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Introduction

1. Introduction

Graphene is a single layer two-dimensional sp? bonded carbon honeycomb network
(Figure 1.1). Since free-standing graphene was unexpectedly found by Novoselov et al. in
the year of 2004," it has led to an explosion of experimental and theoretical work.
Scientists have paid tremendous attention and efforts to the research of this magic
material all over the world. The Nobel Prize in Physics in 2010 was awarded to A. K. Geim
and K. S. Novoselov “for groundbreaking experiments regarding the two-dimensional

material graphene.”

Figure 1.1 lllustration of graphene structure.
Graphene is a 2D material with a crystalline structure. Structurally, graphene is the basic
building brick for all the other graphitic materials, i.e. it can be wrapped up into 0D
fullerenes, rolled up into 1D carbon nanotubes and stacked into 3D graphite. However, for
a long time, a strict 2D crystal was presumed to not exist in a free state, because it is
unstable from thermodynamics, i.e. the long distance periodicity in the 2D crystal are
destroyed by thermal fluctuations in the lattice, resulting in decomposition or clustering of
the 2D lattice. Actually, in the early 1900s, the structure of graphite was characterized by
X-ray crystallography and graphene was known as one of the single layers embedded in
the stack. But, graphene was not isolated into individual planes then, and little interest
was shown to graphene until Geim and Novoselov were the first to obtain free-standing
graphene layers by mechanical exfoliation of small pieces of highly oriented pyrolytic

graphite.1 Only after experiments that suggested that the carrier charges (electrons and
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holes) near the Fermi level in graphene are massless Dirac fermions,® ® hundreds of
scientists have entered this research area, resulting in a fast development in graphene

related studies.

Figure 1.2 shows the band structure of free-standing graphene. The valence bands and
conduction bands cross into 6 points at the Fermi level, the so-called Dirac points.
Graphene shows a zero band-gap and a linear dispersion near the Fermi level. The
electrons and holes show massless transport in graphene, and their behavior has to be
described by a Dirac-like equation, allowing the investigation of relativistic quantum
phenomena in a bench-top experiment.4 The unique nature of graphene results in ballistic
transport of charge carriers, i.e. the carriers can travel thousands of interatomic distances
without scattering, and the mobility of carriers can be ultrahigh even up to =100,000 cm?
V' s at room temperature (300 K),® remarkably better than any material we have ever
known. To this end, graphene was proposed to be one of the most promising candidates
for post-silicon semiconductor material. Despite of this, many other remarkable
characteristics of graphene have been discovered subsequently, such as one of the

3, 7

strongest materials ever tested,’® novel quantum hall effect and also interesting

magnetic properties.2'? Potential applications include gas sensors,’*'® high temperature

16, 17 18-20 24-26

superconductors, solar cells, supercapacitors,m'23 lithium batteries, and so on.

Especially, the ultrahigh charge carrier mobility makes graphene promising in the

27,28

application of novel ballistic electronic devices, inducing potential breakthrough in the

development of super-fast computer chips.?
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Figure 1.2 The band structure of free-standing graphene.>

To study this novel material, first of all, graphene has to be produced in proper ways. So
far, there are mainly four methods to produce graphene. The first one is called
micro-mechanical exfoliation of graphite. Using adhesive tape to repeatedly split graphite
crystals into increasingly thinner pieces, until single or a few layers of graphene are
obtained, which are then transferred onto SiO, or Si surfaces.’ However, this method
does not allow for controllable production of graphene in large sizes or quantities. The
second method is graphitization of silicon carbide (SiC); this is achieved by annealing SiC
to high temperatures (higher than 1100 ° C) at low pressures (~10'6 torr) to form
graphene.®* The third one is reduction of graphene oxide by annealing in an
argon/hydrogen atmosphere to yield graphene films. However, the quality of graphene
produced by this way is lower due to incomplete removal of various functional groups.*®*'
And, the last one is epitaxial growth on metal substrates by segregation of bulk-dissolved
carbon to the surface or by chemical vapor deposition (CVD) of hydrocarbons,
summarized in the reviews.** ** For segregation, carbon-containing metals are used or
the metals are first doped with carbon, then annealing the metal samples at high
temperatures, leads to segregation of carbon to the surface. Thereby, normally one or few
layers of graphene are formed.***’ CVD is the method where an active metal surface is
exposed to hydrocarbon molecules, e.g. propene, methane, or acetylene etc. at elevated

