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Zusammenfassung

Kohlenstoff kann als Alternative zu metallbasierten Katalysatoren fur die oxidative
Dehydrierungsreaktionen (ODH) von aromatischen Kohlenwasserstoffen, Alkanen
oder Alkenen verwendet werden. Die aktiven Zentren des Katalysators sind noch
unbekannt, aber es sollte eine oder mehrere der Sauerstoffgruppen sein.
Andererseits werden Kohlenstoffe als Tragermaterialien fur Metall-Katalysatoren
verwendet. Die  Sauerstoff-Gruppen auf den  Tragermaterialien  sind
Verankerungsstellen fur die Metallpartikel. Des Weiteren finden Wechselwirkungen
zwischen den Metallpartikeln und Sauerstoffgruppen statt, dadurch wird die
katalytische Aktivitdt und Selektivitat verbessert. In diesem Zusammenhang ist es
sehr wichtig zu wissen, welche Arten von Sauerstoffgruppen es auf dem Kohlenstoff
gibt. Bis jetzt ist Uber diese Sauerstoffgruppen immer noch sehr wenig bekannt.
Highly oriented pyrolytic Graphite (HOPG) ist ein sehr gut definiertes Modellmaterial
ohne Metallverunreinigungen und Poren. Deshalb wurden Sauerstoffgruppen auf
HOPG funktionalisiert und mittels einer Kombination von temperatur- programmierter
Desorption (TPD) und Rontgen Photoelektronen-Spektroskopie (XPS) untersucht.
UV-Photoelektronen-Spektroskopie (UPS) wurde verwendet, um die elektronische
Struktur und die Beschéadigung der Oberflachen zu Uberwachen. Die Untersuchung
der HOPG-Morphologie erfolgte mittels Rasterelektron-Mikroskopie (SEM) und
Rastertunnel-Mikroskopie (STM).

Da die Dissoziationsrate von Sauerstoff auf defektfreiem HOPG praktisch null ist,
wurden Defekte durch Sputtern auf HOPG erzeugt. Zwei Wege wurden hier
beschritten: Sputtern mit Argon in einer Sauerstoff- oder Wassergasatmosphare und
das Sputtern mit Argon und Sauerstoff selbst. Unsere Untersuchung zeigt, Sputtern
mit Sauerstoff erzeugt hauptsachlich Sauerstoff-Spezies in der HOPG-Matrix.
Sputtern mit Ar in Sauerstoff-Gasatmosphare erzeugt hauptsachlich Sauerstoff-
Spezies in kleiner Menge auf der HOPG-Oberflache. Diese Sputter-Methode wird als
Standard-Funktionalisierungsmethode verwendet, um Sauerstoffgruppen auf HOPG
Zu erzeugen.

Obwohl HOPG ein gut definiertes Modellmaterial ist, gibt es Konstruktionsdefekte in
der HOPG-Matrix. Unsere Untersuchung zeigt, dass diese minimalen
Strukturunterschiede mit Ar-TPD-Spektren detektiert werden kdnnen. Dadurch kann
die HOPG Qualitat beurteilt werden.



Sauerstoff auf HOPG wird hauptsachlich mit XPS bestimmt. In XPS-Spektren
kommen verschiedenen O1s-Signale nur in einem engen Bereich von 2,5 eV vorund
Uberlappen sich. Somit ist es sehr schwierig einzelne Sauerstoff-Komponenten zu
identifizieren und zuzuordnen. In der Literatur wurden O1ls-Signale mit zwei bis
sieben Sauerstoff-Komponenten gefittet, allerdings ohne zu erklaren, warum eine
gewisse Anzahl von Komponenten verwendet wird. Unsere Untersuchung zeigt
deutlich, dass mindestens funf Sauerstoff-Komponenten notwendig sind, um die O1s-
XPS-Spektren zu fitten. Anhand der Thermostabilitat und Oxidierbarkeit der

Sauerstoffgruppen werden die Eigenschaften der funktionellen Gruppen diskutiert.



Abstract

Carbon can be used as an alternative to metal based catalysts for oxidative
dehydrogenation reaction (ODH) of aromatic hydrocarbons, alkanes or alkenes. The
active sites of the catalyst are still unknown, but it should be either one or more of the
oxygen functional groups. On the other hand, carbon materials are used as catalytic
supports for metal particles. The oxygen groups on the support material are the
anchoring sites to immobilize the metal particles. The interaction between oxygen
groups and metal particles improves the catalytic activity and selectivity of the
catalyst. Therefore, functionalization of carbon materials is a very important method,
furthermore it is important to know how many different oxygen groups exist on the
carbon surface. There is still a big lack of information about the kind of oxygen
groups on carbon.

