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2.1.10.1. Introduction

The element carbon plays a multiple role in heterogeneous
catalysis. In homogeneous catalysis it occurs of course as
the most prominent constituent of ligand systems and will
be treated as such there. Carbon-containing molecules are,
in most catalytic applications, the substrates of the process
under consideration. Deposits and polymers of carbon
often occur as poisons on catalysts. Carbon deposition is
the most severe problem in certain zeolite applications. In
hydrogenation reactions carbon deposits are thought to act
as modifiers for the activity of the catalyst and to provide
selectivity by controlling the hydrogenation-
dehydrogenation activity of the metal part of the catalyst.
Carbon deposits are even thought to constitute part of the
active sites in some cases.

Carbon is a prominent catalyst support material
asit allows the anchoring of metal particles on a substrate
which does not exhibit solid acid-base properties. Carbon is
finally acatalyst in its own right allowing the activation of
oxygen and chlorine for selective oxidation, chlorination
and de-chlorination reactions.

These multiple roles of the element carbon arein
parallel with acomplex structural chemistry giving rise to
families of chemically vastly different modifications of the
element. It isaspecia characteristic of carbon chemistry
that many of these modifications cannot be obtained as
phase-pure materias. This limits the exact knowledge of
physical and chemical propertiesto afew archetype
modifications, namely graphite and diamond.

The reason for this poor definition of materiasis
found in the process of its formation. Thisis comprised of

difficult to control polymerisation reactions. Such reactions
will occur aso in catalytic reactions with small organic
molecules. The nature of carbon deposits will therefore
reflect all the complexity of the bulk carbon materials. It is
one aim of this article to describe the structural and
chemical complexity of “carbon” or “soot” in order to
provide an understanding of the frequently observed
complexity of the chemical reactivity (e.g. in re-activation
processes aiming at an oxidative removal of deposits).

The surface chemistry of carbon which
determinesitsinterfacial propertiesis arich field asawide
variety of surface functional groups are known to exist on
carbon. The by far most important family of surface
functional groups are those involving oxygen. Other
prominent heteroatoms on the surface are hydrogen and
nitrogen. This article focusses on the description and
characterisation of oxygen surface functional groups.

In the final section, selected case studies of
carbon chemistry in catalysiswill be discussed in order to
illustrate characteristic properties of carbon materials as
wanted or unwanted components in catalytic systems.

Regarding the literature on basic properties of
carbon materials, the reader is referred to the extensive
collection of review papers published in the series

Chemistry and Physics of Carbon. Editors P.L.
Walker and P.A. Thrower, Marcel Dekker, New York
(presently 26 volumes, is continuing).

Fundamental on structural, physical and chemical
properties of carbon allotropes are the following books:

“Physics of Graphite” B.T. Kelly, Applied
Science, London (1981)
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“ Properties of Diamond” , J.E. Field, Academic
Press, London, (1979)

“ Science of Fullerenes and Carbon Nanotubes’

M.S. Dresselhaus, G. Dresselhaus, P.C. Eklund,
Academic Press (1996)

Many relevant investigations on material
properties of carbons can be found in the specialised
Journa “Carbon™ which occursin 1996 in its 34th volume.
Relevant for chemica and catalytic issues is further the
Journal “Fuel”, which occursin 1996 in its 75th issue.

21.10.2. Structural Chemistry of Carbon
Modifications

The chemistry of the element carbon is extremely complex
both in the molecules and in the solid state. The reason for
this complexity lies in the pronounced tendency of the
element to form homonuclear bonds in three various
bonding geometries. They can either occur uniformly or in
amost unlimited combinations alowing a very large
number of homonuclear structures of elemental carbon
called “modifications’. The moderate electronegativity of
carbon alows for strong covaent interactions with all
main group elements. This adds enormously to the
complexity of the solid-state chemistry of carbon. In the
present context the carbon-oxygen bonds will be treated in
more detail as these bond determine to a large extent the
stability and reactivity of carbon in typical “catalytic”
environments.

A consequence of the wide choice of bonding
situations for carbon atoms is that only very few
modifications can be prepared with any degree of purity
complicating the determination of structural, chemical and
physical properties. Thisis illustrated by the fact that even
the crystal structure of graphite is only an approximate
model [1] as no single crystal with low enough defect
concentrations was ever found to allow a regular three-
dimensional X-ray structure determination. In the context
of catalysis it is important to note that “black carbon”,
“coke”, “soot” or “carbonaceous deposit” is by no means a
graphitic or even homogeneous material with reproducible
properties. This leads into aia to the wide variations in
application profiles of synthetic carbon blacks (severa
thousand varieties) and to the difficulties in the
determination of oxidation properties of “coke” on catalyst
surfaces.

2.1.10.3. An Overview

The carbon atom with its electron configuration 2s2, 2p2
can form a maximum of 4 bonds which can be either single,
double or triple bonds. As aresult three main connectivities
depicted in Figure 1 result. The valence orbitals hybridise,
forming in the elemental state, sp, sp? or sp° hybrid orbitals.
The data in Figure 1 illustrate that the local bonding
geometry and the carbon-carbon bond distances vary
significantly with the connectivity as the bond order (and
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bond strength) increases from the sp® to the sp
hybridisation state.

The tetrahedral connectivity leads to space-filling
carbon polymers which are realised as defect-free ided
structures in diamond. The trigonal connectivity leads to
sheets of carbon which are, in the defect-free variety, made
up of hexagons leading to so-called graphene layers. The
structures of graphite will result if these layers are regularly
stacked in the third dimension. In the trigonal connectivity
the sp? hybrid orhitals leave one non-bonding atomic
orbital per carbon atom. These orbitals can interact with
each other forming so-called “weak bonds’. These weak
bonds can either interact as isolated or conjugated localised
double bonds as in akene molecules or as delocalised
“aromatic” bonds providing metallic properties as in
graphite. Any combination between these ideal interactions
in defective carbons occurs within areas of double bond
character and areas of aromatic character within one carbon
sheet. In molecular chemistry this effect of varying degree
of double bond localisation is referred to as “mesomery”.
This is rarely observed experimentaly (in certain
polycyclic aromatic molecules) due to the limited size of
organic molecules. A further consequence of the existence
of the weak bonds is the action of strong dispersive forces
or “van der Waals’ bonds in successive layers alowing for
the cohesion of graphene layers. These forces provide
energy for chemisorption of both polar and non-polar
molecules on graphite surfaces. The bonding strength of the
planar connectivity leads to a very poor chemical reactivity
of graphene layers which can, a chemical energies, only be
reactive at their edges where the lack of carbon atoms
results into dangling bonds.

The trigonal connectivity leads not only to
hexagons but enables the incorporation of triangles,
pentagons, heptagons and larger cyclic structures as local
defects into the honeycomb basic structure. A consequence
of these defects is the strong localisation of double bonds
around these defects and the deviation of the carbon sheet
from planarity. Three-dimensional bends require the
incorporation of non-hexagona units in carbon layers.
These form preferred centres of chemical reactivity as the
localised double bonds will behave like alkene moleculesin
organic chemistry showing pronounced reactivity towards
addition and insertion as compared to the typica
substitution chemistry of aromatic structures.

The linear connectivity of sp hybridisation leads
to chain-like polymers with conjugated triple bonds formed
by the two sets of orthogona non-bonding orbitals as
shown in Figure 1. The resulting structure of cumulated
electron density creates high chemical reactivity towards
restructuring into the trigonal or tetragonal connectivity and
towards addition of heteroatoms. A re-distribution of the
wesk-bonding electrons as found in molecular ketenes does
not occur in pure carbon materials. The inherent chemical
instability of this arrangement causes the materials to
occur, under ambient conditions, only rarely in pure form
after rapid quenching from high-temperature carbon
sources or in meteorites. These phases (e.g. “chaotit”) are
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thermodynamically metastable but can occur as part of
more complex carbon polymers.

Figure 1 aso shows how the different bonding
situations are reflected in electron spectroscopy. Depicted
are X-ray absorption spectra (XAS) [2] of Cg, graphite and
diamond (as CVD film [3], with a trace impurity of
graphite). The carbon 1s XAS method is chosen as it
resolves clearly the presence of delocalised electrons from
the p bonds shown in the connectivity diagrams. For
oriented surfaces the polarisation dependence of the
excitation with synchrotron light alows directly to
determine the orientation of the p bond relative to the
carbon-carbon backbone bonding which accounts for the
high-energy structures. Fullerene and graphite are
dissimilar in their spectra mainly because of the molecular
character of fullerene giving rise to discrete bands of
weakly interacting molecular orbitals whereas in graphite a
complete overlap of molecular states to broad bands of
density of states gives only rise to few structures in the
spectrum. The ordering of electronic states with energy is,
however, very similar for the two carbons with the same
connectivity.

2.1.10.4. The Basic Structures

The two allotropes of carbon with particularly well defined
properties are hexagonal graphite, as thermodynamically
stable modification at ambient conditions, and its high-
pressure, high temperature allotrope, cubic diamond.
Although both well-crystallised forms will only very rarely
be encountered in catalytic systems it is important to recall
some details about their properties as they prevail aso in
the practical forms of carbon.

The idealised crystal structures are displayed in
Figure 2. The consequences of the different connectivities
can clearly be seen. Diamond is an isotropic materia
consisting of corner-sharing tetrahedra equivalent to a face-
centred close-packed structure of carbon atoms with
additional atoms in the centres of every other octant of the
cubic unit cell. The ideal tetrahedral arrangement of carbon
atoms leads to four equal bonds of 154 pm length. The
long-range ordering can be described by layers of bent
carbon hexagons with one additiona interlayer bond per
carbon atoms. The bent hexagons are eguivalent to
cyclohexane with the in-plane bonds in equatorial and the
interlayer bonds in axial positions. The resulting crystals
are highly symmetric (space group Fd3m) with a preferred
(111) cleavage plane. One finds in the literature a historic
classification of diamond according to their optica
absorption properties which are predominantly controlled
by the abundance of substitutional nitrogen and boron
atoms.

The structural properties are reflected in the
physical properties selected in Table 1. Diamond is a
superhard, electrical insulator with an extremely good
thermal conductivity. Phase transitions into the liquid state
or sublimation occur outside the range of conditions in
catalysis (see Table 1). Its chemical reactivity is very
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limited, occurring mainly through a cataysed
transformation into graphite. From there oxidation and
halogenation reactions will occur. An extensive report
about structural, morphological and kinetic aspects can be
found in the literature [4].

Table 1: Selected Properties of Hexagonal Graphite and
Cubic Diamond

Property Graphite Diamond
Density (g/cnT) 2.266 3514
C-C bond length (pm) 142 154
Enthalpy of sublimation 715 710
(kJmal)
Enthal py of oxidation 393.51 395.41
(kJmoal)
Enthalpy of formation 0.0 1.90
(kJmoal)
Melting temperature (K) | 2600/ 9 kbar 4100/ 125
kbar
Thermal expansion [ -1x10%/+29x | 1x10°®
(UK) 10°®
Electrical resistivity 5x107/1 107
(Wcem)
Mohs hardness 05/9 10

Anisotropic data for graphite are given in directions first
parallel to the graphene layers and then perpendicular

The trigonal connectivity leads to a planar
arrangement of carbon with stronger bonds between the
carbon atoms within the planes as seen from the reduced
bond distance of 142 pm. The interplanar distance of 335
pm is significantly larger than the in-plane bonds leading
to a significant reduction of the bulk density of graphite as
compared to that of diamond (table 1). All physica
properties are strongly anisotropic with a metallic character
within the plane directions and an insulator behaviour
perpendicular to the planes.

The electrical properties (see Table 1) are unusual
in that a very small band overlap between valence and
conduction band of the order of 0.004 eV alows a very
small number of carriers (0.02 electrons per C atom) to
move freely with extremely small scattering probability.
This vyields good electricad in-plane conductivity.
Perpendicular to the graphene planes the conductivity is of
the zero-band semiconductor type with an inverse
temperature coefficient as for the metalic in-plane
conductivity. As defects increase in the graphene layers the
conduction mechanism gradually changes from metallic to
semiconducting with only moderate changes in the absolute
resistivity which cannot any longer be measured as an
anisotropic quantity. A high density of defect states on both
sides of the Fermi level [5] accounts for this behaviour
which makes carbon brushes and carbon filament lamps
work. The determination of the temperature dependence of
the electrical resistivity is a suitable method to determine
the degree of graphitic medium range structure in
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nanocrystalline carbon materials. It also alows one to
follow the structural effects of heat treatment during
graphitisation of non-graphitic precursors.

The interplanar bonding forces are of the order of
5 kJ/mole and thus so weak that small changes in electronic
structure of adjacent planes alow the swelling of the
structure and the incorporation of a very large number of
heteroelements and molecular compounds. The electronic
changes can either be a weak chemical reduction of the
graphene layers by donor compounds such as akali atoms
or a weak oxidation by bromine, halide salts or minera
acids. All these compounds form intercalation structures
with complicated structural and physical properties which
have been investigated extensively [6].

In ideal graphite the graphene layers are of very
large size relative to their thickness and are free of
intralayer defects. Furthermore, they are stacked in perfect
periodicity either in ABAB or in ABCABC stacking
sequences giving rise to hexagona or rhombohedra
graphite. Graphite in catalytic situations is quite far from
this structural ideal type. Several types of defects cause the
existence of different families of modifications.

Apart from the reactivity towards intercalation,
graphite is rather inert to other chemicals except strong
oxidising agents which form covalent compounds like
graphite fluoride or graphite oxide. Total oxidation of
graphite to CO and CO, is a highly complex gas-solid
reaction which depends sensitively on the defect structure
of the graphite. The reason for that is the chemical inertness
of the ideal graphene layer which cannot be attacked by
molecular or atomic oxygen at thermal energies. Reaction
occurs thus only at defects like missing atoms, or non-
hexagons and on the perimeter of the graphene layer which
collectively form the prism faces of graphite crystal. As
these faces are a strong minority of the order of below 0.1%
frequency in the face distribution of the graphite crystals
(platelet habitus) the number of reactive centres for
oxidation is small in graphite. The reactivity depends thus
heavily on the additional sites provided by in-plane defects.

In summary, graphite and diamond are two
modifications of carbon with similar strong bonds between
the carbon atoms (difference in bond length 8.5%). The
differing hybridisation leads to a different dimensionally of
the covalent interaction. A strong structural anisotropy for
graphite as compared to a perfectly isotropic diamond
structure causes a series of fundamental physical and
structural differences. The differing strengths in the carbon-
carbon bonding provide the handle to discriminate with a
variety of spectroscopic methods (see Figure 1) the two
modifications. Such methods are of minor importance as
long as crystalline materials are under discussion. In
catalytic situations, however, multi-phase amorphous
carbon is frequently encountered which cannot be analysed
convincingly with diffraction techniques.

The modifications of fullerenes and carbines
which are also well-defined forms of carbon are, however,
very rare in their pure forms in catalytic materials. For this
reason they will not be treated in detail in this work.
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Briefly, carbines are molecular crystals of columns of
carbon atoms linked with aternating single and triple
bonds. The column length seems variable but mass-spectral
data suggest frequent lengths between 10 and 20 carbon
atoms. A collection of properties of these silver-white
carbons prepared from shock sublimation of graphite which
seem stable only at temperatures above 2300 K but survive
storage in natural conditions for thousands of years can be
found in the literature [7].

Fullerenes [8,9] are a large family of molecular
carbon which do not contain heteroatoms as in organic
molecules. They form cage structures with all carbon atoms
in the sp? configuration. The three-dimensional structure is
made possible by a controlled incorporation of pentagons
[8] into the hexagon network. The high symmetry of the
resulting ball-shaped molecules is the consegquence of
certain rules of combinations such as never combining two
pentagons and including only 12 pentagons in every
molecule. In the frequent case of not following these rules
the bent carbon sheets polymerise to form complex
amorphous carbons called fullerene black [10]. It is very
important, for the present context, to notice that the
chemistry of these spherical sp? carbons is substantially
different from that of planar-alotrope graphite. The
distinction arises from the strain in the weak bonds of the
fullerenes. The non-planar geometry of the backbone
reduces the orbital overlap of the pi-electrons (see Figure 1)
causing localisation of the double bonds and an overall
chemistry of an electron-poor electrophilic poly-olefine
[11,12,13]. One consequence of this is an enhanced
reactivity of fullerenes against oxygen compared to
graphite [13,14,15]. Bends in graphene layers are thus
preferred centres of chemical reactivity even without the
existence of a co-ordinative undersaturation.

2.1.10.5. The Less Well-Defined Structures

Figure 3 summarises some families of carbon materials
which are defective variants of the basic alotropes shown
in the top line of the scheme. These materials exhibit
digtinctly different properties compared to the idealised,
parent structures so that they are often considered as carbon
modifications on their own. In the bottom lines the long
range ordering types and the crystal types are given for the
families of materials.

Carbolites [7] are orange coloured transparent
solids with a very low density of 1.46 g/cm®. They can be
prepared by graphite evaporation under conditions similar
to fullerene formation using , however, argon or
argon/hydrogen as quench gas at higher pressures than
suitable for fullerene formation. The structural properties
are collected in Table 2. The structural models of short
chains of carbine structure with assumed interchain cross-
links is controversial. The materia is rather stable in
ambient conditions. High-temperature processes and high
temperature gradients are pre-requisites for their formation.

The fullerenes [9,8,16] are well-defined
molecular solids for the smallest compounds mainly for
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Cso, Cr0, C» and Cgs Which can be obtained in measurable
quantities as purified materials. These molecules are
soluble in solvents such as toluene or trichlorobenzene.
They form deeply coloured solutions which can be purified
by liquid phase chromatography. The respective molecular
solid needs careful sublimation to remove solvent and gas
adducts. Fullerenes are air-sensitive [17] and light-sensitive
[11] and decompose slowly under polymerisation
(becoming insoluble after storage of day in air).

Table 2: Structural Characteristic Data for Various Carbon
Forms

Unit Cell Parameters

Carbon | a-axis(pm) | c - axis (pm) g(deg)
graphite 246.2 676.8 120
hexagonal

carbine 894.0 1536.0 120
carbine Il 824.0 768.0 120
carbolite 11928 1062 120
diamond 356.7

cubic

Raman Frequenciesin cm™

graphite 1582 sharp
diamond 1332 sharp
carbon black 1355 broad
aCH 1332 + 1500 sharp + broad
glassy carbon 1359 + 1600 broad + broad
nanotubes 1566 + 1592 sharp + sharp
(mixtures)

The large number of predicted larger molecular
structures [18] have not been observed as pure compounds
athough evidence for the formation of larger cage
molecules comes from TEM investigations of the residues
of evaporated graphite after extraction of the small soluble
fullerenes [19]. Such cage molecules may be present in
many amorphous carbon materials which have been
subjected to high enough temperatures required for the
skeletal rearrangement. These temperatures are reached in
many combustion processes and in understoichiometric
oxidation reactions of aromatic and aliphatic hydrocarbons
as was shown by mass spectrometric studies [20]. These
studies show that fullerenes can occur in  many
conventional reactions and not only in graphite evaporation
processes which are not frequent in catalytic chemistry.

A class of intermediate compounds between
graphite and fullerenes are the nanotube materials.
Nanotubes are a specia subgroup of graphite fibre
materials [21] which can be formed in a wide variety of
structural elements. Nanotubes consist of helical twisted
[22] sheets of graphite capped with two half-shells of
molecular fullerenes. This continuos arrangement of sp?
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carbons exhibits very special electronic properties [23] and
is a highly desirable material which is till difficult to
obtain in the pure form. Nanotubes frequently contain
severa layers of graphene sheets wrapped concentrically
around each other. In catalytic chemistry this form of tubes
or filaments is rather rare. They are very much in contrast
to other forms of carbon filaments or tubes which are
created under the influence of catalytic conversion of
hydrocarbons (see below). Figure 4 summarises common
forms of graphitic filaments [24] which all consist of
graphene sheets which are stacked together without
chemical bonds between the basic structural units (BSU)
[25]. This lack of continuous chemical bonding drastically
affects the electronic properties and the chemical reactivity
which are comparable to that of planar graphite. The dark
blocks in Figure 4 symbolise the location of the catalyst
which is most effective when it contains iron or nickel. The
combination of catalytic metals like iron or nickel with
impurities like phosphanes leads to the growth of extremely
unusual forms of carbon fibres such as helically wound
graphite spiras from acetylene at 975 K [26]. Under
catalytic conditions a wide variety of carbon filaments
which may not be linear but resemble “ spaghetti piles’ are
possible and may not be recognised as carbon. This is
illustrated in Figure 4 with a silver catalyst used for
methanol dehydrogenation with a deposit as spaghetti pile.
The identification of carbon was possible by selective area
electron diffraction and by energy-dispersive X-ray
analysis. From the diffraction pattern it occurs that the
internal structure of the fibres is as displayed in the top left
schematic drawing.

Onion carbon [27] is also a derivative of graphite
which is made from concentric spherical graphene layers
which are said to be continuous [28]. A more frequent form
of polyhedral graphite particles is made from packages of
concentric graphene layers which are bent but not closed
by continuos chemical bonds. Such materials occur in
graphitisation processes of al kinds of precursors and can
grow into sizes of several microns. Asit was not possible to
isolate mg amounts of onion carbon little is known about
their chemical properties. Their existence in any carbon
material indicates, however, a therma prehistory of
graphitisation conditions meaning temperatures well above
1500 K with reducing or inert gas phase compositions.

