen Struktur und der hohen chemischen Sta-
bilitat als vielversprechende Materialien zur Anwendung in der heterogenen Katalyse
diskutiert. Struktur und intrinsische Eigenschaften ihrer Oberflaiche kénnen zudem durch
Einbau von Defekten, insbesondere durch Funktionalisierung mit Heteroatomen, gesteuert
werden. Durch verschiedenartige Funktionalisierungen lassen sich saure oder basische Zen-
tren auf der Oberfliche generieren, wodurch CNTs als heterogene Saure-Base-Katalysatoren
eingesetzt werden konnen, aber auch als Triagermaterial z.B. fiir katalytisch aktive Metalle,
da durch gezielte Modifizierung der CNT-Oberflache Metall-Trager-Wechselwirkungen bee-
influsst werden konnen und damit verdnderte katalytische Eigenschaften zu erwarten sind.
Um Struktur-Aktivitats-Korrelationen aufstellen zu kénnen, bedarf es sowohl geeigneter
Praparationen zum Erhalt moglichst homogen funktionalisierter Oberflachen als auch
belastbarer Methoden zu deren Strukturaufklarung. Die komplexe, stark von den Syn-
theseparametern abhangige Oberflachenchemie der CN'Ts, erfordert dazu die gleichzeitige
Anwendung komplementéarer Charakterisierungsmethoden.

Ziel dieser Arbeit war der Einbau von S-; N- und P-haltigen funktionellen Gruppen
auf mehrwandigen CNTs, um gezielt Oberflichen mit sauren und basischen Zentren
zu generieren. Die Art, Menge und thermische Stabilitat der funktionellen Gruppen
wurde vorwiegend mittels TPD, XPS, Mikrokalorimetrie und Elementaranalyse aufgeklart.
Die Séure-Base-Eigenschaften der Oberflichen wurden komplementédr sowohl mittels
pH-Titration in wéssriger Phase als auch durch die sauer- bzw. basisch katalysierte
Umsetzung von 2-Propanol in der Gasphase als sensitive Sondenreaktion bestimmt. TPO
gab Aufschluss iiber den Einfluss der Heteroatome auf die oxidative Bestandigkeit der
CNTs.

Zunachst gelang die Seitenwandfunktionalisierung der CN'Ts mit Sulfonsdauregruppen
mit Hilfe einer Diazotierung von Sulfanilsdure in o-Dichlorbenzol und Wasser. TPD-
Experimente bestétigen eine thermische Stabilitdt der Gruppen bis 250 °C. Sowohl die
pH-Titration als auch eine hohe Propylenselektivitat in der Umsetzung von 2-Propanol
beweisen die sauren Oberflacheneigenschaften. Eine Desaktivierung kann bei Durchfiihrung
der Reaktion unterhalb von 200 °C vermieden werden. Die Menge an sauren Zentren
korreliert hierbei mit der Konzentration an S in den Proben und es konnte herausgestellt
werden, dass das Losungsmittel Wasser gegentiber o-Dichlorbenzol einen hoheren S-Einbau
beglinstigt.

Die Darstellung N-funktionalisierter CN'Ts gelang mittels Aminierung in 50% NHjz/Ar-

Atmosphére von O-funktionalisierten CN'Ts bei verschiedenen Temperaturen. TPD- und



XPS-Analysen ergaben die Anwesenheit von vorwiegend Imiden und Lactamen nach
Behandlung bei 300 °C und pyrrolischen N nach Funktionalisierung bei 500 °C. Eine
Aminierung bei 700 °C fiihrt gezielt zu tiberwiegend pyridinischen N. Wahrend der N-
Gehalt mit zunehmender Behandlungstemperatur leicht sinkt, steigt die Basizitét der
Oberflachen drastisch an, was weniger durch die Menge als vielmehr durch die Art der
funktionellen Gruppen bestimmt wird. Die bei 700 °C funktionalisierten CN'Ts erreichten
nahezu Totalselektivitiat beziiglich Aceton in der Umsetzung von 2-Propanol. Innerhalb
einer Periode von 12 h ist die Aktivitéit stabil, solange die Temperatur weniger als 250
°C betragt. Die basischen CNTs wiesen eine mit dem Ausgangsmaterial vergleichbare
oxidative Bestandigkeit auf.

Die Modifikation mit P wurde durch Aktivierung mit H3PO, im Temperaturbereich
zwischen 400 und 700 °C erreicht. P wird hierbei in Form von Phosphaten kovalent
an die CNTs gebunden wie anhand der CO-Bildung bei Temperaturen jenseits von 750
°C wahrend der TPD nachgewiesen werden konnte. Die Ergebnisse der pH-Titration
und die anndhernde Totalselektivitdat zu Propylen in der Umsetzung von 2-Propanol
bewiesen die sauren Eigenschaften der Oberflache. Die hydrolyseempfindlichen Spezies
zeigen ein stabiles Verhalten wahrend der Reaktion bis zu einer Temperatur von 200°C.
Mikrokalorimetrische Untersuchungen zeigten die Anwesenheit von zwei homogeneverteilten
und energetisch aquivalenten Sauren-Zentren. Im Gegensatz zur Funktionalisierung mit
anderen Heteroatomen konnte die oxidative Stabilitit signifikant verbessert werden.

Zusammenfassend wurden in dieser Arbeit mehrwandige CNTs erfolgreich mit S-; N-
und P-basierten Gruppen funktionalisiert, wobei systematisch der Einfluss verschiedener
Syntheseparameter auf die resultierenden Saure-Base-Eigenschaften untersucht wurde. Die
komplementiare Anwendung von spektroskopischen, titrimetrischen und kalorimetrischen
Methoden sowie Reaktivitdtsstudien erlaubten qualitative und quantitative Aussagen
iiber die Natur und Eigenschaften der verschiedenen funktionellen Gruppen auf der CNT-
Oberflache. Dieser wissensbasierte Ansatz fithrte mit Erfolg zur Darstellung wohldefinierter,

nachweislich vielversprechender Saure-Base-Katalysatoren.



Abstract

Carbon nanotubes (CNTs) are regarded as promising materials in the field of heterogeneous
catalysis due to their high specific surface area, unique geometric and electronic structure
as well as their chemical stability. In addition, the structure and intrinsic surface properties
can be influenced by incorporation of defects and, certainly, via chemical modification with
heteroatoms. Various functionalization techniques allow the generation of acid or basic
sites, thus enabling the possibility of employing CNTs either as heterogeneous acid-base
catalysts or as a support for catalytic active phases. Metal-support-interactions can
be influenced through specific functionalization of the CNT surface, which in turn are
expected to have an impact on the resulting catalytic properties. In order to establish
structure-activity correlations, it is essential to find suitable preparation routines that lead
to homogeneously functionalized surfaces, whose structure may be elucidated employing
reliable techniques. In addition, the complex surface chemistry of CNTs, whose state
strongly depends on the synthesis parameters, requires the application of complementary
characterization techniques.

The aim of this work was the incorporation of S-; N-; and P-containing functional
groups onto multiwall CN'Ts in order to purposefully generate surfaces with acid and
basic centers. The nature, amount, and thermal stability of the functional groups were
determined with the aid of TPD, XPS, microcalorimetry, and elemental analysis. Surface
acid-base properties were elucidated by complementary techniques, namely pH titrations in
aqueous phase and the catalytic transformation of 2-propanol performed in the gas-phase.
TPO experiments provided information on the influence of heteroatoms on the oxidative
resistance of CNTs.

First of all, a sidewall functionalization of CN'Ts with sulfonic acid groups was achieved
through diazotization of sulfanilic acid in ODCB and water. TPD experiments confirm a
thermal stability of the surface species up to 250 °C. Potentiometric pH titration results
and a high propylene selectivity in the course of the transformation of 2-propanol confirm
the acidic surface properties. A deactivation can be prevented by performing the reaction
at temperatures below 200 °C. The amount of acid sites correlates with the S-content in
the samples. In addition, the incorporation of sulfur could be enhanced when using water
as a solvent instead of ODCB.

The synthesis of N-doped CNTs was accomplished by amination of O-containing CN'Ts
at different temperatures in a 50 % NH3z/Ar atmosphere. TPD and XPS analyses showed
that imides and lactams are predominantly present after treatment at 300 °C, while
pyrrolic-N is preferentially formed upon functionalization at 500 °C. Amination at 700

°C mainly yields pyridinic-N species. Whereas the N-content slightly drops with rising



treatment temperature, the surface basicity is drastically increased, which is determined
by the nature rather than the amount of functional groups. The CNTs modified at 700
°C almost achieved total selectivity towards acetone in the transformation of 2-propanol.
The activity is stable within a period of 12 h, at least for reaction temperatures below
250 °C. The basic CNTs exhibit an oxidative resistance comparable to that of the pristine
material.

The modification with P was carried out through chemical activation with H3PO, in
the temperature range between 400 and 700 °C. P in form of phosphate species is hereby
covalently attached to the CNTs as evidenced by CO formation at temperatures beyond
750 °C during TPD experiments. Results derived from potentiometric pH titrations
and the approximately total selectivity towards propylene in the transformation of 2-
propanol confirm the acidic surface properties. The hydrolysis-sensitive species exhbit a
stable behaviour during reaction to a temperature of around 200 °C. Microcalorimetric
measurements further confirmed the presence of two homogeneously distributed and
energetic equivalent acid sites. In contrast to the functionalization with other heteroatoms,
it was possible to significantly enhance the oxidative stability.

In summary, in this work multiwall CN'Ts were a successfully functionalized with S-,
N-, and P-containing groups, whereby the influence of different synthesis parameters on
the resulting acid-base properties was systematically investigated. The complementary
employment of spectroscopic, titrimetric, and calorimetric methods as well as reactivity
measurements allowed drawing conclusions on a qualitative and quantitative basis about
the nature and properties of different functional groups present on the CNT surface. This

knowledge based approach led to a successful synthesis of promising acid-base catalysts.
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1. Introduction

Buckminsterfullerene, the first spherical carbon molecule ever reported, was discovered by
Kroto, Curl, Smalley and co-workers during a joint research project at Rice University in
1985 [1]. In order to understand the origin of the peculiar naming of the Cgy molecule,
it is important to consider the following question: which feasible geometry yields the
most stable structure when arranging sixty carbon atoms? Assuming either a planar or a
tetrahedral configuration similar to a graphite respectively diamond fragment leads rapidly
to the conclusion, that a high number of valences at the edges respectively at the surface
would remain unsatisfied. The only plausible geometry that meets all requirements of
satisfied sp? valences is that of a sphere. This symmetrical structure found for the Cg
molecule is similar to the geodesic domes designed by the architect Richard Buckminster
Fuller, whose work, in consequence, served as the source of inspiration for the name-giving
of the new carbon allotrope.

The serendipitous synthesis of this stable nanocage (see Figure 1.1a) represented an
important breakthrough in carbon research. In the following years after the discovery
great efforts were made in order to explain the stability of the structure from a theoretical
point of view. Hence, different physical properties, including the optical spectrum [2], the
electronic structure and bonding [2-4], magnetic properties [5, 6] as well as vibrational
modes [7—10] were analyzed by means of several calculation methods. In spite that the
Buckminsterfullerene became the target of numerous studies, the main problem remained
the vanishingly small quantities produced by the conventional laser vaporization method
described in [1], thus hindering an experimental validation of the theoretically assessed
macroscopic properties. In order to overcome this central problem, alternative production
technologies had to be developed. The first process that achieved an output of some grams
was the one described by Kratschmer and Huffman [11], in which two graphite electrodes
were evaporated using a vacuum arc discharge in a noble gas atmosphere.

In 1991, only one year after the Kriatschmer-Huffman arc process had been reported,
lijima presented interesting results about the synthesis of what he defined as “a new type
of finite carbon structure consisting of needle-like tubules” [12], using a slight modification
of the technique which until then had only been employed for the production of fullerenes.
Although these tubular arrangements of sp? hybridized carbon atoms, which were mostly

considered as filamentous carbons [13-16], had also been observed in the past, it was
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Figure 1.1.: Molecular model of the Cgp fullerene (a) and of a single-walled carbon nanotube
with fullerene-like ends (b).

[ijima who performed the first systematic study using a High-Resolution Transmission
Electron Microscope. At this juncture it should be pointed out that the observed structures
were what are nowadays called Multiwall Carbon Nanotubes (MWCNT), which consist
of multiple concentrically arranged graphene sheets. Emphasizing this is all but trivial,
because the only hollow filaments for which several predictive studies had been carried
out were made up of one single graphene shell. For instance, Robertson et al. [17] used
theoretical methods in order to examine both the lattice energetics and the elastic properties
of Single-Wall Carbon Nanotubes (SWCNT) with radii smaller than 9 A. Regarding the
former property, the authors suggested a higher preference for tubular rather than for cage
structures. As to the latter one, the results of the study implied that the tubules become
softer as their radii decrease. Other theoretical analyses, which for instance focused on
the electronic conductivity, predicted that a carbon nanotube may possess either metallic
or semiconducting properties, depending on the geometrical constraints, that is to say the
radius and the wrapping angle [18, 19]. Although a crucial step was reached when both
lijima and Ichihashi [20] as well as Bethune and co-workers [21] simultaneously reported
about the existence of these type of nanotubes, six more years had to pass in order to
prove on an experimental basis the topological dependency of the electronic structure
[22, 23].

Figure 1.1 depicts an ideal representation of the Buckminsterfullerene as well as of a
single-walled carbon nanotube. In contrast to the spheroidal structure of the Cgy molecule,
SWCNTs exhibit an elongated one-dimensional morphology consisting of a cylindrically
wrapped graphene sheet, which, according to Geim and Novoselov’s definition, is “a flat
monolayer of carbon atoms tightly packed into a two-dimensional (2D) honeycomb lattice”
[24]. Within this context it is worth mentioning that Smalley and other scientists held the
view that a single wall carbon tubule might be the limiting case of a fullerene molecule.
Actually, there is an indisputable relation between these nanostructures since the terminal

sections of closed carbon nanotubes can be considered as fullerene-like caps or hemispheres



(see Figure 1.1b). A curious fact regarding the geometry of fullerenes and carbon nanotubes
is that in the latter case the smallest diameter ever reported corresponds to the diameter
of the Cgg molecule, which is the smallest fullerene cage that satisfies the isolated pentagon
rule [25]. According to this principle, fullerenes consisting of pentagons and hexagons are
thermodynamically more stable if no two pentagons are adjacent to one another.

Based on the aforepresented historical background there should be no doubt that the
discovery of fullerenes and naturally of the carbon nanotubes changed radically the view
about the science of carbon, which until then had dealt with the physics and chemistry
of graphite, diamond and amorphous carbons. Moreover, the initial excitement in the
scientific community triggered by lijima’s observations in 1991 accelerated the research
towards a better understanding of the constitution and functionality of carbon based
nanostructures, which on the one hand made it possible to substantially improve well-
established applications and on the other opened a wide range of potential usages that

became possible thanks to the remarkable and unique properties of these compounds [26].






2. Carbon nanotubes: An overview

2.1. Atomic structure

Conceptually, a single-walled carbon nanotube can be imagined as a seamless hollow
cylinder constituted by an arrangement of sp? hybridized carbon atoms located on the
vertices of a rolled-up honeycomb lattice (Figure 2.1). These nanostructured materials
can be produced using several techniques including laser ablation, arc-discharge and
high-pressure CO conversion (HiPCO), which in general lead to a Gaussian distribution
of diameters with mean values between 1.0 and 1.5 nm [28]. As a consequence of the
intramolecular van der Waal’s forces, single-walled tubes tend to form hexagonal-packed
bundles during the growth process. Interestingly, the wall-to-wall distance between two
neighboring nanotubes equals the interlayer distance in graphite, which is about 3.41 A[28].
In spite of the improvements that have been achieved with regard to the synthesis of
carbon nanotubes, a remaining problem lies in the fact that the current understanding of
the growing mechanisms is far from unambiguous and complete, which in consequence
hinders the precise control of the structure. This aspect is of eminent importance as the
physical properties of a nanostructured tubule depend on the way the graphene sheet is
wrapped (see section 2.2). Each nanotube is specified by a pair of parameters, namely the
tube diameter d; and the chiral or wrapping angle ©. The chiral vector C_”h, which connects

two crystallographically equivalent sites on the graphene sheet, describes mathematically

o’ LT B
e

\ e
R

-

Figure 2.1.: Formation of a carbon nanotube starting from a graphene sheet [27].
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Figure 2.2.: Graphical representation of the geometrical parameters (C_"h, O, a1, d2) of a single-
wall carbon nanotube based on a 2D graphite sheet. The depicted case corresponds
to the nanotube defined by the indices n=4 and m=2 [25].

the circumference of the tube. This quantity is defined by means of the relation
Cy, = ndy + mas 0<|m|<n (2.1)

with the natural numbers (n,m) and the basis vectors @; and ds. In terms of rectangular

Cartesian coordinates, these unit vectors can be written as follows:
31 3 1
N .

In equation 2.2, a stands for the length of the unit vector, which is defined as the square
root of three times the distance between two adjacent carbon atoms in the honeycomb
lattice (a = v/3ac—_c). This constant has a value of approximately 2.46 A.

In order to describe the unit cell of a carbon nanotube, it is necessary to introduce a
second geometrical object denominated as the translational vector f, which lies perpen-
dicular to the chiral vector éh and runs parallel to the tube axis. As can be seen out of
Figure 2.2, vector T ranges from the origin O to the first lattice point B in the graphene
sheet. In general, this quantity is determined in terms of the indices (n,m) by
2m+n 2n+m

ay (05} (23)

f pr—
dr dr
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where
d, if n —m not a multiple of 3d
dr = (2.4)
3d, if n —m a multiple of 3d
with d as the highest common divisor of (n,m). Given the above parameters, the length of

the translational vector T' can be calculated using the expression

\/3 (n?2 4+ m? 4+ nm)
= Q s
dr

+ = ‘f‘ (2.5)

whereas the tube diameter is determined by

’éh’ Vn2 +m?2+nm
dt = = a
T T

(2.6)

An important aspect regarding the calculation of d; using equation 2.6 is that it neglects
the effects of the graphene sheet curvature on the C-C bond. For this reason, the application
of the aforementioned relation is valid for nanotubes with diameters greater than 1 nm
[29]. The chiral angle O, defined as the angle between @; and Ch,, can be also obtained

from the natural numbers (n,m) by means of the following equation:

O = cos™! ( n+m/2 ) (2.7)

Vn? 4+ m? +nm

Furthermore, the amount N of hexagons in the unit cell of a nanotube can be determined

by setting the area S. = T - Cy of the cylinder surface in relation to the area S, of the

hexagonal graphene unit cell. The calculation of this ratio can be performed based on the
following relation:

S, 2(n*+m?+nm)

N = — =

Sy dg

At this juncture it is necessary to distinguish between three different types of nanotube

(2.8)

structures, depending on the values of the wrapping angle. A schematic representation is
shown in Figure 2.3. When the absolute value of © lies between 0° and 30°, the nanotube
is denominated as chiral. In case that the wrapping angle equals the lower boundary, than
this type of achiral nanotube is referred to as “zig-zag” (n,0). On the contrary, when ©
reaches the value of 30°, the pattern observed along the circumference corresponds to that
of a so-called “armchair” nanotube (nn).

After having described the unit cell of a carbon nanotube in the real space, it is now
important to define its corresponding Brillouin zone. As shown in Figure 2.4, the Brilloiun
zone of 2D graphite, which is defined as the Wigner-Seitz primitive cell in the reciprocal

lattice, is represented by a a shaded hexagon.
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Figure 2.3.: Schematic models of the three different types of single-wall carbon nanotubes: (a)
armchair (©=30°), (b) zigzag (©=0°), and (c) chiral (0°< O] <30°) [25].

The unit vectors b; and 52 of the reciprocal lattice are given by the following coordinates:

- 2T 2w - 27 27
by =|—,— by =|—,—— 2.9
In analogy to the vectors ¢, and f, which span the unit cell of a carbon nanotube with
the indices (n,m) in the real space, the Brillouin zone is defined by k. in the direction of

the tube axis and k| along the circumference of the tube. These reciprocal vectors are

given by the following relations:

]{?J_ Ch—27T _)J_ f:O (2.10)
k.- Cp = k.- T =2

Y

l_"'.

Figure 2.4.: Reciprocal lattice with primitive reciprocal lattice vectors and unit cell (shaded) [27].
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As a consequence of the high aspect ratio of a SWCNT, the tube can be regarded as
infinitely long, wherefore the wave vector k, is continuous. The first Brillouin zone in the
z-direction encompasses the interval —m /t < k< /t. However, along the circumference

of the tube, the wave vector ky is quantized. Following boundary condition must be

fulfilled
2T 2T

7:@'/!: e (2.11)

ISR

;L)\:‘C_:h‘zﬂd <~ EJ_#:

where g is an integer that can assume values according to the sequence -N/2, -N/2+1,..., 0,
1,..., #N/2. According to equation 2.11 the wave function of a quasi-particle in a nanotube,
such as an electron or a phonon, must undergo a phase shift of an integer of 27 around
the circumference in order to prevent a cancellation due to destructive interference.

On the basis of the mathematical model presented above, which can be found in more
detail elsewhere [30], it is evident that the atomic structure of a single shell nanotube is
quite well understood. On the contrary, the geometry of multi-walled carbon nanotubes
continues to be an issue of debate, especially because their structure vary depending on
the production method applied. In addition, structural discrepancies can be observed even
within one single batch, suggesting that the determination of the final structure of the
carbon nanotubes is somewhat stochastically driven [31].

A multi-walled carbon nanotube may be constituted by several graphene sheets with
different helicities. Intertestingly, it has been reported that the diversity of chiral angles
represents about 20 to 50% of the observed number of graphene sheets, implying that
some sheets are characterized by the same chirality. An explanation for this finding
may be found therein, that the tube helicity needs to be properly changed in order to
accommodate tubules with increasing diameters in a coaxial way, prevailing at the same
time the wall-to-wall distance of about 3.4 A, which is similar to the interlayer spacing in
turbostratic graphite [32].

For certain multishell nanotubes there is evidence that they possess an asymmetric
structure defined by non-uniform fringes. In other words, when taking a closer look at the
cross section of the tubules, one can observe that the distance between successive walls is
different depending on which side of the tube is being analyzed. In HRTEM images, the
fringes of the smaller and regular spacings are usually of higher contrast, whereas the side
with the thicker walls is rather weak and irregular [33]. From these observations a concept
based on a polygonal form of the cross-sections was proposed. This model has also been
applied to explain the coaxial accommodation of tubules with increasing circumferences.

Even though a great number of publications have dealt with multi-walled carbon
nanotubes, insofar there is no uniform definition for this type of tubules. On the one hand,

based on lijima’s observations [12], MWCNTs are constituted by a coaxial arrangement
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of singleshell carbon nanotubes with increasing diameters (Figure 2.5). On the other
hand, indications exist that multi-walled nanotubes may be constructed by scrolling a
single graphene sheet. Starting from the predominant definitions found in the literature,
MWCNTs are described either from a morphological or a structural point of view. Whereas
in the former case a carbon nanotube is referred to as any kind of carbonaceous hollow
cylinder, in the latter one, the definition is based on the nested model reported by lijima.
This discrepancies make it difficult to unambiguously speak about multi-walled nanotubes,

wherefore Tessonnier et al. [34] suggest to generalize the structural definition.

Figure 2.5.: Model of a multi-walled carbon nanotube [27].

2.2. Electronic properties

As has been mentioned before, the physical properties of carbon nanotubes depend not
only on the amount of graphene shells from which they are constituted, but also on the
chirality and diameter of the wrapped sheets. In this section, only the electronic properties
will be highlighted and presented. The aim hereby is to give a theoretical background that
explains both the metallic and semiconducting behavior of carbon nanotubes.

To gain an insight into the electronic properties of a SWCNT, it is convenient to start
analyzing the band structure of graphene. In this material, the carbon atoms exhibit a
trigonal sp? hybridization resulting from the linear combination of one 2s and two 2p
orbitals. This leads to the formation of the bonding and anti-bonding ¢ orbitals, which are
in-plane with the graphene sheet. Although one might expect that the ¢ bonds determine
the electronic properties, in fact their energy values are too far away from the Fermi
level in order to play a significant role. This can be seen clearly in Figure 2.6, where the
energy dispersion relations of graphene along the border of the triangle defined by the
high symmetry points I'M K are shown. The smallest band gap between the bonding and
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Energy (eV)

Wave vector

Figure 2.6.: Electronic band structure of graphene along the high symmetry points of the triangle
I'M K as shown in Figure 2.4 [28].

anti-bonding states is about 11 eV and can be found at the I' point. As a consequence
of the large energy difference, these bonds have a neglectable influence on the electrical
conductivity of graphene. The second type of bond found in graphene is the 7 bond, which
is formed by the overlapping 2p, orbitals of adjacent carbon atoms. Each sp? hybridized
carbon atom has one 7 electron, which can be found with a high probability either above or
below a graphene layer. Therefore, the 7 electrons are not stationary, but are delocalized
within neighboring 7 orbitals. As can be further seen in Figure 2.6, the 7 valence and 7*
conduction bands degenerate near the Fermi level at the K point of the hexagonal Brillouin
zone. For this reason, graphene is referred to as a zero-gap semiconductor, characterized
by a Fermi surface consisting of six different points.

At this juncture it is important to remember that, whereas the wave vectors around the
nanotube circumference only take discrete values, those along the tube axis are continuous.
If the electronic states along the EZ direction are plotted onto the Brillouin zone of graphene,
a series of parallel lines formed by the allowed wave vectors of a nanotube can be found.
The nature of these lines, namely the length, position and orientation, depends on the
helicity of a particular nanotube. An exemplification is given in Figure 2.7, showing the
first Brillouin zone of an armchair and a zig-zag nanotube.

In order to determine whether a carbon nanotube is a semiconductor or a metal as a
function of its geometrical constraints, it is necessary to interrelate the allowed k lines of a
nanotube along its circumference with the Fermi surface of graphene. Among others we
know that the degeneration of the valence and conduction bands of graphene takes place
at the K point of the Brillouin zone. A carbon nanotube only exhibits metallic properties

when the allowed k lines pass through this high symmetry point. As the quantization of
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(a) Armchair (3,3) (b) Zig-zag (6,0)
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Figure 2.7.: Schematic representation of the first Brillouin zone of a (3,3) nanotube (a) and a
(6,0) nanotube (b) [35].

the wave vectors along the circumference is given by equation 2.11 and the location of
the K point in the Brillouin zone is described by the vector K= % (51 — 52>, then the

following should apply to a metallic nanotube:

— — 1 - g 2
K-C,= 27W§ (bl — b2> (ndy + mds) = g(” —m) (2.12)

A further simplification of equation 2.12 leads finally to the well known relation
3u=n-—m, (2.13)

which implies that whenever n-m becomes a multiple of three, a single-walled carbon
nanotube shows metallic properties with a non-zero density of states at the Fermi level as

shown in Figure 2.8.
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Figure 2.8.: Density of states of a nanotube with the chiral indices (n,m)=(5,5).
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2.3. Reactivity of carbon nanotubes

The chemical reactivity of carbon nanotubes can be better understood when studied
together with that of their closest sp?-hybridized relatives, namely graphite and fullerenes.
Graphene and therefore graphite can be regarded as carbonaceous materials with a high
degree of chemical inertness, which is a natural consequence of their planar, aromatic
structure. Merely a handful of greatly reactive compounds, including fluorine, possess the
ability of derivatizing such flat conjugated m-surfaces [36]. As opposed to this, performing
the functionalization of a curved m-surface as available in fullerenes is a less complex
task, which can be confirmed by the wide range of derivatization strategies successfully
applied to these compounds [37]. At this point it is evident that bending a graphene sheet
in a three-dimensional manner introduces strain into the carbon framework, resulting
in an increased reactivity. The following two determining factors have to be taken into
account whenever the different behavior of the aforementioned carbon allotropes towards
a chemical modification needs to be described [38]:

(i) Curvature-induced pyramidalization: sp?-hybridized carbon atoms are charac-
terized by a trigonal planar shape, implying that the pyramidalization angle Op
equals 0°. In the case of a tetragonal sp*-hybridized carbon atom, the angle between
the o and 7 orbitals is larger than 90°, which in turn leads to a pyramidalization
angle of 19.47° (see Figure 2.9a). For all the carbon atoms in the buckminsterfullerene
it was found that ©p=11.6°, suggesting that the hybridization of the carbon atoms
tends to be more tetragonal rather than trigonal. From this it follows that the
chemical modification of any carbon atom in the Cgg molecule leads to a relaxation
of the entire structure, reducing the strain originally induced by the curvature of the
geometry.

(ii) m-orbital misalignment: as can be observed from Figure 2.9b, the m-orbitals
located at the carbon atoms 1 and 4 of the Cgy molecule are perfectly aligned with
respect to each other, leading to a misalignment angle ® of 0°. In the case of CNTs
it is necessary to distinguish between two different types of bonds: whereas the C-C
bond lying normal to the nanotube axis shows again no m-orbital misalignment, the
other is slightly rotated with respect to the circumference, exhibiting a misalignment
angle ® of 21.3° as a consequence of the curvature. This effect is responsible for the
torsional strain in carbon nanotubes, which is released whenever the sidewall of a
nanotube undergoes an addition reaction.

From a chemical point of view it is convenient to divide a carbon nanotube in two different

zones: the end caps and the sidewall. The former region is similar to a hemispherical

fullerene, whereas the latter one corresponds to a one dimensional folded graphene sheet.
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Pyramidalization Angle:

Op = (O —90)°

TRIGONAL TETRAHEDRAL
\em =90 o,, = 109.47
0= 0 Op = 19.47

Figure 2.9.: Diagrams of (a) pyramidalization angle (©p), and (b) the m-orbital misalignment
angles (®) along the C1-C4 in a (5,5)-SWCNT and Cgo [39].

As it is already known from the curvature-induced pyramidalization, the highest reactivity
can be found at the end caps, where the chemical modification is driven by the release of
strain energy. This is ensured for any nanotube irrespective of its diameter as shown by
Haddon et al. [40], who reported that the maximum pyramidalization angle of a fullerene
with icosahedral symmetry cannot take values below 9.7°. With respect to the sidewall
and the corresponding chemistry it must be said that although the pyramidalization angle
assumes nonzero values, the observed reactivity is rather ascribed to the more pronounced
misalignment of the m-orbitals located at the carbon-carbon bonds tilted to the nanotube
axis. Furthermore, both ©p and ® exhibit an inverse dependency on the diameter, which
has been theoretically studied by means of DFT calculations [41] and experimentally

observed on the ground of Raman spectroscopy [42].
Both ©p and ® are useful quantities with which the chemical inertness of graphene and

graphite can be explained. In the case of planar conjugated w-surfaces no pyramidalization
at any carbon atom as well as no m-orbital misalignment between adjacent pairs of carbon
atoms exists, meaning that no strain energy is stored within the framework of these carbon
allotropes. As a consequence, any kind of addition reaction would build up strain energy

instead of releasing it as opposed to their curved sp?-hybridized relatives [36].