Highly oriented pyrolytic graphite (HOPG) is a well-defined model system without any
metal impurities and pores. Therefore, the oxygen functionalities on HOPG were
studied. To study the nature of the induced oxygen groups, combined Temperature
Programmed Desorption (TPD) and X-Ray Photoelectron Spectroscopy (XPS) were
used. UV photoelectron spectroscopy (UPS) was applied to monitor the electronic
structure and the damage of the HOPG surfaces. The surface morphology was
characterized by Scanning Electron Microscopy (SEM) and Scanning Tunneling
Microscopy (STM).

Since the dissociation rate of oxygen on defect-free HOPG is practically zero, defects
were introduced on HOPG by sputtering. Two paths were used: Sputtering with argon
in an oxygen- or water-gas atmosphere and sputtering with argon and oxygen itself.
Our investigation shows that sputtering with oxygen produces mainly oxygen species
in the HOPG matrix. In contrast, sputtering with Ar in oxygen gas atmosphere
produces mainly oxygen species in a small amount and these oxygen species are
situated on the HOPG surface. The second sputter method is used as the standard
method for functionalization of HOPG, with the goal of generating oxygen groups on
it.

Even though HOPG is a well-defined material, there are various construction defects
in the HOPG matrix. Our investigation shows that these minimal differences of the
original HOPG structure can be determined with Ar-TPD spectra. Furthermore, this

method can be used to assess the HOPG quality.



In XPS spectra, various oxygen 1s signals occur only in a narrow range of 2.5 eV and
overlap in this range. Thus, it is very difficult to identify single oxygen peaks and
assign them clearly. In the literature, Ols peaks are fitted with different numbers of
O1s components, but without mentioning why a certain number of oxygen groups is
used for O1s-XPS fitting. Our investigation shows clearly, at least five Ols
components are necessary to fit the Ols XPS spectra properly. The thermal stability
and oxidizability of the oxygen components is used to discuss the character of the

0Xygen components.
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1. Application of carbon material

In recent years carbon material has become more and more important in various
fields. One of the most important discoveries in the field of carbon material is that
carbon can be used as a metal free catalyst?. The catalytic character of carbon was
found in the generation of carbon deposits on the surface of the metal catalyst after
he dehydrogenation of ethylbenzene!™. By now carbon material has proven to be an
attractive alternative to conventional metal-based catalysts for the oxidative
dehydrogenation (ODH) of ethylbenzene®¥, alkanes™ or alkenes!®. The active site of
the catalyst is still unknown, but it is surmised to be one or more of the oxygen
functional groups. In the literature, surface carbonyl/quinine-type oxygen functional

groups have been proposed as the active sites®®?

. These functional groups
dissociate to CO and CO, at high temperatures. In the ODH reaction of
ethylbenzene, the starting carbon material (onion-like carbon: OLC) without oxygen
does not have any catalytic activity. Catalytic activity develops during the exposure to
steam™™. When the ODH reaction of ethylbenzene to styrene with active carbon as
catalyst is finished, only the surface groups survive and decompose to CO, and CO
in a low temperature range. This indicates that these surface groups are not the
active sites for the catalysis!”.

Nevertheless, surface oxygen functional groups are not the only factor in the
mechanism of the ODH reaction. In the ODH reaction of ethylbenzene, when the
reaction takes a long time, the amount of coke and oxygen groups increases in the
later stages of the reaction, yet the catalytic activity of the carbon decreases!”. In all
catalytic systems tested so far, disordered sp? and sp® hybridized polymeric carbon
deposition (coke) was formed during the ODH reaction’®*Y. The formation of coke
blocked the micro porosity of active carbon and changed the increasing catalytic
reactivity towards oxidizing the catalyst!”). Therefore, coke may be one factor for the
deactivation of the carbon catalyst. In another example, carbon nanotubes (CNTSs)
were used as the catalyst in the ODH reaction of butene. After the ratio of the feed
gases (oxygen and 1-butene) was increased from 1 to 2, the selectivity of butadiene
still remained almost constant. That means, the excess of oxygen cannot increase
the amount of active sites on the CNTs!®!.