A large group of carbon materials represent the
disorder varieties of graphite. Figure 5 summarises stacking
schemes along the crystallographic c-axis. Scheme 5A
shows the stacking of large graphene layers which can be
continuos up to lateral sizes of several hundred
micrometers. The most frequently observed regular
stacking of carbon atoms within the sheets are the
hexagonal ABA stacking and in natural graphite and the
rhombohedral ABCA stacking. Regular stacking of the
graphene layers which are only very weakly bound toward
each other (by induced dipole moments of the “aromatic” p
electrons) is given by a closest packing of the carbon atom
spheres giving rise to the following dimensions for ideal
hexagonal graphite:
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in-plane distance 142.1 pm

in-plane lattice constant 246.2 pm

c-axis lattice constant 670.8 pm

interlayer distance 353.9 pm

The rhombohedral graphite polymorph is slightly
less stable than hexagonal graphite and converts during
oxidation or even during mechanical treatment
(ultrasonication, milling) into the hexagonal form. It can be
discriminated by its powder X-ray diffractogram in the
region of the “cross lattice reflections (ht 0,1 0)” which
are generally sensitive to stacking order of a graphite
material. The presence of rhombohedral reflections can be
used as an absolute criterion to identify natural graphite.

As the interlayer bonding in graphite is so weak,
it is easily possible to obtain graphite with little or no
regular stacking order which results in the extreme
difficulty of obtaining single crystals of graphite. The
interlayer distance increases up to 344 pm as a consequence
of the absence of stacking. Even higher vaues are
sometimes found in the literature which are characteristic
for nanocrystalline carbon in which the graphene layers are
no longer paralel to each other (see Figure 15). A large
number of graphitic materials exists between these two
cases in which the graphene layers become successively
smaller and form packages of parallel layer fragments
named as basic structural units. These packages can either
be aigned in pardlel or may be inclined towards each
other. In Figure 5B regular arrays of parallel and inclined
stacks of BSU can be seen. This alignment is characteristic
of synthetic graphite used as catalyst support materials. As
the chemistry of the edges of the BSU stacks is very
different from that of the basal planes one observes a
patterned surface chemistry. The patterning depends in its
contrast on the average angle of inclination. In synthetic
graphite which is post-annealed after its formation under
high temperature and at hydrostatic pressure [29] (highly
oriented pyrolytic graphite, HOPG, see Figure 3) this angle
is as low as 1 degree for top quality samples used as
graphite monochromators. At angles above 5 degrees up to
30 degrees one refers to the materials as pyrographite. The
absence of any preferentia alignment is observed between
the BSU stacks in pyrocarbons and some carbon black
materials. Such a secondary structure is often observed
when the process of carbon generation occurs at low
temperatures or in large temperature gradients. The surface
chemistry of these hard carbons is characterised by a
hydrophilic nature caused by the many terminating oxygen
functionalities on these materials.

Kish graphite is a well-ordered variety of
synthetic graphite obtained from exsolution of carbon out
of liquid iron. Under certain conditions excess carbon
which is insoluble as Fe-C crystallises in a well-ordered
platel et morphology which can be isolated by dissolution of
the iron matrix in mineral acids. It is the macroscopic
variety of the BSU which forms the graphene stacks in
filamentous carbon as shown in Figure 4. Under certain
cooling conditions of the iron melt these flakes can grow
into sizes of 1 mm diameter. They represent by their
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extraordinarily high degree of ordering, the closest known
approximation to graphite single crystals. In catalytic
systems the “micro-kish” graphite particles are also of high
crystalline quality rendering them very resistant to
chemical transformation in oxidising or reducing
atmospheres.

An example of the latera anisotropy of the
surface chemistry resulting from the partial alignment of
BSU according to Figure 5B can be seen in Figure 6. The
STM wide scan shows a system of trenches in HOPG
which was oxidised in air at 1000 K for 30 min. Smooth
rectangular stripes of hydrophobic graphitic basal planes
coexists with amost the same surface area of prismatic
faces of the step surfaces. The wedge-shaped contours are
imaging artefacts caused by the STM tip. As oxidation
proceeds, mainly on the prismatic edges, a pattern results
from high recession velocity in the valleys and a low
reactivity at the basal planes.

The unidimensional disorder of graphene
stacking has a two-dimensiona counterpart in the relative
angular orientation of the hexagons within adjacent
graphene layers. Figure 7 shows schematically the two
possibilities of stacking in two-dimensional registry
(relative displacement of carbon atoms 0.5 and 0.5 unit cell
lengths, hexagonal stacking) and without registry which is
referred to as “turbostratic” disorder. This specia state of
crystalline disorder is characteristic of layered materials
with wesak interlayer bonding. Its detection indicates well-
developed graphene layers with very little chemical
impurities which would force the stacking of layers into a
three-dimensional disordered state with no paralel
orientation of adjacent BSU. Non-graphitic carbons
frequently exhibits this type of disorder with the
conseguence that all X-ray diffraction peaks other than the
(002) line are absent or very broad.

These disordered carbons constitute a transition
form between graphite and carbon blacks which are
turbostratic materials with the additional complication that
the lateral size of the BSU becomes very small with typical
sizes of below 5 nm. Carbon blacks appear as chain-like
aggregates of spherical particles of 10-50 nm diameter
[30],. Elemental analysis reveals a significant hydrogen
content of CgoH. Such materials are referred to as
nanocrystalline carbon as the X-ray diffraction mechanism
changes from Bragg diffraction to elastic scattering with
the different physics of the scattering process [31,32]. The
broad peak in the range of the graphite (002) is no longer a
Bragg peak but represents the absolute maximum of the
pair correlation function which is dominated by the still
parallel arrangement of small graphene layers of sizes
comparable to large aromatic hydrocarbons [31].

Figure 8 represents models and high resolution
transmission electron microscopy of the secondary
structure of carbon blacks forming spherical aggregates.
The shell structure of stacks of graphene layers optimises
the inter-stack interaction via heteroatoms located at the
prism edges of each graphene layer. In many materials the
shells are filled by smaller particles or grow around a non-

Preprint of the Department of Inorganic Chemistry, Fritz-Haber-Institute of the MPG (for personal use only) (www.fhi-berlin.mpg.de/ac)



Carbons in Handbook of Heterogeneous Catalysis

carbon nucleus. The inter-stack interaction are mediated in
many carbon blacks through hydrogen bonds of adjacent
OH groups. The outer surface of a black particle aso
contains significant amounts of OH groups which control
the aggregation of the primary spherical particles to fractal
larger aggregates, in the literature often called “ structure of
carbon black”. Modification of the ion strength (in eg.
aqueous solutions) affects the strength of the interaction
and influences the aggregation behaviour. Therma
activation of the hydroxyl groups creates dangling bonds
and re-orientation of the graphene packages such asto form
a covalently cross-linked polymer. The process creates sp°
bonds and leads to an enormous decrease in chemical
reactivity and an increase in mechanical strength. This
important aspect of the reactivity of carbons with a high
fractional prismatic surface area has the consequence that
thermal treatment even under oxidising conditions can
transform the reactive carbon black material into highly
stable glassy carbon (see below).

Fullerene black is of a similar constitution and
secondary structure as normal carbon black with the
important difference that its BSU are composed of non-
planar graphene layers. Additionally, the stacks are not
straight but curved giving rise to amore disordered and less
dense carbon material. The chemical reactivity is higher as
the stability of non-planar graphene layers is reduced. In
addition, the irregular shape of each graphene layer
prevents the formation of parallel stacksto alarge extent. A
fully amorphous array with alarge surface fraction of prism
faces will result which additionally increase the chemical
reactivity.

Figure 9 summarises these interactions in
nanocrystalline carbons which constitute a large fraction of
carbonaceous deposits on catalytic materials. It isimportant
to note that these carbons exhibit a high reactivity towards
polymerisation under weakly oxidising conditions (inert,
vacuum steam, reducing) and a high reactivity towards total
oxidation under strongly oxidising conditions. Both
reactivity patterns are a consequence of the high ratio of
prismatic to basal surface area of the carbon stacks. The
materials in Figure 9 A,B result from weak interactions
between the various building blocks. A carbon with sp® and
sp° local bond geometriesis formed after polymerisation by
cross linking with bonds, atoms or even molecules as
schematically illustrated in Figure 9C.

The resulting hard carbon black is non-
graphitisable by thermal treatment up to 3000 K. The sp®
bond cannot be re-hybridised to sp?. These hard carbons are
often referred to in cataytic systems as carbonaceous
deposit. The material contains some heteroatoms (usually
hydrogen). It is chemically heterogeneous, structurally
amorphous and mechanically hard and exhibits no graphitic
properties, although the large magjority of all carbon-carbon
bonds are sp® hybridised. Higher contents of heteroatoms
and the presence of nitrogen, sulphur and oxygen are
characteristic properties of coke, the product from
carbonisation of coal or other hydrocarbon sources with
larger molecular constituents. Carbonisation is a
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polymerisation process in which small molecules like
methane are liberated. Heteroatoms in the form of
ammonia, water and hydrogen disulphide are removed and
irregular stacks of small graphene layers (originating from
the large organic molecules) are cross-linked by molecular
fragments under preservation of the irregular orientation of
the stacks (see Figure 9C).

In &CH or diamond-like carbon (DLC) the
hydrogen content isas high as CH , and the carbon atoms
are arranged in ribbons or chains with no discernible stack
structure of graphene layers. Glassy carbon is a technical
product made from carbonisation of organic polymers and
consists of ribbons of sp? carbon with a significant
contribution of non-hexagonal rings alowing a three-
dimensional tangled structure. This creates the high
mechanical hardness and the resistance against
graphitisation lending this material excellent mechanical
stability at high thermal and mechanical load (only under
non-oxidising conditions). Turbostratic stacks of 3 nm
width and 10 nm length form the continuously bent BSU of
this carbon which can be formed in catalytic reactions
alowing polymerisation of molecular precursors followed
by carbonisation at around 1000 K (in regeneration cycles
for example). The content of sp® bonds is low in this
material but the hydrogen content is significant which is
required to saturate the high specific prismatic surface area
of the ribbons.

Active carbon or charcoa is an important
modification of carbon in catalysis. It consists of
carbonised biopolymer material which is in a second step
activated. This procedure creates a high specific surface
area by oxidative generation of micropores of very variable
size and shape distribution. A more controlled activation is
achieved by the addition of phosphoric acid or zinc
chloride to the raw product. The additive is incorporated
during carbonisation into the hard carbon and is
subsequently removed by leaching creating the empty voids
in a more narrow pore size distribution as achievable by
oxidation. Other activation strategies employ liquid
oxidants such as nitric acid to create large pores with avery
wide size distribution. Today, several thousands of patents
describe numerous ways to structurally activate carbon [33]
from mostly natural sources.

A large number of oxygen functional groups are
created during the activation process by saturation of
dangling bonds with oxygen. This creates a rich surface
chemistry which is used for selective adsorption. In
addition, it determines the ion exchange properties which
are relevant for catalyst loading with active components. A
more detailed description of the surface chemical aspects
which are most relevant for the catalytic uses of
nanocrystalline and activated carbons follows below. The
microstructure of activated carbon may be described by the
archetypes depicted in Figure 9B and 9C and may even
contain significant amounts of graphitic structure [34]
depending on the temperature regime of activation. The
micromorphology is often characteristic of the biological
origin of the raw material with shapes of cell arrays and
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even whole plant organs being detectable by SEM imaging.
Active carbon contains significant amounts of inorganic
matter (iron silicates, silicates, calcium oxides etc.) which
is analysed as ash content after complete combustion.
Activated carbons are very heterogeneous materials and are
difficult to characterise in microstructure and reactivity.
Recent reviews about this class of large scale technical
carbons can be found in the literature 35, 36].

To summarise, a wide variety of forms of carbon
can be found under catalytic conditions. In particular,
during deposition and thermal post-treatments a very
complex carbon material with unexpected chemical and
structural properties can result causing severe problems in
catalyst regeneration and modification of its properties
during de-activation. The group of carbons which are used
deliberately in catalytic systems is summarised in Table 3
together with its most important physical parameter, the
specific geometric surface area. The values vary over 3
decades and reach values between geometric surfaces of
micron- size particles up to the surface area of the number
of carbon atomsin the sample. This latter values are

Table 3: Different Types of Carbon Supports with Ranges
of Geometric Surface Areasin m?g

Carbon Surface Area
Natural graphite 0.1-20
Synthetic graphite 0.3- 300
Graphitised carbon blacks 20- 150
Carbon blacks 40 - 250
Activated carbon from 300 - 1000
wood
Activated carbon from peat 400 - 1200
Activated carbon from coal 200 - 1000
(coke)
Activated carbon from 700 - 1500

coconut shells

unphysical if they are interpreted in terms of a monolayer
coverage of the nitrogen probe molecules. Highly porous
carbons exhibit pronounced capillary condensation
phenomena requiring a full BET isothermal analysis for the
determination of the true geometric surface area. Although
this is widely known and described in detail in other
sections of this handbook, it is still customary to present
these very high numbers of “BET surface ared’. Care must
be taken in comparing data based on surface area
measurements in carbon chemistry as some sources
determine the monolayer sorption capacity whereas many
other sources do not. For this reason also surface area
values determined with various adsorbents like nitrogen,
CO, or Kr may differ significantly as these probe
molecules exhibit quite different condensation properties at
the conditions of adsorption. The most useful contribution
of sorption data to evaluate the nature and size distribution
of porosity in carbon materials will not be discussed here.

8

It is noted that in different areas the use of
terminology to describe structure and properties of carbons
is quite different. Within the carbon -science community a
clear system of terminology and definitions was elaborated
which is recommended to be used whenever applicable. A
listing of this definitions can be found in the literature
[37,38].

2.1.10.6. Formation of Carbon Materials, General
Pathways

The technical synthesis of graphite, diamond and a variety
of other forms of sp® carbons (Figure 3) is described in a
review [39] and will not be covered here. As the
unintended formation of carbon in deactivation processes
and the modification of primary carbon surfaces during
chemical treatment (in catalytic service and during
oxidative reactivating) in their chemical properties are
frequent problems encountered in catalytic carbon
chemistry, it seems appropriate to discuss some generd
mechanistic ideas which mostly stem from the analysis of
homogeneous combustion processes (flame chemistry) and
from controlled-atmosphere electron microscopy.

The source of al carbon relevant in the present
context is a feedstock of hydrocarbon molecules (aliphatic,
aromatic, with and without heteroatoms). Figure 10
summarises the possibilities of its conversion into black
carbon. The “chemical” route comprises polymerisation
into aromatic hydrocarbons with fina  thermal
dehydrogenation. This process often includes a liquid
crystalline phase immediately before final solidification. In
this phase large aromatic molecules can self organise to
parallel stacks and so form well-ordered precursors for
graphitic structures with large planar graphene layers. This
phase is referred to as mesophase and can be observed by
polarised light optical microscopy.

The “physical” pathway requires activation of the
molecules by high external energy input such as high-
temperature flames, projectiles like accelerated and free
electrons or the presence of a plasma source. Such
conditions can aso occur in analytical instruments like
electron spectrometers and microscopes which have a
potential to create black carbon during analytical inspection
of hydrocarbon layers [27]. In all these cases the molecules
are fragmented and dehydrogenated in one process and
represent a source of free carbon atoms or small fragments
like C2 dimers. These fragments condense into chains of
carbon atoms which have a strong tendency to form small
ring molecules by nucleophilic self-substitution of the end
groups. Saturation of the dangling bonds of the primary
rings by polymerisation leads to graphene layers. These
processes occur very rapidly compared to the slow
activation along the “chemical” path. Little time is
available for orientation of the rings into stacks and cross-
linking into non-planar units can easily occur (see Figure
9). Hard, non-graphitisable carbons are the final products of
these processes in which all fullerenes and fullerene blacks
are also formed.
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A large number of intermediate pathways are
possible when catalytic reactions interfere with the
polymerisation/dehydrogenation steps. A common scenario
is the catalytic dehydrogenation of hydrocarbons on nickel
surfaces followed by dissolution of the activated carbon
atoms and exsolution of graphene layers after exceeding the
solubility limit of carbon in nickel. Such processes were
observed experimentally [40] and were used to explain the
shapes of carbon filaments. In the most recent synthetic
routes to nanotubes [41] the catalytic action of in-situ
prepared iron metal particles was applied to create a
catalyst for dehydrogenation of either ethylene or benzene.

2.1.10.7. Formation of Carbon Materials,
M echanistic Aspects

A schematic correlation between reaction pathways and
principal structural properties of common carbon forms
according to the classifications in Figure 3 is presented in
Figure 11. The literature [33] is rather controversia [42]
alowing only a survey of chemically plausible pathways
relevant for the present conditions of possible carbon
formation.

Three main synthetic routes to carbon can be
identified. None of these routes produces exclusively one
phase or modification of carbon. In al cases, mixtures of
carbons are always produced as indicated by the centra
box in Figure 11. This complexity highlights the generally
strong influence of kinetic aspects in the formation
reactions. The redisation of a perfect sp? loca
configuration is always energetically favourable and is
reached in graphene layers with only hexagonal
congtituents. The saturation of the peripheral dangling
bonds of graphenes can occur either by homonuclear cross-
linking resulting in macroscopic planes, irregular arrays of
stacked graphenes, or by heteronuclear bonding resulting in
either polymers or surface functional groups. Metastable
configurations contain mixtures of six-membered rings
with other ring geometries causing strain in the sp? bonds.
Non-planar structures of a wide variety result. These
structures are chemically highly reactive and disappear in
oxidising or hydrogenating atmospheres preferentially over
planar structures. This explains an additional strong
influence of the gas phase conditions on the distribution of
carbon materials

The group of synthesis routes at the top of Figure
11 combines the chemistry of carbon formation in
combustion processes. This chemistry is summarised in two
reviews [43,42]. In high-temperature combustion reactions
(above 1200 K) the genera reaction occurs via the
“physical” pathway indicated in Figure 10 with initial
fragmentation into neutrals and thermo-ions (without an
additional source of energy). C2 fragments such as
acetylene, or oligomers react to carbon chains which form
predominantly aromatic molecular fragments (with
dangling bonds) and to a lesser extent in combustion
atmospheres three-dimensional cage structures with both
sp? and sp® bonds (becoming a dominant path in fullerene-
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generating conditions). In co-operation with ionic
fragments these secondary building blocks condense to the
graphene BSU with planar or bent layer structure. In a
detailed analysis of the flame chemistry [44,45,46] a three
zone model of a flame was derived. The elementary
building blocks for carbon are formed in the hottest
oxidation zone. A surrounding zone with luminous
congtituents is identified as the location of chain growth
into poly-acetylene molecules of the form CH, . In the
third dark zone these molecules rearrange into polycyclic
hydrocarbons and finally into graphene layers. Ample
evidence for this model came from mass spectral anaysis
of the gasphase in various types of flames. It needs to be
pointed out that this diagnostic method gives no indication
about the reactive particles as by the time of their detection
they are energetically cold and represent the ground state of
a mere spectator species rather than the reaction
intermediate. For this reason it is difficult to see that long
linear chains should be important intermediates as they are
never found in carbon products. A scenario in which these
processes are modified by interaction of thermo-ions
[47,48] and/or aromatic radicals [49] and severa
independent repair mechanisms for a maximum yield of
six-membered condensed rings is more plausible [42]. The
kinetic boundary conditions are of great importance in al
these processes as large local temperature gradients are
required to allow a significant accumulation of carbons
from reactive intermediates. At constant high temperatures
the unstable species decomposes effectively back into its
congtituents. This was studied in detail in severa types of
combustion reactions [45] and is the guiding principle of all
technical processes for carbon black synthesis[39].

Another important aspect is the nature of the
hydrocarbon source in relation to the efficiency of carbon
formation. The idea that the structure of the molecule
should be relevant for the carbon formation (aromatic
molecules are better than aliphatic structures) isincorrect in
al situations where a pool of primary building blocks is
formed (in flames, under oxidative polymerisation
conditions and under physical activation). Correct is,
however, that a decrease in the average C-C bond energy
alows easier chemical fragmentation and enhances thus the
rate of carbon formation [50].

The growth of carbon particles cannot occur in
one synthetic step by condensation of small molecular
units. How ever large an aromatic molecule may grow
[47,48,49] it will be too small to create a micron size
carbon particle. Three mgjor routes can lead to such large
particles:. The most unlikely case is a continuous
polymerisation process at the “surface” of a fullerene
molecule [8]. Both the unfavourable kinetics [51] and the
absence of structural evidence that fullerene-like structural
elements (characteristic C-C bond lengths) occur in the
radial distribution function of black carbon material [31]
are strong indicators that carbon particles athough of
spherical morphology grow in a heterogeneous rather than
in a homogeneous way. In a combined kinetic, statistical
and microscopic analysis of the growth process [47, 52] the

Preprint of the Department of Inorganic Chemistry, Fritz-Haber-Institute of the MPG (for personal use only) (www.fhi-berlin.mpg.de/ac)



Carbons in Handbook of Heterogeneous Catalysis

model of surface growth was put forward. According to
this, the poly-aromatic molecules are dehydrogenated and
the dangling bonds are saturated by co-condensation of
acetylene units. A mass growth of carbon particles of 90%
of thetotal carbon inventory could be explained in this way
which is in excellent agreement with experimental flame
studies [47]. The prediction of this model of a structureless
agglomerate of aromatic molecules surrounded by a
concentric array of graphene layers [52] is in excellent
agreement with al HRTEM  observations  of
homogeneoudly produced carbon particles. The spherical
texture is assumed to be the consequence of a “droplet”
formation of aromatic molecules in the initial stages of
carbon fragment supersaturation required for homogeneous
nucleation. These droplets are not residues from the
possible liquid initial fuel but occur as a consequence of the
very rapid initial polymerisation of the highly active small
carbon fragments.

In summary, all processes which homogeneously
generate carbon from molecular precursors and from
homogeneous activation lead to spherica particles made
from graphene layers (see Figures 8, 9B, 9C). Spontaneous
growth from supersaturated reservoirs of small molecular
precursors (chains, acetylene structures, poly-acetylenes) of
PAH and co-condensation with smaller molecular
fragments lead to spherica carbon particles which
aggregate to chains of spheres.