2.4. Chemical derivatization approaches

Although it is indisputable that carbon nanotubes are promising macromolecules for a

wide range of nanotechnological applications, including electrically conducting composite
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materials [43], field electron emission sources [44, 45|, electrochemical devices such as
supercapacitors [46], assemblies for hydrogen storage [47], chemical gas sensors [48], and
scanning tips for atomic probe microscopes [49], there are still some drawbacks that need
to be overcome before reaching a large-scale commercial use. For instance, it is necessary
to enhance the low solubility of as-produced nanotubes both in organic and aqueous
solvents, which is necessary for a proper handling of these compounds [50]. Moreover,
some meaningful problems related to the production of CN'Ts need to be solved, as so
far no technique is capable of yielding large amounts of nanotubes with homogeneous
properties, that is to say with uniform diameter, chirality and length [26]. In other words,
until now there is no possibility to selectively produce either metallic or semiconducting
SWCNTs, which in turn hinders their entry into the world of nanosized electronic devices
[39].

One of the solutions that addresses the solubility issue is the chemical functionalization
of the nanotubes, which enables the structural alteration of the carbon framework, and
thus the tailoring of the physico-chemical properties. For instance, introducing moieties of
different kinds may be used in order to adjust the interaction of the nanotubes with other
entities, such as solvents, polymers or simply other nanotubes. A functionalized nanotube
may even exhibit mechanical as well as electrical properties that are not present in the
pristine sample [39]. Due to the fact that many studies have dealt with this topic in the

past, nowadays a wide range of derivatization strategies is available. A benefit related to

(b) Endohedral Functionalization
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Figure 2.10.: Derivatization strategies for carbon nanotubes [36].
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this development is the possibility of using nanotubes as solid acid or base catalysts as
well as a support for an active phase. Both aspects will be discussed in more detail in
section 2.6.

In order to deal with the vast amount of derivatization approaches that have been
successfully applied in the past, it is reasonable to discuss the topic based upon the
following categories: non-covalent, endohedral, defect site and sidewall functionalization
(Figure 2.10). At this juncture it is important to mention that the upcoming overview
should not be perceived as an attempt to review the existing literature, but rather as an
effort to give the reader an insight into the different ways of tuning the chemical properties

of carbon nanotubes.

2.4.1. Non-covalent exohedral functionalization

Supramolecular derivatization approaches offer the great advantage of attaching organic as
well as inorganic moeities to the outer surface of carbon nanotubes, while preserving their
intrinsic electronic and mechanical properties [36, 51]. The driving force behind this kind
of modification strategy is the non-covalent interaction between the nanotube skeleton
and the adsorbate of interest. Some of the interactions involved in the process are charge
transfers, m-m-stacking interactions, and van der Waal as well as electrostatic forces.

Several publications have focused on finding a way to improve the dissolution of CNTs in
water as these compounds tend to form insoluble agglomerates via intermolecular van der
Waal interactions, which are strengthened by their large specific surface area [52]. Breaking
a bundle by means of ultrasonication is not enough as individual nanotubes rebundle again
with time. Nevertheless, the agglomeration process can be inhibited if suitable surfactants
are introduced into the suspension. While the lipidic chain interacts with the surface
of the nanotubes, the polar end ensures their solubility in the aqueous medium. Up to
date, sodium dodecyl sulfate (SDS) has been the most widely used surfactant [53-57].
By means of TEM analysis it was shown that SDS forms supramolecular assemblies
consisting of rolled-up half-cylinders in which the alkyl rests point towards the nanotube
framework. Depending on the symmetry and the diameter of the nanotubes, different
types of arrangements, including rings, helices, and double helices have been observed.
[57].

Surfactants with aromatic groups are physisorbed on the graphitic surface of the
nanotubes through more specific and more directional 7w-m-stacking interactions [58]. In a
comparative study performed by Islam et al. [59] using single-walled carbon nanotubes
and surfactants of different types, it was stated that the superior dispersing capability of

sodium dodecylbenzene sulfonate (SDBS) as well as of Triton-X-100 compared to that of



2.4. Chemical derivatization approaches 17

SDS arises from a 7-like stacking of aromatic moieties onto the surface of CNTs. Other
factors influencing the graphite-surfactant interactions are the hydrophobic chain length,
headgroup size, and charge. Atomic force microscopy measurements demonstrated that
even at nanotube concentrations as high as 20 mg/mL, more than 60% of the agglomerates
exfoliated into isolated tubes [59].

In the field of materials science the utilization of carbon nanotubes as functional fillers
in polymer nanocomposites has gained increasing attention, because this application has
opened up the possibility to greatly enhance the physical properties of the materials
in question. Different noncovalent modification strategies have been developed for this
purpose, including physical mixing in solution, in situ polymerization of monomers in the
presence of nanotubes, surfactant-assisted processing of composites, as well as chemical
functionalization of the incorporated nanotubes [60]. In the following paragraphs the focus
will be set on hydrocarbon and conjugated polymers.

Carbon nanotubes have been used as reinforcement elements in hydrocarbon polymers,
such as polysterene, polypropylene, and polyethylene. The blending results in a composite
material with improved strength and stiffness characteristics. Using a simple solution-
evaporation method, Qian et al. [61] dispersed multiwalled carbon nanotubes throughout
polysterene matrices. Tensile tests performed on composite films containing 1 wt% of
CNTs evidenced increases of the Young’s modulus and break stress by around 40% and
25%, respectively. In addition, in situ TEM observations confirmed that the external
load is effectively transferred to the nanotubes, a finding that may be ascribed to the
high aspect ratio of the carbon nanostructure. Similar conclusions, but with regard to
polypropylene-based composites, were made in a study by Lépez Manchado et al. [62].
The authors investigated the tensile mechanical properties of isotactic polypropylene
blended with SWCNTs containing different amounts of the carbon material. One of the
core statements was that both the Young’s modulus and the tensile strength considerably
increased in the presence of the nanotubes, showing maximum values for a mass fraction
of 0.75%. Furthermore, a comparison with carbon black used as a filler evidenced the
superiority of the nanostructured material, which again, was ascribed to its high aspect
ratio.

Among the polymer composites attracting the attention of researchers, conjugated
polymers such as poly(phenylenevinylene) (PPV) are of special interest. One of the first
polymers to be studied within this context was poly(phenylacetylene) (PPA), a soluble
photoconductive compound [60]. The synergistic effects that arise from its combination
with carbon nanotubes are reflected in two different features. On the one hand, the
helically wrapped polymer induces solubility of the blend in organic solvents. On the other

hand, whenever the composite is exposed to harsh laser irradiation, the nanotubes stabilize
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the polymer, protecting it from photodegradation [63]. Another eye-catching example
comprises the enhancement of the electrical conductivity of poly(m-phenylenevinylene-co-
2 5-dioctoxy-p-phenylenevinylene) (PmPV). This polymer is known to be poorly electrically
conductive, but highly luminescent. Although doping a polymer results in an increasing
conductivity, it is detrimental for the optical properties as it reduces the bandgap of the
material. A solution for this trade-off proposed by Curran et al. [64] consists in using small
amounts of MWCNTs as physical "dopants" and mixing them up with the luminescent
polymer by means of ultrasonication. This simple approach made it possible to increase
the electrical conductivity of PmPV by a factor of 8, preserving thereby the luminescence
properties of the pure polymer.

A further application worth mentioning is the employment of carbon nanotubes as a
host material for the immobilization of biomolecules. Using noncovalent functionalization
methods it has been possible to combine the superior electro-conducting properties of
CNTs with the specific recognition capabilities of the immobilized biosystems, resulting in
supramolecular assemblies that are suitable for being used as miniaturized sensors [39)].
In an investigation performed by Besteman et al. [65] it was shown that semiconducting
SWCNTs coated with the redox enzyme glucose oxidase act as reversible pH sensors and
at the same time show a response towards the addition of glucose, which make them ideal
for monitoring the enzymatic activity. Agii et al. [66] reported about a lactate biosensor
constructed by immobilizing the enzyme lactate dehydrogenase (LDH) on glassy carbon
modified with a conducting polymer and combined with MWCN'Ts. The sensor was used
for the recognition of NADH, which is generated during the enzyme-catalytic conversion
of lactate to piruvate. It was shown that the bioelectrode was able to operate at low
potential values without any redox mediator and without losing its analytical performance.
Finally, it should be mentioned that DNA biosensors are being developed at a fast pace
with the aim of finding a rapid, simple and inexpensive way to test genetic and infectious
diseases. As expected, performance improvements have been achieved in the presence
of CNTs. Wang and coworkers [67], for instance, demonstrated that carbon-nanotube
modified glassy-carbon electrodes facilitate the adsorptive accumulation of guanine as
compared to the bare glassy carbon, which in turn enhances the oxidation signal of the

nucleobase.

2.4.2. Endrohedal functionalization

Filling the inner cavities of carbon nanotubes with foreign species such as fullerenes or
nanoparticles has become an important tool for studying the chemistry and physics of

molecules encapsulated in a quasi one dimensional channel. In fact, the structural and



2.4. Chemical derivatization approaches 19

Figure 2.11.: Stages of carbon nanotube filling with fullerene Cgp via the gas-phase mechanism
[68].

dynamic properties of some compounds change dramatically as a result of the confinement-
induced arrangements achieved inside the nanotubes. At the very beginning, the fact
that CNTs could serve as nanosized containers was considered an unusual peculiarity
of the nanoworld. Over time, researchers were able to broaden their knowledge about
this special feature, not least because of the discovery of some important rules regarding
host-guest interactions. Nevertheless, the effects that the encapsulated compounds have
on the physicochemical properties of nanotubes are far from being completely understood,
probably a consequence of CNT polydispersity and/or of their complex intrinsic properties.
[68].

Since the Cgy molecule is the most abundant among the higher fullerenes and at the
same time the less complex to encapsulate, it has become the guest species most widely
studied. In the seminal work of Smith and co-workers [69], it was shown for the first
time that the buckminsterfullerene could be hosted inside the channels of single-walled
carbon nanotubes. These so-called peapods were produced during the purification of raw
nanotubes using the pulsed laser vaporization method. Similar observations were reported
for nanotubes synthesized by the arc evaporation of carbon in the presence of nickel-yttrium
catalysts [70, 71]. Both methods have low production quantities in common. Nevertheless,
a controlled synthesis procedure based upon the vacuum-annealing of previously oxidized
SWCNTs in the presence of fullerenes has shown to be the method of choice when large
amounts of peapods are required [72, 73]. Not only the low sublimation temperature of
the fullerenes, but also the thermal stability of these compounds make the latter procedure
suitable for a large-scale production [60].

One important question concerns the filling mechanism of nanotubes with buckyballs.
Two different pathways have been proposed in order to explain the formation of peapods

[74]: (1) direct encapsulation of Cgy from the gas phase into the channel either through
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open ends or defects present in the sidewall or (2) diffusion of adsorbed buckyballs from
the external surface into the nanotube interior (see Figure 2.11). With respect to the latter
route, it is necessary to point out that even though the guest species become adsorbed
onto the outer surface of the carbon framework (Figure 2.11b), they are able to freely
migrate along the tube and consequently to reach an open cavity (Figure 2.11¢c). Before
entering the channel, the adsorbates must overcome a specific activation barrier - around
0.3 eV for Cg - which is overcompensated upon encapsulation (Figure 2.11d) by stronger
host-guest van der Waals interactions [68]. This enhancement evidently results from the
larger contact surface area between the nanotube and the confined molecules.

After the discovery of fullerene-filled nanotubes, several publications focused on studying
their structural, vibrational and electronic properties. Transmission electron microscopy
studies revealed the periodic linear arrangement of the guest molecules inside the nanotubes
and electron diffraction measurements served as a basis for assessing the inter-fullerene
distance, which in the case of the Cgg molecule was estimated to be around 0.95-0.97
nm [75, 76]. Interestingly, it was found that the intermolecular spacings of fullerenes in
peapods were smaller compared to those of the corresponding crystalline bulk sample,
suggesting a competition between two kinds of interactions, namely, the fullerene-fullerene
and fullerene-tube interactions [75].

Concerning the vibrational properties it is known that fullerene-filled nanotubes ex-
hibit characteristic features of their constituent components [77]. For the Cgy and Cyg
peapods, the RBM frequency has been found to undergo a downshift by up to 5 ecm™" in
relation to the empty nanotubes, while the G-band seems to remain unaffected despite
the functionalization. The former observation has been considered as an evidence for the
weak electron transfer to the fullerenes, which is additionally supported by the existence
of a peak centered at 1465 cm™!, probably ascribable to the pentagonal pinch mode of
the buckminsterfullerene. In view of the fact that the frequency value is 4 cm™! lower
than the one found for the corresponding bulk material, being the former one too largely
downshifted in order to be explained solely in terms of electron transfer, other explanations
have been proposed for this finding: For instance, the downshift could be related to an
increase of the tube diameter arising from the confinement of foreign molecules or to the
reduction of intertube interactions as a result of fullerene intercalations into the bundles
[78].

A deeper insight into the local electronic structure of individual peapods has been
gained using sophisticated techniques like scanning tunneling spectroscopy [79]. Besides
finding a semiconducting behaviour for all studied peapods, significant differences between
the valence and conduction states were further observed. As depicted in Figure 2.12, a

pronounced bimodal peak evolves in the conduction band only when the spectrum is taken
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on top of an encapsulated Cgy molecule, whereas the occupied DOS (negative bias) remains
rather unchanged regardless of the axial position at which the spectroscopical analysis is
performed. This asymmetric finding is consistent with the corresponding spatial mapping
along the nanotube axis (not shown), as only the unoccupied electronic states display
periodic features at a distance of around 1 nm. This value resembles the one obtained
from electron diffraction measurements [75, 76|, which supports the statement that the

spatial modulations indeed arise from the confined molecules.
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Figure 2.12.: Scanning tunneling spectra of a Cgg peapod taken in between and on top of the
peak-like features (STM image not shown) along the nanotube axis [79].

2.4.3. Defect site functionalization

Even though carbon nanotubes are often assumed to be perfect structures without dis-
tortions in the lattice, research has brought to evidence that this is very seldom the case.
Several types of defects and dislocated carbon atoms are known to be already generated
during the production step, especially at the ends of the nanotubes. In these areas of
disorder it is not uncommon to find enclosed catalyst particles that originally serve as
starting points for initiating the growth process of the material. Defects can also be present
in the sidewalls of the nanostructure: pentagon-heptagon pairs called Stone-Wales defects,
sp®-hybridized defects, and vacancies are some examples [36].

A common way of introducing defects into the structure of carbon nanotubes involves
exposing the material to different kinds of oxidizing agents, including nitric and sulfuric
acids as well as potassium permanganate and hydrogen peroxide, among others [80].
This approach is in many cases unavoidable owing to the necessity of removing up to

several layers of the highly reactive pyrolytic carbon that covers the outer surface of
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as grown nanotubes. Furthermore, only under rather harsh conditions it is possible to
drastically reduce the amount of catalyst residues present in the pristine specimens, which
are reported to lower the decomposition temperature and increase the decomposition
rate [81]. A widely known side effect of such liquid-phase oxidative treatments is the
inevitable introduction of oxygen functional groups at the ends and defect sites of the
material in question. Actually, one the of most critical aspects related to this kind of
surface modification is that the nature of the created moieties cannot be controlled in a
selective way, meaning in turn that the acid-basic properties of the starting material are
changed in a rather arbitrarily manner. At this juncture it is necessary to point out that
the development of non-destructive purification strategies, which are capable of removing
impurities without affecting the carbon framework, has turned out to be one of the most
challenging tasks [36].

In spite of the structural degradation suffered by CNTs upon contact to strong oxidizing
agents, one great advantage offered by the liquid-phase purification procedures is the
fact that carboxylic acid functionalities are widely created, and precisely their existance
is of paramount importance as these sites serve as starting points for numerous types
of functionalization sequences [36]. Therefore it is not surprising that the achievable
final state of a specific modification procedure directly depends on the surface density of
carboxylic acid groups.

One of the most widely applied derivatization approaches within this context, referred

to as the oxidation-amidation procedure, was developed by Liu et al. [82] in 1998. In
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Figure 2.13.: Schematic representation of CNT oxidative treatment and subsequent amidation of
carboxylic acid groups using thionyl chloride [36].
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their seminal work, the authors described an ultrasonic cutting method for SWCNTs
using a mixture of concentrated sulfuric and nitric acid that lead to shorter, carboxylated
specimens. The oxygen functionalities were subsequently treated with SOCly (2) and NHo-
(CHz)11-SHy (3) in order to yield alkanethiol chains coupled to the nanostructure through
amide linkers (Figure 2.13). In a further step they were able to attach gold nanoparticles to
the free thiol groups, a fact that was confirmed by means of AFM. This functionalization
approach was also applied by Haddon and co-workers [83], who derivatized both metallic
and semiconducting SWCNTSs as described previously, but using octadecylamine (ODA)
after the formation of the acyl chloride, with the aim of improving the solubility of the
material in organic media. Further investigations performed by the same research group
showed that even though the use of para-substituted alkyl aryl amines could also give
soluble materials, the targeted physical property was not enhanced to the same extent
as it was by the derivatization with long chain alkanes [84]. In the same study they
demonstrated that an acid-base reaction between the carboxylated nanotubes and a long
chain alkyl amine was also a suitable strategy for enhancing the solubility of the material.
However, in the latter case the organic moieties instead of being covalently bonded to the
nanostructure, they remained attached by ionic forces.

Esterification of immobilized carboxylic acid groups as a further defect-based deriva-
tization route leading to soluble carbon nanotubes, has been extensively investigated,
for instance, by Sun and co-workers [85-88]. One of their earlier studies dealt with the
functionalization of SWCNTs and MWCNTs using various types of lipophilic and hy-
drophilic dendrimers in association with the modification step involving the formation of
acyl chlorides. The resulting materials, which were fully characterized by means of NMR
and electron microscopy, showed in dependence of the used substrates enhanced solubility
in both organic solvents and water [85]. Further evidence confirming the existence of
ester linkages was gathered by defunctionalizing the modified carbon nanotubes under
based-catalyzed hydrolysis reaction conditions. Using this approach, the authors were
able to recover the starting CN'Ts that were again insoluble in any solvent [86]. An inter-
esting report from the same research group demonstrated that carbon nanotubes could
be deuterated using ethanol-dg as a co-reactant together with 3,5-dihexadecoxybenzyl
alcohol in esterification reactions [87]. Later investigations dealing with the attachment of
pyrene moieties to the surface of nanotubes showed that the carbon material efficiently
quenched the pyrene photoexcited states. This observation was explained in terms of a

process involving energy transfers from the bonded molecules to the CNTs [88].
As has been previously stated, amidation and esterification strategies have been widely

implemented whenever soluble carbon nanotubes were needed. This can be also observed

in the work of Gu and co-workers[89], who were able to perform a solid-state reaction
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between oxidized nanotubes and 2-aminoethanesulfonic acid yielding a material with
enhanced water solubility. An improvement was also achieved by Pompeo et al. through
covalent grafting of glucosamine to the surface of single-walled carbon nanotubes, while
the group of Chen et al. [90] attained excellent results by simply attaching the amino acid
lysine to acyl chloride modified MWCNTs. Interestingly, in the latter mentioned study it
was stated that stable concentrations of around 10 mg/mL could be obtained in deionized
water, which is a value nearly 2 orders of magnitude higher than the one achieved for the
acidified material. Of special interest are solvent-free processes since, on the one hand they
are environmentally friendly, while on the other they render the possibility to simplify the
scale-up of the synthesis from laboratory to industrial dimensions. Within this context,
Ford et al. [91] presented a method whereby acid-purified carbon nanotubes are treated
with molten urea, which in this case is used as both a solvent and reactant. NMR and
XPS measurements confirmed that ureido functionalities were indeed attached to the water

soluble material.

2.4.4. Sidewall functionalization

In order to understand the importance of direct sidewall derivatization approaches it
is necessary to have in mind that carbon nanotubes possess a high aspect ratio. Since
the previous described defect-based functionalization techniques require the existence
of carboxylic acid groups, which are preferentially created at the tips of the nanotubes,
suggesting that only a small portion of the carbon material participates in the chemical
modification, it is not surprising that the overall derivatization degree is relatively low.
This in turn implies that the sidewalls are hardly involved in the transformation sequence.
For this reason, the availability of direct sidewall functionalization approaches offer the
opportunity to tether a great amount of functional entities onto the nanotube framework,
meaning that a higher functionalization degree is theoretically achievable. Nevertheless,
two important drawbacks are directly linked to the direct sidewall functionalization. As
opposed to the defect-mediated derivatization approaches, the straight modification of the
sidewalls always leads to a rehybridization of a sp? carbon atom into a sp?® configuration,
which is a requirement for the formation of a covalent bond between an attacking substrate
and a carbon atom with aromatic character. The main consequence is that the m-system
of the carbon nanotube is disrupted, which is known to have a negative effect on the
electronic and mechanical properties of the material. The other issue concerns the lower
reactivity of the sidewall, which arises from the similarity between the CN'Ts and a planar
m-system in terms of chemical inertness. In spite of the aforementioned problems, the direct

chemical derivatization of carbon nanotube sidewalls is indeed an interesting possibility
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Figure 2.14.: Solvent-based sidewall arylation of SWCNTs.

of introducing heteratoms into the framework, which is strongly evidenced by the great
amount of transformation sequences that have been developed for this purpose [36]. In
view of the different ways to perform this task, only the diazotization as a potential
selective route will be highlighted in detail.

In 2001, the research group of Tour and co-workers reported about a method to
functionalize the sidewall of carbon nanotubes via an electrochemical reaction, in which
several types of aryl diazonium salts were used together with SWCN'Ts, yielding water-
soluble specimens characterized by a high derivatization degree. The generation of
the aromatic radical was done in situ through a one-electron reduction. Furthermore,
the solvent-based process as depicted in Figure 2.14, consisting in a thermally induced
generation of the aryl radical by reacting a para-substituted aniline with isoamyl nitrite,
was carried out shortly after. The high versatility of the approach can be found therein,
that the process can be also used without employing any type of solvent [36].

Another related route consisting in exfoliating as well as derivatizing individual SWCNTs
can be achieved by simply grinding a sample at room temperature with aryl diazonium salts
in the presence of ionic liquids and potassium carbonate. This fast and environmentally
friendly procedure can be even performed on the basis of water as a solvent. Hereby,
disentangled SWCN'Ts are functionalized by vigorous stirring in water under the presence
of a substituted aniline and an oxidizing agent. It should be mentioned that type of
solvent can be further extended to a mixture of 96 % sulfuric acid and ammonium
persulfate. By using this mixture it is possible to substitute the solvent oleum, which
generally leads to a sulfonation of the pyrolitic aromatic hydrocarbons present on the
nanotube surface. Currently, it was shown that the in situ generation of aryl diazonium
compounds in the presence of ammonium persulfate leads to an efficient, scalable and

solvent-free functionalization of multiwalled nanotubes. Furthermore, organic compounds
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like triazene are stable precursors of diazonium salts for using them in the functionalization
of SWCNTs in aqueous media. As can be inferred from the aforementioned, this approach
is especially of interest whenever the molecules to be immobilized do not survive the
common diazotization conditions. With respect to the employment of azomethine ylides
in association with diazonium precursors for the functionalization of CN'Ts it must be said
that the reaction can be appreciably speed up by employing microwaves. For instance,
using o-dichlorobenzene as a solvent and accompanying the experiment with microwaves,
it is possible to achieve a high modification degree while simultaneously shortening the
reaction times during the diazotization of single walled nanotubes with 4-chloroaniline
and isoamyl nitrite. A further derivatization step with which the chloro substituent is

transformed into a thiol functionality giving a material soluble in DMSO [36].

2.5. Heteroatoms in carbon materials

Surface oxygen-containing groups are by far the most common type of functionalities
bound to the surface of carbon materials [92]. Ever since the first studies in the 19
century, it is known that, as opposed to other kinds of adsorbed gases, the removal of
oxygen only occurs at relative high temperatures. In fact, the amount of adsorbed oxygen
augments when the temperature is moderately elevated, showing maximum concentrations
in the range between 400 and 500 °C. Among the pioneering studies, the one carried out by
Bartell and Miller is worth mentioning. The results showed that charcoals oxidized by air
at low temperatures yielded basic functionalities, whereas acidic groups were preferentially
formed when the carbon was allowed to cool down before exposing it air.

The high diversity of oxygenated surface groups is shown in Figure 2.15. It should be
noted that not only carboxylic, phenolic and ketonic functional groups are considered to
be chemically active, but also the m-electron density of the carbon basal planes. In general,
oxygen functionalities are classified according to their properties into either acidic or basic
ones [92]. The former are created when a carbon material is treated preferentially with
oxidizing agents in the liquid phase, while the latter can be obtained when a previously
oxidized surface is annealed at high temperatures. Actually the heat treatment itself does
not yield basic groups, but rather the exposure of the material to air after cooling it in an
inert gas atmosphere. This arises from the fact that the acid groups are decomposed at
elevated temperatures, which results in the formation of active edge sites that bind the
oxygen in form of basic functionalities such as chromene or pyrone.

Even though a general agreement exists with respect to those types of oxygen surface
species responsible for the acidic character of a carbon compound, the origin of the basic

properties is still a subject of debate. In an investigation performed by Leén y Ledn et
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al. [93] it was proposed that the overall basicity is defined by both pyrone-like groups
and oxygen-free carbon sites localized at basal plane areas with a high m-electron density,
that is away from the surface edges. In spite of this consensus, up to date one of the most
critical problems when dealing with this property lies in the difficulty of assessing the
basic strength of the aforementioned types of sites. In addition, there is still no much
information concerning the extent to which both oxygen functionalities and m-electrons
contribute to the global carbon basicity. As a matter of fact, Leén y Leén et. al. [93]
observed a strong correlation between the overall basicity and the oxygen content present
in a carbon material. Accordingly, this property is determined by pyronic and related
groups in samples with large amounts of O,, whereas delocalized 7-electrons are important
when oxygen is scarcely available. The so far mentioned aspects were further discussed by
Montes-Morédn et al. [94], who on the basis of experimental and theoretical approaches
generalized the idea that pyrones present on the carbon edges are responsible for the
overall basicity, assigning m-electrons only a negligible role.

A major difference concerning the formation of oxygen- and nitrogen-containing func-
tional groups is that, as opposed to the former, the latter are not created spontaneously
when a carbon material is exposed to air. In general, the amount of nitrogen found in
carbons is rather small unless the element is part of the precursor used in the carbonization

process. Some of the most common compounds employed for this purpose are carbazole,

Figure 2.15.: Different types of oxygenated functionalities formed on carbon surfaces: (a) car-
boxylic acids groups, (b) lactone, (c¢) hydroxyl, (d) carbonyl, (e) quinone, (f) ether,
(g) pyrone, (h) carboxylic anhydride, (i) chromene, (j) lactol, and (k) 7 electron
density on carbon basal planes [92].



28 Chapter 2. Carbon nanotubes: An overview

NO,

N ()
()
N L ©
| N
‘ AN
P
)
CN (b
L NH, (b)
(9)

Figure 2.16.: Nitrogen-containing functional groups on carbon materials: (a) pyrrole-like group;
(b) nitrile; (c) secondary amine; (d) nitro group; (e) nitroso group; (f) terciary (g)
amine; (h) pyridine-like group; (i) imine; (j) amide; (k) lactam; (1) pyridone; (m)
quaternary amine [92].

acridine and melamine. Within this context is important to mention that the type of
nitrogen functionality found in carbons strongly depends on the way the material is
pretreated. Besides the type of nitrogen-containing precursor, the properties of the carbon
surface and the chosen treatment temperature also play an important role. In view of the
fact that the N-containing species present in the precursor material exhibit a different
thermal stability, it is obvious that the temperature is the parameter which determines
the type of chemistry that takes place. Consequently, the range of nitrogen surface species
present on a carbon material can be as diverse as shown in Figure 2.16. Other common
synthesis routes are magnetron sputtering, laser ablation and catalytic chemical vapor
deposition (CCVD) of nitrogen-containing hydrocarbons [95]. A further possibility of
binding nitrogen to a carbon structure is by exposing it to an N-containing reagent such
as ammonia [96, 97|, urea or hydrogen cyanide.

As one would expect, nitrogen functional groups are responsible for the acidic and
basic properties of a carbon surface and consequently for both its chemical reactivity
as well as catalytic behaviour. Lactams, imides and amines, which are considered to be
weakly acidic, can be formed when carbon materials are treated with suitable precursos
at temperatures lower than 530 °C [92]. As opposed to this, the amount of quaternary
nitrogen, pyridinic and pyrrole-like groups substantially increases when high temperatures
are chosen. These groups account for the basicity of the material. Against the background
of the aforementioned, it is evident that global acid-basic properties is the defined by the

concentration and distribution of surface functionalities present in carbon materials.
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Generally, one of the most demanding tasks when dealing with carbon materials and
their physicochemical properties is the quantification of the surface functionalities. This
challenge applies equally to all types of functionalities, regardless of the elements from
which they are constituted and arises from the fact that many of these groups coexist and
therefore interact with each other, making it nearly impossible to unambiguously discern
between them, even when several complementary characterization techniques are applied.

In spite of the above, valuable information can be still extracted from experimental
data obtained from methods such as Boehm titration, potentiometric titration, XPS and
TPD. The first mentioned technique was developed to neutralize the surface functionalities
according to their acid strength using organic bases with different pK, values [98]. The
assumptions contemplated hereby are the following: carboxylic acid groups are deproto-
nated by sodium bicarbonate, sodium carbonate neutralizes carboxylic acids and lactones,
and sodium hydroxide is employed for titrating the aforementioned groups and phenols.
When using the potentiometric titration it is necessary to know that the data analysis is
somewhat complicated as quite often the first derivatives obtained exhibit a large amount
of maxima, which can hardly be assigned to a specific type of functionality. Nevertheless,
theoretical models describing the acid-basic mechanisms on the carbon surface have been
developed, which can be used in order to simulate the run of experimental curves. Although
this quantitative approach results in a distribution of pK, values, it is rather impossible
to assign them to a certain species, which originates from the fact that several heteratom
combinations can lead to similar acid dissociation constants.

A more complicated approach is the analysis of the carbon material by means of XPS.
This surface sensitive technique can be briefly described as follows: X-rays photons directed
to a sample are absorbed by the constituent atoms, exiting and ejecting hereby a core
electron, which possesses a kinetic energy that depends on its binding energy, the energy of
the incoming photon and the work function of the spectrometer. When this process takes
place, the inner-shell hole is filled by an outer electron. Consequently, either a photon or
an Auger electron is emitted. This technique, as one would expect, has been employed
numerous times in order assess the binding energies of the Cls, N1s and O1s photoelectrons.
One important aspect in association with the identification and quantification of the groups
containing heteratoms is that for a proper analysis a deconvolution of the obtained spectra
needs to be carried out. As an example, the results obtained for aminated nanocarbons in
a study carried out by Arrigo et al. [97] are presented in Table 2.1.