48-52

temperatures, so that the molecules decompose on the surface, while hydrogen

desorbs, only carbon atoms are left, which arrange into a graphene layer fully covering the
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surface. Conveniently, the decomposition of hydrocarbon molecules is strongly
suppressed on the surface once it is fully covered by graphene, leading to a
self-terminated reaction, as no active metal surface is left to facilitate the decomposition
reaction. In comparison to the other methods, CVD offers a highly efficient and
controllable way to synthesize single-layer graphene; the quality of graphene films, e.g.
size and morphology can be tuned by altering the reaction conditions, such as pressures,
temperatures and so on.*? To obtain free-standing graphene, proper treatments need to

be applied to remove the supporting metal.>* 5

The growth of graphene on metal surfaces is especially interesting as it could be a low
energy route for its production; the growth temperatures are significantly lower compared
to e.q. SiC,*" and nevertheless high-quality, large-area graphene sheets can be formed.*?
Consequently, in recent years a lot of effort has been dedicated to the study of graphene
grown on various metal surfaces.*? ®" °5%° The usually used metal substrates include
copper, nickel, ruthenium, etc. Graphene grows both on single and poly crystalline metal

surfaces.'? 4% 43 5963 Tha CVD processes are performed at ambient conditions or in

vacuum. Recently, surface science methods such as photoemission spectroscopy

66-68 50, 51, 69

(PES),57’ 64. 65 Raman spectroscopy and microscopy are widely applied to

investigate metal-supported graphene, and the especially interesting issues, e.g.

morphology and electronic structure are heavily studied.** *3

In most studies with surface science methods, for simplicity, a single crystal is used as
substrate, because the surface of a single crystal is strictly defined and it is easy to
identify the influence of the substrate on the growth of adsorbates. In addition, the
adsorption sites and geometry of adsorbates on single crystals are easy to analyze, and
the impact of the adsorption structure on the properties of the adsorbates is accessible.
For graphene on single crystal surfaces not only the electronic structure is of interest,”
but also the chemical modification of graphene sheets and their growth mechanism is in
the focus of research efforts.* 3" """ Among the large number of single metal crystals
used as substrates for graphene growth, Ni(111) has the most similar lattice constant

(2.49 A) to that of graphene (2.46 A); this results in a commensurate structure for
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graphene grown on Ni(111).°! In this thesis, a Ni(111) single crystal was used as substrate
to produce pristine (or doped) graphene layers and for the subsequent studies of chemical

functionalization of graphene.

The growth behavior and the structure of graphene on a Ni(111) single crystal surface was

previously debated, with still contradictory results coming both from experiments® &' 7577

and from density-functional theory (DFT) calculations employing various approaches.’® ™®
All calculations agree in predicting that an almost planar carbon sheet is formed on

Ni(111). However, the adsorption geometry of graphene sheet relative to the Ni(111)

substrate is a matter of debate.

Since graphene was found, due to its unique properties introduced above, considerable
promising applications have been expected from graphene-based materials. Attempts of
producing room temperature field effect transistors from graphene have been already
reported.” 2% ® However, up to now, no straightforward way or technique for industrial
production, and also applications based on graphene were shown. For example, the use
of graphene in electronic applications imposes further challenges, i.e. the precise tuning
of the band-gap and the charge carrier concentration. Thus, feasible approaches that
manipulate the properties of graphene are strongly desired. In recent years, chemical
functionalization emerged as a powerful method to tailor the properties of graphene, and
the work about functionalized graphene materials with novel characteristics have always
been a highlight in graphene research.#2%¢ Chemical functionalization includes two modes:
covalent and non-covalent. Covalent functionalization mainly includes hetero-atom doping,
covalent attachment of small atoms or big organic molecules. Non-covalent
functionalization includes =n-n interaction, wrapping with polymers, and adsorption of
atoms or molecules on surface.® In comparison, covalent functionalization shows a
higher stability against physical and chemical changes in the environment, making it
favorable for the applications under ambient conditions. A perspective by Niyogi et al.®
discussed covalent functionalization of the surface to produce dielectric regions on a
graphene wafer, and described how surface chemistry is useful in engineering the