Carbons with much larger continuous graphene
layers can be obtained from pyrolytic polymerisation of
pre-polymerised hydrocarbons. Synthetic materials like
kapton or poly-acrylo-nitrile (PAN) or biopolymers such as
coconut shells, wood coal, rice husks and similar materials
can be used. Carbonisation or “coking” involves the
chemical remova of all heteroatoms such as nitrogen or
sulphur and the cross-linking of the polymeric blocks via
the dangling bonds created by the remova of the
heteroatoms. In this way the texture of the precursor
material is preserved in the fina product. As no
fragmentation of the precursor is required, this way of
carbon generation is much less energy-intensive. It further
leads to a great variety of structural properties with extreme
examples as shown in Figure 9. The possibility to retain
part of the heteroatoms such as silicates in biomass carbon
makes it possible to obtain extra strong carbons (silicate re-
inforced) which in addition can be useful for anchoring
catalytically active metal components such as noble metal
particles. The exact chemistry of carbonisation is complex
and depends on the nature of the precursor and on the gas
phase chosen (inert, oxidising, steam, reducing). For this
reason no general description of this difficult to control
process is possible which occurs between 500 K and 1000
K.

2.1.10.8. Catalytic Formation of Carbon from
Molecules

The catalytic generation of carbon (Figure 11, left side) is
of significant relevance as deactivation reaction in many
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catalytic processes involve the presence of hydrocarbons
and transition metal reaction sites which catalyse
dehydrogenation reactions or solid acid-base centres
catalysing polymerisation reactions (see Figure 10). In a
review [24] a large amount of kinetic data was compiled
about the type of carbon deposited as a function of
deposition temperature. The representation in Figure 12
shows that the predominant carbon form is filamentous
carbon a most catalyticaly useful temperatures. The
carbon source may be CO or methane, acetylene or other
hydrocarbons. The metals for which this correlation isvalid
are either nickel or iron on dl kinds of conventiona
supports and also as binary or Cu alloys. It is important to
note that forms of carbon other than filaments aimost do
not grow under the conditions of for example steam
reforming or Fischer-Tropsch synthesis conditions.

The sequence of events of growth of these
filaments which can destroy the whole catalyst bed is now
well understood and is be presented as summary of severa
fundamental articles [53,54,55,56]. Electron micrographs
of catalyst particles show that they are detached from their
support and form either the front or occasionally the centre
of a growing carbon filament. In al cases the shape of the
particle changes during operation as filament growth
catalyst. The growth of an anisotropic carbon particle
requires structure-sensitivity of the process of carbon atom-
to-graphite polymerisation. Otherwise a shell of graphite
would produced around a core of metal which would stop
to act as catalysts after completion of the carbon shell. Such
morphologies are also observed but will not be discussed
here as they occur either at high temperatures (see Figure
12) or under unusual gas phase conditions which are leanin
carbon sources. The fact that very little amorphous carbon
with uncontrolled polymerisation of the BSU is produced
further illustrates the relevance of the metal catalyst particle
which not only generates the source for the solid carbon
formation but aso controls the geometry of the
polymerisation process.

The structure-sensitivity of the catalyst isinduced
in an induction period in which carbon is dissolved into the
metal. A flat surface with a sub-surface carbide forms
which dissociates the molecular carbon source. The
activated atoms diffuse through this layer and migrate to
other faces where they exsolute forming graphene layers.
The reconstruction was observed by electron microscopy
revealing a deformation of spherical metal particles into
droplet-like conical particles. The base forms the active
surface for dissociative adsorption and is always directed
away from the surface from which the filament grows. The
conical mantels are faceted in various directions and allow
the growth of graphene layers with different velocities with
different orientation. This allows the structures of Figure 4
to result from different abundancies of different facet
orientations. Co-adsorption of impurities like oxygen or
sulphur affect strongly the growth kinetics by affecting the
reconstruction. This sensitivity of the carbon generation
process on surface orientation can be used advantageously
by controlling shape and rate of carbon filament growth.
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Inhibition as well as enhanced production of carbon
filaments can be achieved. Additives in the gas phase
(oxygen, sulphides, phosphorous compounds) or the
promotion with akali or boron oxide affect the metal
facetting. Additives of aloys like molybdenum, silicon or
tungsten influence the migration kinetics and the
thermodynamic solubility limits of the carbon atoms in the
metal particles (10 - 300 nm diameter) which is often
believed to be the rate-limiting step in the overall process.
A number of models differ in the character of the carbide
phase which can be a solid solution or a well-detectable
phase like cementite in the Fe-C system. An additional
source of discrepancy is the origin of the carbon
concentration gradient alowing continuous transport
through the metal particle. Therma gradients were
excluded by several independent experiment and
convincing circumstantial evidence.

2.1.10.9. Carbon on Noble M etal Catalysts

In catalytic reactions of hydrocarbon conversions
on noble metals (hydrogenation, isomerisations over
platinum or rhodium as typical examples) it was found that
sub-monolayer quantities of carbonaceous deposits exert a
dominating influence on the sequence of events. This is
also known in practical applications where it is noted that a
little “pre-reaction” time in hydrocarbon atmosphere is
required to obtain a selective performance. The beneficial
effect of the carbon overlayer is believed to arise from a
moderation of the de-hydrogenation activity of noble metal
surfaces. Dehydrogenation resctions are the fastest
reactions catalysed by platinum whereas skeletal
rearrangements and hydrogenolysis reactions are about an
order of magnitude slower on various single crysta
surfaces of platinum at atmospheric pressure and at 573 K
[57]. If the hydrocarbon is not adsorbed directly on the
metal but is bound instead on a carbon material onto which
hydrogen atoms can spill over, it is expected that
hydrogenation occurs more selective relative to al other
processes. This idea of an intermediate inert surface with
intimate contact to the hydrogen-activating metal which
was developed during analysis of the “coking” behaviour of
supported Ni, Rh, Pd and Pt catalysts [58]requires compl ete
chemical inertness of the carbon against hydrogenation and
a suitable electronic structure to permit chemisorption of
the organic substrate. In addition, the beneficial effect of
structure sensitivity which is prominent in platinum metal
cataysis [57] is lost. Combined carbon radiotracer and
temperature-programmed  desorption  experiments  on
platinum [59] have revealed that up to temperatures of 473
K a carbon species with the composition C\H, s, prevails
which can be removed in excess hydrogen. At higher
exposition temperatures the carbon to hydrogen ratio falls
sharply below 1:1 and the resulting carbon is no longer
reactive in hydrogen. This more graphitic carbon fulfils the
conditions required to act as stable adsorption intermediate.
Above 750 K the layer converts into structurally identified
graphite which is, however, inactive for hydrogen transfer
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as was shown by hydrogen isotopic exchange studies[60]
All reaction carried out with hydrocarbons below 473 K
require a permanent re-adsorption of the hydrogen-rich
carbon intermediate whereas high-temperature treated
platinum is permanently modified and passivated for
hydrocarbon reactions above 750 K.

The structure of the hydrogen-poor carbon
deposit was not clarified by surface science and is referred
to as carbonaceous overlayer. The structura nature of the
hydrogen-rich carbon deposit, however, was amenable to a
suite of surface science techniques and the unique structure
of akylidines [61] was derived. These adsorbate species
which have molecular counterparts in metal organic
chemistry [62] consists of at |east two carbon atoms one of
which is bonded to three meta atoms. The other carbon
atoms are fully hydrogenated alkyl groups with only C-C
single bonds in-between. On reacting platinum surfaces
there is thus no structure sensitivity effect to be expected as
alarge fraction between 80 at% and 95 at% of al platinum
atoms are covered by the carbonaceous deposit which can
be of different structure. According to the general scheme
of Figure 10 polymerisation and dehydrogenation produce
hydrogen-poor molecular species with multiple bonds at
the surface. The akylidine species is a well-defined
limiting structure occurring instantaneously on clean metal
surfaces [63] upon exposure to pure small akene
molecules. With longer residence time and higher
temperature these till hydrogenated species carbonise to
result in graphene layers which deactivate the metal surface
underneath.

Still controversial [64] is the function of the
deposit. It could either act as dynamic cover for non-
selective active sites which is compressed laterally upon
substrate adsorption and re-expanded after desorption of
the product. The alternative function is to serve as weakly
interacting surface for the substrate adsorption [65].

One way to clarify the role of the adsorbate is the
in-situ investigation of platinum catalysts with electron
spectroscopy  which is capable of quantitatively
determining the abundance and chemical structure of the
carbon species present. This has been done for a platinum
black [66] material used after various activation procedures
in n-hexane conversion reactions. It was found that pristine
catalysts are significantly oxidised. These surface oxides
are reduced by alkane decomposition into methane, carbon
and ethylene Selectivities to higher hydrocarbons and
skeletal isomers of hexane were observed only after an
initial induction period. Surface analysis at this stage
revealed the presence of Pt metal, of adsorbed OH groups,
and a variety of carbon species including carbidic carbon,
graphite, amorphous hydrogenated carbon and severd
partial oxidation products of this polymer. The total
abundance of carbon varied between 15 at% for purified Pt
and 48 at% after catalysis. The complex situation is
summarised in Figure 13. Only a small fraction of the
carbon deposit is of a graphitic nature. Most carbon species
are gtill in a state before carbonisation. The nature of the
catalytically active stable but reactive carbon deposit may
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be a layer of amorphous hydrogenated carbon which is
sufficiently stable due to its complex network structure but
which is still enough polar to provide active centres for
hydrocarbon adsorption.

2.1.10.10. Carbon Formation in Zeolites

Zeolites and other oxide-based solid acid catalysts are used
in hydrocarbon conversion reactions with enormous
economic impact. Their lifetime is, however, very limited
due to deposition of carbon which is referred to in the
literature as “coke formation”. The definition of coke in
zeolites is very much wider as in the sense of the present
article as it is understood that coke is’ a carbonaceous
deposit which is deficient in hydrogen compared with coke
forming molecules’ [67]. Two types of coke are
discriminated by several techniques amongst which are
liquid phase extraction, thermal desorption and
spectroscopies like UV-VIS and NMR. The one type is
“white coke” which summarises naphtalene-type aromatic
molecules including derivatives with alkyl chains and the
second type is “black coke” which summarises larger peri-
condensed aromatic molecules and alkylated derivatives.
This latter type of coke would be referred to in carbon
chemistry as a precursor to coke in the sense of Figures 10
and 11.

A significant problem in oxide coke analysis is
the determination of the C/H ratio, the most important
integral value for a structural characterisation. The main
problem is the interference of adsorbed or structural water
and the structural change occurring during temperature-
programmed analysis allowing for carbonisation and the
formation of “irreversible coke” which is structurally
identical with black carbon from polymerisation (Figure
11). In a methodical review [67] the solutions to this
problem which contributed a lot to the controversial
descriptions of coke on oxide catalysts are described in
detail. The absence of large amounts of graphitic carbon in
zeolite coke was shown recently by using X-ray absorption
spectroscopy at the carbon K-edge [68]. The spectra from
an industrial zeolite which was treated with aliphatic and
complex aromatic hydrocarbon feedstocks to generate coke
showed in both cases the predominant presence of cata-
condensed aromatic molecules  (naphtenes). The
independence of the coke properties on the nature of the
hydrocarbon feedstock being either methanol (in the MTG
process) or small hydrocarbons like ethylene or propylene
or aromatic molecules like mesitylene or heavy oil fractions
was demonstrated for a technical zeolite sample [69]. This
shows that under the influence of the solid acid catalyst the
feed is broken into small units from which cata-condensed
aromatics (with akyl side chains or as bridging units) are
formed. This process which is similar to the carbon
formation in homogeneous systems (flames) occurs at
comparatively very low temperatures as low as 475 K.
After this polymerisation stage, according to the
classification of Figure 10, a step of dehydrogenation up to
700 K follows in which all molecules which can escape the
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micropore system react into peri-condensed polycyclic
aromatic molecules. All those molecules which remain in
the micropores retain their shape and are not polymerised
which explains the simultaneous presence of both types of
“coke” in zeolites [67]. In subsequent oxidative
regeneration steps the peri-condensed molecules at the
outer surface carbonise and are eventually oxidised giving
free al outer surface according to selective adsorption
experiments [69]. The cata-condensed deposits in the
micropores cannot fully carbonise due to spatial constraints
and remain partly intact as molecular pore blockers
reducing the micropore accessibility significantly [69].

The sequence of events in coke formation was
studied in model reaction [70]of H-Y zeolite with propene
at 723 K. At these drastic conditions the soluble white coke
formed rapidly within 20 min and converted into insoluble
coke within 6 h of time under inert gas without loosing
carbon atoms in the deposit. Due to the larger pores in the
Y -zeolites compared to the ZSM type zeolites used in the
other studies mentioned so far the structure of the aromatic
molecules is somewhat different. Soluble coke consisted in
this system of alkyl-cyclopenta-pyrenes (CH.n 26, TYpe A)
as hydrogen-rich primary product and of akyl-benzo-
perylenes (C,Han.22, Type B) and alkyl-coronenes (C,H2p 36,
Type C) as matured components. The temporal evolution of
the various products is presented in Figure 14 .It clearly
emerges that the soluble coke fractions are precursors for
the insoluble coke and that within the soluble coke fraction
the final steps of dehydrogenation-polymerisation are very
slow compared to the initial formation of smaller aromatic
molecules from propene. The sequential formation of
precursors with decreasing C to H ratio follows from the
shift of the maximum in the abundance of each fraction on
the time axis.

The formation of the insoluble coke occurs
clearly in several kinetically well discernible stages which
can be attributed to initia growth at the outside of the
zeolite crystallites and in a slow diffusion-limited growth
inside the micropore system. The diffusion limitation will
affect the migration of soluble coke molecules rather than
the motion of the small precursor molecules. It can be
further seen that the acidity of the zeolite is an important
controlling parameter which is summarised here rather
crudely as the Si to Al ratio. The more acid sites the faster
the kinetics and the higher the absolute amount of coke
deposition.

The role of the acid sites may be either catalytic
or they are consumed irreversibly during coke formation. In
the propene “coking” study the abundance of coke
molecules remained always significantly below the number
of supercages in the zeolite which points together with the
fact that insoluble coke formation was not saturated within
30 h on stream to a catalytic function. This was studied in
great detail in a combined catalysis FT-IR study [71] which
revealed the constant abundance of Broensted acid sites in
modernite with a Si to Al ratio of 12 during coke formation
in the ethylbenzene disproportionation. The fact that an IR-
active band at 1600 cm-1 can be assigned to coke shows
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that the structure of zeolite coke is certainly not comparable
to coke from coa carbonisation. This was incorrectly
supposed in a study of coke formation from hexane and
hexene in faujasite zeolites [72]. In this study it was found
further that olefinic hydrocarbons are much more active
than aliphatic which may, however, be interpreted as
inhibition of the initia cleavage of the aliphatic feed
molecules which becomes important for long-chain
molecules. The ethylbenzene conversion [71] dropped with
time on stream and the coke IR band increased
proportionally to that without any change in the Broensted
acid band at 3600 cm -1. Moreover, after complete
deactivation of ethylbenzene conversion the acid sites were
still active for coke formation with a small molecule
precursor as ethylene which increased the coke band further
when fed after ethylbenzene. This experiment is full in line
with the observations from the propene “coking” but
remains in conflict with other studies discussed in the
literature [67] which either claim the involvement of
extremely hygroscopic Lewis acid sites (which are
hydrolysed by minute traces of water from hydrocarbon
oxidation with lattice oxygen) or the consumption of acid
sites during alkene polymerisation (which may be an
experimental artefact due to the extreme loss in IF
transmittance of the samples in these highly reactive
“coking” gas mixtures). It remains an intrinsic disadvantage
of thistype of studies that IR can only detect various forms
of soluble coke ( the shifts and varying positions of the
coke band are a direct consequence of the successive
dehydrogenation-polymerisation of poly-aromatic
molecules) and do not indicate the formation,
transformation and absolute abundance of insoluble coke
which is only detectable in Raman experiments.

2.1.10.11. Graphitisation of Carbons

The various types of carbons obtained by one of the three
routes discussed with Figure 11 can be discriminated with
respect to their reactivity upon therma treatment. The
lower part of Figure 11 shows the two categories of carbon
which will either graphitise (further) upon thermal
treatment (annealing) or remain non-graphitic even at
temperatures up to 3000 K. The main reason for this
distinction of reactivity is the dimensionality of the cross-
linking of constituting BSU. If they are linked in three-
dimensional networks then little possibility exists by
thermal treatment to rearrange the cross-linking into a two-
dimensional network which is required to form large planar
graphene layers which constitute graphite. The larger the
fraction of three-dimensional links in a carbon is , the
quicker itsformation asthereis not sufficient time to reach
the equilibrium situation of an all sp? carbon connectivity
which excludes three-dimensional networks. Synthesis
conditions of rapid quenching from high temperatures are
typica for this carbon. Alternatively, the reaction
temperature is very low and thus insufficient to provide the
activation energy for are-arrangement of the C-C bonds. In
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catalytic situations charcoals and activated carbons are
usual materials of this class.

Synthesis conditions of high temperatures with
dehydrogenation of hydrocarbons being rate-determining
and the intermediate formation of a liquid phase or even a
liquid-crystalline phase (mesophase) of two-dimensional
stacking of PAH molecules are favourable for reaching the
equilibrium situation. Pre-graphitic structures are then
formed which require only annesaling for better stacking
order and polycondensation of the BSU by a find
dehydrogenation step. The sequence of events of
graphitisation [73] is summarised in Figure 15. The end of
the carbonisation process leaves molecular structures
consisting of polycyclic aromatic molecules with no
heteroatoms other than hydrogen and some alkyl
terminating groups. The alignment is parallel to each other
as in van-der Waals crystals of polycyclic molecules. The
intermolecular dispersive forces between paralel ring
systems are responsible for the aignment. At higher
temperatures all non-six-membered structures are removed
and most of the alkyl groups are removed. At around 1900
K the large aromatic molecules start condensing to
graphene layers. As some of the interconnections are not
achieved by peri-condensation but by the formation of C-C
single bonds considerably strained sheets with significant
buckling will result. This state of graphitisation can
experimentally be observed by high-resolution TEM [73].
The final step, the “aromatisation” of al C-C bonds occurs
only well above 2000 K. Only at such temperatures the
parallel alignment of the graphene layers and the formation
of a regular stacking occurs as then the abundance of
defective structures within the graphene layers becomes
small enough to allow the dispersive forces between the
graphene layers to direct the orientation of the BSU. These
sequences of events with the existence of intermediate
stages of ordering between graphite and aromatic
molecules has been derived conclusively by X-ray
diffraction [74,75]. The evolution of interplanar spacing
with carbonisation temperature and the kinetics of its
equilibration served as tools for the analysis. The
aromatisation was detectable from a shrinking in the a-axis
parameter reflecting the shortening of the average C-C
bond distance. Both changes lead to a shrinking in the cell
volume which is reflected in the relation between the lattice
parameters shown in Figure 15. The graphitisation reaction
proceeds through a series of “metastable states’ [74] with
an average change in the carbon-carbon bonding and not
via a simple re-orientation of turbostratic units into well-
stacked units asit is frequently assumed.

Good candidates for such solid- state phase
transformations are carbons produced by polymerisation of
pitch, tar or other high boailing fraction of fossil fuels [76].
Pyrocarbons from methane which are generated under
conditions of strongly understoichiometric oxidation are
aso suitable candidates for highly ordered synthetic
graphitic materials [29]. In catalytic situations most
“carbonaceous deposits’, carbon blacks and synthetic
graphite belong to this class of carbons.
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The range of temperatures in which graphitisation
occurs is between 1100 K and 2500 K with significant
variations depending on the number and quality of
structural defects in the material. In fullerene material the
sequence of events of graphitisation occurs at atemperature
level of about 1000 K below that for other carbons [77,78].
The incorporation of large amounts of potential energy in
the form of ring tension by the presence of non-six-
membered sp? carbon rings lowers the activation energy for
the solid structural transformations drastically and allows
graphitisation at temperatures of e.g. combustion. A similar
low-temperature graphitisation is aso possible if the
carbonaceous deposit on a hydrocarbon catalyst has stored
chemical energy in form of highly reactive organic
molecular structures.

2.1.10.12. The Reaction of Oxygen with Carbon

This apparently simple reaction is of multiple relevance in
catalytic carbon chemistry. The reaction is used to activate
carbon by the increase of surface area due to hole burning.
It is further used to create surface functional groups (see
section 5). Finaly it is used to remove undesired carbon
deposits in regeneration procedures.

The reaction is a gas/solid interface reaction
which requires two independent types [79] of electronically
different sites. One site should be electron-rich to activate
molecular oxygen (site A), the other site should electron-
deficient to react with activated oxygen atoms (site “C”). A
minimal sequence of elementary steps is composed of the
following processes:

2A+0,® O,ads (1)
O,ads+2€ ® O7ads (2)
O%ads +2e€® 20% ads  (3)
O?ads+“C"® COads+2€ +A (4)
COads® COgas+“C" (5
0% +COads® CO,ads+26 +A (6)
CO,ads® CO,gas+“C" (7)

This sequence of events was suggested by severa
authors [80,79] with, however, different assignments to the
nature of the two sites ranging from “ionic to covalent”
[79] to adistribution of sites with varying energy of oxygen
chemisorption [81]. In these models it was assumed that the
steps (5 to 7) are rate determining.