TPD is another common technique used for quantification purposes. This is done by
heating a carbon sample in an inert gas atmosphere at a specific rate, inducing a gradual
thermal decomposition of the surface functionalities. The hereby evolved gases, which

are generally analysed by mass spectroscopy or gas chromatography, can be used for
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estimating the oxygen content. Moreover, the deconvolution of the corresponding profiles
may provide information about the amount of each type of functionality. Such a disputable
approach assumes that CO, is created when carboxylic acids, lactones and anhydrides are

decomposed, whereas CO evolves from anhydrides, phenols, ethers and ketones.

Table 2.1.: Binding energies of the most common nitrogen and oxygen containing functional

groups [97].
1 Amine / Pyrrol / N-oxide /
Type of N Pyridine Amide Pyridone Quarternary N Nitro
BE [eV] 398.440.1 399.44+0.1 400.1+0.1 401.1+0.1 406+0.1
Type of O  Quinones C=0 COOH C-O NOg H>O

BE [eV] 530.7£0.1 531.44+0.1 532.41+0.1 533.7+£0.1 533.2£0.1 535%0.1

2.6. Carbon as a catalyst

A wide range of carbonaceous materials including graphite, carbon black and active carbon,
amongst others, have been used over a long period of time in heterogeneous catalysis. The
reason for this may be found in the fact that the carbon allotropes possess remarkable
physicochemical properties, as for instance high chemical inertness, great stability in
oxygen-free atmospheres, outstanding mechanical resistance, large surface area as well
as an optimum porosity, which make them suitable for the use as a catalyst support
[99]. In addition, it is possible to attach a series of functional groups containing different
heteroatoms like oxygen and chlorine onto the carbon surface, enabling the possibility to
employ them directly as catalysts in distinct reactions [100]. Still, it should be pointed
out that a mismatch exists between the outstanding suitability of carbon to serve as
an adequate support for a considerable amount of reactions and the small number of
large-volume processes that indeed use carbon-based catalytic systems. This contradiction
does not seem to be plausible at a first glance; however, the explanation for this lies in the
fact that the interplay of the textural and chemical properties are yet not fully understood
and even less the way the aforementioned properties influence the catalytic behavior
of these materials [101]. Another aspect which intensifies the outlined problem is the
missing reproducibility of the catalytic results caused in particular by the batch-to-batch
production applied by manufacturers, leading to a varying quality of the carbons [102].
It is well known that carbon is mainly used as a catalyst support. Nevertheless, the
employment of this material as a catalyst of its own should also be taken into account
as there are distinct industrial reactions such as the production of phosgene [103] and
sulfur halides [104] as well as the desulfurization of gases [105] which use carbon catalysts.

Regarding the latter case, there are several examples of industrial applications working
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effectively with flue gases containing small amounts of sulphur dioxide, e.g. the Sulfacid
and the Bergbau-Forschung-Uhde processes. Both of them were developed on the basis
of the adsorptive/catalytic properties of active carbon and designed for the purpose of

converting the hazardous contaminant into products with a commercial value [105].
In addition to the previously mentioned, well established manufacturing processes, a

great number of carbon-catalyzed reactions have been intensively investigated. According
to the excellent review of Radovic and Rodriguez-Reinoso, “the group of reactions that
has attracted the most attention is [the| oxidative dehydrogenation of alkylbenzenes”
[102]. In this context, Figueiredo and Pereira mention that Alkhazov et al. [106] were
the first scientific group to investigate the oxidative dehydrogenation of ethylbenzene
over activated carbons [107]. In the ensuing years, several analyses were carried out in
order to associate the textural properties of the carbons employed with the corresponding
activities achieved in the ODH of ethylbenzene. In addition to the carbon surface physics,
which comprises the effects of the total surface area and of the pore size distribution
on the catalytic performance, it was also necessary to study the influence of the surface
chemistry on the styrene yields [102, 107]. Investigations concerning this aspect were
carried out with diverse carbonaceous materials including charcoal [108], activated carbon
[109], mesoporous carbon [110], carbon nanofibers [111] and carbon molecular sieves [112].
In general, a broad agreement with respect to the nature of the active site exists as it has
been stated that the turn over of the aromatic hydrocarbon takes place at the surface
carbonyl/quinone groups, which have been identified as such using methods like TPD
[109, 111] and XPS [110]. Although empirical correlations do not necessarily give an insight
deep enough in order to understand the phenomena underlying macroscopic observations,
they can still be viewed as a simplified way to explain the responses of a complex system
evoked by defined stimulations. Thus, it is important to mention that Pereira et al. [109]
found a linear relation between the catalytic activity in the ODH of ethylbenzene and
the assessed concentrations of the quinone groups present on the investigated samples.
Furthermore, the results of the same study showed that regardless of the initial state of
oxidation, all tested activated carbons behaved similarly as the reaction proceeded. This

finding was ascribed to the formation of coke.
As evidenced by the work of Su et al. [110], the catalytic performance and stability of a

carbon material is strongly influenced by its microstructure. For instance, the yield towards
the formation of styrene positively correlated with the basal plane to edge site ratio, a result
which was obtained based on the performance of onion-like carbons, carbon nanotubes and
graphite. In addition, a high stability was observed for the previously mentioned materials,
whereas in the case of carbon black the overall yield steadily decreased. The effects of

the microstructure were further investigated by Delgado et al. [113] for carbon nanotubes.
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In this study, commercial CNTs were heat treated at different temperatures and tested
in the ODH of ethylbenzene. Differences in styrene yields were explained in terms of
oxygen content and graphization degree: at high annealing temperatures lower amounts of
functionalities are available and at the same time a structure with less defects is obtained,
which leads to a low reactive surface and therefore to lower activities. Similar results
were reflected in a study performed by Rinaldi and co-workers [114], who investigated the
impact of the purification of carbon nanotubes on their catalytic performance in the ODH
of ethylbenzene and propane. It was shown that a mild oxidation treatment lead to an
incrementation of the surface functionalities as well as to an improved graphitic character
of the carbon material, which was not only confirmed by means of TPD and Raman
spectroscopy, but also by the evident changes in the catalytic activities and selectivities.
Furthermore, the effects of a subsequent annealing step at different temperatures confirmed

the behaviour observed by Delgado et al [113].

Another critical aspect deserving attention concerns the possibilities of improving the
catalytic performance of nanocarbons in ODH reactions. As was shown by Frank et
al [115], higher selectivities towards olefins can be achieved by simply modifying the
surface of carbon nanotubes with electron-attracting heteroatoms. In that study the
authors demonstrated that the presence of borates and phosphates enhances the oxidation
resistance of the investigated material. Not only the results of TPO experiments served as
a basis for confirming the aforementioned effect, but also the calculated activation energy
of Oy conversion in the oxidative dehydrogenation of propane, which increased after the
functionalization by approximately one third of the values obtained for the pristine and
oxidized samples. Interestingly, the activation energy of the alkane was similar for all
studied specimens. In addition, SSITKA experiments using 0O, and 80, evidenced the
lower isotope exchange capability of boron doped CN'Ts in contrast to oxidized ones, which
is a behaviour comparable to that of a low-loaded VO, /Al;O3 catalyst. As opposed to
the enhanced selectivities towards propylene, the improvements achieved in the case of
ethylene under comparable reaction conditions were rather moderate [116]. Unfortunately,
significantly higher selectivities could only be reached under an alkane-lean flow and at
high temperatures. Moreover, based on an analysis of the formal kinetics, the authors
showed that the rate order of oxygen increased by a factor of two to three after the
modification, which was interpreted in terms of a slower catalyst reoxidation. In other
words, the presence of heteratoms restrained the formation of highly reactive oxygen
intermediates that are known to favour the total oxidation of the hydrocarbon.

A further type of reaction that has received notable attention in literature is the
decomposition of alcohols [118-136]. In the early nineties, Szymanski performed a series

of studies dealing with the conversion of isopropanol [119, 120], 2-butanol [118] and
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Figure 2.17.: Dehydration (top) and dehydrogenation (bottom) mechanism of aliphatic alcohols
[117].

ethanol [121] over oxidized activated carbons. These investigations revealed that two
different pathways may take place on the carbon surface, namely the dehydration and
dehydrogenation of the aliphatic alcohol. While the former occurs on acidic centres, the
latter only takes place when Lewis acid and basic sites are simultaneously present on
the surface of the carbon catalyst [120]. A schematic representation of the corresponding
mechanisms is given in Figure 2.17. Moreover, it was shown that the introduction of oxygen
functionalities into the carbon structure through an oxidative treatment considerably
enhanced the overall catalytic activity. Using a wide range of metal cations, Szymanski
was able to demonstrate that their presence improved the dehydrogenation activity, thereby
suppressing to some extent the dehydration step [118, 119, 121]. This effect was strong
for cations with high Lewis acidity, which was in agreement with results obtained in other
studies for zeolites and ion-exchange resins [118]. Some interesting observations were made
concerning the optimal amount of surface acid sites necessary to maximize the dehydration
activity [120, 126]. First of all, it was concluded that as opposed to the dehydration,
which only occurs on the outer surface of the carbon catalyst, the dehydrogenation also
takes place within its pores. Taking the aforementioned finding into account as well as the
fact that the acidic active centres can be formed either inside or outside the catalyst, an
incrementation of their concentration only leads to an enhancement of the dehydration
activity as long as the maximum amount that can be formed on the outer surface is
not reached. After surpassing a certain threshold value, the rate of reaction at which

dehydration products are formed may even decrease [120]. Moreover, steric hindrances
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rising from a too large amount of acidic centres were also considered to be responsible for
a decrease in the dehydration activity [126]. It is plausible to think that the interactions
between adjacent polar groups become stronger with increasing concentration, which
in turn hampers their interactions with the alcohol molecules necessary for a successful
turnover.

Some studies dealing with the dehydration of methanol over oxidized carbon catalysts to
produce dimethyl ether (DME) have also been carried out [123, 124]. Using different types
of oxidizing agents (HNOj3, HyOq, (NH4)2S,05) and analysing their impact on the acid-
basic properties of the employed activated carbons by means of TPD, XPS, potentiometric
titration and point of zero charge determinations, Moreno-Castilla et al. [124] empirically
derived a relationship between the DME rate of formation [in pmol-g~!-min~! at 453 K]

and the proton concentration at the point of zero charge:
rpme = (2759 £ 97) - [H| + (0.53 + 0.25) (2.14)

Extensive kinetic investigations based on the decomposition of isopropanol [131] and
2-butanol [132] over phosphoric acid treated activated carbons have been performed by
Bedia and co-workers. In view of the high surface acidity induced by the phosphorous
groups, the conversion of the secondary alcohols yielded mainly dehydration products.
Therefore, the kinetic analysis focused on this pathway. The authors suggested that the
reaction can occur via two different types of elimination mechanisms. According to the
proposed E1 model, the initial rate-determining step involves the protonation of the OH
group, followed by the cleavage of the C-O bond giving a carbocation and a water molecule.
Subsequently, the carbocation is rapidly deprotonated and a propylene molecule is formed.
On the contrary, the E2 mechanism only includes a single surface reaction, which consists
of a simultaneous departure of the OH group and the  hydrogen. Based on the obtained
values for the kinetic parameters of the rate determining steps established in the E1 and
E2 models, namely the pre-exponential constant and the activation energy, the main
conclusion drawn was that probably both mechanisms occur simultaneously. In the study
of the decomposition of isopropanol [131], this statement was supported by features found
in the FTIR spectrum of the used catalyst. It suggested that two adsorbed species coexist,
identified as an undissociated 2-propanol molecule and an isopropoxide-carbocation surface

complex.
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3. Motivation and outline of the work

Acid-base catalytic processes are commonly used in the petrochemical [137] and fine
chemical industries [138]. Not only large scale processes, as for instance cracking, iso-
merization and alkylation, but also typical organic reactions, including hydrogenation
and esterification [139], play in this context an important role. Numerous advantages
of heterogeneous catalysts over homogeneous ones, including easy separation from the
reaction mixture, reusability whenever stable and leaching-resistant, and suitability for
being used in continuous processes, have triggered a transition towards heterogenization
of homogeneously catalyzed processes [140]. Furthermore, heterogeneous catalysts are
often environmentally benign and safe to handle owing to the fact that the active species
is immobilized on a support material. In view of this, great efforts are being made in
order to develop new solid acids and bases that are suitable for replacing conventional

homogeneous catalysts.
In contrast to conventional metal oxides, CN'T agglomerates are distinguished by

their predominantly mesoporous structure, which is a desirable textural property from a
macrokinetical point of view as the mass transport of reactants to the active sites located
at the carbon surface is strongly facilitated. On top of this, the physicochemical surface
properties can be adapted to meet the specific catalytic requirements. While numerous
types of carbonaceous materials have been tested in oxidative dehydrogenation reactions,
the acid-base catalyzed transformation of alcohols has been mainly performed over highly
microporous activated carbons. In contrast, mesoporous carbon materials have received
considerably less attention [136]. As a matter of fact, carbon nanotubes have never been
used as catalysts in the dehydration-dehydrogenation of alcohols. Furthermore, despite
various types of modification strategies that are nowadays available for the generation of
functional groups on CNT surfaces, many of these methods have been carried out only
using small amounts of the pristine material. Because larger batches are required in the
field of heterogeneous catalysis, it is absolutely necessary to explore the possibility of
up-scaling the synthetic approaches. In consequence, following aspects are addressed in

the scope of this work:
1. How do the acid-base properties and oxidative characteristics of MWCNTs change

upon generation of surface species containing various types of heteroatoms?
2. To what extent can the acid-base properties of carbon nanotubes be changed following

controlled synthesis routes like the diazonium-based method [141]?
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3. What are the determining factors that define the surface acidity and basicity of
MWCNTs modified by amination in the gas phase?
4. Can the physicochemical surface properties of carbon nanotubes be properly tailored

by phosphorus incorporation?

A valuable possibility to investigate the effects of different sorts of functionalization
strategies on the surface properties of CN'Ts is by comparing the activities and selectivities
yielded by the modified samples during the transformation of 2-propanol under the
same reaction conditions. In addition, it essential to apply further techniques such
as potentiometric pH titration, TPD, XPS, microcalorimetry, TGA as well as FTIR
spectroscopy in order to gain a deeper insight into the complex surface chemical properties
of the functionalized CN'Ts. The findings thus obtained are described in detail in the three
main chapters:

Chapter 4 deals with the generation of benzenesulfonic acid entities on the surface
of CNTs via diazotization of sulfalinic acid with isoamyl nitrite in ODCB and water.
An integral characterization of the acid sites by thermal analysis, liquid phase titration,
ATR-FTIR spectroscopy, and the transformation of 2-propanol is presented.

Chapter 5 focuses on the incorporation of N-containing functionalities into the surface
of oxidized MWCNTs by gas-phase amination. XPS and TPD analysis provide fundamental
information about the amount and nature of oxygen and nitrogen species. Acid-base
properties investigated by potentiometric pH titration and the catalytic transformation of
2-propanol as well as the oxidative characteristics studied by TPO are discussed in detail.

Chapter 6 provides details on the analysis of the acid-base and oxidative properties of
MWCNTs modified with phosphate species obtained by chemical activation in phosphoric
acid. Results obtained by TPD, liquid-phase titration, the gas-phase transformation of
2-propanol, NHz-microcalorimetry, and TPO are presented.

Chapter 7 summarizes the obtained results from a general and critical point of view.

A compact outlook discusses important aspects to be considered for future investigations.
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4. Tailoring the acidity of carbon nanotubes through
addition of in situ generated benzensulfonic acid

radicals

Klaus Friedel Ortega, Benjamin Frank, Annette Trunschke, and Robert Schlogl

Abstract

A direct sidewall functionalization approach based on the diazotization of sulfanilic acid with
isoamyl nitrite in either o-dichlorobenzene (ODCB) or water as solvents was used in order
to modify the surface of multiwalled carbon nanotubes (MWCNTs) (Baytubes C150 HP®)
with benzenesulfonic acid entities. The use of water proved to be significantly more efficient
than ODCB since a larger number of functional groups was attached to the carbon backbone
despite lower sulfanilic-acid-to-carbon ratios. Temperature programmed desorption (TPD)
experiments revealed that the covalently attached surface species are thermally stable up to
250 °C forming SOy and H5O upon decomposition. The sulfur content ranged between 0.1
and 1.6 wt% according to elemental analysis and TPD. Elemental mapping by SEM-EDX
proved that the modification protocol is suitable for introducing sulfur-containing species
in a homogeneous way. In addition, the presence of benzenesulfonic acid groups was
confirmed based on ATR-FTIR spectroscopy. Potentiometric pH titrations revealed the
acidic character of the functionalized materials. The number of acid sites correlates with
the sulfur content. Surface acidity was further verified by high selectivity to dehydration
products in the transformation of 2-propanol. Propylene formation rates have been used

as a measure of acidity.
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4.1. Introduction

Carbon nanotubes have attracted much attention due to their outstanding electronic,
thermal and mechanical properties, thus making them valuable and suitable for numerous
technological applications. One major drawback, however, is the difficult processability of
the nanostructured material arising from a poor solubility in aqueous and organic media
[142], which is related to the inherent surface hydrophobicity. This aspect is likewise
crucial when CNTs are employed as a catalyst on their own and as a support [107]. In
spite of their high specific surface area, a homogeneous dispersion of an active phase is
not possible as long as proper anchoring sites are not available on the graphitic sheets. In
order to overcome these hurdles, several covalent functionalization approaches allowing a
chemical modification of the CNT surface have been applied [143]. Oxidative treatments
either in nitric acid [144-146] or using gaseous compounds (e.g. oxygen [147, 148] or ozone
[9,10]) belong without doubt to the most common methods for generating O-containing
functional groups. Sulfur incorporation is generally achieved through functionalization of
the CNT material in the presence of HySO, alone [149] or in a mixture with nitric acid
[149-152]. Even though substantial amounts of the heteroatoms can be introduced by
these methods, a common undesired side effect is the structural degradation of the carbon
framework promoted by the strong oxidative environment to which the CN'T material is
exposed. In order to avoid this, it is desirable to apply functionalization techniques capable
of modifying the surface without altering the morphology. A synthesis that fulfills both
requisites is the diazonium-based modification strategy proposed by Bahr and Tour [141].
Para-substituted anilines can be converted in situ into the corresponding diazo compound,
followed by a subsequent decomposition into molecular nitrogen and a highly reactive aryl
radical. The latter is capable of breaking the aromatic bonds of the nanotubes sidewalls,
thereby generating a covalent bond with the carbon structure. An ensuing work shows
that the coupling reaction can also be performed “on water” as an alternative to the less
environmentally friendly o-dichlorobenzene (ODCB) [153].

Sulfonation of mesoporous carbon nanocages via the aforementioned diazonium-based
derivatization approach using sulfanilic acid results in a solid acid catalyst that is active
in the cross-Aldol condensation of ketones with aromatic aldehydes [154]. Similarly,
benzenesulfonic acid species generated either in water, dimethylacetamide, or dioxane by
the previous method can be immobilized on the backbone of carbon nanofibers, thereby
yielding nanostructured materials capable of catalyzing the transesterification of triolein
and methanol [155]. Whereas in the former study 120 mg of catalyst were prepared
employing a sulfanilic-acid-to-carbon molar ratio of 280:1000, the latter reports an eight

times higher amount of processed carbon material, however, using a molar ratio of 100:1000.
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Evidently, both the precursor-to-carbon molar ratio and the solvent are suitable parameters
for tuning the surface density of desired functional groups. However, no investigation
addressing this important aspect of the diazonium-based functionalization has been yet
reported.

In this study, multiwalled carbon nanotubes (CNTs) were modified with sulfonic acid
entities in a systematic way based on the in situ diazotization of sulfanilic acid both
in ODBC and water. Samples thus obtained were subjected to various characterization
techniques, which undoubtedly affirm the presence of highly acidic surface functionalities.
Furthermore, the catalytic transformation of 2-propanol serving as a probe reaction was
carried out in order to characterize the acidic properties of sulfonated carbon nanotubes in
the gas phase. As depicted in Scheme 4.1, the secondary alcohol dehydrogenates to acetone
over an acid-base pair, while the dehydration step yielding propylene or diisopropyl ether
occurs on acidic centers. The characterization of CN'Ts by using this test reaction has not

been so far reported in literature.

Acid sit
= /\ + H,0 propylene
OH

)\ Acid site \|/0\|/ + H-O diisopropyl
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/’\ + Hy acetone

Scheme 4.1: Reaction pathways of 2-propanol transformation [120].
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4.2. Experimental section

4.2.1. Functionalization of CNTs

Functionalization experiments were performed using purified CNTs (Baytubes C150 HP®,
Bayer Material Science, carbon purity > 99 wt%, outer mean diameter ~ 13 nm, bulk
density 140—230 kg:m™—3) according to an up-scaled procedure based on the method
previously described by Bahr and Tour [141]. Typically, 4 g of pristine CN'Ts were immersed
in 400 mL of ODCB (Emsure from VWR) together with the corresponding amount
of 4-aminobenzenesulfonic acid (ACS from VWR). The suspension was ultrasonically
homogenized for approximately 20 minutes in a Bandelin Sonorex RK 510 sonication
bath (640 W peak output power). After heating the mixture to 60 °C under vigorous

magnetic stirring in Ar atmosphere, the reaction was started by adding drop-wise 2
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equivalents of isoamyl nitrite (96 % from Sigma Aldrich) per mol of sulfanilic acid using
a dropping funnel. After performing the reaction for 4 or 16 h and subsequent cooling
to ambient temperature, the suspension was vacuum filtered over a 0.45 pm Nylon
membrane. Unreacted organic matter was removed by sonicating the solid material in
100 mL dimethylformamide (DMF, GPR Rectapur from VWR) under Ar for 20 min,
followed by a filtration step. This procedure was repeated until a colourless filtrate was
obtained. The functionalized material was resuspended and stirred in 0.5 L HCI (0.5 M)
for 16 hours. Subsequent filtration, neutralization, and drying in Ar at 200 °C for 24 h
yielded S-containing CN'Ts. Functionalization in water was performed following the same
steps, but deviating from the previous description as follows: first, no ultrasonic dispersion
prior to functionalization was performed and second, 4-aminobenzenesulfonic acid was
dissolved in a sodium hydroxide solution resulting in pH = 7 before carbon modification.
The functionalized materials are labeled as follows: CNT-(solvent)-(amount of sulfanilic
acid). The shortcuts O and W correspond to o-dichlorobenzene or water, respectively,
used as solvent during functionalization. The amount of sulfanilic acid is given relative to
1000 moles of carbon (Table 4.1).

4.2.2. Analytical Techniques

Carbon materials were characterized by Ny adsorption at liquid nitrogen temperature (-196
°C) using a Quantachrome Autosorb-6B KR instrument. Analyses were performed on 70 mg
of powdered substance, which were degassed for 2 h at 200 °C before measurement. Surface
area calculations were undertaken using the BET equation [156], pore size distributions
were derived from the desorption branches of the isotherms according to the BJH method
[157], and total pore volumes were determined at a relative pressure of p/py = 0.97.
Micropore surface area Syicro and volume Vo Were respectively obtained on the basis
of the MP-method proposed by Mikhail, Brunauer and Bodor using a statistical thickness
interval of 0.05 [158] .

Samples were investigated by potentiometric pH titrations carried out with a Mettler
DL 77 autotitrator monitored by a Mettler Toledo DGi114-SC electrode. In a typical
experiment, 100 mg of powdered sample were suspended in 50 mL of 0.1 M NaCl solution.
Equilibration was achieved by vigorously mixing the suspension over night. In order to
minimize side effects from dissolved CO,, the mixture was degassed under Ar for 30 min
prior to starting a measurement. The titrant used was a 0.01 M NaOH solution, diluted
from a 1 M Titrisol standard (Merck Millipore).

Temperature programmed desorption was carried out in a home-built setup equipped

with a gas chromatograph (Varian CP-4900 Micro-GC) and a mass spectrometer (Pfeiffer
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Omnistar) for on-line product analysis. Typically, weighted amounts of sample were loaded
into a fixed-bed quartz reactor, which was heated to 100 °C in a He stream at a flow rate
of 25 mL,-min~!. Weakly adsorbed water was removed at this temperature within 1 h.
Experiments were started thereafter by linearly heating the reactor at 5 °C-min~! to 850
°C. This temperature was maintained for 1 h before cooling to room temperature. TG-MS
experiments were performed in a Netzsch STA 449C Jupiter thermobalance coupled to a
Pfeiffer Omnistar mass spectrometer for simultaneous gas analysis. In a typical run, 10
mg of sample were loaded in an Al,O3 crucible, which was heated at 5 °C-min~! from

room temperature to 1000 °C in Ar at a flow rate of 100 mL,-min—!.

Elemental analyses (CHNS) were conducted applying a Thermo FlashEA 1112 NC
Analyzer. Scanning electron microscopy was employed for the investigation of elemental
distribution using a Hitachi S-4800 (FEG) equipped with an energy dispersive X-ray
sapphire detector, type EDAX Genesis 4000 system. Elemental maps were collected for a
time frame of 1 h applying an acceleration voltage of 10 kV. Quantitative analysis of C, O
and S were carried out based on the respective K, lines.

FTIR spectra were recorded in the range between 675 and 5500 cm~! with a Perkin
Elmer PE100 spectrometer equipped with a MCT detector cooled with liquid nitrogen.
An ATR accessory with a Ge internal reflection element was used. In general, 1024 scans
were collected for every sample at a resolution of 2 cm™!. A single beam spectrum of the
pristine compound served as the background for the measurements. This technique was
also applied in order to investigate the changes after the catalytic testing.

For the transformation of 2-propanol, a nitrogen stream of 22.7 mL,-min~! was passed
through a saturator maintained at 20 °C (4.2 % isopropanol, > 99.5 from Carl Roth) before
reaching a U-shaped quartz reactor (i.d. 6 mm) containing 25 mg of catalyst material
(250-355 pm). Under these conditions the space-time corresponds to 0.035 g-s-mol~!. Prior
to the measurements, the samples were heated in Ny to 350 °C at 5 °C-min~! for 2 h.
Temperatures were varied in 25 °C steps from 175 to 250 °C at constant inlet flow rate,
whereby every set of parameters remained unchanged for a period of 12 h. The conversion
of 2-propanol was calculated based on the ratio of product concentration to amount of
secondary alcohol fed into the reactor.

X o XProperne + X Acetone + XDiisopropyl ether
-PrOH —

Xi-PrOH
Carbon balances of at least 97 % have been achieved. Selectivity is defined in molarity

terms as the concentration of a given product to the sum of all detected products.

Vi * XProduct,i
Vi * XProduct,i + Z Vj * XProduct,j

SProduct, i =
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4.3. Results and Discussion

4.3.1. Functionalization of MWCNTSs in Organic and Aqueous Media

Sulfonated CNTs were synthesized as displayed in Scheme 4.2 by the modification of
commercial CN'Ts with in situ generated aryl radicals containing sulfonic acid entities
via diazotization of sulfanilic acid. The diazonium compound formed is unstable and
decomposes at room temperature immediately according to Scheme 4.2. The resulting
highly reactive radical intermediates were shown to successfully attack the bent basal
plane of the outer CNT surface, breaking up the sp? hybridized aromatic system to yield
a covalent bond between the sidewall of the nanocarbon and the benzenesulfonic acid
functionality [159]. As compared to previous investigations using SWCNTS in milligram
scale [160-166], in this work 4 g CNTs were used per batch, since the materials were
functionalized to investigate them as heterogeneous catalysts. In view of this scale-up,
it was necessary to strongly reduce the molar ratio of functionalizing agent to carbon
support. In this way, the lower limit sufficient for significantly changing the acid-base

properties of the CN'Ts could be explored. The molar ratios applied are listed in Table 4.1.
With respect to the carbon material, o-dichlorobenzene is an attractive solvent since

CNTs can be highly dispersed in this medium [142]. However, high concentration of radical
precursors is difficult to achieve since sulfanilic acid is insoluble in most solvents due to its
zwitterionic nature, which gives rise to a very stable crystal lattice in the solid state. In
aqueous alkaline media deprotonation of the NH3 moiety takes place and the solubility
strongly increases [167]. Thus, the impact of the solvent on the degree of functionalization

was investigated by using water as an alternative solvent Table 4.1.
Elemental analysis (Table 4.1) reveals that sulfur can be attached to the carbon backbone

despite the low solubility of sulfanilic acid in the organic medium. An increase of the

sulfanilic-acid-to-carbon ratio leads to higher sulfur concentration in the prepared carbon

Scheme 4.2: Aryl radical formation via diazotization of sulfanilic acid and subsequent addition
of sulfonic acid entities to carbon nanotubes.
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materials. Although the highest applied ratio lies far below the values often employed in
literature, it is still adequate for introducing considerable amounts of sulfur. In presence
of ODCB, the sulfur content approaches an upper value near 0.4 wt %, which might be
related to the limited solubility of sulfanilic acid in ODCB as previously discussed. In
contrast, dissolving the radical precursor in an alkaline aqueous solution significantly
enhances the sulfur content in the CNTs. By using water as solvent, the sulfur content in
CNT-W200 was increased by a factor of four compared to CNT-0200 (Table 4.1).

The superiority of the aqueous medium is further revealed by the S-content of CNT-
W50, which is almost three times higher than in CNT-0200, despite a substantially
lower molarity of sulfanilic acid and shorter reaction time, respectively. Moreover, trace
amounts of N found in the product obtained in ODCB are indicative for residual sulfanilic
acid strongly adsorbed on the CNTs, which cannot be efficiently removed in spite of the
subsequent extensive washing step. The absence of N in the materials functionalized in
water suggests that the sulfur in these materials is present in form of benzenesulfonic acid
groups.

Table 4.1.: Nomenclature, functionalization conditions and elemental analysis of as prepared
carbon catalysts.