Apart from using carbon material itself as catalyst, different types of carbon, such as

graphite, CNTs and CNFs, are often used as catalytic supports for metal particles!**
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1l The existence of functional groups on them is the prerequisite for their function as
catalytic supports, because functional groups are the anchoring sites for immobilizing
the metal particles. In addition, the functional groups interact with metal particles and
thereby the catalytic activity and selectivity of the catalyst is improved.

Furthermore, functionalized graphite!*®, CNTs and active carbon present excellent
electrochemical properties and are widely used as electrode material in batteries.
Graphite electrodes, for instance, possess a large inter layer distance, therefore the
bonding between two graphene layers is weak and allows for intercalation of various
compounds!®. Thereby, the electronic structure of graphite is changed. The electron
density can be increased (corresponding to chemical reduction), when a donor
compound, such as alkali atoms, is incorporated in the graphene layers. Alternatively,
the electron density can be decreased (corresponding to chemical oxidation), when
an electron acceptor, such as oxygen atoms, is incorporated in the graphene layers.
The incorporation of hydrogen or oxygen molecules is not possible, as shown in
previous investigations™ "8,

Nevertheless, no consensus has been reached if this is generally the case. In order
to conclusively answer, if oxygen may be incorporated in graphene layers, it is of
paramount importance to understand the process of graphite oxidation. If oxygen can
be incorporated in graphene layers, than the oxidation of graphite can begin not only
from defects on the surface, but also from the bulk.

In addition, e.g. in lithium batteries, not only the well-graphitized part of carbon can
intercalate Li-ions in order to store Li ions, but also surface oxygen is able to store Li-
ions via the reaction between the functional groups and Li ions. For instance, surface
C-OH groups can adsorb Li-ions through the formation of Li-salt C-O'Li*. However,
the formation of different kinds of surface Li-salts could also result in the loss of
reversible storage capacity and disturb the stability of the batteries. Therefore, the
chemical properties of surface oxygen groups, as well as their quantity on the
electrode play a very important role for the specific high charge capacity and for the

cycle stability of the battery!*%27.
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2. Structure of Highly Oriented Pyrolytic Graphite

2.1 Lattice Structure

HOPG is a highly ordered form of pyrolytic graphite with an angular spread of the ¢
axes of less than 1 degree and a relatively perfect sp? Graphite structure (i.e. sparse
sp® and sp hybridization). The trigonal connectivity of the sp? hybrid orbital in graphite
leads to a hexagonal planar structure of carbon and one electron of each carbon
atom is left. These electrons (similar to the 1-electrons in benzene rings) interact with
each other. Very weak bonds (Van der Waals bonds 5 kJ/mol) connect the graphene
layers and the inter layer distance is 0.335 nm. The 1 - electron density is orthogonal
to the plane of the strong C-C ¢ bonds (0.142 nm). These electrons give graphite a
good metallic electrical conductivity within the plane direction, but perpendicular to
the planes graphite exhibits insulator behavior (figure 2.1). Altogether, the graphite
crystal has the form of a hexagonal lattice, with a stacking order of the layers of either
AB ABAB, or ABC ABCABC. The edge of a hexagonal graphite layer can consist of

Zigzag and armchair edges, as has been established in STM and STS!.

* € atom on the first layer

& Catom on the second layer

(a) (b)

Figure 2.1 Hexagonal structure of perfect graphite, the framed part is the elemental cell. Lattice
constants a=b = 2.46 A, c = 6.70 A, (a) Side view; (b) top view

2.2 Construction defects and surface defects
The perfect hexagonal structure of graphite, described in chapter 2.1, is only a model
of the true structure of graphite. Both, in natural graphite and in all kinds of synthetic

graphite, there are various surfaces® and construction defects, such as lattice

vacancy, stacking fault, displacement of small graphite crystals and parallelism
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deviation of the graphene layers!*. HOPG is composed of various crystals with

different lengths, but the same orientation™™.
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Figure 2.2 Figure 2.3

Figure 2.2 Structure of HOPG
Figure 2.3 O1s-XPS of freshly cleaved HOPG and HOPG heated to 1000 °C

Aside from the construction defects, described above, different surface defects can
exist on HOPG®. For example, if HOPG is cleaved, oxygen can adsorb to the defect
sites of HOPG's graphitic surface. The existence of oxygen on the HOPG surface
can be established by XPS. XP spectra of freshly cleaved HOPG show a distinct

oxygen peak, providing evidence for the existence of surface defects.
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3. Process of graphite oxidation

3.1 Proposed oxidation processes

The following oxidation process model is proposed by Robert Schiogl™. Furthermore,
a similar model is given by Radovic for the oxidation of graphene!®.