The steps (1 - 3) designate the activation of
molecular oxygen into an oxidising atomic species. This
process requires the presence of weakly bound electrons in
order to split the di-oxygen double bond. Such “catalytic”
sites are available on the basal planes of graphitic carbon.
The notion that almost free electrons are aso available at
structural defect sites [82,83] is only valid for extremely
fast reaction rates as otherwise stable surface complexes
with oxygen, water or hydrogen deactivate such structural
defects. The site A is thus graphene planes with sufficient
size to exhibit delocalised electrons more weakly bound
than in aromatic molecules [84]. The oxygen atoms will
diffuse on the surface [85] using their excess dissociation
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energy until they either recombine and desorb or find a
structural defect “C” where they can form a covaent bond
to carbon (step 4). This reaction is an oxidation reaction in
which the directly bonding carbon atom “C” looses two
electrons which flow back into the reservoir of amost free
electrons of the graphene layer. It is a matter of ongoing
debate to decide on the influence of the diffusion of
activated oxygen on the overall kinetics [86]. Due to the
extremely different reaction conditions and usualy
intentionally small conversions, at which experiments are
made, it is difficult to decide this question at present. The
main problem is the integrating effect of the large number
of reactive sites present in a oxidising carbon sample which
precludes the identification of the influence of any
particular reaction step due to the convolution of the
dementary step kinetic parameters with the energy
distribution of the reactive sites.

The resulting CO complex can either desorb
using its energy of formation for activation or survive due
to insufficient activation energy. The amount of activation
energy depends on the carbon skeleton onto which site “C”
is bonded to. It is a structure-sensitive reaction [86,87] If
the primary CO complex remains long enough at the
surface where activated oxygen atoms are available (or if a
sufficient flux of activated oxygen is available), then
complete oxidation will occur according to step (6). The
desorption of the oxidation product leaves in any case an
empty site for a new attack of an oxygen atom (steps 5,7).
The oxidation reactions (steps 4,6) leave an active site each
for oxygen adsorption and dissociation. These sites are,
however, not those at which the primary oxygen atoms are
formed which changed their positions to diffuse from their
location of generation on a graphene layer to the oxidation
Site.

From this scenario which was developed from
extensive experimental observations [88,84,89,90,91,92] it
is evident that efficient oxidation requires the existence of
extended graphene layers for oxygen activation [90,84] and
sufficient defect sites for reaction of the activated oxygen.
It was found necessary in an extensive formulation of
hypothetical elementary steps to invoke the existence of
stationary and mobile initial oxidation products (step 4) in
order to explain the varying selectivity between CO and
CO,. The experimental evidence showed different TDS
peaks for carbon-oxygen compounds and not for di-oxygen
[91,83,93,85] which led the authors to consider only the
possibility that reaction products are mobile and not
activated oxygen. The process of oxygen activation was
assumed to only be possible at the reaction sites themselves
(“C” in the reaction scheme). If the activation of molecular
oxygen occurs by non-chemical means (glow discharge
[83,93] or radiolysis [82]) the sensitivity of the overal
reaction kinetics to the presence of graphene layers for
oxygen activation is lost and a fully structure-insensitive
process occurs. In the other extreme of a di-oxygen reaction
on a perfect graphene layer reaction of excessive activated
oxygen will always occur at the unavoidable external prism
surfaces and very efficiently at the few intralayer defects.
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One consequence of the reaction mechanism is
that carbon burns with molecular oxygen in alayer-by layer
fashion at a decreasing rate as the perimeter of the graphene
stack becomes progressively smaller with increasing burn-
off. The defects present in variable abundance in each
layers  contribute significantly to the rate with an
increasing tendency towards burn-off as the perimeter of
the etch pits enlarges with ongoing reaction. The resulting
net rate is an addition of a constant decreasing term and a
fluctuating term with an unpredictable overall behaviour
with burn-off. The unusual dominating role of in-plane
defects was established by microscopic studies on graphite
oxidation [94,95]. This effect precludes a definition of
reactivity of carbon materials as their average structure is
not sufficiently accurately determined to account for the
defect distribution in the carbon which controls the activity.
This was established recently [96] for a very wide range of
carbons containing most structural features discussed in
Figure 3. A “non-linear” compensation effect of the kinetic
parameters was discussed. Several groups of carbons with
different average structures (graphite, carbon blacks, coals,)
are differently affected by the rate-enhancing effect of
defects which cause simultaneously a decrease in apparent
activation energy and an increase in the pre-exponential
factor. The correlation of the kinetic parameters of al
carbons results in a non-linear correlation due to the
disregarded structural influence.

Alternative reaction scenarios for the activation
of the aromatic graphene layers may be considered. A
plausible model with a period of increasing defect creation
followed by a period of rapid gasification was discarded by
in-situ spectroscopic experiments revealing that the average
degree of graphitic chemical bonding does not change with
burn-off [2]. The local electronic structure of graphitic sp?
configurations and the extended structural feature of
paralel graphene planes is aso not drastically changed
with burn-off [2]. Disintegration of the well-ordered
surface as preparation for oxidation at every surface site, as
it was found for the reaction of atomic oxygen [83], is not
observed with molecular oxygen.

Recent experiments with in-situ X-ray diffraction
[97,89] revealed that defective parts of graphite crystals
oxidise preferentially leaving behind a more perfect
structure until the total mass loss eliminates the most-well-
ordered parts of the crystal. The data are in disagreement
with the general experience of solid state chemistry that an
increase in defect density creates an increase in gas-solid
reactivity. Theincrease in ordering of the residual graphite
surface with progressive oxidation is documented in STM
survey images shown in Figure 16. The rough surface of a
graphite single crystal [89] which is covered by small
crystallites [98] becomes smooth after about 10% burn-off
with large terraces and few large step structures indicating
the grain boundaries of the crystal. Studies at higher
resolution show [99] that the terraces are atomically flat
with very few exceptions which are due to certain defects
which are more difficult to oxidise than the matrix. A
structure with sharp needles and small towers results. These
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observations confirm the complex influence of the defects
on the oxidation kinetics which can either accelerate or
decelerate by various types of defects. Elemental impurities
like boron are likely candidates for such inhibiting effects
as boron compounds are well known for the inhibiting
effect on carbon oxidation [100]. Other known inhibiting
groups are C-H and certain C-O surface complexes [101].

The in-situ X-ray diffraction [97,89] data further
excluded the possibility that oxygen intercalates between
the graphene layers and starts the reaction in a three-
dimensional way at the internal surface. Such an in-depth
oxidation occurs only at structural defects with three-
dimensional character such as grain boundaries and
interlayer defects [41,102]. The contribution of this extra-
oxidation activity to the overal rate is small but severe
consequences arise for the mechanica stability of all
carbon materials under oxidative load: At very early stages
of oxidation they disintegrate and fall into small particles
of individual graphitic crystalites. Such mechanica
disintegration has important implications for catalyst
support materials where the active component “falls off” at
the very beginning of any oxidative load on the system. An
extensive review about the uncatalysed and alkali-ion
catalysed gasification at defect sites summarises the present
status of research in this practically highly relevant area
[103].

In any practical consideration of carbon
application or intended remova (regeneration) the
oxidation reactivity is of importance. Figure 17 summarises
results of initial oxidation experiments. Different carbon
materials which exhibit all the sp® connectivity of carbon
atoms exhibit a wide range of oxidation temperatures. The
values of these temperatures depend on the definition of
reactivity which can be either the first uptake of oxygen,
the 50% line of oxygen consumption or even the 50% line
of weight loss. Care has to be taken to compare literature
values [96,81,104] as al these definitions are in use and the
differences in temperatures are quite drastic as can be seen
from Figure 17.

The reactivity of the molecular fullerene solid
resembles the expected pattern for a homogeneous
material. Only a small pre-reactivity at 700 K indicates that
a fullerene-oxygen complex [12] is formed as
stoichiometric intermediate [15,105] compound. At 723 K
the formation of this compound and the complete oxidation
are in steady state [12,106,107] with the consequence of a
stable rate of oxidation which is nearly independent of the
burn-off of the fullerene solid. This solid transforms prior
to oxidation into a disordered polymeric material. The
process is an example of the alternative reaction scenario
sketched above for the graphite oxidation reaction. The
simultaneous oxidation of many individual fullerene
molecules leaving behind open cages with radical centresis
the reason for the polymerisation.

The molecular nature of this carbon alows the
spectroscopic identification [15,108] of this intermediate
and several oxo-complexes serving as precursor
[109,110,105] compounds. On this basis the reactivity of
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fullerenes in oxidation is now understood in detail and the
reaction scenario is secured by experimental verification
[106,111,107].

The other two  graphitic carbons oxidise,
according to the data in Figure 17, at quite different
temperatures and with complex reactivity patterns. They
show extensive pre-reaction activity. A significant oxygen
consumption initiates at lower temperatures than the main
reaction indicating gasification at extra reactive sites. The
spread in temperature of this pre-reaction activity is very
significant. It has been shown recently that the gasification
activity at low temperatures is not a surface effect but can
lead to a complete combustion of the whole carbon [112].
This means for practical applications in catalysis that the
minimum corrosion temperature of carbon in oxidative
atmosphere can be very much lower than the bulk
gasification temperature measured by thermogravimetry
which is too insensitive in most cases to indicate the pre-
reaction activity. The distribution of the pre-reactivity over
reaction temperature is not a characteristic property of a
carbon material but depends in the same way as the main
reactivity on the origin, storage and thermal history of the
carbon. The oxidation rate as a function of the geometric
carbon surface area (total surface area, TSA) is a sensitive
function of extrinsic sample properties [113].

The concept of the existence of an active surface
area (ASA) representing a small fraction of the TSA was
developed [114] in order to overcome this highly
complicated situation. In full analogy to the concept of
actives gites in catalysis, it was concluded that a surface
area measurement with di-oxygen under defined conditions
should measure the active sites in combustion (“C” sitesin
the reaction scheme). This technique allows the detection
of the average change of the abundance of active sites with
burn-off. The change in ratio between TSA and ASA by
over an order of magnitude [114] for a graphitised carbon
black highlights the relevance of surface modifications for
the oxidation reactivity. A numerical example of the ratio
TSA : ASA of 76 m2/g : 0.24 m2/g (ratio 316) at the
beginning of burn-off and of 128 m2/g : 2.12 m2/g (ratio
60) at 35 % burn off the graphitised carbon black illustrates
the accuracy required to obtain meaningful results. This
problem of large ratios may be the reason for the deviating
numbers for carbon reactivities till quoted by different
authors in the literature [86]. The same concept was further
very successful in eliminating all the extrinsic influences on
the carbon reactivity over ranges of materials with the
conseguence that universal rate for the oxidation of sp?
carbon was established deviating for various classes of
materials only by afactor of about 2 [86, 113].

The method of determination of the ASA creates
some carbon-oxygen surface complexes which are non-
reactive and causes the still significant dependence of the
turn over frequency (TOF) on burn-off or material
property. A further improvement of this situation reducing
the dependence of the TOF on burn-off to below 10 % was
achieved by introducing the concept of reactive surface
area (RSA) [86]or active site density [115]. A simultaneous
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in-situ measurement of rate and abundance of active sites
alows the determination of the RSA without any
assumptions on reactivity or energy spread of active sitesto
be incorporated in the method. The experiment is a
transient kinetic measurement as it is well known in
catalyst characterisation [116].

The oxidation of carbon can also be catalysed.
Two fundamentally different cases should be discriminated.
Transition metal oxides and carbides were found to be
efficient local sources of atomic oxygen increasing its
abundance much above the uncatalysed case. Streams of
diffusing oxygen atoms created decorated pathways of non-
selective oxidation of basal plane sites as detected by
transmission electron microscopy [117,118].

Alkali and earth akaline metal compounds
(hydroxides and bicarbonates) were found to be efficient
catalysts reducing the 50% weight loss temperature of all
kinds of carbon materials by up to 200 K [103]. Two
principally different mode of actions have been proposed
for this technologically and scientifically interesting effect.
First, it was excluded that akali graphite intercalation
compound could form and modify the surface electronic
structure of the top graphene layer to enhance the sticking
coefficient of molecular oxygen on carbon. This may,
however, result from the action of the strong positive point
electrostatic charge of a alkali cation residing chemisorbed
a the carbon surface. Oxygen molecules till in the gas
phase will become polarised which greatly enhances their
sticking probability at the surface. The second effect is
related to the set of elementary steps required to form a
surface oxygen complex. Many of these structures involve
the presence of charged oxygen species which require
protons as counterions (carboxylic acids, alcohol, phenols
etc.). Alkali ions provide ideal counterions in the situation
of gasification where few protons are available. In addition,
akali ions do not only accelerate the formation of sats of
surface functional groups but they also cannot act as site
blockers like hydrogen which can form very stable surface
hydrogen bonds and reduce the number of active sites.
Finally, the alkali salts are al strong Broensted acids which
help desorbing acidic surface functional groups to form
during carbon oxidation. Using isotope labelling and other
kinetic experiments it was established [119,120,121,122]
that one very important function in akali cataysed
gasification (with CO,) is to enhance the amount of
exchangeable oxygen between gas phase molecules and
surface complexes. A cluster of alkali-oxygen is envisaged
as the active species which is loaded with oxygen from the
gas phase and unloaded by spillover of oxygen to substrate.
A fraction of carbon-oxygen-alkali remains always non-
exchangeable which is seen as the “backbone” of the
system keeping the akai a the surface (at high
temperatures of about 1000K where evaporation would be a
problem) All these effects are discussed in two reviews on
the subject [103,123].

A good indicator for the mode of operation of a
catalyst in carbon gasification is the ratio of CO and CO,
which are formed according to the reaction scheme in
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independent reactions as simultaneous products. The
possible post-oxidation of CO to CO, was excluded by a
large number of observations and is a basic ingredient in
the formulation of the reaction scenario described above. In
uncatalysed gasification reactions the product ratio is about
unity with a factor of 5 deviations for different carbons.
The presence of Ca as catalytic impurities on a carbon
from a sooting flame decreased the product ratio to less
than 0.01 [81]. A kinetic analysis revealed that the Ca
addition enhanced the rate of CO, formation without
affecting the CO production. The effect was attributed to a
modification of the active sites of reaction step (6) which
may be envisaged chemically as a Ca salt formation with a
suitable surface complex. The suggested analytical value of
the CO/CO, ratio [81] should, however, be taken with care
, as other factors like the basal/prism surface arearatio also
affect the product ratio [86,87].

The oxidation of graphitic carbon is a
complicated gas-solid interaction with the unusud
characteristic of a dependence of the reaction rate on
conversion. Several independent factors with different
dependencies on conversion co-operate in the control of the
overal reaction rate. The most difficult part to control is
the strong influence of atomic intralayer defects in the
graphitic surface. It was made clear by electron microscopy
that these unpredictably occurring reaction initiators can
dominate the overall reaction rate [95]. The reaction rate
expressed as the normalised mass loss per time as a
function of burn-off is schematically shown in Figure 18. In
this Figure the main controlling factors and their
dependencies on burn-off are indicated. The dominating
influenceis exerted by the changesin TSA and in fractional
active prismatic faces surface area of the graphene stacks.
In the initial phase of burn-off the remova of surface
defects and surface functional groups determines the rate.
This was found experimentally by various techniques
[124,89] and is indicated in Figure 16. The initially
strongly changing rate leads many researchers to exclude
the first 10-20% of the burn-off curve from a kinetic
analysisin order not to have to account of thisinitial effect.
For catalytic purposes this effect is highly relevant as the
stability of the surface functional groups and surface
defects will determine the catalytic reactivity of a carbon
sample. In applications where active species are bonded to
carbon, the surface structure and its stability determine
dispersion and stability of the metal-support system.

All of the effects shown in Figure 18 are
accounted for, if the carbon reactivity is given as TOF
based on RSA. The only uncontrolled parameter remains
the variation in intralayer defect density which is statistical
and not measurable by any reaction-based technique (as the
technique modifies the number of intralayer defects). This
is symbolised in Figure 18 by the wide line for the rate
which is a slow function of burn-off and a rapidly varying
function of the intralayer defect density.

This information shows that the reactivity of a
carbon material relevant in catalysis against oxygen (and
other oxidising gases such as CO,, NOx, water) is not
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easily defined. As amost no experimental studies have ever
applied to the RSA-TOF concept it is not surprising that
severe inconstancies about kinetic parameters exists in the
literature. A recent review highlights the merits of the
transient kinetic technique which is the basis for a unified
description of carbon oxidation [125].

The issue of carbon oxidation reactivity is further
complicated in al cases where the oxidation of a
carbonaceous deposit or a “zeolite coke’ is involved. In
these cases the solid carbon oxidation kinetics is
superimposed on entirely different oxidation pathways
involving organic molecules and on the kinetics describing
the carbonisation reaction occurring simultaneously with
the gasification reaction. The carbonisation reaction system
described in Figure 10 is a sequence of polymerisation -
dehydrogenation processes which leave essentially pure
carbon with  widely differing degrees of structura
ordering. This carbon which is responsible for the
frequently reported conversion from “coke” into “graphite”
is not oxidised at moderate temperatures due to the
inhibiting effect of the many surface defects precluding
oxygen activation.

2.1.10.13. The Surface Chemistry of Carbon

The surface chemistry of carbon is of relevance in all
aspects of catalytic carbon chemistry. The two most
important heteroelements are hydrogen and oxygen. Each
element can undergo a variety of chemically different co-
ordinations which need to be discriminated for analyses of
the chemical function of the carbon-heteroatom bond. In
the literature the term “surface complex” is often used to
describe a group of chemically different bonds which could
not be specified in detail.

The loca connectivity of surface carbon atoms
can be discriminated into sp®, olefinic sp? and aromatic sp?
for all kinds of carbon materials of catalytic relevance.
Each of the three connectivity can form severa types of
heterobonds allowing for a broad distribution of carbon
heteroatom interactions which co-exist on any surface
exhibiting structural defects. The surface chemistry of
prismatic and basal planes of sp* carbons is fundamentally
different which renders the surface area ratio between the
two orientations one of the dominating factors for the
description of carbon reactivity. One way of obtaining an
estimate about this ratio is to assume that the abundance of
hydrophilic sites on a carbon is due to surface functional
groups at the prism faces whereas the basal planes should
be hydrophobic. The existence of both properties on a
carbon can be verified and quantitatively determined by
selective chemisorption of long chain aiphatic molecules
(n-Cx, Hgg) or metal sats such as HAUCI, for the
hydrophaobic sites and alcohol molecules such as n-butanol
for the hydrophilic sites. A practica procedure using
microcalorimetry has been developed in the literature
[126,127].

The complexity of carbon materials together with
the surface chemical anisotropy and the modifying effects
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of defects creates a highly complex situation for surface
chemistry even when only one heteroelement is considered
to be actively bonded. It is a characteristic of this branch of
chemistry to describe surfaces in terms of distributions of
properties rather than in sharp numbers.

The greatest attention in the literature has been
paid by far to the carbon-oxygen-hydrogen interaction for
their enormous chemical relevance and the existence of a
suite of chemica and physica tools for their
characterisation. Classes of carbons which are suitable for
Table 4: Heteroatoms in Carbon Black Materials

18

such studies are carbon blacks. These materials are of high
elemental purity (no inorganic impurities) and sufficient
specific surface area to allow a quantitative determination
of the content in heteroelements which is the basis for any
meaningful normalisation of surface chemical reactions. In,
addition, the spectrum of industrial manufacturing
processes [39] and the industria production allows the
comparison of data from homogeneous samples with
distinctly different (but often unknown) microstructural
properties.

Property 1 2 3 4 5

Philblack A Philblack E Spheron C Spheron 9 M ogul
furnace furnace channel channel colour

surface area (m?/g) 45.8 135.1 253.7 115.8 308
total H (g/100gC) 0.35 031 0.33 0.62 0.48
total O (g/100 gC) 0.58 1.01 3.14 3.49 8.22
CO, (g/100 gC) * 0.187 0.401 0.575 0.536 2.205
CO (g/100 gC)* 0.343 0411 2.00 1.928 4.180
H,0 (g/100gC)* 0.00 0.435 0.600 0.710 1.440
H, (g/100g C)* 0.209 0.137 0.152 0.321 0.132

H (umol/m?) 38.2 115 6.5 26.5 7.7

O (umol/?) 7.9 4.7 7.7 18 16.7

CHx 0.48 0.15 0.08 0.33 0.1

COx 0.1 0.06 0.1 0.23 021

CxR 172 476 5.55 1.79 325
ratioH:O 4.8 25 0.8 1.43 0.48
ratio CO:CO, 1.83 102 3.48 3.36 2.04

* integral from thermal desorption up to 1475 K

A representative collection of surface chemical data of
several carbon blacks is compiled in Table 4 which was
collected from extensive data in a review book [33]. The
specific surface area varies over a decade for the five
samples. The total content of heteroatoms (determined by
classical microanalytical techniques) amounts to between
about 1 and 5 wit% which is a sizeable quantity for a
material which is nominally pure carbon.