Reaction Elemental analysis
Entry Sample nc: nga Solvent Time [wt %]
[h] C H N S
12832 CNT-P - - 0 97.2 0 0 0
13742  CNT-0O100 1000 : 100 ODCB 16 96.4 0 0.04 0.09
14002 CNT-O150 1000 : 150 ODCB 16 93.9 0 0.02 0.35
14017  CNT-0200 1000 : 200 ODCB 16 94.5 0 0.03 0.39
14177  CNT-W50  1000:50:00  Water 4 91.7 0.24 0 1.07
14215 CNT-W200  1000:200 Water 16 90 0.31 0 1.57

4.3.2. Textural properties of the functionalized MWCNTs

Specific surface areas calculated for the pristine and functionalized materials are summa-
rized in Table 2. The absorption isotherms are classified as type III showing a H3 hysteresis
(Figure 4.1a) [168]. These results are indicative for weak interaction of nitrogen with the
carbon and significant adsorbate-adsorbate interactions as sometimes observed for organic
polymers and carbonaceous systems with slit-shaped pores. BET surface area and total
pore volume of the carbonaceous products strongly drop after functionalization. While the
micropore surface area and volume remain unchanged for the samples prepared in ODCB,
a slight increase is observed for those functionalized in water, in particular for CNT-W200
(Table 4.2). This observation might be associated with the formation of branched chains

on the carbon surface. From a structural point of view, they might be comparable to
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Figure 4.1.: (a) BET isotherms and (b) pore size distributions of pristine and functionalized
carbon nanotubes.

microporous dendrimers that can be synthesized via C-C coupling chemistry [169, 170].
Furthermore, the bimodal pore size distributions depicted in Figure 4.1b derived from
the desorption branch of the sorption isotherms reflect a loss in mesopore volume. In
addition to small mesopores, the samples possess mesopores of a diameter between 20
and 30 nm, which can be ascribed to the voids formed between entangled nanotubes [34].
The volumes of the large mesopores are almost unaffected by the functionalization, but
decrease slightly for CNT-W50 and CNT-W200. Similar observations have been reported
by Giambastiani et al. [171] after introduction of cyclic nitrone functionalities onto the
surface of multiwalled CNTs. N5 molecules do not exclusively physisorb on the exterior
basal planes of the nanocarbon, but also fill hollow regions, e.g., formed between entangled
CNTs and bundles thereof. Thus, the loss of mesoporisity in the range from 2 to 5 nm
and the concomitant reduction of BET surface area could be related to changes in the
agglomeration of the CN'Ts due to stirring during the functionalization. This is evidenced
by the structural differences observed in the TEM micrographs in Figure S4.1a and b.
While CNT-P is arranged in a compact fashion, bigger voids are formed between entagled

nanotubes after the functionalization step.

Table 4.2.: Porous structural parameters derived from nitrogen absorption of pristine and func-
tionalized CNTs.

Sample SgeT [M?/g]  Smicro [M?/g] Vot [cm®/g]  Vimicro [mm?/g]

CNT-P 304 0 2.96 0
CNT-0100 203 0 1.53 0
CNT-0150 224 0 1.64 0
CNT-0200 233 0 1.68 0
CNT-W50 190 1 1.45

10
CNT-W200 191 11 1.36 60
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4.3.3. Characterization of Sulfonic Acid Groups by Thermal Analysis

Thermogravimetric analyses (TGA) carried out under inert gas conditions were undertaken
in order to analyse the thermal stability of sulfur containing functional groups. As can be
inferred from Figure 4.2 together with results obtained by elemental analysis (Table 4.1),
mass loss becomes more pronounced with higher sulfur content. The mass loss is mainly due
to the evolution of SOy (m/z = 64), which evolves as a result of the thermal decomposition
of sulfonic acid entities. In addition to SOy other gaseous compounds identified by m/z
traces 18, 28, and 44 were monitored, which could be attributed to H,O, CO, Ny, and COs.
The onset of decomposition reveals that the sulfur-containing functional groups introduced
by the diazotization approach are stable up to 250 °C. Thus, the benzenesulphonic acid
groups withstand thermal treatments to a higher extent in contrast to carboxylic acid
entities commonly introduced by wet oxidation treatments. It has been reported that the
latter decompose at temperatures as low as 100 °C [172].

Another noteworthy aspect to be considered is that SOsH groups introduced by sulfuric

acid treatments exhibit a slightly lower thermal stability compared to their homologues
generated via diazotization of sulfanilic acid [173, 174]. Specifically, the onset of decompo-
sition in the former case is nearly 40 °C lower. Furthermore, attaching acidic species to
the exposed graphitic planes of carbon materials using mineral acids with high oxidation
power can lead to undesired structural degradation. As shown in Figure S4.1c¢ and d, the
surface modification using sulfanilic acid is rather mild, which in consequence prevents
damaging the nanostructure. Neither etching nor drilling of the outer graphitic sheets is

observed for CNT-W200. In addition, the herein applied functionalization approach has a
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Figure 4.2.: Thermogravimetric curves depicting the simultaneous mass loss and SO, evolution
during heating in an inert gas atmosphere.
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Figure 4.3.: TPD profiles of S-functionalized carbon nanotubes obtained from heating the samples

at 5 °C-min' in a He flow rate of 25 mL,- min~".

positive impact on the crystallinity of the carbon material. CNT-P contains amorphous
carbon domains (Figure S4.1c) that are not present on the neat surface of CNT-W200.
Thus, the graphitic character is notoriously improved after chemical modification.
Quantification of the surface functional groups was performed by temperature-programmed

desorption coupled with GC analysis (Figure 4.3). Pristine CNTs are poorly decorated
with oxygen-containing functional groups. However, the surface has notoriously changed
upon functionalization. Here, larger amounts of CO and CO, are observed. Since no
oxidizing agent was used in the course of the modification approach, the occurrence of
oxygen-containing functional groups may arise from the washing cycles performed in DMF
using ultrasonication. Although Ar was flown through the system during this step, the
dissolved Oq and/or HoO present in the solvent seems to be sufficient for the generation
of O-containing functional groups [175]. Water residues in the organic solvent can be
sonolytically dissociated into hydrogen and hydroxyl radicals [176]. The former species can
further react with dissolved Os present in DMF leading to the formation of hydroperoxy

radicals (Scheme 4.3). This assumption is reflected in similar specific molar concentrations
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H20 — He + «OH He + 02 —_— H02°

Scheme 4.3: Sonolytical dissociation of water (left) and formation of hydroperoxy radical through
reaction between hydrogen radical with molecular oxygen (right).

of CO and CO, (Table 4.3) among the as-prepared samples. However, slightly higher
amounts of CO were released during TPD of CNT-W200. This might be associated with
the addition of OH radicals onto the CNT surface that are formed in the course of the
chemical modification between benzenesulfonic acid radicals and water molecules.

TPD experiments reveal that SO, and HyO are concomitantly released, which is related
to the thermal decomposition of sulfonic acid entities. This method confirms that the
use of water as a solvent increases the amount of S-containing functionalities significantly.
According to the results shown in Table 4.3, the amounts of SO, range from 70 to 488
pmol-gsample *, demonstrating that a factor of almost 4 lies between the lowest (CNT-0100)
and the highest (CNT-W200) functionalized sample. All the SOy desorption profiles
show the same onset of decomposition, starting at around 250 °C, which coincides with
the temperature determined by TGA (Figure 4.2). Consequently, the surface functional
groups introduced through the radical based modification approach possess a moderately
high thermal stability. It should be noted that, as opposed to the other materials, only
the profile of sample CNT-W200 shows a shoulder centered at around 500 °C in the
thermogravimetric experiment (Figure 4.2) suggesting that at least two types of sulfur
containing functional groups are present. We assume sulfonic acid entities located at
different sites, making them unequal in terms of thermal stability, e.g., grafted on basal
plane or prismatic edges, inside or outside CN'Ts. Furthermore, generated radicals can
not only bind to the carbon surface, but also to a benzene ring already attached to the
sidewall. Therefore it cannot be excluded that dendrimer-like structures are created in
the course of the modification, making the branched structures less stable than simple
moieties. Either of these considerations, or even both, may be the origin for the relatively
broad SO, peaks in the TPD profiles. In none of the experiments SO3 was found, since no

changes in the mass trace m/z = 80 were observed.

Table 4.3.: Evolved quantities of SOy, CO2 and CO calculated from TPD profiles.

CO, CO SO,
[nmol-gent™!]
CNT-P 14 70 -

CNT-0100 25 87 70

CNT-0150 53 116 195

CNT-0200 53 110 193

CNT-W50 71 120 351

CNT-W200 93 222 488

Sample
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4.3.4. Spatial Distribution of Hetero-Elements Analyzed by SEM/EDX

Figure 4.4a shows an SEM micrograph together with the corresponding elemental maps
of carbon and oxygen obtained for pristine CNTs. Oxygen is homogeneously distributed
along the CNT agglomerates. No catalyst residues from the synthesis of the CN'Ts were
found due to the high purity grade of the commercial CNTs with a residual metal content
below the EDX detection limit. According to the EDX spectrum in Figure 4.4b, the carbon
content amounts to 93.27 wt%, whereas oxygen is present to an extent of about 6.73 wt%.

Carbon, oxygen, and sulfur are evenly distributed in the functionalized sample CNT-
W200 (Figure 4.4c) indicating that the modification protocol is suitable for introducing
sulfur-containing moieties in a homogeneous way within the resolution of SEM-EDX. Based
on the EDX spectrum displayed in Figure 4.4d, a quantitative analysis was performed,
from which it can be stated that the concentrations of carbon, oxygen and sulfur amount
to 91.51 wt%, 6.86 wt% and 1.64 wt%, respectively, which is consistent with elemental

analysis.
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Figure 4.4.: Top: SEM micrograph showing the elemental distribution (a) and corresponding
EDX spectrum (b) of CNT-P. Bottom: Elemental mapping (c) with representative
EDX spectrum (d) of CNT-W200.
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4.3.5. ATR-FTIR spectroscopy

ATR-FTIR spectra shown in Figure 4.5 reflect the differences between the functionalized
samples and the pristine material, since the single beam spectrum of the latter one was
used as a background. Spectra of the as-prepared samples show features ascribable to
benzenesulfonic acid entities. Absorption peaks centered at 1610 cm™!, 1584 cm™! and
1461 cm™! are attributed to C=C stretching vibrations, which may arise both from the
aromatic nature of the CN'Ts and the phenyl ring serving as a linker between the sidewall of
the nanostructure and the sulfonic acid functionality. Further indications for the existence
of phenyl rings are the =C-H vibrations appearing at 1009 cm~! [177]. The presence of
SO3H groups is evidenced by the features observed at 1376 cm ! and 1183 cm™!, which
emerge from the —SO, antisymmetric and symmetric stretching modes, respectively. In
addition, these bands are downshifted to lower wavenumbers whenever water interacts
in a physisorbed state with the sulfonic acid entities [154]. This effect, which is more
pronounced for CNT-W50 and CNT-W200 due to their enhanced surface hydrophilicity,
can be confirmed by the appearance of bands centered at 1122 cm™! and 1031 cm™!.
Sulfonic acid groups can be further identified by the broad absorption band between 3520
and 3080 cm~! arising from the —OH stretching vibrations of the surface moiety, as well
as of adsorbed water. Finally, the feature found at 830 cm™! can be regarded as a proof
for the covalent attachment of phenylsulfonic acid groups to the carbon surface, which
can be attributed to the C-H out-of-plane vibrations characteristic of para-substituted

aromatic compounds [177].
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Figure 4.5.: ATR-FTIR spectra of as prepared carbon materials.
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4.3.6. Acidity of S-modified CNTs in Aqueous Media

The obtained titration curves are compared in Figure 4.6. As can be expected from the
very low amounts of CO and COy evolved during TPD experiments, the pristine material
shows a rather neutral behavior in aqueous media. Besides exhibiting a starting pH of
about 7, there is no evidence for an inflection point of the curve, implying that only a
negligible quantity of acid sites is available on the pristine material. On the contrary,
as soon as sulfur is present in the sample the pH begins to drop, reaching its lowest
value at 3.2 for CNT-W200, which is accompanied by a progressive right-shift of the
curves towards larger volumes. A closer look at the first derivative of the titration curve
corresponding to CNT-W200 reveals that two types of acid centers are available. This
observation is in agreement with the TG-MS (Figure 4.2) and TPD (Figure 4.3) profile of
SO, evolution that show a shoulder suggesting the presence of two types of S-containing

surface functionalities.
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Figure 4.6.: Potentiometric titration curves obtained with a 0.01 M sodium hydroxide solution.

Evidently, the herein employed functionalization approach enables the possibility of
controlling the surface acidity, which in this case solely depends on the extent to which the
heteroatom is attached to the CNT framework. This assumption is supported by the linear
correlation that has been found between the specific concentration of titratable sites and
the sulfur content assessed by TPD as depicted in Figure 4.7. It is noteworthy to mention
that carboxylic acid species are scarcely present on the surface of the nanostructure, which
is evident from the comparably low CO, amounts derived from TPD experiments. Thus,

their contribution to the overall acidity is negligible. A similar linear relationship can be
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established between the sulfur concentration determined by TPD and elemental analysis,
respectively. From this result it can be deduced that sulfur as a constituent element
of benzenesulfonic acid species is not present in the bulk of the material, but is in fact
distributed along the CNT surface.
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Figure 4.7.: Amount of acid sites derived from potentiometric pH titrations and sulfur content
calculated from elemental analysis as a function of the sulfur concentration assessed
by TPD.

4.3.7. Catalytic Transformation of 2-Propanol

Sulfonic acid modified CNTs have been prepared with the primary aim to explore their
catalytic properties in gas-phase acid-base catalysis, like isomerization reactions. The
decomposition of 2-propanol was carried out as a probe reaction to analyze the residual
acid-base character of the functionalized materials after typical catalyst pretreatment and
under reaction conditions (T, p, gas phase) close to a catalytic test. The turnover of
2-propanol on Brgnsted acid centers yields both propylene and diisopropyl ether together
with water as a couple product. Surface basicity is indicated by the formation of acetone
and hydrogen (Scheme 4.1).

Pretreatment in Ny were performed prior to the test reaction at 350 °C since this is a
typical temperature at which common catalytic gas-phase reactions are carried out. For
instance, various types of nanocarbons including CNTs have been tested in the ODH of
ethane [116], propane [115] , n-butane [178] and ethylbenzene [179] in the range between
350 and 450 °C. As displayed in Table 4.4, the pretreated CNTs contain nearly a third of

the original sulfur amount present in the as prepared samples.
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Figure 4.8 represents the conversion of isopropanol and the selectivity observed at
different reaction temperatures over three different materials pretreated at 350°C in inert
gas. As can be clearly observed, the conversion of the secondary alcohol over CNT-O150
and CNT-0200 is similar, which indicates that the number of active sites at the surface is
comparable (Figure 4.8a and b). In contrast, the number of active sites is much higher at
the surface of CNT-W200, which is reflected in higher conversion at the same reaction
temperature (Figure 4.8¢).

As outlined above, the selectivity of the reaction contains information about the nature
of active sites. All three materials display acid as well as basic character, while acidity
is generally the predominating feature of these bifunctional catalysts. The selectivity
to propylene, i.e., the acidic character decreases in the order CNT-O150 > CNT-W200
> CNT-0200 when the catalysts are compared at iso-conversion of approximately 2%

(Figure 4.8, Table 4.4). Studies have shown that the surface acidity of cation exchanged
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Figure 4.8.: Activities and selectivities as a function of time on stream at four different tempera-
tures observed during the catalytic testing of samples (a) CNT-O150, (b) CNT-0200
and (c) CNT-W200 previously treated at 350 °C in Ny for 2h.
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Table 4.4.: Elemental analysis of samples pretreated in nitrogen atmosphere and after catalysis.

Elemental analysis

Entry Sample Description [wt %]

C H N S (0}
17764  CNT-O150-N2  CNT-0O150, N2, 350 °C, 2h  97.8 0.1 0.06 0.06 2
17765  CNT-0O200-N2  CNT-0200, N2, 350 °C, 2h  97.2 0.1 0.09 0.06 2.6
17766 ~ CNT-W200-N2  CNT-W200, N2, 350 °C, 2h 94.8 0.2 0.03 0.46 4.5
17767 CNT-O150-TPA CNT-0150, after reaction  98.4 0.1 0.03 0 1.5
17768  CNT-0200-IPA CNT-0200, after reaction  97.6 0.2 0.2 0 2
17769 CNT-W200-IPA  CNT-W200, after reaction 94.8 0.3 0.08 0.57 4.3

molecular sieves correlates with the rate of formation towards dehydration products [180].
Propylene formation rates are used to estimate the strength of acidity by normalizing to
the sulfur content (Table 4.5). According to the values thus obtained, CNT-O150 and
CNT-0200 are similarly capable of catalyzing the transformation of a 2-propanol molecule,
while CNT-W200 is less efficient as evidenced by a 4-fold lower propylene formation rate
per mole sulfur.

However, the catalyst surface is changed in particular at the high reaction temperatures,
which is reflected in a decreased conversion when the reaction temperature is lowered
again to the initial temperature of 175°C after probing the catalysts at 250°C (Figure 4.8).
This clearly shows that time on stream or deactivation studies are absolutely necessary
when the decomposition of 2-propanol is applied as a reaction to probe acidity or basicity
of functional materials. The drop in activity is mainly due to the loss of sulfur during the
catalytic probe reaction (Table 4.4). Sulfur-containing functional groups could be reduced
by formation of hydrogen in the probe reaction. Another deactivation scenario could be
hydrolysis due to the water formed in the reaction.

To further explore this, changes induced by the test reaction on the carbon surface were
investigated by ATR-FTIR spectroscopy. As has been previously discussed, the acidic sites
generated on the carbon surface dehydrate the secondary alcohol to almost exclusively
propylene. Figure 4.9 shows the appearance of a broad intense band within the range
3390 and 3260 cm ™!, which can be attributed to stretching vibrations of OH groups [125].

Table 4.5.: Product selectivity to propylene, acetone, and diisopropylether at iso-conversion and
acidity (formation rate of propylene) of benzenesulfonic acid functionalized CNTs
determined by the transformation of 2-propanol.

T! X;prou Sp? Sa® Sprpr? rp 1073
Sample ey log) (%] (%] (%] [molmolgts]
CNT-0150 250 1.44 95.4 4.2 0.3 0.20
CNT-0200 250 1.55 79  20.6 0.3 0.17
CNT-W200 200 2.58 91.1 8.8 0.1 0.05
I Temperature of isoconversion 2P: Propylene 3 A: Acetone

4 DIPE: Diisopropyl ether



Chapter 4. Tailoring the acidity of carbon nanotubes through addition of in situ
54 generated benzensulfonic acid radicals

Hydrolysis of benzenesulfonic acid species with water results in the formation of phenolic
species that, despite their lower acidic strength, are still able to catalyze the secondary
alcohol dehydration towards propylene. This might me the origin of the deactivation that
can be observed with increasing reaction temperature. Bands showing the presence of

SO3H groups disappear, whereas the band at 820 cm™!

remains unchanged suggesting
that the phenyl linker stays covalently attached to the carbon backbone, while the C—S
bond is broken by hydrolysis. This assumption is further supported by the elemental
analysis of CNT-O150 and CNT-0200 after reaction, which confirms the absence of sulfur
(Table 4.4). Tt is interesting that the S-content in CNT-W200 is not decreasing. Most likely,
a large fraction of phenylsulfonic acid radicals generated during the sidewall modification
of CNT-W200 reacted with the aromatic ring of species previously formed on the carbon
surface. As has been previously stated, this facilitates the development of dendrimer-like
structures. Under these circumstances, it becomes evident that a significant amount
of acid sites is not accessible to the relatively large 2-propanol molecule due to steric
hindrance. In addition, benzenesulfonic acid anhydride groups could have been formed
during the pretreatment at 350 °C, resulting in a reduced amount of active sites. This also
explains why CNT-W200 produces less amount of propylene per mole sulfur compared
to CNT-0150 and CNT-0200. Steric effects, however, have no impact on the amount
of acid sites that can be determined by potentiometric pH titration experiments. This
is because the ion mobility is not affected by the branched structure of the acid sites in
the liquid phase. Thus, it could be that a significant portion of S-atoms remains inactive
on the surface since is not exposed to water. An IR study performed by Zawadzki et
al. on carbon films revealed that bands at 1161 and 949 cm™! can be ascribed to the
skeletal stretching and C—O stretching/CHj rocking vibrations of adsorbed 2-propanol,
respectively [125]. ATR-FTIR spectra of the samples after reaction show bands at 1183

and 955 cm~! supporting the presence of an adsorbed species.
The loss in activity as well as the deactivation observed at temperatures beyond 200 °C

is related to the hydrothermal decomposition of sulfonic acid entities. Nevertheless, the
acid character of the samples after functionalization could be unambiguously confirmed,
making these surfaces suitable for catalytic applications under milder conditions as in the
case of esterification [181] and etherification [182] reactions. Such catalytic liquid phase
reactions are performed at temperatures below 100 °C. Furthermore, highly acidic systems
as presented in this study show an increase in hydrophilicity, which consequently enhances
the dispersion of functionalized carbon materials. This aspect is of great importance for
composite materials. In such applications, symbiotic effects originating from the interaction
between the reinforcement compound and the host matrix notably affect the properties

of the resulting material. For instance, the electrical conductivity of a PHET/CNT
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Figure 4.9.: ATR-FTIR spectra of the investigated carbon catalysts after the decomposition of
2-propanol.

nanocomposite prepared by covalently attaching the polymer to the carbon framework
was 38.5 S-em™ [183]. In contrast, a physical mixture between PHET and the pristine
CNT material led to a 28-fold lower value. In either case, the improvement is drastic
considering that PHET is non-conducting (< 10® S-cm™). Mechanical properties can be
likewise improved by addition of carbon nanotubes to the host material. An example
thereof is the enhancement of the tensile strength and tensile modulus of polyamide 6
by 16 % and 13 %, respectively, due to the incorporation of 1.5 wt% MWCNT into the
composite material obtained by in situ anionic ring-opening polymerization [184]. For
these applications highly dispersed suspensions are needed, which can be certainly achieved

by applying the functionalization approach presented in this investigation.

4.4. Conclusion

Multiwalled CN'Ts modified with benzenesulfonic acid entities via the in situ generation of
aryl radicals through the thermal decomposition of diazo compounds yielded nanostructured
materials possessing a well-defined Brgnsted acidity. These surface functionalities are
further characterized by a moderately high thermal stability up to 250 °C, making them
suitable for applications where carboxylic acids created by conventional methods are
already decomposed. Undoubtedly, the success of functionalization strongly depends
on the ability of the radical precursor to dissolve in the liquid phase. Therefore, water

revealed to be more efficient as solvent compared to o-dichlorobenzene, since much lower
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sulfanilic-acid-to-carbon ratios are necessary to introduce the same number of acid sites in
aqueous medium. According to the results obtained by infrared spectroscopy the functional
groups are in fact benzenesulfonic acid entities.

The decomposition of 2-propanol was applied as a test reaction for probing the acid-base
character of S-modified multiwalled carbon nanotubes. These are bifunctional materials,
containing mainly acid, but also basic sites. However, although the materials were preteated
at temperatures above the reaction temperature, they all show the same deactivation
pattern in 2-propanol decomposition. This means that 2-propanol transformation cannot
a priori be considered as a non-destructive probe reaction for acid-base properties, but
the stability in the test reaction has to be confirmed. The sulfonic acid modified CNTs
are stable in the test reaction at 175°C, but deactivate rapidly at higher temperatures.
The deactivation is attributed to hydrothermal decomposition of the benzenesulfonic acid

functionalities.
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4.5. Supporting Information

Figure S4.1.: TEM images of (a,c) CNT-P and (b,d) CNT-W200
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5. Insights into the intrinsic acid-base properties of
N-doped carbon nanotubes: a combined TPD, XPS

and 2-propanol reaction investigation

Klaus Friedel Ortega, Rosa Arrigo, Benjamin Frank, Robert Schlogl, and Annette Trunschke

Abstract

Chemical and electronic properties of nitrogen-doped multiwalled carbon nanotubes
(Baytubes C150 HP®) synthesized by NH3 treatment of preoxidized CNTs at three different
temperatures have been investigated by a set of surface sensitive techniques. Temperature
programmed desorption (TPD) provides information about the nature and thermal stability
of nitrogen and oxygen containing functional groups. X-ray photoelectron spectroscopy
(XPS) serves as a complementary tool allowing to understand the binding state of the
investigated heteroatoms present on the carbon surface. Acid-base properties in aqueous
phase were analyzed by potentiometric pH titration, while the catalytic transformation of
2-propanol provided insights into the acid-base behavior of the modified systems in the gas
phase. NHj3 treatment at 300 °C leads to an acid-base bifunctional surface, predominantly
decorated with imide species. Pyrrole-like nitrogen was the most abundant moiety present
on the sample modified at 500 °C. Only a small fraction is ascribed to lactam groups and
pyridinic species. This shift of the nitrogen distribution already creates a surface with basic
properties as evidenced by a selectivity to acetone of at least 80 %. Nitrogen incorporation
at 700 °C leads to a carbon surface with a well-defined basicity. Pyridinic nitrogen serving
as a Lewis basic site was identified as part of the acid-base pair necessary for the formation
of dehydrogenation products. The oxidative stability of NCNTs strongly depends on the
NHj; treatment temperature. NCNTs obtained at 700 °C exhibit a combustion resistance
comparable to that of the pristine CNT material. In contrast, lower NHj3 treatment

temperatures are detrimental for the oxidative stability.
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5.1. Introduction

Nitrogen doped carbon nanotubes (NCNTs) have gained considerable attention due to
their tunable acid-base properties along with their specific electronic structure induced by
the incorporation of electron-rich nitrogen surface species into the carbon framework. In
the context of metal-free catalysis, NCNTs have been successfully employed as solid-base
catalysts in the Knoevenagel condensation of benzaldehyde with ethylcyanoacetate [185].
The initial activity correlates with the amount of pyridinic nitrogen species present in the
carbon nanostructure. Beneficial effects have also been observed when nitrogen doped
carbons are used in redox catalysis [186] or electrochemistry [187]. Regarding the support
function for metal nanoparticles via a strong metal-heteroatom interaction, N-containing
species stabilize small nanoparticles consequently leading to a high degree of dispersion.
Arrigo et al. [188] showed that the morphology of Pd nanoparticles depends not only on
the kind of heteroatom present on the carbon, namely oxygen and nitrogen, but also on
the type of surface functionality. NCNTs generated by post-treatment of OCNTs with NH3
at 600 °C (N-CNT873K) yield Pd nanoparticles with an enhanced wetting at the carbon
surface and an average diameter of 2.7 nm, being smaller in size than those formed on
N-doped CNTs modified at 200 and 400 °C. Pd/N-CNT873K leads to the highest turnover
frequency in the liquid phase oxidation of benzyl alcohol to benzaldehyde, which is 2-fold
times larger than the value obtained for Pd supported on OCNTs. Villa et al. observed
similar differences in terms of catalytic activity during the same reaction among O- and
N-doped CNTs loaded with Au-Pd nanoparticles [189].

The complexity of nitrogen incorporation into a carbon framework becomes evident
when attempts are made in order to understand the underlying formation mechanisms
of the corresponding functionalities. For instance, when carbon is modified by a post
functionalization method as it is the case when an oxygenated specimen is subjected to
amination via ammonia treatment, several reactions take place between the oxygen species
and the nitrogen precursor. The nature and abundance of functional groups characterizing
the final state of a given graphitic surface is strongly affected by the amination temperature,
but also by the thermally induced dynamic rearrangement as well as decomposition of
existing surface species. As reported by Kundu et al. [190], below 300 °C the N-containing
functional groups are mainly created by a dehydration mechanism. Upon neutralization
of carboxylic acids with NHj, the resulting ammonium salts are thermally decomposed
to amides, which can be further converted into nitrile groups [191]. In an analogue way,
preexisting anhydrides react with ammonia to imides, which subsequently decarboxylate to
pyridinic nitrogen at 300 - 500 °C. Similarly, lactones undergo a dehydration reaction with

the nitrogen precursor leading to lactams, which decarbonylate to pyrrolic nitrogen above
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500 °C. These reaction sequences make evident that several formation and decomposition
reactions overlap at low temperatures in a rather narrow frame, which consequently leads
to the coexistence of various types of nitrogen surface species, differing among each other
not only in terms of structure, but most importantly, with respect to their electronic and
acid-base properties.

Studies dealing with the characterization of N-containing carbons have contributed
to the understanding of the interrelation between type of functional group and acid-
basic properties. On the basis of XPS and CO, microcalorimetry, Arrigo et al. [97]
showed that an amination at 600 °C leads to a strongly basic surface decorated by mainly
pyridine-like and pyrrolic species. Instead, low treatment temperatures result in amide-
like functional groups accompanied by thermally stable oxygenated species, yielding an
acid-base bifunctional material.

The present contribution provides further insights into the physicochemical properties
of NCNTs by a comparative study of temperature programmed desorption (TPD), XPS
and the catalytic transformation of 2-propanol as a probe reaction. The reaction occurs
via the conversion of the secondary alcohol to dehydration products on acid centers and to

acetone over an acid-base pair (Scheme 5.1).

Acid sit
g /\ + H,0 propylene
OH

)\ Acid site \I/O\|/ + H20 diisopropyl
ether

2-propanol

\

acetone

(|
Yo

Acid-base pair

Scheme 5.1: Reaction pathways associated with the catalytic transformation of 2-propanol [120].

5.2. Experimental section

5.2.1. Functionalization of MWCNT

Purified carbon nanotubes (Baytubes C150 HP®, carbon content > 99 wt%, bulk density
140-230 kg'm™—3) with 13 nm outer diameter and 4 nm inner diameter in average were
obtained from Bayer Material Science (HP-CNT). 20 g of HP-CNT were treated in 1 L
concentrated nitric acid (Carl Roth, 65 wt.%, p.a.) under reflux for a period of 4 h. After
cooling down to ambient temperature, the oxidized sample was thoroughly washed and

filtrated with Millipore water until neutral pH. Finally, the resulting carbon was dried at
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110 °C in static air for 3 days (O-CNT). Nitrogen incorporation was performed by flowing
a gas stream containing 50 % NHs in Ar at 150 mL,-min~! through a tubular quartz
reactor (40 mm inner diameter and 740 mm in length) previously loaded with 4 g O-CNT.
In order to minimize concentration and temperature gradients, the reactor was placed in a
swinging furnace. The functionalization was carried out by heating the oxidized sample
at 5 °C-min~! to 300 °C, 500 °C and 700 °C, respectively, and maintained at the target
temperature for a period of 6 h. Thereafter, the samples were cooled down to ambient
temperature in the NH3 /Ar mixture. Nomenclature of nitrogen functionalized carbons is

composed by the functionalization temperature followed by NCNT (Table 5.1).

5.2.2. Nitrogen Adsorption

Carbon materials were characterized by Ny adsorption at liquid nitrogen temperature (-196
°C) using a Quantachrome Autosorb-6B KR instrument. Analyses were performed on 30 mg
of powdered substance, which were degassed for 2 h at 200 °C before measurement. Surface
area calculations were undertaken using the BET equation [156], pore size distributions
were derived from the desorption branches of the isotherms according to the BJH method
[157], and total pore volumes were determined at a relative pressure of p/py = 0.97.
Micropore analysis was performed by applying the MP-method proposed by Mikhail,

Brunauer and Bodor using a statistical thickness interval of 0.05 [158].