The reaction requires two independent, electronically different sites. One site (site A)
has to be electron rich to activate molecular oxygen, e.g. 5-member rings in graphite.
The other site (site C) has to be electron poor to react with activated oxygen atoms,
e.g. 7-member rings in graphite.

Firstly, oxygen adsorbs on the electron rich defects on graphite basal planes and

then diffuses on the surface.
0O, + 2A > A-O5-A

Secondly, the adsorbed oxygen molecules react with the electron rich defects A, in

order to dissociate the oxygen molecules.

A-Oo-A - A-O,%-A%
A-0,%-A** 5 20™-A" (ads)

Thirdly, the dissociated oxygen atoms diffuse on the surface again until they either
recombine and desorb, or find a structural defect C, where they can form a covalent
bond to carbon (oxygen functional groups).

O%(ads) + C—CO(ads) + 2e" + A
O%(ads) + CO(ads) —» COx(ads) + 2e + A

Finally, oxygen functional groups decompose to CO, CO; or H,O by heating and
desorb. Defects are recreated at the same time and are available for the next

adsorption.

CO(ads) —— CO(gas) + C
COy(ads) —— COy(gas) + C

3.1.1 Adsorption



It was established that the basal plane of HOPG (graphite) is relatively unreactive
towards molecular oxygen. Exposure of this surface to up to 6*10° Langmuir (1 L =
133 Pa - 107° s) of O, at ambient temperature did not result in any oxygen-containing
surface complexes®.. Even after exposure in O, (8*10® mbar) at 820 °C for 2 hours,
no oxygen was found™. In air, HOPG surface can be oxidized at temperatures above
650 "CP®. In the literature, the desorption behavior of a series of gases was
investigated!”). The HOPG surfaces were exposed to up to 10 L of different gases.
The TPD-spectra show that small-molecule-gases H,O, CO, CO,, H, and O, do not
adsorb at room temperature on the HOPG surface in UHV!". If there are no defects
on the basal plane of graphite, no oxygen chemisorption will happen at room

temperature.

3.1.2 Defects generation and demonstration
(a) Methods for defect generation

Edges and defects on the surface can be oxidized more easily. The usual methods to
generate defects and incorporate oxygen are: ion bombardment e.g. sputtering,
plasma oxidation or electron irradiation®. Sputtering is established as an effective
method to generate defects on the carbon surface!®**Y. Because oxygen can adsorb
on the defects, O-containing HOPG surfaces can be obtained through the sputter
method.

However, the intensity of sputtering should be monitored carefully. The effect of ion
irradiation on the electronic structure of HOPG has been investigated and the results
tell us: Amorphous carbons will be produced, if the sample is irradiated by a 0.5 keV
Ar" beam with dose from 3*10* up to 3*10% ions/cm?®.. 3*10'* ions/cm? correspond
to 48 pA Ar" current flowing on the surface for one second. The process of
amorphization by an ion beam is very fast.

What happens to HOPG during the sputter process? In the sputter process, carbon
atoms are removed. At the beginning of sputtering, only very little carbon atoms are
removed and the corresponding holes can be considered as point defects™. Oxygen
can adsorb on these point defects and thereby oxygen functional groups are formed.
Point defect formation is considered to be the initial step of the carbon oxidation
process!*? (described in chapter 3.2.1 in detail).

(b) Methods for defect demonstration



Small sized point defects caused by two missing carbon atoms can be observed in
TEM and STM. With high resolution transmission electron microscopy (TEM)
hexagons motif of sp? in the graphite surface can be successfully observed with a
resolution of 0.19 nm. Similarly, it was also observed in Scanning Tunneling
Microscopy (STM) with a resolution of 0.2 nm!®*3!. A size benchmark of the defect is

given in figure 3.1.

1
Diameter: 0.568 nm

€Y (b)

Figure 3.1 (a) scale of three hexagonal carbon rings to estimate the defect size; (b) defects with two
removed carbon atoms, V2: divacancy™

Many holes were observed in STM on the HOPG, which was oxidized in air at 650°C,
the diameter of these holes increased linearly with the reaction timel. This
phenomenon indicates that the oxidation spread from the location of the point defect.

Big hexagonal defects and line defects (corresponding to edges) can be seen in the

[14] [15]

. In the AFM image'™, the author used the image as an

n[16]

optical microscope
experimental support for the theory of “unzipping oxidation process of graphite
(described in chapter 3.2.2 in detail), but in our view this is a clear evidence of

graphite oxidation at step edges.