A technique used often in chemica speciation of
the surface functional groups is temperature-programmed
desorption (TPD) of all functionalities. The strength of the
surface chemical bonds requires maximum temperatures of
usually 1273 K with desorption profiles extending from
400 K to the upper limit of heating in inert atmospherein a
quartz tube furnace. Table 4 lists the integral abundance of
al possible decomposition products of C-O-H
functionalities. The data show that both absolute amounts
and product distributions (CO to CO, ratios) vary
significantly and exhibit no apparent correlation to surface
area or synthesis method for the carbon. Reduction of the
data per surface area reveals that carbon-hydrogen
functions are abundant heterobonds on carbon black
surfaces. Carbon-oxygen functions are always present and
in samples 3 and 5 more frequent than hydrogen
terminations. The importance of the heteroatoms for the
description of the surface properties becomes apparent

when the carbon to heteroatom ratios are considered. It
occurs that about every other carbon atom exhibits in its
connectivity one heteroatom. The ratio of carbon to
heteroatom can be used to estimate the size of the basic
structural units. Assuming the microstructure of carbon to
consist of small graphene platelets with few intralayer
defects (Figures 5-9) one may estimate from the topology
of peri-condensed aromatic structures the ratio carbon to
heteroatoms. These are all located at the “prism faces’ of
the graphene layers and saturate the dangling bonds in the
carbon sp® configurations. This ratio is 1.0 for benzene,
1.25 for naphthalene, 1.6 for perylene , 1.76 for coronene
and 2.56 for a n = 4 peri-condensed molecule. Such a
molecule has a diameter of about 1.2 nm. A coarse
correlation between the carbon to heteroatom ratio and the
size of a hypothetical circular graphene layer is presented
in Figure 19. HRTEM images of carbon blacks exhibit 1.5 -
2.0 nm as characteristic diameters [130] compatible with n
= 5-8 ring peri-condensed structures. Samples 2 and 3 from
Table 4 exhibit an abundance of heteroatoms consistent
with a graphene diameter as seen with physical methods.
The other samples consist of significantly smaller BSU
which are, however, not observed by microscopy
[128,129]. This discrepancy together with the H to O ratio
from Table 4 indicates that more than one heteroatom is
bound frequently to one peripheral carbon atom calling for
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more complex functional group structures than C-H or C=0
terminations. Sample 3 is the best approximation to pure
carbon in the selection of Table 4 with a large number of
simple carbonyl functions as carbon termination groups
(see CO to CO, ratio). Sample 4 with the lower surface
area and the same synthesis history exhibits a much richer
surface chemistry which could give rise to a strongly
underestimated average size of the graphene layers. It is
pointed out here that the physical method of determination
of graphene layer diameters by X-ray diffraction
[39,33,130] is critical. Smaller particles than the average do
not contribute significantly to the overlapping and diffuse
line profiles of the (hk) reflections used for the analysis.
For this reason it remains valuable to compare physical
data with chemical information such as shown in Figure 19.

Using refined X-ray diffraction techniques and
the extraction of the radia distribution function from
molecular X-ray scattering it was possible recently to
develop a model for a graphene layer [31]. This model is
free of the difficulties mentioned above and predicts
“cluster sizes’ between n = 3 and n = 5 for peri-condensed
rings (coronene, hexa-peri-benzo-coronene) in  full
agreement with electron microscopic [25] and NMR [131]
data which led to construction of Figure 19. The model
material in [31] was a coa sample before carbonisation
containing besides the main fraction of sp® centres still
about 20 carbon atoms in aliphatic connectivity. This one-
dimensional structure analysis represents a real example of
the scheme displayed in Figure 9C.

The data from Table 4 show clearly that a
significant fraction of the total carbon surface which is
chemically active (prism faces and defect sites) is covered
by heteroatoms and many of these sites are not just
“passivated” by C-H bonds. This situation is aso
characteristic for carbonaceous deposits with C,R values of
1.5-2.5 (corresponding C to H ratios 0.45 to 0.65) pointing
to truly smaller average diameters of the BSU (see Figure
19) as was determined by chemical extraction and mass
spectrometry [70,132,133] The situation is typical also for
carbon materials resulting from dehydrogenation of organic
polymers with a large abundance of prism faces and a
significant presence of oxygen functional groups. For
carbons with larger BSU diameters the dominance of prism
sites is gradually reduced and defect sites at crystallite
boundaries and intra-plane defects become important
locations for surface functional groups. The absolute
abundance is, however, so much reduced that the accuracy
of elemental analytical data as used above is too low to
allow ameaningful chemical and structural interpretation.

2.1.10.14. Non-Oxygen Heter oelements on Carbon
Surfaces

The most important heteroelement is hydrogen bound to a
variety of different reaction sites. Therma desorption
experiments showed that weakly held hydrogen desorbs at
1000 K, and more strongly bound species desorb at 1270 K
and 1470 K. Only above 1900 K &l hydrogen is released
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from a carbon material [134]. As this extra stable hydrogen
can be as much as 30% of al hydrogen present, it was
suggested that this species should be bonded to alkene and
akane link-structures within the graphene layers (see
Figure 9C) and represent hydrogen bonded to “inner
surfaces’.

The chemical structure of the hydrogen groups is
difficult to asses as they can be present either directly
bonded to carbon or as protons together with other
functional groups. In addition, at low temperatures, all
hydrophilic carbons carry alayer of molecular water which
needs to be desorbed first to allow a quantitative analysis.
Thermal desorption with discrimination of water and
carbon oxides can be used to control the desorption of the
unspecific water layer. It is observed, however, [135,88]
that the water desorption affects the surface chemistry of
the carbon, as some labile groups are desorbed and the
vacant surface sites can react with water to form C-O-H or
C-H bonds. IR spectroscopy can be used to show that even
after mild desorption of water from an oxidised carbon
black a variety of hydrogen species is present at the
surface. Figure 20 shows the corresponding transmission
spectrum of two technical carbon blacks with hydrophilic
and hydrophobic reaction against liquid water after in-situ
desorption of molecular water at 573 K: The absorption
from carbon-hydrogen and carbon-hydroxyl groups overlap
to form a complex peak structure. A range of different O-H
groups is present (see below) and the C-H frequencies
occur also as convolution of signals from isolated C-H
functions and shifted components due to C-H groups next
to C-O bonds in various configurations. Figure 20 and the
TPD experiments from the literature indicate that hydrogen
is present not only in strongly bound C-H groups which co-
exists with other functional groups but also in a variety of
C-O-H groups which cannot be removed at moderate
temperatures up to 675 K. For the hydrophilic sample a
broad structure of oligomeric OH group fundamental
vibrations causes the strongly falling background at high
wavenumbers. After more severe heat treatments the
carbon surface is more uniform [136] but is modified in its
defect properties and in its chemical reactivity.

The existence of several distinct C-H surface
functional groups and the modification of the carbon
surface during adsorption of hydrogen has been studied in
detail [137]. Four different kinetic regimes of coverage vs.
reaction time were identified indicating the structural
heterogeneity of the carbon surface. The material studied
(graphon) is a graphitised carbon black with no inorganic
impurities which allows the deduction at the heterogeneity
of the adsorption sites which was also reproduced by a
variation in activation energy for adsorption is an intrinsic
effect of the carbon material. The fact that temperatures
above 700 K are required to saturate the carbon surface
alows one to conclude that structural modifications
(hydrogen etching) of the surface may significantly
contribute to the surface reaction which seems to be more
complex than adsorption of hydrogen atoms on (pre-
existing) chemisorption sites.
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Carbon-nitrogen surface groups are not abundant
in carbons made from hydrocarbon precursors. Carbons
from nitrogen-containing natural and synthetic polymers
contain structural C-N-C groups in aliphatic and aromatic
co-ordination. Surface complexes like amines, amides, or
nitro groups are not very stable and are desorbed during
heat treatment (manufacture, activation, pre-cleaning). An
extensive body of work is collected in the literature [135]
concerning the intended incorporation of nitrogen from
ammonia or cyanides using carbon surfaces pre-reacted
with oxygen or halogens. Several structures of C-N and C-
N-H have been identified with physical methods. The
stability of the most abundant C-N-H groups is, however,
rather limited in temperature.

Most significant is the observation that the
catalytic behaviour of a carbon (from various sources)
remains affected by the amination treatment even when the
nitrogen is desorbed from the surface. The explanation was
put forward that nitrogen binding (and removal) occurs on
defective sites and the nitrogen activation is in fact a mild
version of preferential removal of defective surface sites
leaving behind a carbon surface with a more graphitic
electronic structure than present before. Some of the
structural nitrogen (pyridine-like incorporation in the
graphene layers) is thermally stable up to 1273 K [33,135]
without affecting the catalytic performance of the carbon
material. This observation excludes the notion that the
heterocyclic substitution injects additional electrons into
the conduction band of the semi-metal graphite and in
doing so enhances its activity in electron transfer reactions
(eg. activation of molecular oxygen in liquid phase
oxidation catalysis [138]).

Carbon-sulphur groups are extremely stable
surface compounds which cannot be removed by thermal
treatment up to 1470 K. Only by a reductive treatment with
hydrogen it is possible to clean carbon from sulphur
adsorbates. One source of sulphur is the fuel used for the
generation of the carbon from which about 90 % are
covalently bonded to the carbon and 10% are segregated as
adsorbate which can be removed by solvent extraction. The
total amount of sulphur can amount to severa wt%.
Removal of the structural sulphur is possible by hydrogen
reduction to H,S at about 1000 K. A collection of
references on this subject is found in the literature [33]. In
activated carbons sulphur can also be present in an oxidised
form as sulphate or C-S-O compound.

The generation of sulphur functional groups was
investigated in detail in order to prepare anchoring sites on
surfaces used in rubber vulcanisation (tire manufacturing).
Only those sulphur groups which are not incorporated in
the graphene layers can be chemically active for cross-
linking polymerisation in vulcanisation. In a broad study,
[139] carbon disulphide, hydrogen disulphide, thionyl
chloride and sulphur dioxide were used at elevated
temperatures to generate sulphided carbon surfaces on a
variety of sp? substrates. Structural data revealed in all
cases the absence of graphitisation phenomena although the
reaction temperatures were up to 1173 K. XPS and IR data
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alowed the conclusion that two types of species were
formed. One type should be C=S bonded to aromatic rings
and the other one a thiolactone.

Carbon- halogen groups are well known to exist
with fluorine, chlorine and bromine. These groups can be
attached by redox reactions involving the halogen elements
either in agueous solution or in the gas phase. At elevated
temperatures bulk reactions occur under intercalation and
eventually under formation of bulk covalent carbon-
halogen materials (CF; 1, solid, CCl,, gaseous) [140]. At
lower chemical potential of the halogens, substitution
reactions into C-H bonds (reaction 8) or addition reactions
onto in-situ formed unsaturated bonds (reaction 9) occur.
These two reactions are one of the most important
analytical tools in describing the chemical reactivity of
carbon materials. On the basis of extensive experiments
with various carbons [141] the reaction of a carbon with
agueous bromine is suggested to serve as reference
experiment for the quantification of the unsaturated carbon
atoms which are mostly masked by oxygen surface groups
(reaction 9).

The reaction with chlorine occurs after high
temperature outgassing directly as addition of halogen on
the unsaturated C=C bonds. The strength of the carbon -
halogen bonds is determined by using halogen saturated
carbons for halogenation of nucleophiles[33]. It occurs that
iodine groups are fully reversibly adsorbed whereas
bromine and chlorine are partly irreversibly adsorbed and
ca only removed by high temperature treatments under
oxidising or reducing conditions. This result led to the
conclusion that aqueous iodine solutions should be used to
determine the surface area of carbon as selective adsorbent.
Reaction with iodine vapour at elevated temperatures (600
K) results in the same chemistry as shown in reactions 8,9
and is not suitable for carbons selective surface area
determination.

Care has to be taken when interpreting results of
halogen uptake on carbon at low temperatures, in aqueous
solutions or at undefined surface states of the carbon (“as
received”’). A large number of reaction involving halogens
and oxygen surface functional groups and of course
between halogen hydrogen acids and basic functional
groups occur simultaneously with the reactions mentioned
above. They may thus perturb the analytical data (in
particular the amount of HX as measure for reaction (8)) to
such an extent that no meaningful result can be obtained.
The only precaution is to define the surface chemistry of
the carbon by pre-annealing and treatment in the gas phase
or by in-situ co-oxidation [142] forcing reaction (9) to
dominate.

2.1.10.15. surface Oxygen Groups

The abundance of oxygen atoms on carbons varies over a
wide range with a maximum at about C,0O (see Table 4).
The surface chemical and hence many technical properties
of carbon materials (including diamond [143]) depend
,however, crucially on the carbon-oxygen chemistry which
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controls adsorption, adhesion and oxidation activities of the
surfaces. According to the reaction with liquid water one
can discriminate acidic and basic surface complexes. Under
amost al catalytic conditions both types of oxygen groups
are present simultaneously and the pH vaue of an
immersion of carbons in water is the result of protolysis of
solid acids and solid base groups. The pH can be as low as
weak mineral acids indicating that a significant solid
acidity can be present on carbon. The basic reaction is
rather more limited and rarely exceeds the value of pH 8.
For this reason, an overall good quantitative correlation
between pH in agueous solution and analytical oxygen
content for a carbon species has been established [144]. A
consequence of the Broensted acid functionality is that
many of the carbon-oxygen groups exhibit a cation
exchange capacity and a simultaneous anion exchange
capacity (from the basic groups). These functions are most
relevant for the application of carbon as catalyst support
and provide a method for anchoring metal ions by the same
way as used for oxide supports also on carbons. For the
special case of protons (exchange on basic groups) the
graphene layer in its unperturbed “aromatic’ state is
sufficiently “basic” to alow direct adsorption [145]. In
catalytic situations this problem is of limited relevance as
for high surface area material the abundance of graphitic
surface patches is low and on graphitic materials the
surface area is often low so that only in graphitised carbon
blacks a significant interference with the determination of
basic functional groups is to be expected. When the
hydrogen adsorption method is used, however, to determine
the dispersion of small metal particles the sorption capacity
of the support for activated hydrogen (spill over) has to be
taken into account.

The dominating importance of the oxygen
functional groups has led to significant efforts to devise
preparation routes to obtain only part of the wide pKa
spectrum on the surface, i.e. to prepare either only acidic or
only basic functional groups. This was. however, only
partly successful with the result that in all circumstances a
spectrum of neutralisation equilibria rather than asingle pK
value characterised a carbon surface. Basic functional
groups can be obtained when carbons are annedled in
vacuum or inert gas (Ar, not nitrogen) at 875 K for severa
hours, cooled down under inert conditions to 300 K and
then exposed to air, water or oxygen [146]. The basic
reactivity occurs only after contact with water molecules
which contribute to the formation of the basic groups.

Predominantly acidic groups are obtained by
heating carbon in air or oxygen to 600 K -900 K with a
decrease in acidity with increasing temperature (self-
gasification). Very strongly acidic groups can be obtained
with low-temperature liquid phase oxidation using
hydrogen peroxide, ozone, chromic acid or aquaregia.

The characterisation of the resulting surfaces has
been problematic ever since the early attempts [143,147] at
applying chemical means. The advent of many surface
physical methods has not contributed significantly more
information than obtained with chemical probe reactions
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(derivatisation as in the early days of organic chemistry).
The reason for thisis the small abundance of awide variety
of chemically different species. Most surface
spectroscopies are too insensitive for the variations in
chemical environment. Others require single crysta
surfaces which cannot be functionalised. Vibrationa
spectroscopy is hampered by the strong bulk absorption of
light. Nuclear magnetic resonance has relaxation problems
with non-hydrogen carrying surface groups bound to
aromatic graphene structures. For these reasons the bulk of
our knowledge about the structural details of carbon-
oxygen functionalities stems from chemical experiments as
they are collected in several reviews [33, 146,148,149,150,
32]. A specia series of publications is devoted to structure
and reactivity of basic oxygen groups [151,152,153,154].
The following description is a critical summary from this
large body of information which contains plenty of
references to the original work with ample experimental
details.

The anadysis of the structural chemistry of
oxygen groups with chemical methods is limited to stable
configurations and misses by definition all metastable
configurations which may, however, be present under in-
situ oxidation conditions. Chemical structures of reaction
products of the reaction sequence (1-7) may be found in
this description but other less stable configurations may
also exit. Care should be taken to transfer the knowledge
reported here directly to the actual discussion about the
atomic structure of oxidation reaction intermediates
[155,86,122].

The acidic functional groups can be characterised
by their neutralisation reactions with a selection of bases
differing in their pK values. The usua reagents are sodium
hydroxide, sodium carbonate, sodium bicarbonate and for
very weak acids sodium ethoxide in alcohol. An additional
dimension of information can be obtained by pre-treating
the carbon prior to neutralisation analysis [156].

Figure 21 shows the representations of the
fundamental structures responsible for Broensted acidity.
Only the groups (1) and (4) are sternly acidic in water with
the anhydride hydrolysing to two carboxylic acid functions.
These two groups contribute mainly to the reaction with
sodium hydroxide but react of course with all weaker and
stronger bases than hydroxide. The lactone groups need to
undergo ring opening in a basic medium which can be
achieved by 0.05 m sodium carbonate. Phenolic groups ((2)
in Figure 21) are supposed to be frequent due to their
structural simplicity (reaction product of oxidation step (4)
in the general scheme). Their acidity is limited in water and
will depend strongly on neighbouring functional groups.
Sodium ethoxide is a selective reagent for their detection.

Some oxygen functional groups do not react with
water molecules and behave thus as “neutral”. Their
fundamental structures are shown in Figure 22. Some
carbonyl groups can till react with sodium ethoxide . The
ether or xanthene structure is fully inactive in aqueous
media. Both neutral structures are believed to occur
frequently due to their structural simplicity and the fact that
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in any oxidation reaction these structures have to occur as
intermediates in ring destruction sequences. In quantitative
studies where the oxygen content is compared to the sum of
al neutralisation reactions a significant excess of
chemically unreactive oxygen is stated [149,146] which is
accounted for by these neutral functions.

Broensted- basic groups are of complicated
structure as can be seen from Figure 23. They consist of
two interacting oxygen centres [157]; one of which is
active in proton adsorption and the other one in anion
exchange. The interrelation has been shown in a series of
elegant chemical reactions [151,152,153,154]. The
structure shown in Figure 23 is tentative, representing the
simplest configuration and may have more complicated
isomer structures. It is interesting to note that during
formation of the basic groups a non-stoichiometric amount
of hydrogen peroxide is formed when the oxidised carbon
is contacted with moisture or water. This reaction which
was also discussed in conjunction with an oxidation of
ether structures to chromene groups [157] is reminiscent of
the anthraquinone catalysis of technical hydrogen peroxide
synthesis. It should be taken into account that in all
situations in which dry oxidised carbons are contacted with
water a chemicaly detectable amount of hydrogen
peroxide will be formed which may interfere with
experimental observations.

Suitable reactions for the chemical identification
of fundamental surface groups are collected in reactions
(10) - (25) which summarise convenient reactions for
chemical group identification. A large number of additional
reactions with rather special applications can be found in
the review literature. When these reactions are used, it is
advisable to test the reaction conditions by several different
reactions characteristic for the same functional group. It
occurs that the neutralisation kinetics can be slow, in
particular with hydrophobic and porous carbons. Reaction
times should not be under 24 h at ambient conditions. On
the other hand, artefacts such as glass adsorption, reaction
with traces of air and the intrinsic problem of conversion of
the surface functional groups during chemical reaction limit
the reaction time to an optimum for complete but artefact-
free determination.

Reactions (12) - (15) describe the standard
neutralisation reaction for an organic carboxylic acid. The
discrepancy in neutralisation capacity for the different
reagents can be used to estimate the pK distribution [88].
Amounts between 50 and 500 peq acid per g carbon are
characteristic values which indicate the high degree of
experimental perfection required to determine such surface
acidity data. Reactions (10) and (11) form derivatives of the
carboxylic acid and can be used to volumetrically detect
their presence by monitoring the gaseous reaction products.

Phenol groups are determined by the difference
of the neutralisation reactions between sodium hydroxide
(reaction (21)) and sodium carbonate (reaction (15)) which
are common for carboxylic and phenolate groups. Oxidised
carbons (air, 700 K, typical data) contain equal amounts of
these two functional groups. Activated carbons contain up
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to 800 peg/g carbon of phenolate groups. The volumetric
determinations are also sensitive to both carboxylic and
phenolate groups (reactions (19) , (20)) so that specific
derivatisation processes are needed (reactions (16) , (17)) to
reliably discriminate the two types of groups.

With more complicated structures such as
lactones the identification problems become more complex
as the reaction of lactones in water result in the formation
of a carboxylic acid group and a neighbouring phenole
group. The reactions (23) - (25) are only characteristic for
lactones with the assumption that under the mildest
possible reaction conditions the neighbourhood effects of
the ring opening reaction will favour the derivation over the
same reaction occurring on additionally present non -
correlated functional groups.

The complexity of the chemical situation
increases further when combinations of different surface
groups start to react with each other. A prominent example
is the lactole group originating according to reaction (26)
from combination of a carboxyl group and a carbonyl
group. Thisis a situation which is frequent due to the high
abundance of both fundamental groups. The resulting
structure, representing a complicated example of a co-
adsorption effect, can undergo a whole spectrum of
reactions and interfere with severa derivation reactions
simultaneously.

Another type of complication arises from the
chemical inequivalence of (110) and (1-10) terminating
surfaces referred to as zigzag and arm-chair configurations
of the graphene layers. In reaction (27) an arm-chair
configuration exhibiting two different functional groups at
one six-membered ring is shown. The resulting structure,
using the same fundamenta groups as for the lactol
reaction which are now in 1-2 configuration with respect to
each other (1-1 configuration for the lactol), allows
tautomerism with the result that upon neutralisation either
one or two equivalents of base will be consumed. The
equilibrium between the two forms depends upon the base
concentration of the base used for detection.

Reaction (27) is aso a good example for the
insensitivity of thermal desorption for such effects as the
same molecule results after decarboxylation. Any
quantitative correlation between neutralisation and thermal
desorption thus leads to inconsistencies which is the
historic reason for the intensive investigation into this
surface chemical problem [33].

These few examples give an impression about the
chemical complexity of the carbon-oxygen surface
reaction. They illustrate that surface acidity as a single
number of sample characterisation is a very poor
representation of the spectrum of reactivity already present
in aqueous media. It becomes apparent why in practical
applications [130,158,150] only poor correlation are
observed between such simplified surface chemical
parameters and the observed reactivity.

In recent years a simplifying attempt to overcome
this complexity was to analyse carbon by TPD and to
integrate the total CO and CO, emission and to correlate
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the results with sample pre-treatment and chemical
reactivity [33]. The limited validity of such an approach is
apparent. As is illustrated below, the chemically complex
surfaces which are not described by such crude correlations
are those with the highest catalytic activity. In applications
of carbons as catalyst support it is immediately apparent
that the details of the carbon-to-metal interaction depend
crucially on such details of surface chemistry. This explains
the enormous number of carbon supports commercialy
used (severa thousands). A systematic effort to understand
these relations on the basis of modern analytical
capabilitiesis still missing.