5.2.3. Potentiometric pH Titrations

Samples were investigated by potentiometric pH titrations carried out with a Mettler
DL 77 autotitrator monitored by a Mettler Toledo DGi114-SC electrode. In a typical
experiment, 100 mg of powdered sample were suspended in 50 mL of 0.1 M NaCl solution.
Equilibration was achieved by vigorously mixing the suspension ovenight. In order to
minimize side effects from dissolved CO,, the mixture was degassed under Ar for 30 min
prior to starting a measurement. The titrants used were 0.01 M NaOH and 0.01 M HC1
solutions, depending on the samples to be investigated, respectively diluted from 1 M
Titrisol standards (Merck Millipore).

5.2.4. Temperature Programmed Desorption

Temperature-programmed desorption (TPD) was carried out in a home-built setup
equipped with a gas chromatograph (Varian CP-4900 Micro-GC) and a mass spectrom-
eter (Pfeiffer Omnistar) for on-line product analysis. Typically, weighted amounts of
sample were loaded into a fixed-bed quartz reactor (9 mm i.d.), which was placed in a

self-constructed furnace with an isothermal zone of 4 cm at the upper temperature limit.
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Weakly adsorbed water was removed within 1 h at 100 °C in a He stream passed at a flow
rate of 25 mL,-min~!. Experiments were started thereafter by linearly heating the reactor
by 5 °C-min~! to 1035 °C. This temperature was maintained for 30 min before cooling

down to ambient temperature.

5.2.5. Temperature Programmed Oxidation

Temperature-programmed oxidation (TPO) experiments were performed in a TG-DSC
Netzsch STA 449C Jupiter thermobalance coupled to a Pfeiffer Omnistar mass spectrometer
for simultaneous gas analysis. DSC curves recorded during TPO gave the enthalpies
associated with the thermal oxidation of the carbon samples. In a typical run, 10 mg
of sample were loaded in an Al,O3 crucible, which was heated at 5 °C-min~! from room
temperature to 950 °C in synthetic air (21 % O, in Ar) at a flow rate of 100 mL,-min~?.
The maximum temperature was maintained for 30 min before cooling down the system to

room temperature.

5.2.6. Elemental Analysis

Elemental analyses (CHNS) were conducted applying a Thermo FlashEA 1112 NC Ana-

lyzer.

5.2.7. X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) measurements were performed at ambient tem-
perature under UHV conditions (base pressure < 3-107!° mbar) employing non-monochro-
mated Al K, radiation source (1486.6 eV). Spectra were acquired using a hemispherical
analyzer (Phoibos 150, SPECS) operated in fixed analyzer transmission mode at pass
energy of 20 eV. The binding energy scale of the system was calibrated using Au 4f7/,
= 84.0 eV and Cu 2p3/, = 932.7 eV from foil samples. Carbon samples were evenly
distributed and densely packed over a conductive adhesive tape fixed on a stainless-steel
holder. For each sample, a survey spectrum (0-1000 eV) and the Cls (280-300 eV), Ols
(520-540 eV) and N1s (390-410 eV) core level spectra were recorded. Fitting of the core
level peaks was performed using Casa XPS software [192]. The number of components
included in the fitting was determined by applying the difference method [193, 194]. In
the case of the Nls, after subtraction of a Shirley background [195], the peaks were fitted
using a nonlinear, least squares routine with mixed Gauss-Lorentz functions. For this
purpose, peak maxima were fixed within + 0.1 eV and the full-width at half maximum
(FWHM) applied for all spectra was set to 1.6 eV. Due to the high complexity of the broad

O1s spectrum, the fitting was performed on the plot resulting from the difference between
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the Ols spectra relative to samples functionalized at different temperature: this represents
the Ols spectrum of the relatively less thermally stable species. Oxygen and nitrogen

contents were assessed with the aid of theoretical cross sections [196].

5.2.8. Catalytic transformation of 2-propanol

For the transformation of 2-propanol, 50 mL,-min~' N, was passed through a saturator
at 20 °C (4.2 % isopropanol) before reaching a U-shaped quartz reactor with an inner
diameter of 9 mm containing 150 mg of catalyst material previously sieved to a fraction
between 250 and 355 pm. Prior to the measurements, the samples were heated in Ny to
350 °C at 5 °C-min~? for 2 h. Temperatures were varied in 25 °C steps from 200 to 300 °C
at constant inlet flow rate, whereby every set of parameters remained unchanged for a
period of 12 h. The conversion of 2-propanol was calculated based on the ratio of product

concentrations to amount of secondary alcohol fed into the reactor.

XPropylene + X Acetone + XDiisopropyl ether

Xi—PrOH = Y
-PrOH

Propylene, acetone, and diisopropyl ether were the only carbon containing products
detected. Carbon balances obtained for each measured catalyst reaching values of at least

98 % were calculated as follows:

Xi-PrOH,out + XPropylene + X Acetone + X Diisopropyl ether

C-balance =
Xi-PrOH, in

Selectivity is defined in molarity terms as the concentration of a given product to the

sum of all detected products.

Vi * XProduct,i
Vi * XProduct,i + Z Vj * XProduct,j

S Product, i —

5.3. Results and Discussion

5.3.1. Textural properties and elemental composition

Structural parameters derived from Ny adsorption-desorption experiments for the pristine
and modified samples are summarized in Table 5.1. The isotherms identified as type 111
are indicative for weak adsorbent-adsorbate and typical for significant adsorbate-adsorbate
interactions. CNTs form entangled agglomerates due to strong noncovalent interactions
rising from their high aspect ratio. The observed H3 hysteresis has been often encountered

in carbonaceous systems with slit-shaped pores (Figure S5.1a) [168]. BET surface areas
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Table 5.1.: Textural properties and elemental composition of pristine and functionalized CNTs.

a SBET SMicro V Tot V Micro Elemental analysis [wt %
ID Sample [m? g 1] [cm3 g7!] [mm?g!] C H N Ob[ N/O]C
12832 HP-CNT 304 0 1.37 0 97.2 0 0 28 0
16603 O-CNT 338 34 1.34 20 92.0 0.03 O 8 0
16646 300-NCNT 323 15 1.31 10 94.8 0.02 1.3 39 0.38
16645 500-NCNT 324 14 1.35 10 964 0.03 12 24 0.57
16644 T700-NCNT 350 39 1.51 30 97.4 0.02 1 1.6 0.71

2 Internal sample number to distinguish reproductions of sample preparation

P Oxygen is calculated as a difference to 100 %  ©Ratio is determined on a molar
increase after oxygen and subsequent nitrogen functionalization, in contrast to the total
pore volume that remains constant, increasing only for 700-NCNT (Table 5.1).

Micropore surface areas exhibit a different trend. Oxidation is known to open the caps of
nanotubes, making the inner channels accessible. However, introduction of oxygen species
has an evident impact on surface roughness reflected by an increase in micropore surface
area from initally zero to 34 m2-.g~!. In contrast, NHj treatment at 300 °C and 500 °C
reduces the BET surface area by the same extent as the micropore surface area, lowering
SwMicro by more than 50 %. Decomposition of oxygen functional groups and thermal effects
might be the origin of this observation. The treatment temperature of sample 700-NCNT
is high enough to produce Hy and aggressive species like H atoms, NHy; and NH radicals
through thermal decomposition of NHj [197]. In the presence of hydrogen, the thermal
stability of functional groups is significantly decreased [198]. Most important, the radical
species serve as etching agents that upon reacting with the carbon surface enhance the
development of microporisity [199]. As shown in Figure S5.1b, the peak centered at 2.6
nm, representing small mesopores, becomes broader towards the micropore region after
oxidation of HP-CNT and the subsequent NHj3 treatment of O-CNT. The micropore
volumes change in a similar manner as the micropore surface area, but the total pore
volume remains unaffected. This implies that mesoporisity is the governing structural
factor. Large mesopores, as evidenced by the feature centered at 32 nm, are attributable
to the voids between agglomerates of entangled individual nanotubes [34].

The elemental composition of the pristine and modified carbon nanotubes is listed in
Table 5.1. HP-CNT already contains up to 3 wt% oxygen. After HNO;3 oxidation the
corresponding value is more than doubled to about 8 wt%. Subjecting O-CNT to NHj
treatment leads to nitrogen incorporation. Its concentration slightly decreases from 1.3
to 1.0 wt% with increasing modification temperature. A significantly higher impact is
observed for the calculated amounts of oxygen, which progressively decrease from 3.9
to 1.6 wt% with increasing temperature. The rise of the N/O molar ratio from 0.4 to
0.7 indicates that oxygen is not exclusively a constituent element of nitrogen containing

functional groups at higher temperatures.
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5.3.2. Thermal Stability and Nature of Surface Species

Based on the characteristic profiles of the volatile compounds detected in the course of
the TPD experiments, it becomes evident that the modified samples possess different
types of surface species. In particular, the discussion of N-containing functionalities refers
to characteristic pyrolysis products of organic reference compounds including pyrrole,

pyridine, benzonitrile, and 2-pyridone.
Wet oxidation treatments confer the system acidic properties by introducing carboxylic

acid entities, which degrade to CO, at low temperatures as evidenced in Figure 5.1a by
the peak located at 275 °C. When the temperature is further increased, a second step
representing the thermal degradation of anhydrides is observed (453 °C). Finally, the

decomposition stage at 650 °C belongs to the depletion of lactones [172].
In general, oxygen functional groups decomposing to CO have a higher thermal stability

(Figure 5.1b). However, a small amount is already released at 300 °C. In this temperature
regime, water is detected most likely due to a condensation reaction between adjacent
carboxylic acids yielding anhydride groups, which subsequently decompose to equimolar
amounts of CO and CO,. A contribution to water evolution may also arise from the
dehydration of neighbouring phenolic species [200]. The second step observed at 460 °C
stems from the CO contribution of anhydrides. Compared to the corresponding CO, peak,
the maximum rate of CO evolution is shifted by 25 °C towards higher temperatures, which
might be an indication for a sequential decomposition mechanism. Some evidence was
provided by Fields and Meyerson on the pyrolysis of phthalic anhydride [201]. Besides
biphenyl and naphthalene, the detection of fluorenone allowed the authors to conclude
that CO is formed after CO, elimination. In the region between 600 and 850 °C a broad
peak evolves due to the degradation of phenols and ethers [172]. Two small features were
found above 850 °C, which can be ascribed to carbonyls and quinonic groups [172]. In
this high temperature regime, concisely starting at around 900 °C, dehydrogenation of the
carbon backbone begins as a consequence of homolytic C—H bond cleavage, leading to

radicals that subsequently recombine to Hy (Figure 5.1e).
Drastic changes on the carbon surface become evident after treating O-CNT in NHj3 at

300 °C. The CO; profile is characterized by the complete disappearance of the carboxylic
acid groups and a strong reduction of the anhydride feature (Figure 5.1a). The CO intensity
loss at 460 °C further confirms the decomposition of cyclic anhydrides (Figure 5.1b). In
addition, lower amounts of phenols, ethers, carbonyl species and quinone groups are present
on the surface of 300-NCN'T as evidenced by the reduced intensity of the CO profile in
the range between 600 and 950 °C. Moreover, in contrast to the oxidized carbon sample,
300-NCNT possesses surface features that upon heating lead to the formation of HCN and

N,. Carboxylic acids are known to react with ammonia, forming amides via dehydration
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Figure 5.1.: Evolution of (a) CO3, (b) CO, (c) HCN, (d) Ng, (e) Ho, (f) H20, (g) HNCO, and
(h) CoNy during TPD analysis of oxygen and nitrogen modified carbon nanotubes.
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Scheme 5.2: Formation pathway of amides and imides through carboxylic acid neutralization
respectively ring-opening of cyclic anhydrides.

of ammonium salts [191], whereas imides are generated through ring opening accompanied
by subsequent water elimination (Scheme 5.2).

According to Kundu et al. [190] the interconversion of amides into nitrile groups via
water elimination (Scheme 5.2) takes place at around 200 °C, which is 100 °C below the
treatment temperature of 300-NCNT. Consequently, the presence of amides on this sample
is questionable. As shown in Figure 5.1f, a small HyO peak evolves between 145 and 260
°C. The low intensity compared to the dominating feature centered at 485 °C suggests
that only a small fraction of the formed nitrogen species are in the amide configuration. A
small shoulder between 200 and 300 °C in Figure 5.1c serves as a further indication for
the low amount of amide species, which degrade to HCN upon rearrangement into nitrile
groups.

As evidenced by the HCN and HNCO evolution depicted in Figure 5.1c and g, the
decomposition of N-containing functional groups present on 300-NCNT begins at 200
°C. Theoretical calculations on the decomposition pathway of phthalimide [202] suggest
a decarboxylation route involving four transition states leading to the formation of

benzonitrile, which further degrades to HCN wia a free radical mechanism [203]. In view of

(0] (0]
‘ I +NH, ‘ o -H,0 I
O T

Scheme 5.3: Lactam formation via ring-opening of lactones.
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this, the evolution of COs between 350 and 550 °C may correspond to the superimposed
decomposition of anhydrides and imides. Thus, HCN formation between 400 and 600 °C
is related to the thermal degradation of imide species. Following the results obtained by
Choudhary et al. [204] on the pyrolysis of succinimide, an alternative decarboxylation
mechanism should be considered. In a similar way, a four-center cyclic transition state
generates COy followed by the scission of a C—C bond resulting in the formation of HCN.
In addition, the thermal decomposition of succinimide generates isocyanic acid (HNCO).
Since the major contributions to the mass spectrum of HNCO arise from m/z = 42 and 43
[205], these traces were also recorded during TPD experiments. According to Figure 5.1¢
and g, HNCO is located in the same regime of the broad low temperature HCN peak.
This observation is a further indication for the presence of imide species.

Likewise, the decomposition of lactams that are formed through ring-opening of lactones
(Scheme 5.3) yields HCN and HNCO as known from the pyrolysis of 2-pyridone [206]. Since
both cyclic functionalities decompose to the same volatile compounds, it is not possible to
discern between them based on the TPD results. However, the low temperature peak in
the HCN profile is too broad in order to be explained only in terms of one functional group
(Figure 5.1c). This is further supported by the HNCO profile of 300-NCNT (Figure 5.1g),
which shows a peak located at 510 °C that precedes a small shoulder at 700 °C. The latter
is centered at the same temperature as the HNCO peak in 500-NCNT. These observations
suggest that imides and lactams are present on 300-NCN'T, although to a different extent,
whereas the former are absent on the surface of the carbon modified at 500 °C. Based on
the knowledge of O-containing functional groups, an analogous assignment can be done
for these nitrogen species. Imides decompose at lower temperatures since they exhibit a
structural correspondence to anhydrides, whereas lactams are thermally more stable as
they show a similarity to lactones.

At temperatures exceeding 700 °C, the HCN profile of 300-NCNT exhibits two more
features. In the pyrolysis of pyrrole and pyridine several major decomposition products
have been identified, including HCN and H, [207, 208]. Although the mechanisms are
strictly valid for the model compounds, similar decomposition pathways might govern the
depletion of analogous functionalities on carbon materials. As depicted in Figure 5.1e,
H, evolution already starts at 400 °C. The presence of two peaks centered in a similar
position as the high temperature features in the HCN profile suggest that two more species
with different thermal stability exist on the carbon surface. The first feature is tentatively
assigned to pyrrolic nitrogen whereas the second to pyridinic species [209].

As observed in Figure 5.1d, N-containing functional groups may also decompose to Nj.
In contrast to other volatile compounds, pathways explaining the formation of molecular

nitrogen are not straightforward. This decomposition product is not directly linked to a
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certain kind of species, but it rather implies that surface diffusion plays an important role

[210]. This phenomenon is reflected by the following surface reaction:
_C(N) + _C(N) N2 + ‘QCfas (51)

In order that reaction 5.1 takes place, one surface species needs to be mobile yielding
N, upon recombination with another N-containing functionality, leaving two free active
sites (fas) —Cpys on the surface. Cyanogen (C2Njy) evolution in the course of the TPO
of N-containing carbons serves as an evidence for the mobility of surface species [210].
Although it has been stated that CsNy cannot be detected during TPD experiments as a
consequence of thermal decomposition [209], our study shows that a compound with an
m/z value of 52 is released. This mass-to-charge-ratio corresponds to the most intense
contribution of the cyanogen mass spectrum [211]. Figure 5.1h shows that the CyNy
evolution for 300-NCNT takes place already at low temperatures. Probably a large fraction
is decomposed to Ny over the active surface and only a small amount goes into the gas
phase, which is suggested by the poor signal-to-noise ratio of trace 52. The ability of
detecting this minor compound most likely arises from the fact that sample amounts
in the range of 300 mg were employed. In addition, the fluid dynamic conditions are
better defined in a fixed bed reactor compared to studies in which TPD experiments are
performed in a thermobalance.

Besides the discussed reaction pathways between ammonia and oxygen-containing
functional groups, the dynamic character of the carbon surface has to be taken into consid-
eration. This is insofar important as thermally induced rearrangements of surface entities
change the state of the starting material by altering the distribution of functionalities.
A comparison between the CO profile of 300-NCNT and O-CNT clearly shows that the
overall intensity decreases after ammonia treatment and the feature arising from the
anhydride decomposition is strongly reduced (Figure 5.1b). However, the TPD spectrum
of 300-NCNT has a sharp CO feature at 800 °C, which is not present in O-CNT. The
narrow peak width suggests that the underlying process occurs fast. This observation is
probably linked to the decarbonylation of lactam groups into pyrrolic-like nitrogen species
as depicted in Scheme 5.4.

In comparison to 300-NCNT, the CO, profile of 500-NCNT is characterized by the
complete absence of the anhydride peak and the presence of a minor contribution due to
lactone decomposition at 650 °C. Since the functionalization was performed at 500 °C,
anhydrides were converted to imides in the presence of ammonia. In consequence of the
treating temperature and the so far discussed thermal stability, it is probable that a large

fraction of these groups was already decomposed during amination. This is supported by
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Scheme 5.4: Thermal induced decarbonylation of lactams into pyrrole-like nitrogen.

the absence of the HNCO and HCN peaks in the temperature regime between 600 and 750
°C as shown in Figure 5.1c and g. Since the presence of imides cannot be fully excluded,
COg evolving between 600 and 750 °C may partly arise due to the decomposition of this
species. However, this is not predominant as their HCN contribution is also strongly
reduced. The absence of anhydrides is further supported by the complete disappearance of
the tailing observed in the CO profile of 300-NCNT between 350 and 600 °C (Figure 5.1b).
On the contrary, the sharp CO feature at 800 °C is still present after modification at
500 °C, which was ascribed to the interconvertion of lactams into pyrrolic species. This
observation strengthens the concept that lactams possess a higher thermal stability than
imides.

Changes are also observed in the evolution of HCN as shown in Figure 5.1c. Not
only the low temperature peak is absent, but in particular the intensity of the feature
belonging to pyrrolic species strongly increases. The asymmetry in the range between 600
and 700 °C might be indicative for the presence of another species, which in view of the
thermal stability may be ascribed to lactams. Pyridinic nitrogen was likewise generated as
evidenced by the feature centered at 900 °C. However, the low intensity suggests that only
a small fraction belongs to this kind of functionality. As has been discussed so far, Ho
evolution observed at temperatures below the dehydrogenation of the carbon backbone is
due to the thermal depletion of pyrrolic and pyridinic species (Figure 5.1e). Although the
Ny profile is similar to sample 300-NCNT, the low temperature contribution in 500-NCNT
is completely absent (Figure 5.1d). This leads to the question whether the generation of
Ny at low temperatures is also linked to imides. Within this context, CoNy is only observed
at higher temperatures. If this high temperature peak arises from the decomposition of

lactams is likewise debatable.
As can be seen in Figure 5.1a amination at 700 °C leads to a full disappearance of all

COy contributions thus far observed. Hence, carboxylic acids, anhydrides and lactones
fully reacted with NH3, which upon generating N-containing surface species rearranged to
other functional groups or totally decomposed. Similarly, only a small amount of CO at
980 °C evolves (Figure 5.1b), suggesting at most the presence of carbonyl species. The
corresponding HCN profile displays two features that fulfill the so far presented systematics.
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While the amount of pyrrolic species decreases, the concentration of pyridinic nitrogen
substantially increases. Additionally, the peaks observed in the Hy profile are centered
at the same temperature as the features identified in the HCN profile. In contrast to the
samples functionalized at 300 °C and 500 °C, no HNCO evolves in the course of the TPD of
700-NCNT, which is indicative for the absence of imides and lactams. Interestingly, similar
to the sharp CO peak identified in 300-NCNT and 500-NCNT, the N, profile of both
samples exhibit a sharp feature located exactly at the same temperature (Figure 5.1d).
This peak completely vanishes when the chemical modification is performed at 700 °C.
An implication of this finding might be that lactam decomposition gives also rise to Ny
formation. Furthermore, 700-NCNT does not show any contribution of CyNs.

From the TPD investigation it is possible to derive the quantities of different evolving
gases linked to the thermal decomposition of surface species (Table 5.2). For this purpose,
calibration factors for CO5, CO, and N, were determined with the aid of certified calibration
gases upon identification of the corresponding peaks in the Micro-GC. The total amount of
CO, desorbed drops by a factor of 70 from 919 pmol-gentt for O-CNT to 13 pmol-gent ™
for 700-NCNT. Although the specific molar concentrations of CO are significantly larger
than the corresponding CO5 amounts, a similar downward trend is observed as evidenced
by the reduction from 1836 pmol-gent™! to 137 pmol-gont™! for O-CNT and 700-NCNT,
respectively. Oxygen functional groups like phenols, ethers and carbonyls are scarcely
present on 700-NCNT. The availability of O-containing surface species strongly depends
on the temperature of the NHj3 treatment. On the contrary, comparable quantities of
N-containing gases formed as a consequence of the thermal degradation of lactam/imide,
pyrrole and pyridine species were obtained. The total amount of Ny only drops slightly from
294 pmol-gent ™t to 239 pmol-gent ! for 300-NCNT and 700-NCNT, respectively. Similarly,
HCN concentrations calculated only on the basis of GC areas without determination
of calibration factors remain comparably high since the values obtained change from
9.4 V-mol-gent™! to 8.4 V-mol-genr™t. The overall amount of nitrogen dispersed on the
surface remains unaffected by the functionalization. This is in line with results obtained
by elemental analysis (Table 5.1). Nevertheless, TPD clearly shows that the amination
temperature determines the nature of N-containing species.

Table 5.2.: Calculated amounts of COg, CO, Ng and HCN (GC peak areas) obtained from the
TPD profiles.

Serrrl CO; CO N HCN
[umol-gent™]  [V-mol-gent™]
O-CNT 919 1836 - -
300-NCNT 263 847 294 9.4
500-NCNT 87 410 271 9.5

700-NCNT 13 137 239 8.4
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5.3.3. Surface Analysis by XPS

Oxygen and nitrogen functional groups introduced through chemical modification into
carbonaceous com-pounds can be analyzed by the respective Ols and N1s inner-shell
photoelectrons. As previously shown by TPD, a large number of species decomposing
at different temperatures are bound to the CNT framework, which were identified on
the basis of reference compounds. In spite of the consistent results, thermally induced
rearrangements of functional groups that could change the initial state of the surface
should be taken into account [96]. Therefore, with the aid of XPS, information about the
bonding state of the heteroatoms can be obtained together with the surface elemental
composition of the sample under investigation. Chemical bonds and environments can
be identified since the electronic structure of the photoemitting atoms as the constituent
elements of surface species give rise to characteristic chemical shifts [188]. However, several
functional groups with comparable electronic configurations differ from each other in terms
of thermal and chemical properties. Hence, a combination of both techniques is essential

in order to gain a more comprehensive insight into the overall surface properties.

5.3.3.1. N1s Core-Level Spectrum

Depending on the chemical configuration, three different BE regions can be found in Nls
core level spectra of carbonaceous materials [96, 212]. A region between 398 and 399 eV,
generally ascribed to N atoms bound to two C atoms that are located on the edge of
graphene layers, is characteristic for pyridine-like nitrogen (N1). This moiety contributes
to the m-system with one p-electron. The zone at 400.3 eV is usually attributed to nitrogen
atoms at edge sites that are bound to two C atoms and one H atom. This is typical for
structures arranged in the pyrrole-like fashion (N2). In this case the N atom contributes
to the aromatic system with two p-electrons. Similar configurations are found in lactam
as well as imide species both located at a BE around 399.7 ¢V [213]. In the high BE zone
ranging from 401 to 403 eV, shifts are originated by the presence of quaternary nitrogen
(N3). This type of species substitutes a carbon atom in the graphene layer forming three
o-bonds with vicinal C atoms. In terms of electronic structure, the “graphitic nitrogen”
contributes to the m-system with two p-electrons. The presence of nitrogen-oxygen bonds
can be confirmed by the appearance of spectral features in the BE range between 403 and
406 eV [97]. Surface functional groups like pyridine-oxide [190] and NO, [214] haven been
identified in this regime.

Figure 5.2 displays the deconvoluted N1s photoelectron spectra of the nitrogen-functional-
ized CNTs obtained by NHj treatment of O-CNT at 300, 500 and 700 °C, respectively.

Pyridinic nitrogen (N1) gives rise to the lowest BE at 398.3 eV. The relative intensities
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Figure 5.2.: Deconvoluted XP Nls spectra of (a) 300-NCNT, (b) 500-NCNT and (c) 700-NCNT
obtained from ammonia treatment of O-CNT.

between N1, N2 and N3 indicate that the former is the most abundant species dominating
the N1s spectrum of 700-NCNT. As the treatment temperature is lowered, the relative
contribution of N1 progressively decreases. Figure 5.3 shows the area-to-nitrogen-content
ratio calculated for the features employed in the deconvolution of the N1s spectra as a
function of the NHj3 treatment temperature. This quantity increases for the N1 signal with
the amination temperature. Since pyridinic nitrogen exhibits the highest thermal stability
compared to the remaining detected surface species during TPD, the HCN feature located
at 900 °C was attributed to the thermal depletion of this functional group. A significantly
lower contribution in this high temperature regime is found for 500-NCNT and 300-NCNT.
Both methods show a correspondence between the spectral features attributed to pyridinic
nitrogen, indicating that in either case a plausible identification is possible.

The interpretation of the N2 signal is certainly more complex. A component at 399.8
eV was detected on the basis of the difference N1s spectrum obtained by subtraction of
500-NCNT from 300-NCNT (Figure S5.3a). According to the results obtained by TPD,
imides are the dominant species present in 300-NCNT, which decompose between 400
and 600 °C evolving as HCN and HNCO. As the functionalization treatment temperature
is incremented to 500 °C, the broad low temperature HCN peak in 300-NCNT vanishes
yielding an asymmetric feature at 700 °C. Furthermore, the low temperature shoulder at
530 °C of the Ny profile most likely arising from the decomposition of imides disappears.

Moreover, larger quantities of isocyanic acid are detected at earlier stages in comparison to
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Figure 5.3.: Area-to-nitrogen-content ratio derived from the N1s spectral features as a function
of NHj3 treatment temperature.

500-NCNT. These observations suggest that the component obtained at a BE of 399.8 eV
resulting from the difference spectrum analysis is strongly related to the presence of imide
species. The same approach applied to 500-NCNT with respect to 700-NCNT resulted in
the identification of a component with a BE at 399.7 eV. As evidenced by the absence of
features below 750 °C in the HCN profile of 700-NCNT in addition to the nonappearance of
HNCO, it can be stated that neither imides nor lactams are present in the high temperature
modified sample. Moreover, isocyanic acid evolves in the same regime of the dominating
asymmetric HCN feature during the TPD of 500-NCNT, while no HNCO was found in the
imide region. In view of the previous discussion the feature obtained from the difference
spectrum between 500-NCNT and 700-NCNT at 399.7 eV as shown in Figure S5.3b is
tentatively assigned to lactams. For the sake of completeness, an isolated analysis of the
700-NCNT N1s spectrum suggests that pyrrole-like N is the dominating surface species
contributing to the N2 feature. The thus far discussed differentiation is insofar important
since Figure 2 suggests that N2 abounds on the surface of 300-NCNT. As opposed to N1,
which is ascribable to pyridinic-N, this feature embraces a set of surface species. In general
it can be stated that all identified functional groups during TPD having a N—H bond in
common give rise to the N2 signal observed in the N1s spectrum of the NCNTs.

A peak at 401 eV in Figure 5.2 confirms the presence of quaternary nitrogen (N3)
species. As evidenced by Figure 5.3, the N3 signal progressively decreases with increasing
NHj3 treatment temperature. In a combined TP-XPS study performed by Arrigo et al.
[96] it was shown that the maximum concentration of N3 species is reached at 300 °C,
which corresponds to the NHj3 treatment temperature applied for the preparation of

300-NCNT. Accordingly, quaternary nitrogen (N3) is formed at the expense of pyridinic
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(N1) species. In view of this, an increase of the N1 signal accompanied by a decrease
of the N3 feature as observed in Figure 5.3 seems to be contradictory. However, the
presence of O-containing functionalities like carboxylic acids or phenolic groups that are
capable of forming hydrogen bridges with pyridinic-N forming pyridinium species induce
a quaternary-N type of arrangement (Scheme 5.5) [215]. TPD experiments confirmed a
gradual removal of phenolic groups from 300-NCNT to 700-NCNT, consequently decreasing
the amount of potential sites capable of creating hydrogen bonds. Thus, the amount
of pyridinic-N increases to the same extent as the concentration of pyridinium species
decreases. Therefore, the N3 signal contains information about substitutional nitrogen

and protonated pyridinic-N.

Scheme 5.5: Pyridinic-N (1) exhibiting configuration of quaternary nitrogen (2) induced by
H-bonding with adjacent phenolic group.

As evidenced by the absence of spectral features in Figure 5.2 above 403 eV, no species
containing nitrogen-oxygen bonds like pyridine-oxide or nitro groups are present on any
of the NCNTs. In contrast to observations made by other investigations [97, 214], no
nitrogen-functional groups were incorporated into the carbon backbone of HP-CNT in the

course of the liquid phase oxidation via nitric acid treatment (N1s spectrum not shown).

5.3.3.2. O1s Core-Level Spectrum

Assignments of the chemical bonds constituting the Ols core-level spectrum are not as
straightforward as in the nitrogen case. In spite of the reigning controversy, the following
BE regions will be considered for the ongoing discussion [97]: C=0O bonds in a highly
conjugated form as in pyridone species (O1) is found at 530.7 eV; C=0 bonds (02) are
located in the range between 531.1 and 531.8 eV; C—O bonds in ether-like oxygen (O3,
0O4) give rise to a signal near 532.6 eV; C—O bonds in hydroxyl groups (05, O6) are
considered as the origin of a peak at 533.5 €V. The BE range between 532 and 533 €V has

been likewise attributed to carboxylic acid species (03, O4) owing to their intermediate
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nature oscillating between a single and a double bond [216]. Marchon et al. [217] have
shown that adsorbed water on oxidized carbon materials gives rise to a broad Ols peak
centered at 533 eV. Adsorbed water and/or oxygen (O7) being responsible for a spectral
feature near 535.2 eV is a debatable assignment. Shifts towards high binding energies
can be alternatively explained in terms of differential charging [218]. This phenomenon
is observed in functionalized samples without sufficient metallic conductivity that are
capable of transporting the photoelectrons over the entire sample avoiding the formation
of potential drops [100].