electronic and magnetic properties of graphene. Covalent functionalization is able to
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modulate the band-gap, electron scattering, and other physical properties.®? Beyond
electronics, covalent functionalization also shows a great importance for other application
areas. For example, transparent and conductive graphene for touch panels or smart
screens can be improved by covalently attaching polymers or other functional groups.82 In
the field of super capacitors, surface chemistry also plays an crucial role in determining
the capacity and lifetime.®? ® In this thesis, one focus lies on the covalent functionalization
of graphene, and the main goal is the modification of supported graphene layers by

inserting hetero atoms into the graphene network. In our studies, we put particular focus

on the control of the chemical and electronic properties of graphene.

In silicon semiconductor technology, the term hetero-atom doping is reserved for a
controlled contamination of the material by inserting impurities in the host lattice. In the
recent past, hetero-atom doping has been demonstrated a feasible and powerful method
in order to tailor the electronic properties of graphene, such as shifting the valence
bands.** 8"-8 The neighbors of carbon in the periodic table, boron (B) and nitrogen (N),
are the natural candidates for graphene doping, due to their physical similarities, e.g., the
atomic radius. Chemically, boron and nitrogen are hole and electron donors to carbon,
leading to p- and n-type semiconductors, respectively, and yielding materials with great
potential in graphene-based nano-scale electronic applications.”* 8" Moreover, doping is
a particularly important aspect for the purpose of adjusting the carrier concentration and
type, which is a step forward towards the realization of graphene transistors’* and p-n
junctions.92 The theoretical study indicates that the chemical properties of nitrogen-doped
graphene, such as doping density and the site of the inserted nitrogen atoms, can
dramatically change its physical properties, including the electronic and magnetic
characteristics.®® Chemically induced mobility gaps were theoretically predicted upon the
incorporation of boron impurities in graphene nanoribbons (GNRs), which could open a
path to better on/off ratios in GNR-based transistors.** Recently, N-doped graphene and
B-doped graphene have been synthesized by a variety of methods, e.g., chemical vapor

98-100

deposition (CVD),BS’ 9597 jon implantation, electrothermal reaction,74 redox reaction,26'

3719 and arc-discharge of graphite in the presence of N- or B-containing gases.®
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Hydrogenation is also of great importance for covalent functionalization of graphene. It
was demonstrated that the reversible hydrogenation of graphene allows for controlling the
electrical properties of single layer graphene.”" "% Electronically, graphene is a zero-gap
semi-metal, and the fully hydrogenated graphene -graphane (CH) is a insulator with a
band-gap of 3.5 eV.'” The electronic properties of hydrogenated graphene are strongly
affected by the hydrogen coverage and chemisorption pattern.’ '° In recent years,
hydrogen storage based on graphene materials has attracted considerable attention, due
to its promising performances in hydrogen storage capacity and control of

193 shows

storing/releasing hydrogen at proper temperatures (300 ~ 600 K)."° Graphane,
a remarkable high hydrogen capacity of 8.6 wt%, which is close to the objectives of the
US Department of Energy for hydrogen storage (9 wt% by 2015). To this end,
understanding the fundamentals of the adsorption and reaction between hydrogen and

graphene is crucial, not only due to the interest in hydrogen storage, but also for

understanding and tuning its electronic proper’[ies.105

In this thesis, first of all, we performed a high resolution X-ray photoelectron spectroscopy
(HR-XPS) investigation of graphene on Ni(111), which was accompanied by an ab initio
density-functional theory study (collaboration with the group of Prof. Goérling). Our results
showed the coexistence of two structures on Ni(111), a bridge-top and a top-fcc structure
(see Chapter 3.1), and clarified the issue of the adsorption structure of graphene on

Ni(111) surface and ended the debates about this topic.