In this situation a variety of techniques can be
used to obtain complementary and if possible quantitative
information on the surface chemistry of a given carbon
material. High sensitivity and chemical selectivity are
characteristic for titration methods of the solid-acid
surfaces. The most prominent technique is a one- or two
point titration with two fixed concentrations of e.g. 0.05n
and 0.5 n bases. The titration is usually carried out as back-
titration after an adsorption experiment. The results usually
differ from each other indicating the distribution of acid
sites over one order of magnitude in pK values. The
reactions (21) and (12) are associated with these two
values. For a variety of different carbons the characteristic
concentrations for the predominant analysis of carboxylic
acids and phenols may differ due to variable distributions
of local adsorption geometry. This affects, via the
neighbouring group effects, the dissociation constants of
the surface groups and hence modifies the pK distribution.
To avoid the possibly substantial errors, it is highly
recommended to determine the adsorption isotherm of the
neutralisation reagent on the carbon and anayse the
resulting data in terms of a multiple Langmuir
chemisorption model.

The Langmuir model describes for a uniform
surface and a non-self-interacting adsorbate the relation
between adsorbed amount and exposure concentration. The
parameters of the model are the maximum amount
adsorbed as a full monolayer and the equilibrium constant
for the adsorption-desorption process which reflects
indirectly the strength of the adsorbate-substrate
interaction. For the present situation the analysis is
modified in the following ways:

-it is assumed that several independent site types
exists which represent acids with different pK values

-the neutralisation process is seen as an
equilibrium reaction which occurs in an additive way on
the different site types

-no interaction between different site types is
assumed (no effects as described in (26) and (27))

-no complications with correlated equilibria for
generation of the primary sites (e.g. hydrolysis of lactones
or anhydrides) are taken into account.

Within these limitations the method supplies
information on the absolute abundance of the fundamental
solid acid sites and gives a qualitative indication about the
pK average of each site. The procedure works in principle
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for acid and basic sites [88]. Figure 24 illustrates an
example for acid sites on a carbon black sample (FW-1
from DEGUSSA). This sample was selected as the high
purity alows an unambiguous assignment of the
neutralisation to carbon-bonded functional groups and the
high surface area provides sufficient chemical
heterogeneity for arealistic model. The top panel shows the
experimental adsorption isotherms after 24 h equilibration
in anaerobic conditions for the as-received sample and an
extracted sample. Extraction was done with xylene and
ether to remove polycyclic aromatic molecules which are
chemisorbed in an abundance of less than a monolayer [39]
on the carbon and passivate the genuine carbon surface.
The strong effect of the extraction is clearly visible. The
shape of the isotherm indicates, at least for the extracted
material, some complications as a stepped curvature should
not occur from a single Langmuir isotherm. As the reaction
should occur in an additive way it is aso not expected that
the combination of several isotherms should give rise to
such a feature which is absent in the as-received sample.
The discontinuity is ascribed to the generation of additional
functional groups by chemical reactions between the NaOH
with nominally unreactive functional groups during the
adsorption-equilibration process.

The lower panel of Figure 24 shows the analysis
of the normalised isotherms. It occurs that two processes
are superimposed in each isotherm. The break in the
isotherm of the extracted carbon a around 0.1 n
concentration indicates that in this regime the extra
reactivity which consumes base outside an adsorption
probably has occurred. The data can be quantified and
provides the following information. The two adsorption
sites differ in their acid strengths as can be concluded from
the equilibrium constants (K = 14 (17) for the majority site
and K = 64 (107) for the minority sites). The limiting
values of coverage are 2.32 mmol/g (3.41 mmol/g) and
1.24 mmol/g (1.74 mmol/g) for the two species. The datain
brackets give the values for the extracted surface which
indicate the sensitivity of the method and the drastic effect
of the surface purification process. The purification has
aso a detectable effect on the acid strength of the sites
which may be explained by the operation of neighbour
group effects (adsorbate-adsorbate interaction).

The suitability of this adsorption model to
characterise quantitative aspects of surface acidic groups
gives no indication, however, of the chemical structure of
the reactive sites. Only in combination with the chemical
probe reactions isit possible to assign the two types of acid
sites to carboxylic acid and hydroxy!l groups respectively. It
is noted that such an approach can aso be used to
determine ion exchange capacities for metal ion loading
required for the generation of dispersed metal-carbon
catalyst systems.

For carbons with large amounts of surface groups
per unit weight the method of direct titration can be used.
In this method a suitable arrangement for potentiometric
titration with slow neutralisation, anaerobic conditions and
good temperature stability of the experiment is used to
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messure directly the titration curve of the solid acid. The
first derivative shows the equivalence points of all stages of
dissociation. The carbon is considered in this picture as an
oligo-protic acid with a series of dissociation equilibria. A
full description of the theory can be found in the literature
[159, 33]. Figure 25 illustrates the type of information
obtained from such a direct titration experiment with a
carbon black sample (FW-1) which was oxidised at low
temperature in liquid phase to obtain acidic functional
groups. Large differences in the abundance (proportiona to
the peak positions on the abscissa) and in the dissociation
constant (peak profile representing the shape of the
discontinuity at the equivalence point relative to the strong
base 0.1 n NaOH) can be seen for the two oxidising agents
applied under identical conditions to the same carbon
material. It is obvious that ozone treatment resulted in the
formation of alarge amount of very strongly acidic surface
functional groups as seen from the sharp peak in the
derivative plot. Three to four other types of functiona
groups may be identified with widely varying abundance.
Care must be taken in analysing the derivative profiles as
for wesker acidic systems the effect of incomplete
dissociation and the formation of a buffering system which
all broaden the derivative peaks must be taken into account.

Table 5: Selected Carbon 1s Chemical Shift Data for
Carbon-Oxygen Groups
Common Referenceis C 1s = 284.6 eV for Graphite

Binding Assignment Surface | Reference
Energy (eV)
285.6 C-O0-C poly-vinyl- 234
acohol
286.5 C-O-H poly-vinyl- 234
acohol
287.8 =0 poly-vinyl- 234
alcohol
289.2 CO,H poly-vinyl- 234
acohol
286.2 C-O-R polyethylen 174
eoxidised
2875 =0 polyethylen 174
eoxidised
289.0 CO.H polyethylen 174
eoxidised
286.1 C-O-H carbon 172
fiber
oxidised
287.6 C=0 carbon 172
fiber
oxidised
289.1 CO.H carbon 172
fiber
oxidised
290.6 carbonate carbon 172
fiber
oxidised
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The direct titration of the parent carbon black
which also carries significant amounts of functional groups
is not possible. From this, it can be seen that the two
aternative chemisorption techniques have both their
relevance in carbon chemistry.

Another physical method which became popular
in functional group analysis is photoelectron spectroscopy
with X-ray excitation. The XPS or ESCA method is used in
this conjunction as a fingerprinting tool using empirically
derived tables for the chemical shift to analyse the data.
Oxygen functional groups can be analysed either by the
oxygen O 1s emission or by the carbon C 1s emission. Due
to the much larger shift sensitivity, the carbon 1s range is
used in almost al applications. In addition, the presence of
a film of molecular water which is not removed in UHV
creates a large oxygen 1s signal at 533 €V which overrides
many structuresin the functional group oxygen spectrum.

The issue of assigning carbon 1s data to chemical
structures has been developed extensively in carbon
polymer science and is exhaustively reviewed there
[160,161,162]. The principle of the assignment resides on
the following assumptions. All sp? and sp® C-C and C-H
bonds give rise to one C 1s signal at 285 eV with a
tendency towards lower binding energies for pure graphite
which was located for defect-poor samples at 284.6 eV
[90,163,2]. All carbon heterobonds shift the C 1s signal to
higher binding energy. This shift is the larger the more
electronegative the heteroelement is relative to carbon.
Further increments are brought about by carbon-heteroatom
double bonds and by 1,1, substitution of the C-C or C-H
bonds. Table 5 reports a critical compilation of literature
data on carbon-oxygen induced shifts for severa carbon
materials. The table confirms the general trend outlined
above. Other tabulationsin the literature [33] are physically
inconsistent and contain  erroneous data.  These
discrepancies arise from three different sources of
inconsistencies:

-calibration of the binding energy scale for
different experiments (see below).

-influence of the defect structure on the absolute
position of the main line which is often used as internal
standard for calibration of the binding energy scale [163].

-disregard of the asymmetric lineprofile of the
graphitic carbon 1s signal. This asymmetry contradicts a
physically meaningful spectral deconvolution into a set of
Gaussian peaks as mostly done in the literature. The
resulting inconsistencies in the positions of contributions
and the variable linewidths used in these deconvolution
procedures arise from the varying contribution of the line
asymmetry to the total spectral weight of the carbon 1s
profile. The asymmetry is mainly caused by the coupling of
the core hole state created during photoemission to the
semi-metallic valence band states of graphite and by the
convolution of the primary photoemission with the phonon
and plasmon loss spectra[164,165]

disregard of charging effects. Highly
functionalised carbons are often not sufficiently metallic
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conducting to allow the photocurrent to flow through the
sample without creating integral potential drops which
affect the position of the binding energy scale. In difficult
cases the “charging up” is locally variable (with thick
uneven specimen eg.) and prevents correction by re-
calibration with an internal standard ( the C-H +C-C line or
the water line).

These three groups of effects shift al or part of
the photoemission intensity into the range of the carbon-
oxygen shifts and thus affect the interpretation in often
undetected way. The same problems arise when carbon-
nitrogen groups are analysed. Nitrogen-oxygen groups
(nitrate, nitrite, nitrosyl) are well discernible (403 - 406 eV
binding energy) from nitrogen -hydrogen bonds (around
401 - 400.5 eV for amino groups) and from carbon-nitrogen
bonds (values between 400.0 and 397 eV). The individual
chemical configuration within the groups is, however,
difficult to resolve [135]. In a recent publication [166] on
the reactivity of nitrogen species with oxidised activated
carbons a consistent series of nitrogen chemical shifts
falling within the ranges specified above is established.
This list of compounds is chemically self-consistent as the
modifications used for their generation are fully in line with
conventional nitrogen organic chemistry.

The C 1s line is less affected by the less
electronegative nitrogen heteroatom and exhibits a much
smaller shift range than for oxygen groups. In a recent
publication aiming at the XPS analysis of the novel-
diamond-like C3N, material [167] all these problems are
well documented. The authors did not consider charging
effects, nor did they account for oxidation of the sputtered
surfaces during transfer. In addition, they used Gaussian
lineprofiles and arrived at significantly high carbon 1 s
chemical shifts for two different C-N bonding geometries
which they see as diamond-like (aliphatic) and poly-
pyridine-like (heterocyclic aromatic).

In a very detailed study of the chemical shifts of
cabon 1 s lines on the nature of the C-C bonding
interaction [168] it was found that using the well-
determined value of C 1s of 284.6 + 0.3 eV [169]
hydrogenated carbons exhibiting a binding energy of 285.3
(20.05) eV and carbicid carbon in SiC were found to occur
at 283.4 (£0.05) eV. Diamond and graphite were found to
be fully indistinguishable from their shift data which is in
full agreement with a different study using compact [2]
rather than film [169] samples. The significant uncertainty
which is quoted in the literature for the value of graphite C
1s photoemission was clarified in a study on the
dependence of the carbon 1s line position on the crystalline
quality (nature and abundance of surface defects) [163].
For hydrogenated amorphous carbon films a complex
influence of the substrate on the binding energy and
probably also on the detailed atomic structure was detected
in a study of aC-H films on various GaAs surfaces. A
carbon-rich species with a binding energy of 284.8 eV on
GaAs and of 284.6 eV on Si was found in the near interface
region of sputtered thin carbon overlayers [170]. These data
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indicate that a clear speciation of the chemical structure of
a carbon species in a cataytic system can be quite
ambiguous and that- contrary to chemical intuition- the
connectivity of a carbon cannot be inferred from its carbon
XPS spectrum. The reason for this failure of the “ESCA”
effect lies in the complex convolution of ground state
electronic properties of the carbons (which are all different
[2] as expected by intuition) with final state effects
[164,165] (relaxation of the core hole) which produce a
diffuse but intense structure in each peak accounting for
their apparent similarity. This became apparent in studies
aiming at a discrimination of the KVV Auger spectrum of
carbon into s-derived and p-derived valence band states
which should be suitable to discriminate sp* and sp? carbon
connectivities by the Auger lineshape [171].

In summary, care must be taken in interpreting
the main component of the carbon 1s line as fingerprint for
the carbon connectivity. In the high binding energy side
additional problems arise from plasmon satellites which
can occur at 5.6 - 7.2 eV in sp? carbons and at 11.3 eV-12.5
eV in sp® carbon above the main line [169]. These broad
and weak structures interfere with chemical shift
identifications of highly oxidised C-O functional groups
[163].

A practical situation is shown in Figure 26. The
carbon 1s data of HOPG as reference are compared to those
of a chemically etched graphitised carbon black sample.
The defective graphitised carbon surface exhibits a
significantly wider main line at almost the same position as
the well-ordered graphite (cleaved and annealed in UHV
[90]). It can be seen that the neglect of the line asymmetry
invariably causes the erroneous detection of additional lines
in the range 1-2 eV above the pesk maximum. The
difference spectrum is mainly caused by the broadened
main line. Only after removing the asymmetric main
contribution a small structure (top in Figure 26) can be
isolated revealing peaks at 286.0, 287.3, 288.7 and 290.0
eV which can be attributed to surface oxygen functional
groups. Only 4.3% of the total intensity is due to the
surface groups which is in good agreement with 5.5 at%
oxygen content. The comparison of these numbers allows
one to conclude [172] that most functional groups can only
carry one oxygen atom per carbon atom and that carboxylic
groups with the largest shift must be a small minority. The
data agree fairly well with those from oxidised carbon
fibers [172] and are in agreement with the values from
Table 5. A maximum of three different oxygen
functionalities can be resolved by XPS. These are the basic
chemical structures mentioned above. The more complex
cases which were shown to exist with carbon-oxygen single
bonds (peak at 286.0 eV in Figure 26) can also not be
resolved by this method with any degree of chemical
accuracy.

A significant increase in the chemical specificity
of XPS can be achieved when the surface sensitivity of the
surface analytical detection is combined with the chemical
specificity of the probe reactions discussed above. A highly
specific analysis of the chemically reactive surface
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functional groups can be obtained using heteroatoms like
barium from barium hydroxide and chlorine from HCI or
SOCI, [173] or nitrogen and sulphur tags from complex
functionalisation reagents [174,175]. These data reveal that
a large number of oxygen functions detected by integra
elemental analysis are chemically inert and exhibit no acid-
base activity. Such behaviour is consistent with keto
functions or with oxygen heterocyclic functions (C-O-C in
Table 5). From all chemical shift data in the literature and
the spectrum in Figure 26 it appears that the heterocyclic
function is the dominating functional group. This accounts
for much of the analytica oxygen content without
contributing to the low-temperature chemistry. From the
sequence of events in carbon oxidation this group is the
primary reaction product and has thus also from the
mechanistic point of view a high probability to survive any
oxidation treatment as the most abundant reaction
intermediate.

At this point a characterisation technique with a
higher chemical resolution is desirable as such
functionalisation plus surface analytical combination
experiments are extremely difficult to perform in a clean
and reproducible way. Vibrationa spectroscopy such as the
FT-IR technique has developed in recent times into such a
tool after several methodical improvements concerning
sample preparation and detector sensitivity. In-situ
oxidation experiments are till very difficult as heated black
carbon is a perfect IR emission source and interferes with
any conventional detection in the spectra range of carbon-
oxygen fingerprint vibrations.

A compilation of fingerprint vibrations for
characteristic carbon-oxygen functions is found in Table 6.
Data from a variety of organic molecules from spectra
libraries are analysed and grouped together. Only strong
vibrations are tabulated and extreme positions are removed.
The compilation shows that several regions of interest
exist:

- the OH- valence region which is due to
combinations with molecular water often difficult to
resolve

-the C=0 region (1800-1650 wavenumbers)

-the region at 1650 wavenumbers, of C=C
vibrations which are isolated from the graphene network
(the graphene vibrations are only Raman active, see Table
2)

-the region of C-O single bond vibrations at
1300-1100 wavenumbers with a significant selectivity for
different groups when combined with the simultaneously
occurring C=0 vibrations.

The practical observation of al these vibrationsis
difficult, as not all of the respective groups are present on a
carbon with the same relative abundance. As the quality of
the spectrais generally poor, weak charactersitic peaks of a
minority group may not be recognised. Strong pesks at
2355 cm-1 and at about 2045 cm-1 arise from chemisorbed
CO, and carbon monoxide during in-situ studies
[176,177,178]. The diagnostic value of the data in Table 6
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is enhanced by the search for combined absorptions for the
more complex functions. Such combinations alow the
resolution of the crowded spectral range between 1800 and
1700 cm™. Two spectra of oxidised carbon samples are
discussed as being representative for the many possible
applications of Table 6.

Table 6: Characteristic group frequenciesin IR absorption

functional absor ption assignment
group frequency
(cm-1)

phenol groups

O-H 3650 - 3590 valence

O-H 3500 b valence polymer

C-OH 1220-.1180 valence

C-OH 1350 - 1100 valence aliphatic

O-H 1390 - 1330 deformation

keto groups

Cc=0 1745 - 1715 valence aliphatic

Cc=0 1700 - 1680 valence aromatic

C=0 1730- 1705 vaence apha
diketo

chinones

C=0, para 1690 - 1655 vaence, two
lines

C=0, ortho 1660 valence, oneline

aldehyde groups

C-H 2920 - 2880 valence,
combined

Cc=0 1720- 1715 valence,
combined

carboxylic acids

C=0, dliphatic 1735 - 1700 valence

C=0, aromatic 1700 - 1680 valence

C=0, anhydride | 1830, 1750 vaence, two
lines

O-H 3000 - 2700 valence

O-H 940 - 900 deformation

ester, lactones, ethers

Cc=0 1730 valence, benzoic

Cc=0 1740 valence, lactones

C-0-C 1280 - 1100 vaence, ester,
lactones

C-0-C 1320 - 1250 vaence, ethers

The discussion of characteristic IR data on
fullerenes and their oxidation products can be found in the
literature [108,105,106,111]. Table 7 lists the main
absorption frequencies for the two samples. Oneis adisc of
glassy carbon formed under electrochemical oxidation, the
other is a powder sample of a high surface area carbon
black (FW-1, 235 m?g) The in-situ electrochemical
oxidation study [176] alows the tracing of several co-
existing species by their respective fingerprints. It can be
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seen that severa groups which remain undetected by
chemical adsorption and XPS analysis can be found with
the IR technique.No carbon-oxygen single bonds were
found in this study. The oxidation potential may have been
too high for the accumulation of a significant abundance of
these still oxidisable groups. A technical reason may well
be the poor spectral quality below 1600 cm™® precluding the
detection of any specific absorption besides the extremely
strong background. The broad water hydroxyl peak from
the in-situ reaction environment aso does not alow the
detection of hydrogen groups. For these reasons, not all
species are identified. Thisisrequired to derive a plausible
oxidation mechanism suggested in this paper.

The oxidation reaction by dry ozone at 335 K
leads to the formation of alarge number of strongly acidic
surface groups [179]. A whole spectrum of chemica
changes occurs with the treatement leading finally to a
break-down of the carbon into soluble graphene fragments.
The ozone reaction is aso used to study the oxidation
mechanism and its control by micromorpohological effects
of “hole burning” [180]. Finally, the ozone oxidation is also
of influence in atmospheric chemistry, where it modifies
carbon black particles which become efficient catalysts for
the oxidation of SO, under ambient conditions [181].

The data from Table 7 and the spectrum in Figure
27 indicate that a wide variety of functional groups with
single and double oxygen-carbon bonds are formed after
mild ozonisation at 335 K in agueous medium. The
agreement between the assignments of the absorptions in
both samples is quite remarkeable and agrees also with the
reference data in Table 6. The operation of neighbourhood
effects on vibrational data and the uncertainity of locating
the position of absorptions in broad, overlapping and
diffuse bands account for the discrepancies in the
numerical values of the peak positions. The regions of
characteristic absorptions mentioned above can be well
recognised in the top spectrum of Figure 27. A distribution
of absorption band positions for each chemical structure
causes the broad envelopes and indicates the structura
heterogeneity of the oxidised carbon surface. The sharp
double peak of gaseous CO, arises from the large
micropore volume of the sample which stores detectable
amounts of CO, in relation to the natural abundance of this
gasinthe ambient air.

The nature of the functional groups seems not to
depend on the structure of the carbon substrate, as even on
oxidised fullerenes the same bands can be found by IR
spectroscopy [108]. The relative abundance is, however,
significantly different as can be seen from the comparison
of the two carbon black samples used for the data of Figure
27. The FLA 101 is more graphitic with a significantly
reduced surface area. The abundance of carbon-oxygen
single bonds is gresatly reduced with the predominat species
being carboxylates after the same treatment which
produced on FW-1 the broad variety of functional groups.
This is full agreement with the mechanistic picture in the
literature [180] which correlates velocity and depth of
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oxidation with microstructure and porosity of the carbon
substrate.