Figure 5.4 displays the deconvoluted Ols difference photoelectron spectra of the oxygen
and nitrogen modified carbon nanotubes. The application of this analytic method is insofar
advantageous since it can be related to changes observed in the CO5 and CO profile of the
samples in the course of the TPD investigations.

The difference spectrum derived between O-CNT and 300-NCNT can be mathematically
fitted with four differ-ent peaks. According to the previous BE considerations, one
type of carbon-oxygen double bond (O2 — 531.4 eV) and two types of carbon-oxygen
single bonds (04 — 532.6 ¢V, O6 — 533.6 ¢V) are detected in a 1:2 ratio. According
to the TPD experiments, carboxylic acids completely disap-pear after functionalization
at 300 °C, whereas anhydrides and lactones are partly removed. Likewise, the amount

of ketone/quinone species is reduced as evidenced by the intensity decrease in the high
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Figure 5.4.: Deconvoluted XP Ols difference spectra (hatched areas) of (a) O-CNT/300-NCNT,
(b) 300-NCNT/500-NCNT and (c) 500-NCNT/700-NCNT. Dotted lines represent
the background corrected experimental data.
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temperature regime of the CO profile. Chemical shifts in conjugated carbonyl com-pounds
range between 531.0 and 531.9 €V [219, 220], supporting the assignment of 531.4 €V to
ketone moieties. All afore-mentioned surface functionalities contribute to the O2 signal.
Phenolic species (O6) and ether-like oxygen (O4) are present on O-CNT to a significant
higher extent than on 300-NCNT as reflected by the intense peaks in the difference XP Ols
spectrum, which is consistent with the larger amounts of CO evolving in the range between
600 and 800 °C during TPD. Carboxylic acids should be con-sidered as an important
component contributing to the O4 signal. This is supported by the full disappearance
of the feature in the corresponding COs profile of 300-NCNT. Furthermore, it has to be
taken into account that a lower amount of ether-like oxygen (O4) is present on 300-NCNT
compared to O-CNT since the NHj3 treatment leading to the formation of nitrogen species
like lactams and imides strongly reduces its availability on the carbon surface.

In addition to the features discussed before, one more component is needed to deconvolute
the difference spectrum between 300-NCNT and 500-NCNT. O1 (530.7 ¢V) is assigned
to C=0 double bonds that are constituent ele-ments of lactam/pyridone or quinone
species. As discussed for the N2 signal in the N1s core-level spectrum, imide species are
the dominant functional groups in 300-NCN'T. Since O1 scales with the N2 feature, it is
assumed that the component at 530.7 eV is likewise a C=O0 vicinal to a nitrogen atom in
imides. As expected from the differ-ent intensities in the CO TPD profiles, 300-NCNT
con-tains more phenolic (O6) and ether-like (O4) species compared to 500-NCNT. In
consequence to the complete absence of carboxylic acid groups, the contribution to the O2
signal arises from the larger amounts of anhydrides and lactones on 300-NCNT.

According to the third difference spectrum in Figure 5.4, only three components are
needed for a proper description. As confirmed by the presence of O1, lactams are present
on 500-NCNT. This could be related to the sharp CO peak at 800 °C. In contrast, O2
is not observed even though the CO, profile of 500-NCNT shows a contribution in the
lactone regime. This might be an indication for a decarboxylation rearrangement reaction.
One interesting finding is the respective shift of O4 to O3 and O6 to O5 towards lower
binding energies. O3 (532.0 €V) has been attributed to ether-like oxygen and O5 (533.3
eV) to OH species that are arranged in a more thermally stable configuration due to the
increased graphitic character of the carbon surface.

As displayed in the XP Ols difference spectra, the intensity of O7 decreases until
no contribution is observed. This is in conformity with the concentration reduction
of heteroatoms on the carbon samples as a function of temperature in addition to the
thermally induced improvement of the graphitic character and the changes of the electronic
properties associated with the presence of “graphitic” nitrogen species. This reduces the

formation of potential drops arising from differential charging.
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Table 5.3.: Decomposition products, TPD temperature peak maxima and XP O1s/N1s contribu-
tions characteristic of O- and N-containing functional groups present on oxidized and
N-doped CNTs.

Functional group TPD
Structure Name Products Typax [°C] SCRIISEES 2AIE
o OH . COy 275 _
Y Ca;k();;(yhc o 075 Recombination of neighboring 02 & 04
2 -COOH groups
o ° 0  Cyclic CO2 435 Subsequent decomposition 02
X Y anhydride CcO 460 mechanism
(o)
/o—< Lactone CO» 661 - 02
¢ SO e e 050G o, )
o -
P Ether H,O 275 species 04 (03)
o (o] o
Ketone, co 920 ; 01 & 02
Quinone
O NH,  Ammonium Dehydration leading to nitrile
Y salt 120 200 groups
2N -
/\ Nitrile HCN 250 Pyrolysis product of benzonitrile
o o ;
§/\ 74 Tmide H>0 500 decomposition to HCN N2
HNCO 510 Pyrolysis product of succinimide
H o HCN 680 . .
\N Lac.tam HNCO 795 Pyrolysis products of 2-pyridone N2 & O1
y; (Pyridone)
CcO 800 Decarbonylation to pyrrole
H
|
N
Pyrrole HCON 785 Pyrolysis products of pyrrole N2
\ / Hy 805
N\
- HCN 905 . -
| P Pyridine H, 920 Pyrolysis products of pyridine N1
Substitutional N (2) and
Quaternary i ) protonated pyridinic species (1) N3
nitrogen formed via H-bonding with

nearby located OH groups

Decomposition products detected during TPD investigation and signals applied for
the deconvolution of XP spec-tra required for the identification of nitrogen and oxygen
functional groups present on the surfaces of oxidized and N-modified CN'Ts are summarized
in Table 5.3. Since various types of surface species decompose to the same volatile

compound, it is imperative to have knowledge of the respective temperature peak maxima.
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Similarly, XPS data has to be interpreted with care since one binding energy can be
attributed to more than one type of functional group.

The elemental composition of the modified carbon nanotubes as determined by XPS is
summarized in Table 5.4. Whereas the liquid phase oxidation in refluxing nitric acid yields
an oxygen concentration of around 13 at.%, this value is drastically reduced to about 2.0
at.% after NHj treatment at 700 °C. On the contrary, the amount of nitrogen ranging
between 2.6 and 3.4 at.% is nearly independent from the functionalization temperature.
These results are in line with those obtained from elemental analysis (Table 5.1). Similarly,
the increasing N/O ratio as a function of treatment temperature indicates a progressive
increment of the nitrogen fraction that is directly bound to the carbon backbone. This is
reflected by the dominating presence of pyrrolic, pyridinic, and quaternary N-species in

700-NCNT in contrast to the samples modified at lower temperatures.

Table 5.4.: Elemental composition as determined by XPS.

Sample N [at %] O [at %] C [at %] N/O

O-CNT - 13.0 87.0 0.00
300-NCNT 3.4 7.1 89.5 0.48
500-NCNT 3.3 3.0 93.8 1.10
700-NCNT 2.6 2.0 95.4 1.30

5.3.4. Acid-base properties in the Aqueous Phase

Titration curves were recorded for the pristine, oxidized and ammonia treated samples
in order to investigate the impact of chemical modification on the acid-base properties.
Figure S5.2a shows the state of the pristine carbon nanotubes and the effect arising
from oxidation in concentrated nitric acid. The starting pH of HP-CNT is around 7,
which is indicative for the neutral character of the surface. Furthermore, the lack of an
inflection point serves as an evidence for the negligible concentration of acidic species.
In agreement with the steps observed in the CO, profile obtained in the course of the
TPD experiment, a large amount of carboxylic acid entities and cyclic anhydrides are
present on the surface of O-CNT. This is in line with the strong increase in acidity after
nitric acid treatment, which is reflected in a low initial pH of about 3.5. According to
the 1% derivative of O-CNT shown in Figure S5.2a, at least two different types of acid
sites are neutralized. Acid dissociation constants (pK,) were experimentally derived from
the titration curves by determining the pH at the corresponding half-equivalent points.
Both species exhibit a middle-strong acidity as reflected by pK, values of 4.0 and 6.2,
respectively (Table 5.5). The total amount of sites calculated at the equivalent point equals

630 pmol- gsample‘l. This value is clearly lower than the amount of CO, released during TPD
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experiments. However, a more convenient comparison can only be performed if the CO,
molarity is related to the sample mass before rather than after the TPD experiment. The
aforementioned consideration leads to a specific molar concentration of 705 pmol-gsample -
Both values are in excellent agreement with each other, indicating that the acidic character
is predominantly determined by carboxylic acids and cyclic anhydrides.

As depicted in Figure S5.2b, the acid-base properties are reverted after nitrogen incor-
poration via ammonia treatment. In spite of the significant differences observed between
the nitrogen doped samples in the TPD experiments, the corresponding titration curves
are rather similar. This is especially applicable for 300-NCNT and 500-NCNT. In both
cases the initial pH is around 7.3, which is similar to the value obtained for HP-CNT.
Contrary to the pristine carbon nanotubes, the titration curves belonging to these samples
exhibit an inflection point, from where the amount of neutralizable sites can be derived.
The values thus obtained are respectively in the range of 110-120 pmol-ggampie - Slightly
increased basicity can be appreciated in the case of 700-NCNT as evidenced by an initial
pH close to 8. This observation is in line with the results obtained in the TPD experiments.
Most of the nitrogen present is in form of pyridinic species, being in nature the most basic
type of N-containing functional groups. In contrast to 300-NCNT and 500-NCNT, the
inflection point of this sample has the largest shift towards higher volumes. The amount
of titratable surface species is about 160 pmol-gsampie *, corresponding to the highest value
obtained for the nitrogen-doped samples. However, the pK,, values derived from the half-
equivalent points slightly differ from each other, lying between 7.2 and 7.5. This similarity
is most likely due to the variety of surface species present on the carbon surface. Whereas
imides and lactams prevail on 300-NCN'T, pyrrolic and pyridinic nitrogen dominate to
different extents on the samples treated in ammonia at higher temperatures. The acid-base
character of these functional groups strongly differ among each other, wherefore the overall
behavior of the nanostructured material in aqueous phase is determined by the extent to
which nitrogen in different configurations is attached to or incorporated into the carbon
framework. It is noteworthy to mention that solvation effects have a strong influence on
the behavior of surface species, wherefore a discrepancy between liquid and gas phase can

be expected.
Table 5.5.: Quantities derived from potentiometric pH titrations.

Initial Acid sites Basic sites

1
Sample pH [meI'gSample-l] pK
O-CNT 3.5 630 - 4.0, 6.2
300-NCNT 7.3 - 110 7.2
500-NCNT 7.4 - 120 7.3
700-NCNT 7.7 - 160 7.5

! pK, in case of O-CNT and pKj, for NCNT samples
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5.3.5. Catalytic Transformation of 2-Propanol

Catalytic experiments based on the conversion of 2-propanol were performed over the
N-modified CNTs in order to elucidate their differences in terms of acid-base properties.
The sensitivity of this approach is associated with the specificity of the reaction pathways.
Isopropanol is converted to propylene and diisopropyl ether over Brgnsted acid centers,
whereas its dehydrogenation takes place on Lewis acid-base pairs yielding acetone [120].

Figure 5.5 displays the conversions, selectivities and carbon balances obtained during
the conduction of the probe reaction over the NCNT samples. 300-NCNT exhibits an
acid-base bifunctional surface as evidenced by selectivities towards dehydration and dehy-
drogenation products in a 1:1 ratio at 200 °C (Figure 5.5a). With increasing temperature
the dehydration pathway is favored since the acetone selectivity falls from 50 % at 200
°C to 5 % at 300 °C. Differences are also observed with respect to the ole-fin and ether
formation. Propylene is preferentially produced instead of diisopropyl ether. Whereas the
selectivity of the latter drops from initially 10 % at 200 °C to nearly zero percent at 300 °C,
the former is obtained with more than 90 % at the highest reaction temperature. Based on
the results obtained by TPD and XPS, imides are the dominating species in 300-NCNT,
whereas pyridinic nitrogen is present to a lower extent. In view of the free electron pair,
the latter can act as a Lewis base. Such sites are needed in order to dehydrogenate the
secondary alcohol to acetone [119]. Since the amount of oxygen is about 7 at.% according
to XPS, the Lewis basicity of surface oxo (O~) and superoxo (O?7) ions present on the
carbon sur-face should be considered [120]. Imides species possess an enhanced N—H
acidity associated with the negative inductive effect of the carbonyl groups next to the
nitrogen atom. Thus, the dehydration activity of 300-NCNT most likely arises from the
acidic character of these species.

A drastic change is observed when the transformation of 2-propanol is carried out
over 500-NCNT (Figure 5.5b). Although the selectivity towards propylene increases with
temperature reaching a maximum value of 15 %, the major product is acetone. No
diisopropyl ether was detected indicating a change in the distribution of Brgnsted acid
centers. The nature of the surface differs from that of 300-NCNT since lactam/pyridone
species as well as pyrrolic-like nitrogen are attached to the carbon backbone. In terms
of conversion, 300-NCNT is about five to six times more active than 500-NCNT in spite
of comparable nitrogen concentrations detected on both samples. This could be related
to differences in the number of active centers and/or changes of their intrinsic activities.
Certainly, 300-NCNT contains more oxygen functional groups than 500-NCNT. Cyclic
anhydrides, which are hydrolyzed in the presence of H,O, can further contribute to the
acidic character of 300-NCNT. Thus, in case of 500-NCNT, the dehydration activity
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Figure 5.5.: Conversions and selectivities as a function of time on stream obtained at five different
temperatures during the catalytic decomposition of 2-propanol on (a) 300-NCNT,
(b) 500-NCNT and (c) 700-NCNT. Samples were previously treated at 350 °C in No
for 2h.

yielding propylene might be ascribed to the presence of lactams, while the dehydrogenation
of 2-propanol most likely takes place over pyridinic species.

As derived from TPD and XPS investigations, 700-NCNT exhibits the highest abundance
of pyridinic species. Complemented by the results obtained by elemental analysis, the
amount of oxygen is strongly reduced to around 1.6 wt%. According to TPD, practically
no CO, is detected while only a low amount of CO is observed. Figure 5.5¢ displays the
time-on-stream conversions and selectivities of 700-NCNT. In contrast to the samples
functionalized at 300 and 500 °C, the carbon surface of this material exhibits the most
defined basic properties as reflected by acetone selectivities of at least 95 %. Similar to
500-NCNT, the only dehydration product formed was propylene. Interestingly, 300-NCNT
being the only sample containing imide species produces diisopropyl ether.

Correlations between the acid-base characteristics of strontium based oxide cata-

lysts derived from adsorption experiments employing basic probe molecules and the
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dehydrogenation-to-dehydration-ratio in the catalytic transformation of 2-propanol suggest
that the aforementioned ratio can be used as a measure for the basicity of a catalytic system
[221]. In contrast, acidity correlates with the activity of 2-propanol towards dehydration
products[180]. These quantities, which are summarized in Table 5.6, have been derived for
the N-doped CNTs at isoconversion. Areal formation rates of propylene and diisopropyl
ether decrease by a factor of 50 from 5.52-1071° to 0.11-1071° mol-m~2-s~! with increasing
NH; treatment temperature, indicat-ing a strong decrease in surface acidity. Consistently,
the ratio ra /rpiprpg used as a measure for the basicity significantly increases from 0.28
to 54.41. These trends are evidently in line with the nature of species dominating the
surfaces of the investigated samples. As has been stated before, pyridinic nitrogen acting
as Lewis basic centers necessary for the acetone formation are the dominating species
present on 700-NCNT, whereas imides being more acidic in nature prevail on 300-NCNT.

As can be observed in Figure 5.5, the conversion of 2-propanol decreases with time
on stream at higher reaction temperatures. This deactivation phenomenon is generally
related to the depletion of active sites in the course of the reaction and/or the irreversible
adsorption of species on catalytic centers. Samples were investigated by elemental analysis
after reaction in order to address this issue. The corresponding results are listed in
Table S5.1. A comparison to the elemental composition after modification reveals that only
300-NCNT has 0.3 wt% less nitrogen after the catalytic transformation of 2-propanol. This
reduction is most likely related to the pretreatment in Ny at 350 °C, which is slightly higher
than the functionalization temperature. In line with the thermal stability of the functional
groups as reflected by the TPD results, 500-NCNT and 700-NCNT exhibit the same
nitrogen amounts. Within the deactivation context it becomes evident that the reigning
phenomenon is the irreversible adsorption of molecules on the carbon surface. This is
further supported by the increased amount of oxygen after reaction. Besides the adsorption
of 2-propanol in form of an isopropoxide species, acetone may be likewise irreversibly
bound to nitrogen species. The oxygen present in both compounds might be the origin
for the increased concentration. Consistently, between three to five times more hydrogen

is found on the samples after reaction. Either C—H bonds as constituent fractions of

Table 5.6.: Product selectivites at isoconversion, basicity (acetone-to-dehydration-products ratio)
and acidity (formation rate of dehydration products) of NCNTs determined by the
transformation of 2-propanol.

sl T! X;prou Sp? Sa® Spipe* rpipree 1071° ra 10710 ra
K] [%] (%] [%] (%] [mol- m2.s71] [molm2s!] rpiprpE

300-NCNT 225 0.73 69.1 21.9 9 5.52 1.55 0.28

500-NCNT 300 0.63 14.9 83.6 0 0.9 5.07 5.61

700-NCNT 225 0.62 1.8 98.2 0 0.11 5.87 54.41

I Temperature of isoconversion 2 P: Propylene 3 A: Acetone 4 DIPE: Diisopropyl ether
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adsorbed species or irreversibly bound Hs resulting from the 2-propanol dehydrogenation

might be reasons for this observation.

5.3.6. Oxidative Stability of N-Doped Carbon Nanotubes

Insights into the degree of graphitization and availability of defect sites serving as centers
at which the combustion is preferably initiated can be obtained by subjecting the material
to temperature-programmed oxidation (TPO) experiments. Thermogravimetry (TG) is
a suitable technique for understanding the combustion stages and differential-scanning
calorimetry (DSC) provides integral heats released in the course of the carbon oxidation.
Coupling these methods with online gas analysis permits to monitor the combustion
products evolving during the experiments.

Figure 5.6 displays the TG curves and DSC signals of the pristine, oxidized and nitrogen-
doped carbon nanotubes obtained during TPO in synthetic air. From this experimental
data, information about the (extrapolated) onset oxidation temperature, the Tsq value
representing the temperature at which 50 % of the initial mass has undergone combustion
and the overall heat of oxidation can be derived. The determined values are summarized in
Table S5.2. As indicated by the extrapolated onset temperatures, HP-CNT and 700-NCNT
possess the highest stability against thermal oxidation. After the pristine material is
oxidized in nitric acid, the corresponding value is lowered by 26 °C. XPS, TPD and
elemental analysis showed that the amount of oxygen significantly increases after the wet
chemical treatment introducing various types of surface species strongly differing from each
other in terms of thermal stability. In fact, the TG curve of O-CNT begins to drop already
at around 200 °C, which is far before the carbon oxidation begins. This mass reduction is
associated with the thermal decomposition of the functional groups. In case of 300-NCNT,
the extrapolated onset temperature is similar to the value encountered for the oxidized
sample. However, the T, value is lowered by 10 °C, indicating that the combustion occurs
faster after nitrogen incorporation despite a comparable stability against oxidation. The
properties of the carbon surface are further deteriorated when the ammonia treatment
is performed at 500 °C. Both Tonst and Tsg determined for 500-NCNT are lower by
almost 20 °C compared to 300-NCNT. However, a significant improvement is observed
for 700-NCN'T, which exhibits the highest extrapolated onset temperature of the series
reaching almost 570 °C. No difference is found between the T5y values of HP-CNT and
700-NCNT

A good agreement is found between the T, values and the position of the peak maximum
in the DSC curves (Tyaxpsc). This result can be expected since the maximum rate of

combustion represented in the mass consumption by the inflection point (T5o value) should
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Figure 5.6.: Thermogravimetric changes (a) and DSC signals (b) during temperature-programmed
oxidation of pristine, oxidized and ammonia treated carbon nanotubes.

be in correspondence with the maximum rate of heat evolution. The integral heats of
combustion of the carbon nanotubes calculated from the DSC range between -294 and -352
kJ-molg!, which are in good agreement with those obtained for charcoals [222, 223] and
soots [224]. For comparison, a heat of combustion of -394 kJ-molc™ has been determined
for the oxidation of graphite [225]. An interesting value is the full-width at half maximum
(FWHMDSC) of the combustion peak in the DSC curves. The steeper the mass loss in
the TG curves, the lower the value of FWHMpgc. Based on this observation, it can be
stated that the combustion of HP-CNT, 300-NCNT and 700-NCNT occurs faster than
in the remaining samples. While 500-NCNT oxidizes slower, the combustion of O-CNT
requires a longer period of time. The observations in the latter case suggest that the lower
oxidative stability is related to the introduction of defects, which is also reflected in the
increase in micropore area (Table 5.1), whereas the slow combustion originates from the
oxygen species serving as a passivation layer.

For a better understanding in the case of the nitrogen-doped samples, it is important
to analyze the differences in the profiles of volatile combustion products. Figure S5.4
shows the recorded CO; (m/z=44) and NOy (m/z=30) traces obtained during the TPO
experiments. The first evident result is that carbon dioxide is by two orders of magnitude
the major product. No NO, evolution was observed for HP-CNT and O-CNT. The small
contributions seen in the corresponding profiles are rather attributed to an overlap arising
from m/z=29, which is a fraction in the MS pattern of CO, that may partially overlap
with m/z=30. With respect to the nitrogen-doped carbon nanotubes, the mass traces
ascribed to NOy significantly differ from the CO, profiles, wherefore an overlap can be
discarded. The values determined for Tsy and Ty psc are in excellent correspondence
with the temperatures of the maxima determined in the COy curves. This is likewise
applicable for the NO, traces. An interesting finding is the shoulder observed in 300-NCNT
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and 500-NCNT located at 490 °C. A corresponding feature is neither found in the CO4
profiles nor in the NOX evolution of 700-NCNT. The main difference observed between
the synthesized NCNTs in terms of N-containing functional groups is that 700-NCNT only
contains nitrogen atoms incorporated into the carbon lattice in form of substitutional
species or at the edges as pyrrolic and pyridine-like N, whereas 300-NCNT and 500-NCNT
also contain nitrogen atoms that are part of a structure that is attached to the carbon
backbone. As has been so far discussed, these species are imides and lactams, both
exhibiting a thermal stability below 750 °C. Hence, the shoulder characterized by an
onset near 450 °C is associated with the decomposition of these species. This leads to an
increase in the defect density lowering the (extrapolated) onset temperature. In addition,
less oxygen is present on these samples compared to O-CNT, eliminating thereby the
passivation effect, which consequently accelerates the carbon combustion. In line with this
argument, the exclusive presence of structurally more stable nitrogen species in 700-NCNT
lowers the amount of defect sites, consequently increasing the onset temperature to a value
comparable to that of the pristine material. In fact, a superposition of the COy and NO,
profiles indicate that these compounds evolve at the same time, indirectly confirming the
XPS and TPD results.

5.4. Conclusion

Nitrogen functionalized CN'Ts synthesized by posttreatment of OCNTs in ammonia at
300, 500, and 700 °C have been investigated with a set of complementary surface sensitive
characterization techniques. Both abundance and type of oxygen and nitrogen functional
groups were assessed by TPD and XPS. Profiles of volatile compounds like CO5 and CO
clearly confirm the presence of carboxylic acids, acid anhydrides and lactones in addition to
phenols, esters and carbonyl species. Their availability on a carbon surface is a key factor
since they serve as reaction centers for NH3 leading to successful nitrogen incorporation.
Imides, which are formed by ring-opening of cyclic anhydrides in the presence of ammonia,
have been identified as the major N-containing species at a treatment temperature of
300 °C. This is indicated by the evolution of HCN and HNCO at low temperatures. The
assignment is additionally supported by the strong intensity of the N2 signal at 399.8
eV and O1 feature at 530.7 eV assigned to the C=0 of pyridone-like species. A further
increase in the functionalization temperature to 500 °C incorporates lactams and pyrrole-
like nitrogen to a larger extent. The HCN profile is characterized by the evanescence of
the imide contribution and appearance of an asymmetric peak at higher temperatures. A
modification at 700 °C yields a surface containing pyrrole-like and pyridinic nitrogen, which

was confirmed by the characteristic peaks in the HCN profile as well as the respective N2
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(399.7 eV) and N1 (398.4 V) signals of N1s XP core level spectrum. Quaternary N-atoms
already formed at low functionalization temperatures give rise to the N1s spectral feature
at 401 eV (N3). Substitutional nitrogen and protonated pyridinic N-species formed via
hydrogen bonding with nearby located OH groups contribute to the N3 signal.

While the acid-base properties of NCNTs seemed to be similar in the aqueous phase,
significant differences were obtained in the gas phase as evidenced by the results derived
from the catalytic transformation of 2-propanol. The ratio between the rates of formation
of dehydrogenation and dehydration products used as a quantity to assess the basicity
increased from 0.3 to 54.4 as a function of NH;3 treatment temperature. Furthermore, the
parallel formation of dehydration and dehydrogenation products reflects the acid-base
bifunctional surface of 300-NCNT. On the contrary, an acetone selectivity of almost 100 %
regardless of the reaction temperature for the sample obtained at 700 °C is characteristic
for a carbon material with a defined surface basicity. Pyridinic species serving as Lewis
basic sites were identified as part the active acid-base pair necessary for the 2-propanol
turnover towards dehydrogenation products.

The resistance of NCNTs towards thermal oxidation strongly depends on the func-
tionalization temperature. OCNTSs, which serve as the starting material for nitrogen
incorporation, are less stable than the pristine material. Similar properties were found
for 300-NCNT. A surface modification at 500 °C is detrimental. In contrast, nitrogen
incorporation at 700 °C yields a CNT material with a stability similar to that of the
pristine carbon. This is related to the presence of nitrogen atoms that are incorporated
into the carbon lattice.

The analytical approach presented in this work is suitable for linking the structural
information of nitrogen species with the acid-base and oxidation properties of the modified
surface resulting from the superimposed properties of the individual functional groups.
Undoubtedly, these results allow a better understanding of the complex surface character-
istics, which are important within the scopes of supported catalysts, acid-base and redox
catalysis. Furthermore, this integral concept can be applied in order to investigate the
impact of nitrogen incorporation on different types of carbon nanostructures including

active carbon, carbon nanofibers, graphite or graphene.
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Table S5.1.: Elemental composition of NCNTs after catalytic transformation of 2-propanol.

Elemental analysis [wt%]

C H N ob
17773  300-NCNT-A-ar 300-NCNT, after reaction  96.9 0.1 1.0 2.0
17772  500-NCNT-A-ar 500-NCNT, after reaction  96.0 0.1 1.2 2.7
17771  700-NCNT-A-ar 700-NCNT, after reaction  95.5 0.1 1.1 3.3

& Internal sample number to distinguish reproductions of sample preparation
b Oxygen is calculated as a difference to 100 %

ID2 Sample Description

Table S5.2.: Characteristic temperatures and heats of combustion derived from TG and DSC
results.

Sample TOnset [OC] T50 [OC] TMax.DSC [OC] FWHMDSC [OC] AHC [kJ/mOlc]

HP-CNT 564 580 582 25 2294
O-CNT 538 567 571 68 -352
300-NCNT 542 557 557 23 -349
500-NCNT 525 538 541 32 322
700-NCNT 569 582 584 26 -331
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6. Influence of thermal treatment on surface and

oxidation properties of P-modified carbon nanotubes

K. Friedel Ortega, S. Wrabetz, A. Trunschke, and R. Schldgl

Abstract

Phosphorus doping of mesoporous nanocarbons has been scarcely reported in literature.
Thus, P-modified CN'Ts obtained wvia postsynthesis activation with HsPO4 and subsequent
thermal treatment at 400, 500, 600, and 700 °C in Ar were analyzed in terms of their
chemical properties. Two types of phosphate species with different thermal stabilities were
proven to be present on the CNTs by means of TPD. Their decomposition was pronounced
at temperatures above 750 °C. Two characteristic pK, values (3.3 and 6.8) comparable
to those of phosphorus oxoacids were experimentally derived from potentiometric pH
titrations. NHs-microcalorimetry evidenced the existence of two types of homogeneously
distributed and energetically uniform acid sites reflected in the development of two plateaus
with distinct differential heats of NH3 adsorption. Increasing the treatment temperature
from 400 to 500 °C reduces the overall amount of centers and simultaneously changes
their acid strength. The initial differential heat of NH3-adsorption is lowered from 117 to
103 kJ-mol™!. Partial irreversible adsorption of ammonia is also confirmed by NH;3-TPD.
A selectivity of nearly 100 % towards propylene during the catalytic transformation of
2-propanol further confirmed the highly acidic character of P-CNTs prepared at 400 and
500 °C. Phosphorus incorporation enhances the oxidative stability as evidenced by a shift
of the extrapolated Topnset and the Tso value towards higher temperatures, simultaneously
decreasing the specific heat of combustion. The well-defined acidity and the enhanced
oxidative resistance enable the potential of using P-doped CNTs as solid adsorbents, as

catalyst in ODH reactions and as electrode material in electrochemical applications.
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6.1. Introduction

Incorporation of heteroatoms into the framework of nanocarbons notably affects their
physicochemical surface properties. Nitrogen functionalization changes the electronic
structure by inducing a localized charge accumulation [97]. Furthermore, the presence of
N-containing species alters the acid-base properties of the carbon material. Boron doping
has attracted much attention in redox catalysis due to the particular electron-attracting
nature of the element. For instance, boron species strongly reduce the formation of highly
reactive oxygen intermediates like peroxide (O9*) and superoxide (O%) anions in the
course of O, activation that favor the total oxidation of light alkanes during oxidative
dehydrogenation (ODH) reactions [226]. In addition, boron-modified carbons exhibit
an enhanced resistance towards oxidation since the heteroatom effectively blocks defect
sites at which the combustion is preferably initiated [226-230]. Similar effects have been
reported for phosphorus-modified carbons [227-229, 231-235]. XPS investigations carried
out on materials obtained by activation of carbon precursors impregnated with H3PO,
[232, 234]. or POCI; [233] suggest that C—O—PO3 and C—POj; surface species suppress
the activation of Oy towards electrophilic intermediates. Furthermore, the availability
of phosphorus on nanocarbons induces a surface acidity associated with the presence of
highly thermally stable phosphonic acids (—PO3Hs), phosphonous acids (—POyHz) and
phosphine moieties [236].