In a next step, Nitrogen- and Boron-doped graphene were synthesized on a Ni(111)
surface (collaboration with the groups of Prof. Seyller and Prof. Gérling).%” % 7 First, the
production of Nitrogen (N-) doped graphene will be discussed. Nitrogen-doping of
graphene is a suitable route to tune the electronic structure of graphene, leading to
semi-conductive materials.>” " % Two methods were employed to achieve this aim, low
energy nitrogen ion bombardment of graphene supported on Ni(111), and CVD growth
with an N-containing precursor molecule (pyridine) on a Ni(111) surface. Both approaches

appear to be simple and efficient methods towards N-doped graphene.®” %
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For preparing N-doped graphene by low energy nitrogen bombardment, a highly ordered

%257 was exposed to a beam of low energy

single-layer graphene on a Ni(111) surface
nitrogen ions (25 ~ 100 eV). Subsequently, we annealed the nitrogen-bombarded
graphene layer to 900 K to allow for a regeneration of the perturbed graphene Iattice,
leading to nitrogen-doped graphene. The nitrogen-doping geometry and level are
identified by in situ high resolution X-ray photoelectron spectroscopy (XPS). We also
demonstrated that a nitrogen doping level of up to 0.05 monolayers (ML) is achievable
and the relative amounts of nitrogen species with different doping geometries can be

varied by applying different ion implantation energies and times. The details will be

discussed in Chapter 3.2.

For the CVD growth of N-doped graphene on Ni(111), the precursor molecule pyridine
(CsHsN) was used (see Figure 1.3(a)). N-doped graphene was prepared by exposing a
Ni(111) surface to pyridine at elevated temperatures leading to the formation of a single
layer on the surface. By studying the C 1s and N 1s core levels, we showed that the
nitrogen content can be influenced by the growth temperature, and determined the atomic
structure of the nitrogen atoms as two different N-doping configurations. It was
demonstrated by angle-resolved valence-band photoelectron spectra that the
incorporation of nitrogen leads to a broadening of the photoemission lines and a shift of
the n-band. DFT calculations reveal that the two N-doping configurations have different
effects on the band structure, i.e. shifting the n-band to opposite directions. In order to
decouple the N-doped graphene layer from the Ni(111) substrate, gold is used to
intercalate the layer, leading to a qusi-free-stranding N-doped graphene layer. The details

will be discussed in Chapter 3.3.
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Figure 1.3 (a) Molecular structure of pyridine. (b) Molecular structure of TEB.

Boron (B-) doped graphene was also produced by CVD with the precursor molecule
triethylborane (TEB) (Figure 1.3(b)). This approach was shown to lead to the formation of
a single layer of B-doped graphene with a high boron content (13 ~ 20%). Alternatively,
annealing a boron-containing Ni(111) crystal in the presence of propene led to graphene
with a lower boron content (0 ~ 5%). The boron doping configuration was identified by
XPS and the impact of B-doping on the electronic structure of graphene was determined
by angle-resolved valence band photoemission spectra (ARPES). In contrast to N-doped
graphene, B-doping only shows the substitutional doping configuration, and the B
concentration is influenced by the growth temperature. Furthermore, it is shown that the
n-band is shifted upwards to the Fermi level by boron doping, leading to a p-type doped
graphene (see Chapter 3.4). After the preparation of B-doped graphene, gold was
evaporated with the intent to intercalate B-doped graphene/Ni(111). It turned out, however,
that gold does not intercalate B-doped graphene for high boron concentrations (13 ~ 20%);
only for lower boron concentrations (~5%) partial intercalation occurs. This result was
unexpected, as gold intercalation is the well-established post treatment process for

CVD-grown graphene and N-doped graphene on Ni(111) (see Chapter 3.4).'% 897

As the last system presented in this thesis, hydrogenated graphene was prepared by
exposing a single layer graphene supported on Ni(111) or Au/Ni(111) to atomic hydrogen.
Applying XPS, the impact of hydrogenation is investigated in detail. Subsequently, also
the release of hydrogen was investigated by temperature-programmed XPS and
temperature programmed desorption, to elucidate the dehydrogenation process and to
determine the hydrogen coverages and dehydrogenation energies. The details will be

discussed in Chapter 3.5.
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2. Fundamentals and Methods