3.1.3 O, splitting



P==. 7

- * i_::g

12 Cheyrzen Cheyrzet 1 Cheyzen
Atorrde Otbifal  Moleeular Crbital Atorrde Orbital

Figure 3.2 Molecular orbital schema of oxygen

The assembly of O atomic orbitals is 1s* 2s* 2p,° 2p,* 2p,'. The bond energy of the
0, is 117 kcal/mol*™. In order to split the oxygen double bond in the oxygen

molecule, electron rich sites (A) on the surface are needed.

O,(ads) + A— O,%(ads) + A%
0,%(ads) + A — 20%(ads) + A",

An O ion can also be used directly to oxidize the graphite surface. An O-atom can for
instance be obtained by O,-plasma, which can attack the HOPG surface not only
from the position of the defect’®. Furthermore, N,O can be used as well to provide
one oxygen atom.
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3.1.4 Formation of functional groups and the identification methods

The oxygen ions that were created in the way described in chapter 3.1.3 diffuse on
the surface until they either recombine and desorb, or find a structural defect C where
they can form a covalent bond to carbon (oxygen functional groups).

0% (ads) + C—CO(ads) + 2e"+ A
0%(ads) + CO(ads) —» CO,(ads) + 2e™+ A

The most difficult part of this investigation is to identify the oxygen functional groups.
In the following the different types of oxygen functional groups will be introduced.
After this, the chapter will conclude with a presentation of the surface sensitive
measurement methods that were used for the identification of the functional groups.

(a) Species of the functional groups and their properties

Oxygen atoms react with defects and thereby different kinds of functional groups can
be formed. The thus created functional groups depend on the kind of the defects and
the pressure of the oxygen'*®. The possible surface oxygen groups are shown in
figure 3.3. Determination of the oxygen species is very difficult. So far different
assumptions for the type of oxygen species have been put forward in the
literature®'8212425 "yt no proofs were given for these assumptions. Carbon with
high oxygen content shows acidic character (hydrophilic) and cation exchange

behavior. Carbon with low oxygen content shows basic character and anion

exchange behavior®®?%, This is established by titration. Boehm has analyzed this
[129:201

chemical property in detai

Figure 3.3 Possible structures of oxygen functional groups on graphite surface
11



(b) Identification of different functional groups

COp(ads) —9_5 COp(gas) + C

It has to be noted, that all the assignments here and in the entire thesis are
assumptions.

The reader is referred to the reviews!*®?? for a survey of the different methods to
determine oxygen functional groups. Among the most powerful of these methods in
UHV are TPD, XPS and HREELS.

In classical TPD, desorption peaks correspond to decomposition of different
functional groups, which sit on the different sites of the surface. With this method, the
type of the oxygen functional groups on the surface can be deduced through the
detected gases. However, the analysis of TPD is very complex because of many
factors, for instance diffusion, re-adsorption and desorption of gases in the bulk of the
sample.

XPS is a surface sensitive method, it can detect small amounts of oxygen?®. The
analyzable depth is restricted by the escape depth of the electrons. Within the initial
state model, binding energy shifts are easily assigned to chemical surroundings.
However, the assignment cannot be done only with the initial state model, the final
effect plays also an very important role in our system. The detection of oxygen
functional groups with XPS has been studied by Clark®®¥%!. His study shows that
different oxygen 1s-signals appear only in a narrow area (2.5 eV). Therefore, it is not
possible to classify them clearly. A stepwise heating process, which was already
used by Marchon et al.?Y is very helpful in this respect. Oxygen groups are removed
sequentially from the surface and are subsequently characterized by TPD. This yields
a series of XPS spectra. It is this combination of of TPD and XPS that allows a
classification of the XPS peaks.