Table 7. Observed IR absorption bands for oxidised
carbons

oxidised glassy carbon oxidised carbon black
absorption assignment | absorption assignment
frequency frequency
(cm™) (cm™)
2045 adsorbed 3425 C-OH
CO
1780 lactones 2924 C-H
aliphatic
1722 carboxylic | 2355 CO, gas
acids phase
1696 aromatic 1760 sh lactones
ketones
1678 quinones 1729 carboxylic
acids
1611 isolated 1620 isolated
C=C bonds C=C bonds
1438 O-H
deformation
1399 C-O
lactones
1230 sh C-0
aromatic
ether
1210 C-O phenal

Vibrational spectroscopy is a very versatile and
,chemically, well-resolved technique to characterise
carbon-oxygen functional groups. The immense absorption
problems of earlier experiments seems to be overcome in
present times with modern FT-IR, DRIFTS or
photoacoustic  detection instruments. The physical
technique of desorption spectroscopy of oxygen functional
groups is much more frequently used. The conceptualy
simple experiment using a carrier gas and a non-dispersive
infrared detector for CO and CO, respectively isnot in line
with theoretical complexity of the experiment. One group
of complications is of technical character and refers to
carrier gas purity, mass transport limitations, temperature
gradients, non-linear heating ramps and temperature
measurement problems. More severe is the problem that the
method is destructive in two ways. First, it removes the
functional groups and has to break all adsorbate-substrate
bonds in a distribution of local geometries. Secondly, itisa
high temperature process which activates functional groups
to change their structure during the experiment and to
interconvert into each other. This is particularly
complicated in situations with carbon-oxygen single and
double bonds located next to each other (see e.g. lactone
decomposition exemplified in reaction (27)).
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Despite these principal ambiguities the thermal
desorption method is a standard characterisation technique
in carbon surface chemistry. Various examples and data
about desorption profiles for a selection of carbon
trestments can be found in the literature
[88,90,182,183,155].

The genera features of all these data can be
discussed using the experiment shown in Figure 28. A
highly reactive carbon with complex amorphous structure
was treated with ozone at 335 K in water and the dried
product subjected to a temperature-programmed
decomposition in flowing nitrogen using a special mass
spectrometer (IMR-MS) as detector. This instrument [184]
alows the suppression of the nitrogen signal and fully
removes any fragmentation of CO, into CO. This is a
problem which is significant in conventiona mass
spectrometers allowing only crude estimates of changing
ratios of CO to CO,. From Figure 21, it occurs that the acid
groups (1), (3) and (4) result in CO, as decomposition
products while all other surface groups produce mainly CO
during their pyrolysis under non-oxidising conditions.
The more strongly oxidised apha-carbon atoms in acidic
groups desorb from the graphene surface at lower
temperatures than the CO from the basic groups. This
behaviour can be recognised in the IMR-MS traces of
Figure 28. The CO, trace shows structures in three broad
features with the first peak exhibiting some internal
structure which is ascribed to the decomposition of free
carboxylic acid groups and structures with other functions
next to the acidic group (reaction 27). The poor resolution
of the main features indicates significant kinetic effects at a
heating rate of 0.5 K/s which points to a distribution of
binding energies rather than to one specific desorption
event. The occurrence of post-desorption reactions of the
CO, acting as oxidant for other functional groups has to be
taken into account at temperatures above 650K [112]. This
finds its expression in the crossing-over of the (sensitivity-
corrected) desorption traces around 650 K. The increased
stability of the basic and neutral functional groups is seen
in the high-temperature rise of the CO trace which peaks
only above 1000 K. At these temperatures the structural re-
arrangement of the graphene layers in amorphous carbon
becomes an important process which prevents the
observation of the complete desorption of all oxygen
functional groups without changing the bulk structure of
the substrate. Structural changesin the substrate give rise to
the “noisy” appearance of the CO trace which indicates
eruptions of gas due to the beginning “hole-burning”
process initiated by local concentration maxima of surface
oxygen species which terminate quickly due to the lack of
oxidant.

The desorption of oxygen functional groupsis not
correlated with the steady state burn-off of the material in
molecular oxygen which begins a temperatures
significantly above the desorption of predominantly highly
oxidised functional groups.

The relative contributions of the different
desorption processes changes with the average surface
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structure. Comparison of the datain Figure 28 with those of
an analogous oxidation experiment with a different carbon
substrate (carbon black FW-1) shown in Figure 29 reveals
that the carbon black contains significantly more basic
functiona groups than the amorphous fullerene black. This
can be traced back to a reduced number of carbon atoms
which could be highly oxidised (removed from the
aromatic backbone of a graphene BSU) by ozone in the two
materials. The presence of five-membered rings in the
fullerene black and the organisation into stacks of planar
graphene units in the carbon blacks are consistent structural
explanations. In the carbon black sample, the separation
into regimes of stability for acidic and basic functional
groups is much less resolved. This indicates a larger
structural diversity of the functional groups in the carbon
black relative to the pronounced maximum of acidic groups
in the fullerene black.

The lower traces in Figure 29 reveal that other
desorption processes occur with the decomposition of
oxygen functional groups. The polar oxygen groups bind a
layer of water molecules which desorbs above 415 K, after
the removal of water multilayers dightly above ambient
temperature. The desorption of CO, from acidic groups
leaves behind a C-H function. If this function is in an
olefinic or aliphatic environment, i.e. in a surface without a
closed carbon hexagon termination, then desorption of
methane can contribute to a stabilisation of the surface by
removal of the non-aromatic structures. The missing
hydrogen atoms are taken from reactions of water with
these defective carbon centres. The respectively small
methane signal is displayed in Figure 29. No higher
hydrocarbons are detectable in this experiment. A
desorption of molecular hydrogen at temperatures above
900 K from the terminating hydrogen atoms with aromatic
carbon structure has been observed in the literature [33].

Thermal desorption data can be integrated and
may be used to quantify the total number of oxygen
functional groups on a carbon surface. When these data are
compared with the sum of al chemically detected
functional groups a significant excess of the desorption
value over the chemical value is found. This excess is
confirmation for the existence of chemically neutral oxygen
functions which are, in part, strongly bound to the substrate
(keto functions, see Figure 22). These groups act as side
blockers in surface reactions and are termed in the carbon
oxidation literature [86] as “stable complexes’ which
inhibit the oxidation.

The datain Figures 28 and 29 reveal that it is not
possible to fully detect the oxygen desorption without
reaching temperatures at which structural changes occur in
the substrates. This is a sdignificant problem for
hydrocarbon-rich carbons in catalytic deposits. The
application of thermal characterisation methods has to be
regarded with significant reservation, as severe
carbonisation and dehydrogenation will go along with the
“analytical” desorption events. In subsequent adsorption or
reaction experiments the presence of a stable graphitic
carbon as second phaseis stated. The “second phase” is, in
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fact, an artefact of the preceding thermal treatment. A
discussion of this point which also complicates surface
science experiments with oxygen on carbons can be found
in the literature [88,90].

2.1.10.16 Carbon as Catalyst Support

The application of carbonsin catalysisis mainly as support
for active phases in various reactions. Besides a wide
variety of noble -metal carbon systems for hydrogenation
reactions and fuel cell applications, the large scale
application in the synthesis of vinyl acetate and vinyl
chloride are important technical applications [185]. An
important application of carbon- supported oxides of silver
and copper+chromium named “whetlerite’ is as the active
mass in filters for gas masks. The complex chemistry
occurring upon oxidation of hazardous gases requires the
presence of the carbon surface besides the oxide particles
which is interpreted [186] as indication for a synergistic
effect between carbon and oxides for chemisorption of the
hazardous gases and simultaneous selective oxidation by
activated oxygen. The special field of carbon gasification
catalysisis not covered here as in this reaction the carbon
is not only the support but also the substrate. The rare case
of a desired consumption of the catalyst support creates a
special Situation [185, 187,188]. An exhaustive review
about the application of carbon -supported catalysts in
synthetic organic chemistry can be found in the literature
[189].

In al synthetic catalytic applications, carbon is
considered as a support with little reactivity towards
sensitive molecules with reactive functional groups which
would be activated by either Broensted or Lewis acidity of
an oxidic substrate. This so-called weak metal support
interaction was questioned in a comparative study on metal
support-interactions  for  platinum  particles  [190].
Unfortunately, the preparation conditions were chosen such
that gasification of the support had occurred. For a detailed
discussion see below. The extremely valuable advantage of
an inert substrate has consequently the disadvantage that
the active phase is difficult to anchor on the surface. It is
hence difficult to create and maintain any useful dispersion
of the active phase on carbon. An elegant way around this
problem is suggested in the literature [191]. A conventional
oxide -supported catalyst may be, after its synthesis,
covered with a deliberate carbon contamination layer on the
support oxide to shield the free support surface by a
carbonaceous deposit. Chemical vapour deposition of
carbon from propene on alumina carrying a technica HDS
system as active phase was used as demonstrator.

Two more classical ways to anchor the active
phase [36] to the substrate are the fixation on oxygen
functional groups or on surface defects like steps in a basal
plane of a graphitic structure. In a recent study [192] of the
anchoring of the active phase on graphite, the hydrolysis of
a platinum complex followed by an in-situ reduction at low
temperature allowed the grafting of platelets of platinum
metal with a highly preferred (111) orientation and with
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high dispersion on a graphite substrate. It is not yet
demonstrated that this attractive arrangement survives
catalytic action under useful conditions for useful times.
The system was, however, used to study the microstructure
of the dispersed platinum. Figure 30 shows an STM image
of araft of platinum (area 1) on graphite (001) (area 2). It
can be seen from the atomic resolution insets that both
surfaces exhibit the same symmetry indicating the (111)
orientation of the platinum. The distinction between carbon
and platinum was made possible by the differing lattice
congtants. The noise in the graphite image next to the
platinum raft is attributed to a contamination of the STM
tip which was collected from the metal. The thickness of
the platinum raft is several metal monolayers, making any
accurate analysis difficult due to the imaging artefacts. The
genesis of this catalytically highly desirable structure is
assumed to start from a molecular anchoring of the
precursor at atomic defect sites. These act as nucleation
centres for the metal platelets resulting from low-
temperature chemical reduction and subsequent coagulation
of initially formed metal clusters with no stable anchoring
at the basal plane.

The more conventional strategy is described in
the literature [36,189]. It contains several steps of
modification and activation:

-use of a high surface area graphite with little
pore structure in which the active component can be
occluded.

- creation of a maximum amount of acidic surface
functional groups with cation exchange capacity.

-cation exchange of protons by metal ions or
hydrolysis of metal complexes by the surface acid groups.

-chemical reduction of the metal a low
temperatures.

This final activation step is often the difficult
reaction step as the reduction of the active component
should not reduce the anchoring sites at the carbon. This
reduction can occur either chemically by hydrogen atom
spill-over or thermally by decarboxylation of the anchoring
group. Figure 29 reveas that this decarboxylation can
occur at such low temperatures that the stability limit can
easily be exceeded by a thermal reduction with eg.
hydrogen. The section on surface groups reveals that it is
not possible to use stable functional surface groups for
anchoring as these groups are chemically inactive and all
active groups are thermally not stable.

The inherent problem of limited thermal and
chemical stability of metal anchoring sites on carbon limits
not only the activation temperature but also the application
conditions [185]. In oxidising environments carbon
supports are much less stable than the macroscopic burn-off
temperature (see e.g. Figures 28, 17).In order to maintain
the dispersion of the active phase, the limiting temperature
should be less than the decarboxylation temperature of the
anchoring groups. This temperature is equal to the
beginning CO, evolution which sets a margin of stability of
the initial dispersion to about 450K - 500 K. In
hydrogenation applications the limiting temperature can be
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even lower as the active catalyst can produce a stream of
active hydrogen which reacts with oxidised anchoring
groups under hydrogenolysis’hydrogenation even below
500 K. As, however, most hydrogenation reactions are
carried out at temperatures below 373 K to maintain high
selectivities, the carbon metal systems are usually not
limited by thermal degradation in the case of hydrogenation
reactions as these are usually carried out at temperatures
below 373K to maintain high selectivities

The reactivity of carbon surfaces without
functional groups is low with respect to most elements
[193]. Important exceptions are molecular oxygen (see next
section), dihalogens [185] and akali metals. The redox-
amphoteric behaviour of sp® carbon which is the basis for
the intercalation chemistry [140] allows for a significant
charge transfer between adsorbed alkali (or halogen) atoms
and even carbon on the graphite (001) surface.
Thermodynamic properties of these adsorbates [194]
predict that such adlayers with sub-monolayer coverage
should be stable at high temperatures against desorption
and should withstand even hydrolysis in liquid water. This
is of significant relevance in applications where alkali is
needed as catalyst promoter and the carbon substrate
serves asreservoir for its storage [195].

Recent experiments [196] with high surface area
carbons and iron particles strongly reduced in flowing
hydrogen at 1173 K reveal an intimate contact between iron
and carbon. It is further shown that an analogous charge
transfer between iron and graphite as between akali and
graphite is operative when the iron particles are flat
platelets with a high interface area.

These observations mark a transition from the
anchoring strategy to the geometric fixation strategy for
fixation of active components on carbon. This strategy
relies on the assumption that chemically stable edge sites
on carbon act as geometric barriers for diffusion of
catalyst particles at high temperatures where molecular
anchors are aready unstable. A possible additiona
chemical anchoring via metal carbon bonds to the dangling
bonds of the terminating graphene layer reduces a possible
lateral diffusion along the step edge. The best fixation is
achieved when the catalyst particle digs a small hole in its
fixating geometry where it uniquely fits . Such a selective
etching may be achieved by the high temperature reductive
treatment mentioned in literature reports about metal
carbon catalyst systems [195,190, 196].

The intuitive assumption that carbon surfaces
with a high surface fraction of prismatic faces (110, 100
and higher indexed orientations of graphite) would be
suitable to create metal-carbon (carbidic) bonds is not
supported by experimental evidence. These prismatic faces
are chemically too reactive and undergo facile gasification
in oxygen or hydrogen leading to an geometric layer,
unstable situation for metal particles, which , at reaction
conditions, frequently lose their specific adsorption site and
become mobile with the chance of agglomeration and
deactivation Successful high-temperature carbon catalysts
are aways prepared from materials with a smooth and
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preferentially graphitic surface. Here, the average resctivity
of the support is minimised while still providing sufficient
structural defects to create mechanical anchoring sites for
active metal particles. Thisis rationalised from experiments
with platinum particles on carbon and an analysis of the
dispersion versus carbon pre-treatment [197,198]. The two
studies were carried out with different carbons and using
different reaction conditions. Both conclude that the
increase in smooth surface area (not in porosity) is an
important factor stabilising small metal particles. An
additional factor of increased “surface heterogeneity” is
stated with different relative importance in both studies. In
the present context, this influence is traced back to
increasing surface defects allowing direct anchoring. For
high temperature preparations (at 723 K) the strong
increase in platinum stabilisation [198] is traced back to the
selective etch process.

The support principle of mechanical fixation at
step edges is illustrated in Figure 31 which shows Ru
particles on a graphite surface. The single crystalline flake
is preferentially (001) oriented but exhibits a system of step
structures as revealed by the Moiree fringes (weak line
contrast in the main image). The metal particles of a few
nm size are platelets which are occasionally stacked above
each other (top left plate in Figure 31). In the main image it
can be seen how an amost regular array of particles is
formed at step edges of the surface. This geometric
arrangement is stable in hydrogen up to 725 K where the
particles become efficient methanation catalysts for their
substrate. Such geometric arrangements have led to
speculations that intercalation compounds between metal
and graphite may congtitute an active catalyst with the
particles seen in Figure 31 being mechanically bound
between adjacent graphene layers. The existence of such
geometries is shown by TEM [199.] .The investigation of
other samples discounts the existence of a fixation by
intercalation. [200] The activity of the materials is traced
back to particles sitting only at external step edges.

The concept of mechanical fixation of metal on
carbon makes the catalytic applications a high
temperatures  possible. These applications  require
medium-sized active particles as particles in the size range
below 2 nm are not stabilised enough by mechanical
fixation and do not survive the high temperature treatment
required for the selective etching. Typica reactions which
were studied in detail are ammonia synthesis [201,195,
202,203] and CO hydrogenation [204,205,206,207]. The
idea that the inert carbon support could remove al
problems associated with the reactivity of products with
acid sites on oxides was tested, with the hope that that a
thermally well-conducting catalyst lacking strong-metal
support interactions as on oxide supports would result.

The picture which emerges from the studies of
CO hydrogenation is that besides this “clean” case of large
and active particles, a second class of small particles occurs
on less graphitic surfaces. These particles exhibit different
activity and more importantly a much more desirable
product spectrum with a high olefin to paraffin ratio. These
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iron particles are superparamagnetic and may be partialy
oxidised[208]. The electron deficiency which is stated in all
studies for the small particles is controversially discussed
as pictures of different phases or a specific charge transfer
with the carbon substrate.

This raises the question about the metal support-
interaction in carbons. The term “wetting” for carbon-
metal interaction is used in the literature[196,206], The
usual geometry of spherical metal particles as well as
chemical arguments render the formation of chemica
bonds between each metal atom and the carbon substrate
less likely. The case of akali metals is an exception, but
only in the limiting case of sub-monolayer coverages. The
images in Figures 30 and 31 support the notion of metal
rafts floating on carbon rather than resting as stable
compounds. Such wetting interactions should be very stable
and are in strong contradiction to the observed chemistry of
metal carbon catalysts. The raft structures occur only in
cases of mild preparative conditions which alow the
agglomeration of primary metal clusters in a predominant
two-dimensional fashion. The existence of meta particles
with supposed strong interaction [190, 196] is described as
aways being associated with very severe chemicd
activation conditions. It is suggested that under these
conditions a combination of selective etching with a
redeposition of carbon in the interface region between
support structure and metal particle occursin the same way
as described above for the carbon filament synthesis. Under
these conditions a reactive non-graphitic carbon binder
material  cements the active particle into the substrate and
thus allows for a strong metal-to carbon interaction with
covaent bonds between the meta and the support
mediated by the binder carbon. No microstructural data are
available in the literature to support this hypothesis which
would explain a large body of partly conflicting results
about location and stability of metal-carbon catalysts.

The whole range of carbon interactions with
active phases is summarised in Figure 32. In all cases no
strong chemical interaction is assumed between the
graphene (001) layers and the metal platelet. The weakest
interaction with, however, the highest possible dispersion is
obtained with surface anchoring via functional groups.
Better stability at low loading with smaller dispersion can
be obtained by mechanical fixation. This process requires a
flat geometry and thus selective removal of al surface
impurities which frequently cover basal planes of graphitic
carbons. An example of the application of platinum
particles on carbon in selective NO reduction was made.
[209] It was concluded from kinetic arguments that the
platinum behaves identically to model single crystals with
preferred (110) orientation. This can be seen as an
indication for the weak metal-support interaction and for
the usefulness of non-highly dispersed metal supported
systems in selective reactions.

Significantly higher stability is obtained when
larger agglomerates are brought into shalow holes
(monolayer etch pits) of the basal planes. The generation of
such pits can be achieved by reductive gasification under
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catalytic influence. An aternative to the in-situ generation
is the strategy of using microporous carbons which
involves depositing metal particles at the pore mouths. The
usually broad distribution of pore sizesin carbons prevents,
however, the complete use of al meta loaded, as some
particles disappear into deeper parts of larger pores and fail
to be active in catalysis due to diffusional limitations. Re-
deposition of carbon from hydrocarbon sources (from
either catalytic reactions or the ongoing reductive etching)
at the boundary between the meta particle and the carbon
substrate occurs. This carbon may not be graphitic but can
be of a more reactive connectivity (a-C-H for example) and
thus provide chemical bonding between carbon and active
particle.

The chemical fixation of metal particles onto
carbon via covalent interaction is possible not only via
reactive carbon molecules as in the latter case but aso
directly on to a sp® surface. This occurs, provided that the
electronic structure is locally perturbed transforming the
carbon from aromatic into a (poly-)olefinic structure. Such
a transformation can be achieved by either introducing
controlled defect sites or by synthesising carbons with
structurally localised double bonds. Fullerene carbon is an
example of the latter case. Oxidised nanotubes or
catalytically synthesised carbon nanofibers are examples of
the first case. The carbon nanofiber approach was tested in
the literature in several reactions [210] and the origin of the
different chemical reactivity of the same active metal on
planar carbon and on nanofibers was investigated in detail.
Figure 33 reveals that the bimetallic iron+copper particles
exhibit similar catalytic activities in ethylene hydrogenation
on alumina and activated carbon but a considerably higher
activity on nanotubes. The inset in Figure 33 shows that
these bimetallic particles are quite resistant against
deactivation by carbon deposition when ethylene is
decomposed to carbon filaments and methane + ethane.
The reference catalysts are fully deactivated by the time the
nanofiber catalyst has reached steady state. The most
plausible explanation of a different particle size distribution
of the bimetallic particles was investigated by TEM. Figure
34 shows the result. It occurs that the widest size
distribution by far with a maximum for largest particles
observed is found for the most active nanofiber catalyst.
The narrowest size distribution with the highest dispersion
is achieved on the alumina support whereas the metal-on-
activated carbon catalyst still exhibits a wide distribution
intermediate particles between the sizes seen on the two
other catalysts. The authors claim the structure shown in
Figure 30. An epitactic relationship between graphite (001)
and the metal close-packed structure is anticipated. The
geometric data from Figure 30 make the likelihood of a
strong stabilisation of an epitactic relationship surviving the
activation step in hydrogen at 673 K less likely. The
bonding of a broad spectrum of particles on defects situated
or created by reductive etching on the graphene
terminations of the discontinuous nanofibers (made by
catalytic synthesis and not via the fullerene way) shown in
Figure 4 seems considerably more plausible.
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This example shows that a non-oxidic support
can give rise to interesting properties in active particles.
The catalytic performance is not simply correlated to size
distributions. The experiments presented in this section
reved how few indisputeble facts are yet known
concerning the metal-support interaction for carbon
substrates. Interactions of the type (metal d-states) -
(carbon sp®) - (carbon sp?) mediated via amorphous
accommodation particles (Figure 32) of intermediate layers
should be considered in the prevailing picture of a yet
unproved epitaxy between transition metals and graphite
(001) surfaces.