P-modified carbons are often inexpensive and therefore attractive materials for water
treatment since they exhibit an enhanced cation exchange capability towards heavy
metals [237, 238]. Moreover, hydrogen can be effectively stored in phosphorus modified
nanostructured carbons due to their high specific uptake capacity [239]. The adsorption
properties are associated with the tunability of the porous structure and the chemical
nature of the active surface [240]. Several synthesis methods have been applied for the
production of phosphorylated carbon materials. A widespread technique involves the
impregnation of a suitable carbon precursor, e.g. fruit stones [238], olive stones [130], and
white oak [241] with a specific amount of phosphoric acid followed by a carbonization step
at a given temperature either in air or in an inert gas atmosphere. Increasing the treatment
temperature from 400 to 1000 °C leads to a volcano-type dependency of the phosphorus
content in the prepared carbons reaching a maximum concentration of the heteroatom in
the range between 7-9 % at 800 °C [242-244]. This is of particular interest since a linear
correlation between the specific molar concentration of titratable sites and the phosphorus
amount has been considered as indicative for the acidic nature of the surface arising from
the phosphate structure of the anchored species [240]. Microporous carbons obtained by
chemical activation of lignocellulosic waste with H3PO,4 at 450 °C and 500 °C exhibit
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a strong acidity as evidenced by NH3-TPD and a high selectivity towards propylene in
the catalytic transformation of 2-propanol [130, 131]. However, studies dealing with the
characterization of phosphorus modified mesoporous carbons have received considerably
less attention [136]. To our knowledge, no systematic investigation exists involving the
surface analysis of P-functionalized carbon nanotubes.

The aim of this work is to study the incorporation of phosphorus into the backbone of
carbon nanotubes (CNTs) by activation with H3PO, as a function of thermal treatment in
the temperature range between 400 °C and 700 °C. Since the presence of the aforementioned
heteroatom affects the acidity and oxidative stability of CNTs,; a set of characterization
techniques involving potentiometric pH titration, NH3-TPD, NHz-microcalorimetry, TPD,
and TPO has been chosen in order to elucidate the surface properties of the modified
samples. Furthermore, the employment of the catalytic transformation of 2-propanol
is necessary since it shows a high sensitivity towards changes of the specific acid-base
properties. According to Scheme 6.1, the secondary alcohol dehydrates to propylene and
diisopropyl ether over Brgnsted acid sites, whereas the presence of acid-base pairs leads to

the dehydrogenation of the reactive molecule towards acetone.

Acid sit
g /\ + Hzo propylene
OH

)\ Acid site Yo\l/ + H20 diisopropyl
ether

2-propanol

\

acetone

(|
Yo

Acid-base pair

Scheme 6.1: Reaction pathways associated with the catalytic transformation of 2-propanol [120].

6.2. Experimental section

6.2.1. Phosphorus modification of MWCNT

Multiwall carbon nanotubes (carbon content > 97 wt%) with 12.9 nm outer diameter and
4.7 nm inner diameter in average were obtained from Shangdong Dazhang Nano Materials
Co., Ltd (C-CNT). 20 g of C-CNTs were pretreated in 1 L 30 % HyO4 solution at 60 °C
for 4 h. After cooling down to room temperature, the oxidized sample was thoroughly
washed and filtrated with Millipore water. Finally, the resulting carbon was dried at 110
°C in static air overnight (O-CNT). Phosphorus incorporation was carried out in two steps:

O-CNTs were immersed and stirred in 1 L concentrated phosphoric acid (85 wt%) at



Chapter 6. Influence of thermal treatment on surface and oxidation properties of
94 P-modified carbon nanotubes

125 °C for 4 h. After cooling down to ambient temperature, the suspension was diluted
with 1 L Millipore water and subsequently filtrated without further washing. 4 g of the
impregnated powder were dried under reduced pressure at 100 °C prior to heat treatment
in an inert gas stream. The vacuum-dried sample was transferred to a static tube furnace
with an isothermal zone of nearly 15 cm determined at 1300 °C. Annealing was carried
out respectively at 400, 500, 600, and 700 °C by passing an Ar stream at 100 mL,-min~!
over a corundum crucible containing the carbon material. After flushing the furnace
at ambient temperature for 30 min, the target temperature was reached at a heating
rate of 10 °C-min™! and maintained for 4 h before cooling back to ambient temperature.
Adsorbed species were removed by thoroughly washing the sample with Millipore water
until achieving pH neutrality of the aliquot. After filtration, the modified sample was dried
in static air at 110 °C overnight. P-functionalized carbons are labeled with the annealing

temperature followed by the acronym PCNT.

6.2.2. Characterization techniques

Carbon materials were characterized by Ny adsorption at liquid nitrogen temperature (-196
°C) using a Quantachrome Autosorb-6B KR instrument. Analyses were performed on 20 mg
of powdered substance, which were degassed for 2 h at 200 °C before measurement. Surface
area calculations were undertaken using the BET equation [156], pore size distributions
were derived from the desorption branches of the isotherms according to the BJH method
[157], and total pore volumes were determined at a relative pressure of p/py = 0.97.
Micropore analysis was performed by applying the MP-method proposed by Mikhail,
Brunauer and Bodor using a statistical thickness interval of 0.05 [158].

Samples were investigated by potentiometric pH titrations carried out with a Mettler
DL 77 autotitrator monitored by a Mettler Toledo DGi114-SC electrode. In a typical
experiment, 100 mg of powdered sample were suspended in 50 mL of 0.1 M NaCl solution.
Equilibration was achieved by vigorously mixing the suspension ovenight. In order to
minimize side effects from dissolved CO,, the mixture was degassed under Ar for 30 min
prior to starting a measurement. The titrants used were 0.01 M NaOH and 0.01 M HC1
solutions, depending on the samples to be investigated, respectively diluted from 1 M
Titrisol standards (Merck Millipore).

Temperature-programmed desorption (TPD) and NH3-TPD were carried out in a home-
built setup equipped with a gas chromatograph (Varian CP-4900 Micro-GC) and a mass
spectrometer (Pfeiffer Omnistar) for on-line product analysis. Experiments were performed
using a fixed-bed quartz reactor (9 mm i.d.), which was placed in a self-constructed furnace

with an isothermal zone of 4 cm at the upper temperature limit. Weakly adsorbed water
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was removed within 1 h at 100 °C in a He stream passed at a flow rate of 25 mL,-min~!.

TPD investigations using 150 mg of functionalized samples were initiated by linearly
heating the reactor at 5 °C-min~! to 1035 °C. This temperature was maintained for 30 min
before cooling down to room temperature. NH3-TPD analyses were performed as follows:
the reactor loaded with 80 mg of carbon material was heated to 100 °C as previously
described and subsequently cooled down to 80 °C. After stabilization of the adsorption
temperature, a gas stream containing 1% NH;z in Ar was passed for 15 min through the
sample at flow rate of 25 mL,-min~—!. Weakly bound ammonia was isothermally desorbed
in a He flow until no NH3 was detected by GC and MS analysis. Thereafter, the reactor
was heated at 5 °C-min~! to 500 °C in a He stream of 25 mL,-min~! and maintained at the
target temperature for 30 min before cool down. Ammonia readsorption was performed
using the same protocol as described before. Quantification of evolved NH3 was achieved
by calibration of the Micro-GC using a certified gas mixture containing 1% of the probe
molecule in Ar.

For calorimetric measurements, a Calvet calorimeter (MS70 SETARAM) has been
combined with a house-designed high vacuum system, which enables the dosage of probe
molecules within a range of 0.02 pmol, described in detail elsewhere [245]. The pressure-
controlled dosing systems with calibrated volume allows for the detection of the amount
of adsorbed molecules (adsorption isotherm) as well as differential heat of adsorption
and gives the possibility to elucidate the distribution of the adsorption sites along the
range of adsorption heats. The samples were degassed (pretreated and activated under
mild conditions to minimize thermal and mechanical stress) under vacuum at 80 °C
overnight. The final pressure in the degassed cell was approximately 10~ mbar. NHjz was
stepwise introduced into the evacuated cell at 80 °C, and the pressure evolution and heat
signal were recorded for each dosing step. After reaching the saturation concentration the
adsorbed NHj3 molecules were desorbed by evacuation at adsorption temperature 80 °C.
Subsequently, a 2"! adsorption cycle was performed under identical conditions in order to
evaluate the reversibility of the adsorbed NH3 molecules. We have adopted the calorimetric

sign criterion (positive energetic quantity for an exo-thermic process).
Temperature-programmed oxidation (TPO) experiments were performed in a TG-
DSC Netzsch STA 449C Jupiter thermobalance coupled to a Pfeiffer Omnistar mass
spectrometer for simultaneous gas analysis. DSC curves recorded during TPO gave the
enthalpies associated with the thermal oxidation of the carbon samples. In a typical run, 5
mg of sample were loaded in an Al,O3 crucible, which was heated at 5 °C-min~" from room
temperature to 950 °C in synthetic air (21 % Oz in Ar) at a flow rate of 100 mL,-min~".
The maximum temperature was maintained for 30 min before cooling down the system to

room temperature.
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Scanning electron microscopy was employed for analyzing the elemental distribution
using a Hitachi S-4800 (FEG) equipped with an energy dispersive X-ray sapphire detector,
type EDAX Genesis 4000 system. Elemental maps were collected for a time frame of 1
h applying an acceleration voltage of 10 kV. Quantitative analysis of C, O and P were
carried out based on the respective K, lines.

For the transformation of 2-propanol, 100 mL,-min~! N, was passed through a saturator
at 20 °C (4.2 % isopropanol) before reaching a U-shaped quartz reactor with an inner
diameter of 9 mm containing 50 mg of catalyst material previously sieved to a fraction
between 250 and 355 pm. Prior to the measurements, the samples were heated in Ny to
350 °C at 5 °C-min~* for 2 h. Temperatures were varied in 25 °C steps from 200 to 275 °C
at constant inlet flow rate, whereby every set of parameters remained unchanged for a
period of 12 h. The conversion of 2-propanol was calculated based on the ratio of product

concentrations to amount of secondary alcohol fed into the reactor.

XPropylene + X Acetone + XDiisopropyl ether

Xz'-PrOH = Y
-PrOH

Selectivity is defined in molarity terms as the concentration of a given product to the

sum of all detected products.

Vi * XProduct,i
Vi * XProduct,i + Z Vj * XProduct,j

SProduct, i—

6.3. Results and Discussion

6.3.1. Textural properties and elemental composition

Pristine and P-modified CNTs were characterized in terms of their structural properties by
N, adsorption-desorption experiments. Parameters deduced by this method are listed in
Table 1. All isotherms are type III according to the IUPAC classification, which arise due to
weak adsorbent-adsorbate and significant adsorbate-adsorbate interactions [168]. Evolution

of a type H3 hysteresis loop associated with capillary condensation is indicative for the

Table 6.1.: Textural properties and elemental composition of pristine and P-modifed CNTs.

SBET SMicro V Tot VMicro Elemental analysis [wt %]
DT Sample 2 g fom? 5] w5 Y] C o e
14563 C-CNT 195 0 2.61 0 97 3 0
17182 400-PCNT 199 0 1.73 0 92 + 3.1 6.3+12 14+0.6
17183 500-PCNT 256 0 1.81 0 93.5+£02 5602 09+£0.0
17184 600-PCNT 275 0 2.00 0 957+ 04 414+04 02=+0.0
17185 700-PCNT 273 0 2.15 0 954 +£0.2 4.0+0.2 0.7+0.0

& Internal sample number to distinguish reproductions of sample preparation
b Elemental composition is the average of 7 measured EDX spectra
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mesoporous structure of CNTs (Figure S6.1a). BET surface areas significantly increase
from 195 up to 270 m?-g’! upon carbon activation. As depicted in Scheme 6.2, C-CNT was
initially subjected to H,O5 oxidation aiming a preferential generation of phenolic species.
Such wet chemical treatments are known to open the CNTs by oxidizing their tips, which
is typically reflected in an increase of specific BET surface area [246, 247]. However, the
subsequent phosphorus incorporation has an opposite effect. 400-PCNT exhibits a value
similar to the one determined for C-CNT, suggesting that surface functional groups created
at the ends of the nanotubes hinder the transport of Ny into the open cavities. They
become accessible as the phosphorus content decreases, leading to higher BET surface
areas. It should be point out that the performed phosphoric acid treatment has no effect
on microporisity. Both micropore volume and surface area remain unchanged (Table 6.1).
Nevertheless, total pore volumes are reduced upon carbon modification. While a value of
2.61 cm?-g! was determined for C-CNT, 400-PCNT shows a significant reduction by more
than 30 %. A progressive increase, resembling the changes of the BET surface area, is
observed for this parameter. The bimodal pore size distributions calculated with the BJH
method applied on the desorption branch of the isotherms are presented in Figure S6.1b.
The feature centered at 2.7 nm is related to the inner channel of the nanotubes. The
volume of these smaller pores increases from 0.03 to 0.1 cm?3-g™!. This trend supports the
opening of the inner cavities as a consequence of the oxidative treatment. Vr is, however,
primarily affected by the decrease of volume corresponding to the larger pores that are
represented by the peak located at around 39 nm. This fraction of mesopores has been
ascribed to the presence of voids in agglomerates formed between entangled CNTs [34].
Accordingly to the phosphorus content, the presence of phosphate species increases the
interaction between nanotubes leading to a closer packing, consequently reducing the pore
volume in the formed particles. This is further evidenced by the differences observed in

the SEM micrographs presented in Figure S6.3B-F.
Upon hydrolysis of phenolic species with phosphoric acid molecules, various types of phos-

phates can be formed (Scheme 6.2). Possible configurations are hydrogen and dihydrogen
phosphates as well as pyrophosphoric-like species. The latter may be created through
recombination of neigbouring phosphates groups leading to H,O elimination. In contrast
to observations made on activated carbons obtained by carbonization of a precursor
previously impregnated with phosphoric acid [134, 238, 244, 248], our results reveal
that the P-content decreases with increasing temperature (Table 6.1). This tentatively
suggests a superposition of two effects, namely phosphorus incorporation into the structure
and modification of the exposed graphitic layers has been observed in literature during
carbonization. As opposed to this, the activation of a preformed nanostructured carbons

solely leads to a surface functionalization. Irrespective of this essential difference, H3POy
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Scheme 6.2: Formation of P-containing species upon HsPO4 activation of O-functionalized carbon
nanotubes.

activation of CN'Ts results in a homogeneous phosphorus modification as evidenced by the
energy disperse X-ray (EDX) elemental distribution obtained for 400-PCNT, shown in
Figure S6.3A.

6.3.2. Analysis of functional groups by means of Temperature Programmed

Desorption

The existence of phosphates covalently attached to the surface of the P-modified CN'Ts can
be confirmed and discussed particularly in terms of CO evolution during TPD experiments.
Microporous carbons obtained through activation of carbonaceous precursors in the
presence of phosphorus compounds leads to the creation of highly stable surface species,
which upon thermal decomposition yield CO with a maximum observed at around 830-930
°C [130, 233, 234, 249]. As displayed in Figure 6.1, the same pattern is encountered for
P-containing CN'Ts prepared via postsynthesis activation with H3POy. Irrespective of the
treatment temperature, CO starts to evolve at a slow rate beyond 500 °C. A shoulder
located at 890 °C precedes the emergence of a distinctive and sharp feature centered at
940 °C, which is dominant in every profile. This finding is indicative for two types of
functional groups differing among each other in terms of their thermal stability. According
to previous studies [130, 233], the intense CO formation originates from the cleavage
of C—O—POj3 moieties, which may be arranged in various configurations as shown in
Scheme 6.2. Pyrophosphoric-like structures as well as phosphates attached to the carbon
backbone via two independent C—O bonds are expected to exhibit a higher thermal
stability. Wu and Radovic [233] have stated that metaphosphates and C—POj3 species,

being stable up to 1000 °C, also exist on the carbon surface upon activation with a
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Figure 6.1.: Evolution of (a) CO2 and (b) CO during TPD analysis of phosphorus containing
carbon nanotubes.

phosphorus precursor.

As shown in Figure 6.1a, the presence of carboxylic acid species and cyclic anhydrides
can be excluded owing to the absence of characteristic features in the CO profiles located
at 250 and 430 °C, respectively [172]. However, CO evolution is observed beyond 800 °C,
which is a considerably high and unexpected temperature. This might be a consequence
of the thermal decomposition of stable —COO—POj3 species [130]. Their existence is
plausible considering the pretreatment of CNTs in HyOs, during which highly reactive
peroxo radicals are formed that react with the carbon surface. Another source of COq
formation at high temperatures can be related to secondary reactions between CO evolving
from the decomposition of phosphates and stable oxygen surface complexes [250].

Interestingly, 700-PCNT exhibits the most intense and broadest CO peak within the
prepared series. Certain thermodynamic considerations have to be made in order to
plausibly explain this encountered difference. The integral free Gibbs energy of reactions
6.1 - 6.3, which may occur during the functionalization step, decrease with increasing
temperature [240]. The reduction of phosphoric acid in the presence of carbon resulting in
the formation of elemental phosphorus 6.1 becomes exergonic at precisely 700 °C. This
value coincides with the highest temperature applied for the activation of CN'Ts. In case
of reactions 6.2 and 6.3, ArG < 0 is reached at around 750 °C.

4HPO, + 10C — P, + 10CO + 6 H,0 (6.1)
4H3PO4 — P4010 —+ 6H20 (62)
P,O1 + 10C — P, + 10 CO (6.3)

In either case, the formation of elemental phosphorus on the surface is favored at 700

°C. Thus, although the samples were cooled down to ambient temperature in Argon, the
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spontaneous reaction with environmental oxygen yielding phosphorus pentoxide cannot
be avoided. Either in the course of this process or in the subsequent washing step with
water, exothermic reactions take place thereby unavoidably leading to substantial oxygen
incorporation. The latter is reflected by the specific CO concentrations listed in Table 6.2,
which were derived from TPD experiments.

Table 6.2.: Calculated amounts of CO9 and CO amounts calculated from TPD and characteristic
quantities derived from potentiometric pH titrations.

CO, coO Initial Acid sites [pmol-gsample™]

Sample [mmol-genTt™!] pH  Type I (pKa;) Type IT (pKa2) Total PKai  PKaz
400-PCNT 205 1631 2.99 612 738 1350 3.3 6.8
500-PCNT 162 1669 3.27 311 372 683 3.6 6.8
600-PCNT 153 1842 4.12 150 102 252 4.4 6.3
700-PCNT 202 2928 3.78 250 130 380 4.1 6.7

6.3.3. Acidic properties of P-modified CNTs in the Aqueous Phase

Titration curves as shown in Figure 6.2 were recorded for the pristine and P-modified
samples in order to track the changes of the acidic properties in water upon functionalization.
C-CNT is characterized by a neutral surface lacking of neutralizable sites as indicated
by a starting pH of nearly 7 in addition to the absence of an inflection point in the
corresponding titration curve. A substantial increase in acidity, whose extent inversely
correlates with the thermal treatment temperature, is observed after H3PO, activation.
The starting pH of 400-PCNT drops below 3, whereas an intermediate value of 3.3 is
observed for 500-PCNT. Samples 600-PCNT and 700-PCNT exhibit the highest starting
pH value at around 4. A further significant difference was found among the investigated
samples in terms of titratable sites. 400-PCNT possesses a large concentration of acid
centers in the range of 1350 pmolgSample‘l, which is reduced by a factor of five to 252
nmol-gsample - for 600-PCNT (Table 6.2). This observation is related to the reduction of
phosphate species attached to the CNTs. The oxygen content drops from around 6 to 4
wt%, while the amount of phosphorus changes from 1.4 to 0.2 wt% (Table 1). Although
carboxylic acid groups and cyclic anhydrides introduced into the carbon backbone during
the HyO4 treatment contribute to the surface acidity, their existence on the P-modified
samples can be excluded since their decomposition takes place in the course of the thermal
treatment as this step is carried out at least at 400 °C [172]. This is further reflected in
the CO; profiles obtained by TPD. In general, acidic O-containing functional groups give
rise to characteristic features below 430 °C in CO, profiles derived from TPD experiments.
Precisely these peaks are not detected for the P-modified CNTs as depicted in Figure 6.1.

Consequently, phosphorus-containing species define the acidic properties of the surface.
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Figure 6.2.: Potentiometric pH-titration curves of the pristine and P-modified carbon nanotubes.

A common finding observed in the titration curves is the development of two well-
defined equivalent points, which are more pronounced for 400-PCNT and 500-PCNT. Acid
dissociation constants (pK,), derived from the experimental data by determining the pH
at the corresponding half-equivalent points, are summarized in Table 6.2. An excellent
agreement among the modified samples can be found for pK,,, which has a value of around
6.8. However, pK,; adopts values between 3.3 and 4.4, which represents a deviation of
around 1. This is rather associated with variations of acid sites concentrations that lead
to initial pH values in the range from 3 to 4. In view of the low concentrations of acidic
centers, the error of determination is considerably higher for 600-PCNT and 700-PCNT.
Based on the more reliable values derived from 400-PCNT it can be stated that the herein
investigated PCNTs possess a group of species with strong acidity (pK.; = 3.3) and a
second one with middle-strong acidity (pK.2 = 6.8). According to the calculated amounts
of acid sites given in Table 6.2, around 45 to 65 % of them belong to the former category,
while the rest falls into the latter one.

The acid dissociation constants are within the expectable range of phosphorus oxoacids.
As observed in Table S6.1, phosphonic acid is characterized by the existence of two pK,
values at 2.0 and 6.6, whereas the triprotonic phosphoric acid forms three equilibria in
aqueous solution with dissociation constants at 2.2, 7.2, and 12.7. The comparison of
different phosphorus oxoacids clearly shows that the acidic strength depends on the amount
of monomers constituting the molecule and on the oxidation state of the phosphorus.
In spite of the well-defined equilibria observed for the modified CNTs in the aqueous

phase, the configuration of the phosphorus attached to the carbon surface cannot be
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unambiguously determined. In addition, electronic effects associated with the carbon
nanostructure that influence the acidic properties of the functional groups are hard to
elucidate. Nevertheless, the results obtained by means of potentiometric titration are in
excellent agreement with the findings derived by NH3-TPD, NHs-microcalorimetry and
the catalytic transformation of 2-propanol.

The hydrothermal stability of the generated phosphate species was titrimetrically
evaluated over the samples exhibiting the highest extent of acidity. For this purpose,
400-PCNT was placed in an autoclave bomb together with water and heated to 200 °C.
This temperature was maintained for 24 h prior to cooling down to ambient conditions.
Thereafter the carbon sample was thoroughly washed and dried, before repeating the
hydrothermal treatment for two more times. W1, W2, and W3 denote the corresponding
washing cycle. As can be observed in Figure 6.3, the acid surface properties of 400-PCNT
are strongly affected by the hydrothermal treatment. The first cycle is harsh enough in
order to reduce the amount of acid sites by almost 90 %. During the second cycle, more
than 90 % of the original concentration of acidic species is lost. However, the third cycle
has no meaningful impact on the surface properties compared to the second one. Evidently,
the surface phosphates are hydrolyzed under the applied conditions. Only a small fraction
of the originally created functional groups withstands the hydrothermal treatment. This
experiment shows that leaching is an important issue to be considered when working with

solid acids in the liquid phase.

6.3.4. Investigation of gas-phase acidity by NH3; microcalorimetry and NH3;-TPD

Microcalorimetry was used to study the surface acidity through adsorption of ammonia
over 400-PCNT and 500-CNT at 80 °C. Both samples exhibit a high extent of acidity as
shown by potentiometric titration experiments (Figure 6.2). NHj adsorption isotherms of
400-PCNT during the 1%* and 2°¢ adsorption cycle as a function of equilibrium pressure are
shown in Figure 6.4a. The monolayer is fully developed at an equilibrium pressure below 3
mbar NHjz, which corresponds to a saturation concentration of around 880 pmol- gSample‘l.
After degassing the sample and readsorption of the probe molecule under isothermal
conditions at 80 °C, a considerable decrease of adsorption sites is observed as evidenced
by the isotherm obtained during the 2°¢ cycle. In this case, the monolayer formation
is recorded at an equilibrium pressure near 2.5 mbar. The resulting concentration is
about 450 pmol-gsample . This finding is characteristic for partial irreversible adsorption
that is associated with the formation of stable surface adsorption complexes. Nearly
430 pmol- gSample‘l of acid sites are lost due to strong interaction between ammonia and

the modified carbon surface. Although differences are observed be-tween gas-phase and



6.3. Results and Discussion 103

aqueous phase titration, the absolute amounts of sites determined by both methods are
in a comparable range. Several phenomena like solvation effects in water and the proton
affinity of ammonia in the gas phase give rise to the obtained discrepancies.

500-PCNT exhibits a substantial lower specific NH3 uptake capacity as depicted in
Figure 6.4b. An acid site concentration of 492 pmol-gSample'l was determined at monolayer
coverage during the 15° cycle, which is formed at 2.5 mbar. Evidently, an increase of the
treatment temper-ature from 400 to 500 °C reduces the amount of acidic centers by 45 %.
The 2" cycle reveals a partial irreversible NH; adsorption over 500-PCNT, whose extent
is however lower than in 400-PCNT since 25 % and not 50 % of the surface sites are lost.

In addition to the monolayer coverage, the distribution and strength of acid centers
present on the carbon surface can be analyzed based on the differential heats of NHj
adsorption. This quantity is plotted for 400-PCNT in Figure 6.4b as a function of the
amount of adsorbed probe molecule. The dashed line at 12 kJ-mol™! marks the heat of
condensation of ammonia [251]. During the 1% cycle, an initial differential heat of NHy
adsorption of 117 kJ-mol™? is obtained. This value remains constant up to a coverage of
88 pmol-gsample‘l (region I). The differential heat of adsorption is thereafter reduced to
94 kJ-mol! and maintained over a coverage range of 298 pmol-gsample‘l (region IT). Both
plateaus indicate the presence of two types of homogeneously distributed and energetically

uniform adsorption centers. Although ammonia strongly chemisorbs on these surface sites,
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Figure 6.3.: Potentiometric pH-titration curves of as-prepared 400-PCNT and after upt to 3
cycles (W1, W2, and W3) of hydrothermal treatment.
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Figure 6.4.: Adsorption isotherms (a,c) and diff. heats as a function of coverage (b,d) derived from
NH3 microcalorimetry carried out at 80 °C after 15 and 2™ cycle over 400-PCNT
and 500-PCNT.

a difference of ~20 kJ-mol™ is significant in terms of acid strength. At a coverage beyond
400 pmol-ggampre *, the differential heat of adsorption steadily drops until a value of around
40 kJ-mol™! is reached, which is typical for physisorption (region III). This linear decrease
is characteristic for the presence of heterogeneous acid sites.

As was already stated in the discussion of the isotherms, an irreversible process is
observed. One consequence is the reduction of the initial differential heat of NH3 adsorption
from 117 to 92 kJ-mol™ for 400-PCNT. Interestingly, the plateau at low coverage is still
present and spanned over a range of 112 pmol-gsample‘l. Similarly, region II exhibits a
constant coverage interval of 270 pmol-ggample "+ characterized by a differential heat of 71
kJ-mol . In regions I and II, the differential heats are respectively reduced by more than
20 kJ-mol!, suggesting a decrease in terms of interaction between ammonia and the surface

species indicating a loss in acid strength. However, the most prominent change is observed



6.3. Results and Discussion 105

in region III. Besides con-firming the heterogeneity of acid sites, the differential heat
decreases significantly faster compared to the 15 adsorption. As shown in Figure S6.4a,
the irreversibility can be quantified by comparing the sum of integral heats of adsorption
with the overall integral heat of desorption. The former value is with 13.7 J nearly 84 %
larger than the one obtained during the desorption step. In contrast, an analysis of these
quantities after the 2" cycle clearly shows that readsorption is a reversible process since
the experimental values in the range of 6.5 J (Figure S6.4b) only differ by about 0.1 %

among each other.
As depicted in Figure 6.4d, lower differential heats of NH3 adsorption evidence the

weaker acidic character of 500-PCNT. A value of 103 kJ-mol! was recorded for the first
plateau (region I), while the second one exhibits a differential heat of NH3 adsorption
amounting to 75 kJ-mol™? (region IT), which is almost 20 kJ-mol™* below the corresponding
quantity determined for 400-PCNT. In addition, between 40 to 50 % lower concentrations
of acidic centers were determined for 500-PCNT in regions I (50 pmol-ggample!) and 1T (156
pmol-gsample *) compared to 400-PCNT. In contrast to the latter sample, the former shows
the presence of two regimes characteristic for heterogeneously distributed and energetically
unequal acid sites (regions IIla and IIIb) that are indicative for a less defined surface
acidity. A monotonic and linear decrease of -qqir is respectively observed from 88-74
kJ-mol! and from 69-38 kJ-mol?. In consequence of the previously discussed partial
irreversible adsorption, the initial differential heat of NH3 adsorption characteristic for
region I falls by 10 kJ-mol™! to 93 kJ-mol!. The value in case of region II is reduced by
7 kJ-mol™? to 68 kJ-mol™!. Interestingly, 400-PCNT and 500-PCNT exhibit comparable
-qai values in regions I and II determined during readsorption, suggesting that similar
final states of the surface sites are induced by the interaction with ammonia during the 15
cycle despite the obvious differences in acidic strength. Regions Illa and IIIb are scarcely
affected with respect to the differential heats as evidenced by similar values obtained
during adsorption and readsorption, but in a stronger manner in terms of the amount
of acid sites lost. Between 20 to 30 % lower concentrations of heterogeneous centers are

2nd

determined during the adsorption cycle.