To identify each individual peak, High Resolution Electron Energy Loss Spectroscopy
(HREELS) can be used as well. HREELS is a powerful method to differentiate the
oxygen groups. The sputtered HOPG in oxygen was studied with a combination of
TPD and HREELS by Nowakowskit?.
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The findings from previous investigations are summarized in the following table:

Carbon Oxidant Desorption temperature [K] Edes Supposed oxygen
T > room temperature [kcal/mol] functional group
Not oxidized CO 0O, No adsorption, if T > R.T.
HOPG! H,0 CO;
Polycrystalline (o)) CO: 973, 1093, 1253 64-83 Carbonyls
graphite® COy: 463, 573, 693, 793, 923 28-60 Lactones
H.O H, : 1300 Aromatic hydrocarbons
Aliphatic CyHy: 400-900
CO and CO;
Sputtered O, CO: 780, 910 Semiquinone
HOPG C0.:400-740 Lactones
H20 (less): 300-500
CxHy(less): 300-500 Dissociation of H,O
Active HNO3 CO: 510(less), 720-1060 (a lot)
carbont®® H.0, CO.: 575 (a lot), high temperature (less)
Graphite with (o)) CO: around 450, 1200 Anhydride, carbonyl
point defect™® CO,: around 350, 750 Anhydride, lactones

— After the oxidation of graphite, CO, CO,, H,, H,O and CsH, are the gases which
can be detected by TPD measurement.

— Pyrographite was oxidized in one bar O, at 940 K in high pressure UHV chamber,
and the oxidized surfaces of pyrographite brought to room temperature chamber
were always covered with water. The hypotheses for the existence of water are: this
water comes either as impurity from the spectrometer residual gas or is a genuine
product of the oxidation?”.

— CO desorbs at high temperatures and CO, desorbs at low temperatures.

— There is always O-H (H,0) at 3600 cm™ in HREELS spectra on the oxidized
graphite surface between room temperature and 1000 K&/, which probably result in
the desorption of H; , aliphatic hydrocarbons and CO,.

— After the sample was heated to 1000 K, there were O-H (in water), C-OH and C=0
groups present on the surfacel®. Considering the thermal stability of various oxygen
functionalities, only ether-type groups, carbonyls, hydroxyls, quinones and
semiquinones can survive in this temperature range. Therefore, the peaks in
HREELS®! at 1000 K could be contributed by the presence of semiquinone,
qguinones, carbonyls and hydroxyls.

— Beyond 1250 K, no oxygen groups exist according to HREELS spectral®.
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— It was calculated that ether (C-O-C) and carbonyl (C=0) groups are CO releasing
and have large binding energy. C-O-C group is the most stable state compared to
other oxygen functional groups, as it was calculated by the Johan Carlsson and Felix
Hanke™®. The binding energy of ether is around 6 eV and of carbonyl is 3-4 eV,
which correspond to a TPD desorption temperature of 873-1173 K in the Redhead
equation’®®. Therefore, the carbonyl and ether groups are suggested as the major

source of released CO in high temperature area*®.

3.2 Theory of oxidation processes
3.2.1 Graphite oxidation at point defects

(a) Generation of point defect — Johan M. Carlsson*?

The results of Johan Carlsson’s DFT calculation are: The atoms ZZ shown in figure
3.4a and figure 3.4c are similar to atoms on the zigzag edge of the graphene sheet.
They can be removed without any energy cost to form a larger even vacancy, as
shown in figure 3.4b and figure 3.4d. That means, when defects are generated,

uneven carbon atoms can be easily removed.

Figure 3.4 Atomic structures of various NPC motives (fully relaxed). The atoms that are part of the
non-hexagonal region are colored red. Panel (a) also gives the unit cell of a graphene sheet (dashed
lines). The left panels (a), (c) show defect structures with an odd number of removed atoms: (a) single
vacancy (V1), and (c) trivacancy (V3). Under coordinated atoms are labeled as “ZZ"” (zigzag atom).
Panels at the right show defects with an even number of removed atoms: (b) divacancy(V2) and (d)
quadrovacancy (V4)1*2.

(b) Oxidation mechanism

If several carbon atoms are removed from the graphene sheet, vacancies are

formed. “Vacancies are initially saturated by stable O groups, such as ether (C-O-C)
14



and carbonyl (C=0) groups. The etching is activated by a second step of additional
O, adsorption at the ether groups, forming larger oxygen groups, primarily lactones
(C-O-C=0), that desorb directly as CO, just above room temperature or that are
further activated by additional O, dissociation forming anhydride groups (O=C-O-
C=0). These groups decompose rapidly above room temperature, and the CO,
desorption exposes new sites for O, dissociation, thus driving the etching reaction
further™®. The studies show that “the partial pressure of oxygen is an important

external parameter that affects the mechanisms of oxidation*®,

3.2.2 Unzipping oxidation process of graphite

Unzipping theory is another proposed mechanism. The starting point is the fact that
chains on the oxidized HOPG can be observed by an optical microscope. This led
theoreticians to propose, by means