2.1.10.17. Carbon as Catalyst

Carbon may also be used as a catalyst without an active
component supported on it. This function may overlap with
the widespread application of high surface area carbons ad
sorbents for selective chemisorption processes which is no
considered here. The application of carbon as a catalyst in
its own right was reviewed several times[211,212,213]. All
applications are based on the simultaneous action of two
functions. The first one is the selective chemisorption of an
educt at the carbon through either ion exchange via oxygen
functions or directly through dispersive forces involving
the graphite valence electronic system. The other function
is the production of atomic oxygen (or free organic radicals
in dehalogenation reactions [211]) occurring on the
graphene basal faces of every sp® carbon material. Due to
its central function in carbon chemistry this process is
discussed in detail below. The conjecture that both
processes play an important role in catalysis and that ,in
particular, surface patches with an intact graphene
electronic structure act as sinks and sources of electrons in
catalytic reaction steps, can be inferred from severd
observations discussed in the literature [211,34, 135]. The
importance of the graphene layers in reactivity is il
discussed rather controversially in the literature. The
inertness of the basal planes in oxidation frequently
dominates the chemical intuition about the stability of an
“aromatic” surface.

The fact that carbon is aready catalytically active
at ambient conditions and in agueous medium has led to
considerable efforts in applying carbon as catalyst in the
condensed phase [213]. In many of these application the
surface reactivity is given by the ion exchange capacity of
the oxygen functional groups binding active ions (instead
of particles) and by the simultaneous presence of
delocalised electrons acting as redox equivaents. The
widespread use of glassy carbon as an electrochemical
surface is a special case of the use of this bi-functiona
property of carbon under mild chemical conditions. The
irreversible oxidation under these conditions and thus the
decarboxylation/desorption of surface functional groups
limits drastically the application of carbon catalysts in gas
phase reactions. The reactions are, in this case, kinetically
very slow [214] and alow the extensive use of these
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functionalities and their broad chemica variation in
catalytic applications.

2.1.10.18. Case studies of catalytic applications

The catalytic oxidation of sulphurous acid in agueous
medium to sulphuric acid [138, 84] has been suggested as a
probe reaction for the ability of a carbon to activate
molecular oxygen at ambient conditions. Besides this
remarkable property the reaction is of interest in
atmospheric chemistry where it provides a sink for all non-
photochemically oxidised sulphur dioxide [215]. Carbon
plays a specia role in this environmental application as
both pure carbon and active particles (iron oxide [84] for
example) anchored to carbon can act as efficient catalysts.
The detailed analysis of the reactivity of various types of
carbon [138] reveal that basic surface oxides (se Figure 23)
are important to fix the educt HSO3™ ion. It was found, in
addition, that the activation of molecular oxygen is of
kinetic relevance. A variety of surface treatments which did
not modify the surface basicity have drastic effects on the
reaction kinetics and are affect the oxygen activation. The
degree of graphitic surface area, the content of nitrogen
dopants and the overall electronic structure in terms of the
surface perfection are found to be influencing factors. It is
suggested [138] that doping of the conduction band of the
carbon with free electrons from nitrogen atoms [211] is an
important factor.

The selective oxidation of hydrogen disulphide to
sulphur with oxygen in the gas phase at around 400 K is an
important side reaction in hydrogen disulphide absorbers
used for natural gas treatments. The activated carbons
tolerate a high load of elemental sulphur but are eventually
deactivated by a full coverage of the activated surface with
sulphur. This can be removed by high-temperature
steaming. Literature reports about this reaction [216,7] are
quite controversial regarding the kinetics of the reaction
[216]. Different carbons with differing pretreatments and
different testing conditions were applied. All papers agree
on the relevance of the activation details of the carbon for
the performance of the catalysts. The variation of the
reaction orders between 0 and 1 for each educt makesit is
difficult to discuss a mode of action of the catayst.
Observations from other reactions make the model
presented in areview [216] highly plausible. It is assumed
that carbon produces atomic oxygen which oxidises HS
anions present in the aqueous film residing on the polar
carbon surface under reaction conditions. The promoters
iodine and ferrous ions act to support the chemisorption of
HS. A compensation effect is claimed with a perfect linear
relationship between activation energy and pre-exponential
factor. All these details point to a significant impact of
kinetic limitations which are not given by the sequence of
elementary reactions.

The reaction  between  phosgene  and
formaldehyde does not occur as a homogeneous reaction
under conventional conditions. It proceeds, however, in the
presence of a variety of carbons with ideal selectivity at
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445 K [217]. Desorption experiments show that an
intermediate adduct between the two educts is the most
abundant surface intermediate. The existence of highly
polar (acidic) surface groups and the absence of any d-
states, which decompose both educts immediately at
reaction temperature, are responsible for the success of
carbon in this reaction. The reaction involves the selective
breaking of a Cl-Cl bond in phosgene and is thus somewhat
similar to the well-known action of charcoal in the
synthesis of SOCI, from chlorine and SO,. Carbon further
catalyses the synthesis of phosgene from CO and chlorine.
It should be mentioned that the existence of surface oxides
is not sufficient to explain the reaction as OH groups on
oxides do not catalyse the reaction.

The example of selective oxidation of creatinine
by activated carbon and air in physiological environments
[218] shows again the relation of catalysis and
chemisorption in carbon applications. The creatinine
oxidation plays arole as unwanted side reaction in artificial
blood regeneration during dialysis. Creatinine is the ketone
to the carboxylic acid creatine which is a heterocyclic
nitrogen compound. Whereas the carboxylic acid is only
chemisorbed on carbons, the ketone is dowly (time
constant one day) oxidised to unknown products which
may be toxic. This biologically relevant process occurs
only in the presence of molecular oxygen and can be
poisoned by chemisorption of thiosulphate. Both
indications point again to the operating property of
activation of molecular oxygen under very mild conditions.

2.1.10.19. The catalytic removal of NO with
carbon

One of the most interesting applications of carbon in the
future may be the selective reduction of NO with a non-
metallic catalyst. Several highly selective and very active
metal oxide catalyst systems exist for this application. They
suffer, however, from lifetime and stability problems in
mobile applications such as in advanced car systems.
Carbon offers several unique possibilities. First, it exhibits
a self-renewing surface in oxidising and in reductive
environments. This removes the problem of catalyst
destruction due to sudden instabilities of the gas source.
Secondly it is less sensitive to irreversible poisoning by
metal adsorbates (lead, arsenic, mercury). Thirdly it may be
cultivated as auto-reducing agent and may allow NO
removal without a second source of reducing agent such as
ammonia or propene. The technological advantage is that it
is cheap and can be produced in large scale amounts. All
this has been recognised in research efforts and two lines of
carbon as SCR catalyst [219,220,34]and carbon as NO
decomposition catalyst [221,222] have been established.
The general problem is to establish sufficient activity in a
carbon which is not acting as catalyst support and which is
not surface-modified. Only then can the advantages of the
system over oxide systems be fully exploited. Carbon as
catalyst support for copper particles was aso tested as a
successful aternative to oxide supports [223].
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In the SCR application a viable solution has been
found [34] by activating the surface such that extremely
temperature-resistant  surface functional groups with
nitrogen atoms are incorporated into the carbon. Complete
conversion was achieved at 575 K in the presence of a
significant excess of molecular oxygen. The successful
modification is obtained from a controlled synthesis of
carbons from organic precursors with glucosamine as
nitrogen donor. A variety of carbon samples with other
nitrogen donors and carbonisation/activation procedures
aso enhances the SCR activity. There is however, an
unclear correlation between activity and characterisation
parameters. It is interesting to note that the nitrogen
modification results in a change in the interaction of
oxygen with the surface: The reaction order is zero with
respect to the reductant and positive with NO and oxygen.
The kinetic data, expressed as a rate constant of NO
conversion as function of oxygen partial pressure, reveals a
higher reaction order than the square root dependence on
oxygen partial pressure intuitively expected for dissociative
activation. Such a square-root dependence was found in
earlier experiments for unmodified carbons [138]. A
second type of SCR activity is found over unmodified
carbons in which the carbon acts only as adsorption
platform for the reactants. This is indicated by a negative
apparent activation energy [34].

The direct reaction of carbon as char, graphite or
activated carbon [221,222] with NO in the presence of
excess oxygen is a high-temperature process operating with
full NO conversion only at about 875 K. The paralel
course of the activation curve for NO removal and for
oxidation is taken as indication [224] that oxygen etches
active sites into the carbon which NO decomposes.

Mechanistic studies [225] lead to the conclusion
that NO reacts with the carbon forming CO and surface
nitrogen groups which activate the carbon to react with
molecular NO under formation of molecular nitrogen and
oxygen. The similarity of the relevance of nitrogen
functional groups in the two reaction channels is striking as
well as the importance of additional oxygen to maintain
high catalytic activity. This effect is sacrificia in carbon
but underlines the operation of a reaction in which
defective surfaces are removed and fresh graphitic surfaces
are regenerated. The relevance of the surface ordering isin
line with the concept of graphene (001) surfaces acting as
electron donor-acceptor sites for redox reactions. This
unusual mode of operation of a catalyst in which no
specific surface functional group is the key to activity but
rather the availability of a defect-poor free surface is has
been substantiated in severa studies with different kinds of
carbon materials [226,227,228]. The question about the
catalytic nature of this reaction, which is to a certain extent
sacrificial, has been addressed in al studies and answered
positively by the determination of a factor “F’. This is
defined as the fraction of carbon consumed in the NO + O,
/C reaction. Values from about 0.25 down to 0.09 are
reported in the literature for a variety of materials ranging
from activated carbon to coke and coal. The reaction is thus
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clearly a catalytic process. For practical considerations it
should be mentioned that with this still “poor” catalysis
about 11 ml of carbon are sufficient to remove 100 | of NO
in a5 vol% oxygen/inert atmosphere at ambient pressure.

2.1.10.20. The removal of carbon deposits from
catalyst materials.

This subject is a special subsection of the carbon - oxygen
reactivity and has been treated in some detail above. The
present section summarises observations of the
deactivation and possible regeneration of metal-oxide
catalyst systems. It has since long been rationalised [229]
that in oxidative regeneration of carbonised catalysts the
transport limitations play a more important role than the
chemistry of the carbon. The fact that part of the carbon is
usually “non-removable” under regeneration conditions is
indication of the paralel carbonisation reaction
transforming disordered carbon of the CH, stoichiometry
into graphitic carbon with much higher resistance against
oxidation. To control this interplay between carbonisation
and oxidation a detailed analysis of the carbon deposit and
a specific adjustment of the kinetic details of the
regeneration are necessary for each catalytic system.

A second problem of catalyst regeneration is
often the modification of the dispersion of the active
component. Several studies reviewed in the literature
[230,24] clarify that carbon deposition from ex
hydrocarbons not only cover an active particle but may
remove it from its support. This mode of carbonisation
occurs effectively with metals catalysing the formation of
carbon filaments (see above). Figure 35 summarises the
effect. A metal particle on an oxidic support (stage 1)is
removed from it by the solution-exsolution mechanism
creating carbon filaments. In the initial growth stage a
hollow filament results (stage 2). At later stages (3) the
particle restructures under the influence of the
carbon/hydrogen dissolved in it and the filament isfilled by
the formation of graphene layers segregating from the side
facets. . This oversimplified growth history has been
observed in a variety of case studies by electron
microscopy [24].

In the later oxidative regeneration two cases of
catalytic and stoichiometric gasification [230] have to be
discriminated. In Figure 36 the respective reaction
pathways are depicted in a schematic way. The catalytic
way leads to areversa of the filament generation with the
effect that at comparatively moderate temperatures the
initial stage of a metal particle supported on the oxide are
restored. In the stoichiometric case the reaction temperature
is higher leading to a preferential oxidation of the inner
filler graphene layers according to the layer-by-layer
sequence of events described above. During the final stage
of tube-wall oxidation the relation between the metal
particle and the carbon fixation is lost with the consequence
that the metal particle floats on the support surface and
has a chance to agglomerate and move on the support
surface. Depending on the catalyst loading his loosening of
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the metal particle will lead to severe structural deactivation
during the first or during subsequent regeneration cycles.

This simple sequence of events can be distilled
out of the reviewed observations and detailed microscopic
studies performed over the years[230,24]. It is in full
agreement with the fundamental aspects of the
topochemistry of carbon oxidation and the apparently
difficult to wunderstand wide variation of reported
sensitivities of metal-oxide catalytic systems in carbon
regeneration procedures.

2.1.10.21. The activation of oxygen on carbon
surfaces

The process of chemisorption and dissociation of molecular
oxygen on carbon is fundamental to almost all aspects of
carbon surface chemistry touched here. It is further the
basis of the application of carbon as selective oxidation
catalyst and is an essential part of the carbon gasification
reaction (reactions 1-3). Despite this fundamental
importance little reliable information on mechanism,
adsorption kinetics and sticking coefficient and  the
orientational dependence of such data is available in the
literature. This is the consequence of the fact that both
reaction conditions and preparation of well-defined
surfaces of carbon are incompatible with conventional
UHV systems. Data on polycrystaline samples or on
poorly defined surfaces are avallable. The following
cumulative assessment is given from a selection of these
data. It is pointed out that similar arguments hold for the
diamond surface. Only the interaction is well studied with
UHV surface science methods as this reaction controls the
surface reconstruction of diamond surfaces [231,232].
Little is known about the oxidation of diamond besides the
mentioned fact that oxidation and graphitisation occur hand
in hand.

A st of wel defined and quantitative
experiments on oxygen chemisorption was carried out on a
sample of preheated graphitised carbon black called
“graphon”. This reference materia is liberated from surface
functional groups by annealing at 1000 K in UHV and
subjection to oxygen exposures between 200 K and 550 K
in a pressure range of 10“ to 10° mbar [136]. These
conditions are suitable for the formation of basic and
neutral oxygen functional groups (see Figures 22, 23). This
alows the conclusion that severa chemically inequivalent
species are formed. A cumulative analysis of the kinetics of
adsorption revea five inequivalent sorption processes with
different time constants and activation energies between 12
kJmole and 50 kJ/mole. All species are atomic oxygen, as
shown by isotope scrambling. Their formation creates CO
and CO, in the gas phase. The observations can ,in
agreement with the authors ,only be rationalised as an
indication for the reaction of prism faces with oxygen
ending in basic functional groups. The desorption of
adsorbed oxygen is only possible by destructive high
temperature treatment releasing at 1000 K CO and CO..
The adsorption and activation of molecular oxygen is
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undetectable as the surface is too reactive to bind the
dissociation product atomic oxygen. These findings aso
mean that molecular oxygen can be dissociated at 200 K on
polycrystalline carbon with a small apparent activation
energy of 12 kJmole.

According to these data no reactive atomic
oxygen at low and intermediate oxygen should be present
on carbon which isin clear contradiction to many chemical
facts reported above. Other forms of oxygen activation
must co-exist with this immediate functionalisation of
prismatic faces.

A first XPS spectroscopic study wasaimed at the
chemisorption of oxygen at 300 K onto graphite (001)
[213]. A “very small but unmistakably present” amount of
oxygen was detected which we today interpret as oxygen
chemisorbed at the surface defects of the sample which was
not annealed prior to the experiment. A sticking coefficient
for molecular oxygen at 300 K of 10 is estimated. It is
found that “cleaning” the surface by Ar ion bombardment
which destroys the graphite structure as we know today
[163] enhances the sticking coefficient to measurable
dimensions of 107 on the basal plane at 673 K. Kinetic data
reveals in analogy to the “graphon” experiments a variety
of “at least four different” species with binding energies
between 530 eV and 533 eV. As no C 1s data were
reported, it is difficult today to assign theses shifts to
different species.

The authors [233] later reduced the number of
surface species to two and assigned carbonyl- and C-O-C
species to these XPS lines. It isfound that atomic oxygen,
generated by a microwave discharge from NO, is
effectively chemisorbed at basal planes of graphite giving
rise to excessive bulk oxidation. In this study the disruption
of the graphite structure upon Ar ion bombardment is
demonstrated. The release of implanted Ar by subsequent
oxidation is taken as an elegant measure for the oxidation
kinetics.  Oxidation experiments on natural diamond
surfaces can be found in this paper. These surfaces behave
much more inert in the as-received state and are found to
become similar upon Ar etching. This is explained by ion-
bombardment induced graphitisation of the diamond.

In amore recent set of experiments [90,84,163] a
pre-annealed surface of pyrographite with an average (001)
orientation was used to perform in-situ oxidation
experiments which showed measurable conversions at 10
mbar and 900 K. The oxygen XPS data reveals at higher
resolution the same two structures mentioned above. On the
basis of the in-situ observation it is shown conclusively that
carbon-oxygen bonds give rise to several unresolved peaks
between 532 eV and 529.9 eV. The structure at 533 eV is
found after low-temperature chemisorption of molecular
oxygen at 78 K and during in-situ gasification at 900 K asa
shoulder on the strong peak of carbon-oxygen functions.
This high binding energy feature is assigned to a peroxo-
like molecular adsorbate species of oxygen weakly bonded
to the basal planes of graphitic carbon.

- Supporting evidence for the existence of such a
weskly held precursor species to carbon-oxygen functions
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comes from TDS experiments on a well-characterised
graphite (001) surface [90]. The material HOPG is not of
single crystalline quality and contains an uncharacterised
amount of surface defects. It is, however, the best
approximation to a single crystal basal surface which
technically can be handled. Figure 37 shows the desorption
traces for molecular oxygen and CO, recorded
simultaneously after adsorption of molecular oxygen at 78
K. A structured desorption signal for molecular oxygen is
seen at low temperatures which is associated with a
chemisorbed molecular species. Variation of the heating
rate does not cause a shift of the main peak indicating alow
formal reaction order. The detection of a second signal
around ambient temperature exhibiting  considerable
structure was unexpected. These structures are taken as
indication for a structural heterogeneity of the adsorption
sites whereas the two main peaks represent two chemically
different oxygen species. The simultaneoudly recorded CO,
emission indicates the following facts:

-At temperatures as low 180 K oxygen is
activated dissociatively and oxidises (defect sites) the
carbon (001) plane.

- This is shown by a repetition of the experiment
shown in Figure 37 which is impossible on the once reacted
surface. Mechanical cleavage of the sample is required to
repeat the experiment.

-No unspecific adsorption of oxygen at ill-
defined sites can be detected for al sites for which
chemisorbed oxygen in the first experiment were blocked
or removed by warming to 360 K.

- The desorptions of oxygen and CO, occur partly
overlapping and partly aternating.

- The broad structure in CO, desorption indicates
the existence of a variety of different reaction sites
compatible with varying local geometries around the defect
sites. The participation of prism faces is only possible at
step edges as the large prism face area of the geometric
sample block is passivated by the very first experiment
with the sample. Valence band electronic spectra recorded
simultaneously with the desorption experiment [90] reveal
the transformation of the semi-metallic surface into a fully
insulating state compatible with the creation of many
surface defects on the (001) plane.

-Oxygen is activated on patches of relatively
electron-rich graphitic structure and reacts at structura
defects which are numerous on the mechanically cleaved
surface.

The observations discussed imply that no oxygen
remains unreacted with carbon above 350 K which is in
line with the catalytic function of carbon exhibiting no
oxidation activity at high temperatures. This precludes, on
the other hand that any of the species detected so far can act
as efficient precursors for carbon oxidation which begins
with the emission of CO at dignificantly higher
temperatures.

Attempts were made with powdered carbons and
enlarged oxygen exposure pressures to detect further
species of oxygen by thermal desorption. Results are shown
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in Figure 38. The spectra were obtained from a powdered
graphite with a low surface area. The arrows mark oxygen
desorption peaks from a sample of high surface area carbon
black (FW-1, DEGUSSA). It occurs that additional
adsorbed species of oxygen exist which exhibit, during
their thermal activation, afinite chance to desorb as oxygen
rather than the more likely thermally activated reaction
with carbon sites. A low-temperature process reacts
specifically to acid sites releasing CO,. A broad structure
and the sharp high-temperature desorption peak generate
increasingly more CO than CO,. Only the high-temperature
species has the chance to reach the prism faces and to react
with freshly created defect sites. All other species react
with very labile surface defects which terminate in their
activity after a few reaction cycles. Considering the rough
structure of carbon surfaces shown in Figure 16 this seems
likely for carbons with a small degree of total burn-off asit
is the case with all surface science experiments.

All experimental observations can be summarised
in the following scenario of oxygen activation on carbon.
Two independent pathways of activation have to be
considered. Both require electron-rich adsorption sites for
molecular oxygen. The electrons may be either delocalised
on graphitic patches or may be localised in dangling bonds
at coordinatively unsaturated defects (chemically: free
radical centres). These latter sites exist only after high
temperature treatment in inert conditions or as short-lived
species during steady state gasification. The graphitic
surface patches on carbon exist after mild burn-off (see
Figure 16, after the nitrogen activation procedure discussed
above and after UHV cleavage) and survive in reactive gas
atmospheres like water, air ,NO or halogen-containing
environments as long as the rate of defect formation via
“hot” oxygen is low enough not to passivate the graphitic
character.

Reaction scheme (28) summarises the activation
of oxygen on aradical centre. This is exemplified here as
an intralayer defect (one C-C bond missing). Two
carbonyl groups are formed eliminating the radical centres.
Two atomic oxygen species “O” may either subsequently
oxidise the former radical centres further to a carboxylic
acid site or may diffuse to other sites on the carbon. This
depends upon temperature and the local structura
environment of the primary radical centres.

Reaction scheme  (29) illustrates  the
chemisorption pathway in which, after a precursor state,
first a hyperoxo species and then a peroxo species is
formed. The dashed bonds indicate incomplete charge
transfer. Only at the fina step of dissociation of the
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