Based on the results derived from the differential heats of adsorption, two types of
homogeneous sites have been identified, which coexist with a variety of heterogeneous
centers. A simulation of the adsorption isotherms of 400-PCNT as presented Figure 6.4a
using the Langmuir model is insofar inappropriate, since the assumptions [252] of ener-
getically equivalent sites and the absence of interactions between adsorbate molecules
on neighboring centers are not fulfilled. Even the higher order Langmuir isotherm is
not suitable considering that the main difference with respect to the simple model is an

adsorption associated with an activation process [253]. Similarly, the basic considerations
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of the Temkin isotherm are not applicable for the herein investigated systems. According to
this model, the heat of adsorbed molecules decreases linearly with the increase in coverage.
Adsorption is furthermore characterized by a uniform distribution of binding energies
reaching a given maximum value [254]. This is at most fulfilled in region III, where a
steady decrease of differential heats is ob-served. Another fact that should be considered
is that most likely not only adsorption, but also reaction takes place during exposure of
the P-modified carbons to ammonia. These processes are not taken into consideration
in any of the referred mathematical approaches. How-ever, for the sake of completeness,
the aforementioned models were applied for the description of the experimental results
of 400-PCNT. The fitted isotherms are displayed in Figure S6.2 and the corresponding
fitting parameters are listed in Table S6.2. As evidenced by the adjusted R? values, which
lie between 0.9863 and 0.9907, all models describe the adsorption process during the 1%
cycle with a comparable accuracy. This seems to be a mathematical effect, wherefore
the physical meaning of the derived parameters is rather questionable. Upon ammonia
readsorption, the coefficient of determination drops to values near 0.98 for the three models,
suggesting a loss in fitting quality. These results are expectable since various types of
acid centers present on the P-modified carbon nanotubes contribute to the adsorption

proper-ties to considerable different extents.
A crucial aspect to be analyzed is whether the phosphoric acid activation generates

Lewis or Brgnsted acid centers on the backbone of carbon nanotubes. Even the presence
of both types of sites could be involved in the adsorption processes. Four types of regions
have been identified in a typical calorimetric curve of differential heats of adsorption
plotted as a function of coverage [255]. A steep decrease of high differential heats is
characteristic for the existence of Lewis acid sites. Thereafter, the presence of at least
one plateau with constant heats of adsorption is preferentially attributed to homogeneous
Bronsted sites. At higher coverages, a second decrease is observed due to adsorption of
the probe molecule on heterogeneous sites. Weak interactions in the last domain arise due
to physisorption or hydrogen bonding between the probe and the investigated sample. An
FTIR investigation of Bedia et al. [131] carried out on phosphoric acid impregnated and
carbonized hemp stems at 450 °C in Ny, which was carried out upon adsorption of pyridine
and 2,6-dimethylpyridine, proposes that Lewis and Brgnsted sites are present on the
sample. However, it is questionable whether phosphate species have the ability of serving
as Lewis acids, since the latter are per definition molecular entities capable of accepting
an electron-pair. A rather plausible explanation is that coordinatively unsaturated metal
cations, which might be present in the carbonized sample as a consequence of the inorganic
residues already available in the used hemp stems, are responsible for adsorption of pyridine

in the wavenumber region ascribable to Lewis acid sites. Therefore, the development of
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two plateaus observed during microcalorimetric measurements might be associated with
the presence of Brgnsted acid sites.

NH3-TPD was performed on the prepared P-modified CN'Ts. However, only 400-PCNT
showed a significant ammonia uptake. This is partly related to the fact that NHs-
TPD experiments were carried out with 80 mg as commonly employed in other studies,
corresponding to 2.5 times less amount of sample than used in the microcalorimetric
measurements. In consequence, the absolute quantity of acid sites exposed to the probe
molecule differs between both methods by the aforementioned factor. It should be
pointed out that NH3-TPD experiments were carried out up to 500 °C, since the thermal
decomposition of acidic centers start beyond this value according to the TPD results
presented in Figure 6.1b.

Figure 6.5a displays the NH3-TPD profile of 400-PCNT after the 15¢ and 2°¢ ammonia
adsorption cycle performed under isothermal conditions at 80 °C. Overall amounts of
acid sites, which are listed in Table 6.3, are obtained by integration of the corresponding
areas under the curves. Acid strength is related to the temperature at which the probe
desorbs. With this respect, strong acid centers are characterized by ammonia evolution at
high temperatures. Three different regions as indicated by arrows can be observed in the
profile obtained during the 1%* adsorption. This is in line with the previously discussed
results derived from microcalorimetric measurements. According to NH3-TPD, the amount
of acid sites lies in the range of 315 pmol-gsample‘l. Figure 6.5b shows the deconvoluted
profile of 400-PCNT obtained during the 15 adsorption cycle. Three Gaussian peaks were
used in order to fit the experimental data. They describe the distribution of sites with
weak (< 225 °C), moderate (225 — 350 °C) and strong (> 350 °C) acidity. While the
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Figure 6.5.: (a) Analysis of gas-phase acidity and estimation of process reversibility by NH3-TPD
is shown for 400-PCNT. Arrows indicate regions with sites of different strength. (b)
Deconvoluted profile of 15* NH3 adsorption cycle on 400-PCNT according to the
identified regions.
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amounts of sites corresponding to the latter two regions are comparable to those obtained
by NHjs-microcalorimetry, a notorious difference is encountered for the surface centers
characterized by a weak acidity. Whereas NH3 -TPD suggests a specific concentration of
72 pmol-gSample'l, microcalorimetry indicates a larger fraction of around 496 pmol-gSample'l.
This is most likely related to the specific differences between the methods. After the
isothermal adsorption of ammonia, the system was thoroughly flushed with an inert gas
stream. A consequence thereof is that a considerable quantity of physisorbed NH3 molecules
already desorb during this step. As opposed to this, microcalorimetric experiments are
based on a stepwise dosing of the probe molecule into the chamber containing the sample
until monolayer coverage is reached. Consequently, a higher adsorption capacity is recorded.

A considerable lower NH3 adsorption is observed during the 2" cycle as depicted in
Figure 6.5a. This finding is indicative for irreversible interaction between the probe
and the acidic carbon surface. Similar conclusions were drawn from microcalorimetry.
Discrepancies in terms of acid site concentrations are noted between both methods. In
this case, the results diverge by a factor of almost 10 as indicated in Table 6.3. Every
region is strongly affected after the 1°° desorption. In addition to the loss of physisorbed
molecules, probably a large fraction of sites is still covered with ammonia despite the
high temperatures. Since the desorption is driven by incrementing the temperature and
not by pressure reduction as in the microcalorimetric cell, it is plausible that even higher
temperatures are required in order to achieved a higher desorption amount. However, the
thermal stability of surface species constraints the upper temperature limit. Irrespective of
these differences, NH3-TPD confirms the presence of acid sites as well as the irreversibility

of the adsorption process.

Table 6.3.: Estimation of total acidity according to NHs-TPD and NHs microcalorimetry
(re)adsorption results of 400-PCNT and 500-PCNT performed at 80 °C

Amount of o -Qads [kJ/mol] Nads [MMol-gsample™]
Sample NH3; des. [k.](/llrrrlllol] Region Region Total
[nmol-gsampie ] I II ITIa/ITIb/IIT I II IITIa/IIIb/III
400-PCNT-ads 315 117 115 94  -/-/85-50 88 298 -/-/496 882
400-PCNT-reads 45 92 88 71  -/-/71-41 112 270 -/-/49 431
500-PCNT-ads n. d. 103 103 75 88-74/69-38/- 50 156  118/168/- 492
500-PCNT-reads n. d. 93 93 68 81-68/68-35/- 49 110 79/128/- 366

6.3.5. Catalytic Transformation of 2-propanol

Titration experiments as well as calorimetric analysis using NH3 as a basic probe molecule
clearly evidenced the availability of highly acidic centers on the P-modified CNTs in

different concentrations. Therefore, it is convenient to perform a complementary analysis
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of the surface acidity by means of the catalytic transformation of 2-propanol. This test
reaction exhibits a considerable sensitivity towards changes of the acid-base properties
owing to the specificity of the reaction pathways. Conversion of the secondary alcohol on
acid sites leads to the formation of propylene and diisopropyl ether, while dehydrogenation
takes place over Lewis acid-base pairs yielding acetone [120].

Conversions and product selectivities as a function of time on stream obtained during
the catalytic reaction are shown in Figure 6.6. 400-PCNT is by far the most active catalyst
as evidenced by a stable conversion of nearly 50 % at 200 °C (Figure 6.6a). Increasing
the temperature by 25 °C leads to an initial conversion of about 68 %, which thereafter
gradually drops to 59 % over a period of 12 h. This evident deactivation becomes even
more pronounced at 250 °C. An activity loss of more than 30 % is appreciated at this
temperature. However, the most prominent deactivation is observed at 275 °C reflected by

a decrease in conversion amounting to almost 40 %. The carbon balance increases from 93

° o o o 200 °C 225°C 250 °C 275 °C
(2) 80 g 220:S 225 °C 250°C _275°C___ . _u(b)s - ————T100 7
] P mmm# mﬁ' 8
%
g 5 g
a 80 o
@ ]
o o
3 [
8 _a g
= ER) L60 <.
< g5, 2
[ 2§ 40 g
2 gz, g
o S 0o S
o o © g
Y —
M F20 ©
3 1 S
23 o
g 0 '\:‘»’\’\/\)‘\'\:,\'\\\\\\\\.\,\.\,\,\,\/\)/\)/\)\)/\)/\}/\»)X,\'\\\\\.\.\,‘,\,\,\,\,\,\,\,\/\E\\/\/\,\/ ST 0 g
0 12 24 36 48
Time [h] Time [h]
O Xipron © Scapg & Sacetone V' Soie C-Balance B Xipon © Scaug 2 Sacetone V. Soipe C-Balance
(C)Z.O 200 °C 225°C 250 °C 275°C 100 (d)ZO 200 °C 225°C 250 °C 275°C 100

g —

1.4 Jimnmmm, e i

1,
-
| | | Uiy

Yy

lznzpy

o R
(RS

Conversion [%]
Conversion [%]

o
i,
i
Uity
iy

i

ttrmy
o 11111
@

i1 9
Meren 07/ 210 0 20 B/
(L Q

[%] @ouejeq uogJes ; A31A303]8S JoNpoid
[%] @ouejeq uoqaes ; A}1A1303]8s Jonpoud

Time [h] Time [h]
O Xipron © Scaug 2 Sacetone ¥V Spire C-Balance O Xipron © Scae 2 Sacetone V' Soipe C-Balance

Figure 6.6.: Conversions and selectivities as a function of time on stream obtained at four different
temperatures during the catalytic decomposition of 2-propanol on (a) 400-PCNT,
(b) 500-PCNT, (c) 600-PCNT, and (d) 700-PCNT. Samples were previously treated
at 350 °C in Ny for 2h.
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to 100 % with loss in activity. This implies that a fraction of 2-propanol is adsorbed at
high conversions. The surface of 400-PCN'T is undoubtedly highly acidic as reflected by
selectivities towards dehydration products of 100 %. Propylene is predominantly formed
with small amounts of diisopropyl ether detected at the highest reaction temperature after
the strong deactivation phase.

500-PCNT is considerably less active than 400-PCNT (Figure 6.6b). The highest
conversion, which was determined at the end of the deactivation period at a reaction
temperature of 275 °C, is somewhat lower than 4 %. This sample also exhibits a high
extent of acidity considering that propylene and diisopropyl ether are produced with more
than 95 % selectivity. In contrast to 400-PCNT, a small fraction of 2-propanol is already
converted to acetone. Alt-hough both samples produce dehydration products with high
selectivities, an extreme difference is observed in terms of activity. 400-PCNT possesses
twice as much acid centers as 500-PCNT according to pH titration experiments and NHjs-
microcalorimetry. This difference certainly plays a decisive role since a larger specific
concentration of active sites is available for the turnover of 2-propanol. However, the
catalytic activities differ by factors of up to 50. Not only the amount of sites, but also
their strength are responsible for these observations. Ac-cording to the microcalorimetric
measurements, the differential heats of NH3 adsorption in the range ascribed to Lewis
acid sites differ between these samples by around 15 kJ-mol™*. Although this value is
strictly valid for the basic probe, this finding already shows that sites of higher acid
strength are available on 400-PCNT compared to 500-PCNT. Since the microcalorimetric
measurements are carried out in the gas phase, the aforementioned observations are also
applicable for adsorbent-adsorbate interactions between 2-propanol and the activated
carbon surface. Thus, the surface acid properties of CNTs are strongly sensitive to the
activation temperature in the presence of phosphoric acid, considering that 100 °C leads
to such significant differences in terms of acidic properties.

According to the quantities derived from pH titrations, 600-PCNT and 700-PCNT
exhibit comparable amounts of acid centers. The values determined by this means were
the lowest within the series of prepared catalysts. Both facts are confirmed based on
the results obtained from the catalytic transformation of 2-propanol (Figure 6.6¢ and d).
Conversions are in the range between 0.4 and 1%, which are considerably lower than the
values obtained for 500-PCNT and certainly for 400-PCNT. Even the selectivity patterns
of both samples are similar. At lower temperatures, acetone is produced with nearly 70 %
selectivity, which gradually decreases with increasing reaction temperature reaching 10 %
at 275 °C. This is an evidence for the acid-base bifunctional character of the surface.

As can be observed in Figure 6.6, the conversion of 2-propanol pronouncedly decreases

with time on stream especially at temperatures above 200 °C. Deactivation is generally
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related to the loss of active sites during reaction and/or the irreversible adsorption of
species on catalytic centers. Thus, PCNTs were analyzed by EDX after reaction in order
to address this issue. The obtained results are listed in Table 6.4. A comparison with the
elemental composition of the as-prepared samples reveals that 400-PCNT and 500-PCNT
contain 64 and 22 per cent less phosphorus after reaction, respectively. According to
microcalorimetry 400-PCNT contains more and stronger acid sites than 500-PCNT, which
is reflected by significant differences in terms of catalytic activity. In view of this, the more
pronounced decay of P-content in the former case has two implications: first, phosphate
species are the active sites at which the turnover towards propylene takes place; second, the
deactivation process is dominated by the destruction of phosphate species via hydrolysis.
This is in line with titrimetric evaluation of the stability under hydrothermal conditions.
As opposed to this, 600-PCNT-ar and 700-PCNT-ar exhibit comparable P-concentrations
as the fresh samples. Due to lower conversion levels the feed is significantly less humid,
thus avoiding hydrolysis of the active sites. In addition, dehydrogenation of the secondary
also takes places. Deactivation in these cases most likely originates from the irreversible

adsorption of educts, intermediates and/or products.
Table 6.4.: Elemental composition of PCNTs after catalytic decomposition of 2-propanol.

a Elemental analysis [wt %]
ID Sample C 0 P

17886 400-PCNT-ar 963 £0.5 33£04 05=£0.1
17887 500-PCNT-ar 958 £04 35£03 07=£0.1
17888 600-PCNT-ar 96.8 £ 04 31+£04 02=x0.1
17889 700-PCNT-ar 97.0£0.7 23 +£0.8 0.7=£0.1

& Internal sample number to distinguish reproductions of
sample preparation P Elemental composition is the aver-
age of 7 measured EDX spectra

6.3.6. Oxidation resistance of P-modified CNTs

Phosphorus incorporation into the structure of carbon materials has been often applied in
order to increase their oxidative stability. The role of this heteroatom has been enlightened
by several studies [115, 231, 235, 256]. Accordingly, the enhancement in oxidative resistance
arises from either the development of a protective diffusion layer resulting from the thermal
decomposition of phosphorus precursors or the selective blockage of active sites present in
the carbon structure at which combustion is initiated [235].

Irrespective of the type of phosphorus species present on the surface, whereby it has been
proposed that the inhibition effect arises from the presence of C—O—PO3 surface groups
[231], activation of CNTs in the presence of H3PO, leads to a significant increase of the
oxidative stability. Figure 6.7a depicts the TG profiles of the pristine and modified CNTs
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obtained during TPO in synthetic air. C-CNT exhibits the lowest resistance since it lacks
of any phosphorus containing species. Both, the extrapolated onset temperature Topget
and Tsg, the temperature at which 50% of the mass has been fully oxidized, show similar
values in the range of 610 °C. A significant increase is already observed for 600-PCNT that
according to EDX measure-ments contains 0.2 wt% phosphorus. In this case, Toneet 18
almost 40 °C higher than that encountered for C-CNT. An even stronger impact is observed
for T5p, which amounts to 670 °C. Further improvement is observed for higher phosphorus
contents. As shown in Figure 6.7b, Touset and Ty level off after surpassing a threshold
value of 0.7 wt% at upper limits around 680 °C and 710 °C, respectively. Thus, phosphorus
incorporation achieved by the herein presented approach leads to a shift in the oxidation
resistance in the range of 40-70 °C and to an increase of the T5y value of 60-100 °C towards
higher temperatures with respect to the pristine CN'T material. These differences have
the following two implications: phosphorus improves on the one hand the stability of the
nanostructured carbon against thermal oxidation, and on the other hand, its presence
lowers the combustion reaction rate. The latter is reflected by the slope change of the TG
curves in the temperature interval where the oxidation takes place. This finding is fully in
line with kinetic studies performed on pure and P-modified graphite [231, 256]. Although
a combustion inhibition is observed upon phosphorus incorporation, the activation energy
calculated for carbon oxidation remains unaffected. Such an observation was regarded as
an implication that the basic mechanism is governed by a unique rate determining step.
Thus, a decrease in reaction rates is related to changes in the preexponential factors.
DSC measurements were performed during TPO experiments in order to monitor heat
chang-es associated with carbon oxidation. Molar enthalpies of oxidation —AHoidation
were derived from the DSC signals by integrating the peak between the experimental

data and the sigmoidal baseline curve. The resulting values were plotted in Figure 6.7b
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against the phosphorus content. Interestingly, —AHoyiqation €xhibits an opposite trend as
compared to the Touet and Tsy values. The highest specific enthalpy of oxidation, with a
value of ~ -270 kJ-molc, was obtained for C-CNT. A drastic decrease to -137 kJ-molc™ is
observed for 600-PCNT, which further drops to a lower limit in the range of -80 kJ-mol¢™!
for higher P contents. This is a further evidence for the inhibition effect arising from
the presence of phosphorus species on the CNT surfaces. A significant reduction in heat
release is most likely a consequence of an effectively blockage of highly reactive carbon

sites.

6.4. Conclusions

Phosphorus modified CNTs were prepared via thermal treatment in the presence of H3POy
at four different temperatures (400, 500, 600, and 700 °C) in Ar after previous incorporation
of oxygen functional groups through oxidation in HyO,. This modification approach yielded
highly acidic surface species maintaining the mesoporous structure of the material without
development of microporosity. As further evidenced by N2 adsorption-desorption experi-
ments, the BET surface area increases with decreasing treatment temperature. Since
phos-phoric acid is not an oxidizing agent, the initial increase in surface area is rather
associated with the pretreatment in hydrogen peroxide.

CO evolution during TPD experiments evidenced the presence of two types of highly
stable species on the CNT surface. Although CO starts to emerge at 500 °C, the main
features dominating the profiles are encountered at 890 and 940 °C. In contrast to
results obtained with activated carbons obtained through carbonization of impregnated
precursors, an increase in treatment temperature reduces the P-content in posttreated
nanostructured carbons. This trend is likewise observed for the specific concentration of
acidic species, which according to potentiometric pH titrations decrease from 1350 to below
400 pmol-gsample‘l. In addition, two well-defined equivalent points were found. The acid
sites exhibited characteristic pK, values in the range of 3.3 and 6.8, which are comparable
to those typical of oxoacids of phosphorus.

NHj3 microcalorimetry evidenced the existence of two types of homogeneously distributed
and energetically equivalent acid sites as reflected by the development of two plateaus with
distinct differential heats of NH3 adsorption. Increasing the treatment temperature from
400 to 500 °C reduces the overall amount of centers, while simultaneously changing their
acid strength. 400-PCN'T possesses Lewis acid sites exhibiting differential heats of NHj
adsorption in the range of 120 kJ-mol™!, whereas the value obtained for the corresponding
centers in 500-PCNT is lowered by about 15 kJ-mol*. Furthermore, the monolayer capacity

of 400-PCNT is twice as large. Partial irreversible adsorption of ammonia decreases the
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acid strength and the overall adsorption capacity. The latter was further confirmed
by NH3-TPD performed over 400-PCNT. This sample showed a high conversion in the
transformation of 2-propanol towards propylene. However, a strong deactivation was
observed at reaction temperatures beyond 200 °C. 500-PCNT was considerably less active,
yet leading to dehydration products with high selectivity. 600-PCNT and 700-PCNT
showed the behavior of an acid-base bifunctional surface.

Phosphorus incorporation substantially enhances the oxidative stability as evidenced by a
shift of the extrapolated onset temperature and the T5y value towards higher temperatures.
The most pronounced variations with respect to the pristine material were respectively 70
and 100 °C. These values remained constant after a P-content of 0.7 wt%. As opposed to
this, the molar heat of combustion was reduced from -280 to about -80 kJ-molc™, which
most likely arises from the effective blockage of reactive carbon sites.

As evidenced by the extensive investigation herein presented, a well-defined acidity
and high resistance against thermal oxidation of CN'Ts can be easily achieved by surface
modification with phosphorus species. In view of the excellent NH3 uptake capacity of
PCNTs, these mesoporous nanocarbons are suitable as solid adsorbents for compounds
with basic properties. Furthermore, the presence of acid surface species with high thermal
stability enable the potential of using these kind of nanomaterials as catalyst support even
at elevated temperatures. Finally, the enhanced oxidative stability opens the possibility of

employing PCNTs as electrode materials for a variety of electrochemical applications.
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Figure S6.1.: (a) BET isotherms and (b) pore size distributions of pristine and functionalized

carbon nanotubes.

Table S6.1.: pK, values of selected oxoacids of phosphorus [257].

Formula Name PK.: pK.z pKas pKag
H3sPO, Phosphinic acid 1.24 - - -
HsPOs Phosphonic acid 2.00 6.59 - -
H3POy4 Phosphoric acid 2.21 7.21 12.67 -
H4P>0g  Hypophosphoric acid 2.2 2.8 7.3 10.0
H4P>07 Diphosphoric acid 0.85 1.49 5.77 8.22

H5P504g Triphosphoric acid <0 0.89 4.09 6.98
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Figure S6.2.: Fit of adsorption isotherms obtained during 1%* and 2°¢ ammonia adsorption at
80 °C over 400-PCNT. Langmuir, higher order Langmuir and Temkin models were

applied in both cases.
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Table S6.2.: Fitting parameters obtained for three different adsorption models derived from NHgs
microcalorimetry measurements performed over 400-PCNT at 80 °C.

Model Nmono [Hmol-gsample™] K [mbar]* Order R?
Fit parameters for 1* adsorption

Langmuir 868 + 21 9.39 £+ 0.92 1 0.9863
Higher Langmuir 961 £+ 33 6.85 £+ 0.86 1.29 £ 0.08 0.994
Temkin 4074 + 160 4.19-10° + 6.56-10*° - 0.9907
Fit parameters for 279 adsorption

Langmuir 419 £ 11 24.72 £ 3.12 1 0.9804
Higher Langmuir 440 + 20 20.11 + 3.97 1.2 +£0.15 0.9819
Temkin 1199 + 76 2.82-10% £ 8.36-10°1° - 0.9748

* Characteristic fitting parameter (p*) of the Temkin model

2.00um 17185

Figure S6.3.: Elemental distribution with corresponding SEM micrograph of 400-PCNT (A) and
SEM micrographs of C-CNT (B), 400-PCNT (C), 500-PCNT (D), 600-PCNT (E),
and 700-PCNT (F).
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Figure S6.4.: Thermosignals at low coverage obtained for the 15 (a) and 2"¢ (b) NH3 adsorption
cycle over 400-PCNT. The corresponding equilibrium pressures in addition to the
sum of integral heats of adsorption and overall integral heat of desorption are also
shown.
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7. Conclusion and outlook

Multiwalled carbon nanotubes have been chemically modified following various functional-
ization strategies in order to incorporate heteroatoms into the nanostructure. The aim
thereby was to tailor the surface acid-base properties in a rational fashion and to under-
stand the impact of the modification approaches on the adjusted characteristics. Oxygen,
sulfur and phosphorus containing CNTs were prepared with the purpose of increasing
the acidity, whereas nitrogen incorporation was carried out in order to enhance the basic
properties. Deeper insights were gained through investigation of the resulting CN'Ts by
a combination of various techniques including potentiometric pH titrations, elemental
analysis, TPD, XPS, NH3-TPD, and NH3 microcalorimetry.

A key method applied throughout the herein presented systematic work was the transfor-
mation of 2-propanol over the diversely functionalized CN'Ts. Its application was especially
important for the analysis of the physicochemical properties of NCNTs, whose surface
species can be either acidic or basic in nature. Variations cannot be tracked by potentio-
metric pH titration since the extent of acid-base strength of these moieties is rather low.
This is reflected by the high resemblance of the experimental titration curves. However,
results derived from the transformation of 2-propanol clearly show that amination at
300 °C leads to an acid-base bifunctional surface, while nitrogen incorporation at 500 °C
already creates a basic surface. This becomes even more evident on the sample prepared
at 700 °C, which under comparable conditions transforms the secondary alcohol at a
higher rate to aceton with almost 100 % selectivity. Thus, the studies performed permit to
draw the conclusion that the transformation of 2-propanol, typically applied to investigate
inorganic compounds, is a robust and sensitive method that allows to analyze variations of
the acid-base properties of nanostructured carbons irrespective of the chosen derivatization
strategy.

However, it is indispensable to gather information about the nature of the functional
groups in order to attempt to understand the origin of the surface acid-base properties.
TPD experiments provided fundamental knowledge about the abundance and structure of
the functional groups, which can be inferred from the gaseous compounds detected in the
course of the thermal decomposition. For instance, SO, and H,O are concomitantly formed
as a consequence of the desulfonation of benzenesulfonic acid groups. COs evolution is

related to the degradation of carboxylic acids, cyclic anhydrides and lactones, whereas
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CO is related to the decomposition of cyclic anhydrides, phenols, ethers and ketonic
species. Moreover, CO is observed at temperatures beyond 750 °C as a consequence
of the decomposition of phosphate species. With respect to N-containing species, the
decomposition of imides, lactams, pyrrolic-N and pyridinic nitrogen results in the formation
of HCN. The former two can be further identified by the evolution of HNCO. H, is related
to the dehydrogenation of the carbon backbone and to the thermal depletion of pyrrolic-N
and pyridinic nitrogen. Nitrogen functional groups may also decompose to Ny, which is

indicative for the mobility of surface species.
Sulfur as part of benzensulfonic acid entities was covalently attached to the system

through diazotization of sulfanilic acid via a radical intermediate applying different precur-
sor-to-carbon ratios in ODCB and water. Besides this efficient type of direct sidewall
derivatization approach, amination of OCNTs by treating the preoxidized sample in NHj
at 300, 500, and 700 °C was performed with the aim of creating nitrogen containing surface
species. In addition, phosphorus modification was achieved by activation of OCNTs in
the presence of phosphoric acid between 400 and 700 °C in Argon. Unquestionably, the
acid-base properties of the herein investigated modified CNTs substantially differ from
those of the pristine material, which exhibits a neutral behavior in view of the absence
of heteratoms. In doing so, other important characteristics of the matter are affected,
including wettability of the surface, dispersion capability in the liquid phase, defect density,
local electronic structure and oxidative resistance. This is to a great extent associated

with the nature of species present on the carbon surface.
Acidity is increased when carboxylic acids, cyclic anhydrides, benzesulfonic acid groups

and phosphates are tethered to the carbon nanostructure. The former two are simply
created by contacting the unmodified sample with an oxidizing agent like nitric acid.
However, this kind of approach presents some disadvantages. Besides the formation of the
targeted species, a high variety of other functionalities including lactones, phenols, ethers
and ketones are simultaneously created, which in consequence increases the degree of
complexity of the system. Controlling the nature of surface species following this strategy
is therefore not possible. In addition, the propensity towards the undesirable formation of
higher reactive amorphous carbon layers on the surface augments, consequently lowering
the oxidative stability of the sample in an oxygen containing atmosphere. Similarly,
the wet-oxidative treatment creates larger quantities of structural defects, which are
preferential sites at which combustion initiates. Higher functionalization temperatures and
larger concentrations of the oxidizing agent are necessary when considerable amounts of
O-containing moieties need to be created. Since this combination of parameters intensifies
the oxidative power of the employed agent, the integrity of the nanocarbon cannot be

maintained due to severe structural damages.
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A great advantage of the applied diazotization approach is that the incorporation
of acidic sites is certainly achieved in a controlled way. Variation of the precursor-to-
carbon ratio allows to tailor the surface acidity by introducing aimed quantities of the
targeted species. Moreover, the bare sample is not subjected to harsh conditions, therefore
preventing structural degradation. An important aspect to be taken into account is
that this method does not represent a trade-off in terms of thermal stability, since the
covalently attached sulfonic acid entities exhibit comparable or even enhanced thermal
resistance as carboxylic acid groups. Phosphates attached to the carbon surface formed
during activation with phosphoric acid not only allows to incorporate substantial amounts
of acidic species, leading to carbon materials with an outstanding adsorption capacity
towards basic compounds as evidenced by a NHjz uptake of up to almost 1 mmol-g7!,
but also permits a significant improvement of the oxidation resistance. The presence of
phosphorus is known to increase the O activation barrier and suppress the formation of

highly reactive oxygen radicals.
Increase in basicity is on the contrary achieved by incorporation of nitrogen into the

carbon surface. Pyridinic species, which are created to a predominant extent at higher
temperatures in the presence of ammonia, serve as Lewis-basic sites since they possess a
free electron pair. This simultaneously changes the local electronic structure, which plays
a crucial role whenever nanocarbons are employed as a support. For instance, supported
catalysts with an improved stability can be obtained since the presence of N-containing
species induce an enhancement of the metal-support interaction. Surface modifications by
these means have an impact on the structure of the active phase, which in turn affects
the catalytic behavior of the supported systems. In contrast to phosphorus, the thermal
oxidation stability of nanocarbons are not improved via nitrogen functionalization. In
fact, its presence can be even detrimental if the heteroatom is a constituent element
of surface species instead of being directly incorporated into the carbon lattice. When
functional groups like imides and lactams decorate the surface of the nanocarbon, the
low thermal stability of these species plays a decisive role since a decomposition at
early stages generates defect sites that are attacked by oxygen radicals accelerating the
combustion process. As opposed to this, oxidation of carbonaceous materials containing
pyrrole-like, pyridinic and quaternary nitrogen species, characterized by notorious higher
thermal stabilities, is delayed. In consequence, the onset of combustion is shifted towards
temperatures comparable to that of the unmodified sample. Obviously, nitrogen arranged
as described before behaves in this regard similarly to sp? carbon atoms. These findings
are compelling considering the gaining interest of utilizing N-doped CN'Ts as electrode
material in electrochemical applications, where the resistance of carbon against corrosion

plays a crucial role.
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Although a large number of synthetic approaches have been reported in literature,
one of the main problems remains the small amount of pristine carbon material that is
commonly functionalized. As long as the focus essentially lies in demonstrating that the
modification routine is suitable for altering their surface properties, this issue is not a
problem. However, the scale-up capability of a specific method is crucial when it comes to
real applications. For this reason, besides following the aim of attempting to understand
the intrinsic properties of the modified samples, an important aspect was to functionalize
quantities in the gram instead of milligram scale. Based on the obtained results, this goal
was successfully accomplished for all modification routes.

Finally, it is highly desirable to develop derivatization approaches that are generic in
nature, since they would allow to functionalize various types of nanostructured carbons.
This is not straightforward considering that the propensity of nanocarbons towards chemical
modification is determined by their specific morphology and structure. Curvature of the
graphitic sheets, defect density, ratio of basal-to-edge sites, and crystallinity are some of
the factors that have an influence on the reactivity. Future research work should therefore
consider testing promising routines not only on carbon nanotubes, but also on graphite,
soot, and carbon blacks. The latter are inexpensive carbon materials commonly used in

industrial applications that should be regarded as benchmark systems.
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