2.1 X-ray Photoelectron Spectroscopy (XPS)

The fundamental principle of X-ray photoelectron spectroscopy (XPS) is Einstein’s
photoelectric effect, i.e. upon exposing a material to photons of a certain energy, electrons
are emitted from the sample. For a photon energy of hv, the kinetic energy of the emitted
electrons, measured by an electron energy analyzer, is Eyn, and the work function is ©.
Then the binding energy (Eg) of the electrons can be deduced as: Eg = hv - Eijn — ®. Thus,
emitted electrons with different kinetic energies can be collected and the number of
electrons (N(E)) with certain Ey, are recorded by the analyzer when monochromatic
photons are used. In Figure 2.1, the relationship of N(E) vs Ey, is illustrated, resulting in
so-called XP spectra. However, if hv varies, E, will change as well. So for convenience,
the spectra of N(E) vs Eg are shown usually. Each signal (peak) at characteristic Eg in the
spectra corresponds to a certain occupied electronic state in the atoms, e.g. 1s, 2s, 2p,
etc, thus reflecting the electron configuration of the atom. Each element has a
characteristic electron configuration, so that the elements existing on the detected
material surface can be identified by analyzing the XP spectra. The number of detected
electrons (N(E)), is proportional to the amount of elements in the irradiated area; thus the
chemical composition of the sample can be determined, leading to a quantitative analysis

of the surface composition.

10
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Figure 2.1 Energy scheme of photoelectron spectroscopy

In addition to the chemical composition, XPS is also able to determine the chemical state
of an atom. The electron core levels of an atom are influenced by the surrounding
chemical environment in the molecule, e.g. coordination and oxidation states. This leads
to a binding energy shift of the core level peaks, referred to as chemical shift. The escape
depth of the emitted photoelectrons is a few atomic layers, depending on the kinetic
energy, thus the information of XPS mostly comes from the surface of the sample, making

XPS a suitable technique for surface science research.

11
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2.2 Synchrotron radiation

The radiation used in photoelectron spectroscopy basically includes three kinds of
sources: (1) vacuum ultraviolet (He | and He Il), (2) characteristic X-ray (Mg or Al Ka), and
(3) synchrotron radiation. All the PES data in this thesis were obtained by using radiation
from the synchrotron source BESSY Il in Berlin, Germany (see Figure 2.2). All the core
level XPS data were obtained at Beamline U 49/2 PGM1, and the angle-resolved
valence-band spectra were measured by Koch et al. from the group Prof. Seyller, at

Beamline U 56/2 PGM2.

Synchrotron radiation is generated by radial acceleration of ultra relativistic electrons (1.7
GeV at BESSY |ll). A broad spectrum of intense light is produced in the synchrotron
storage ring with bending magnets, undulators and/or wigglers, ranging from IR to hard
X-rays. The generated photons are highly monochromatic, continuously tunable in energy,
highly brilliant, and well-defined polarized. In our experiments, we used photon energies,
where the photoemission cross section for specific adsorbates core levels is large and the
inelastic mean free path is small, leading to high signals of the adsorbates. Due to the
remarkably high photon flux used in our experiments, we can measure spectra in a very
fast way, e.g. for the C 1s region, typically 10 s. Using synchrotron radiation, also
time-dependent investigations are possible, which is not the case for conventional light
sources, e.g. Mg or Al Ka. In addition, the high energy resolution achieved in the
measurements allows distinguishing very small chemical shifts; typically an overall
resolution of 200 meV was achieved. This type of high resolution in binding energy and
short time-scale allows us to perform so-called ‘in-situ’ investigation. For example, we
investigated the sample during gas exposure, and followed the evolution of the core levels

during temperature-programmed heating.

12
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Figure 2.2: Aerial view of the synchrotron radiation facility BESSY Il in Berlin.

13
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2.3 The “synchrotron machine”

All XPS measurements in this thesis were performed using a transportable UHV system,
the “synchrotron machine”, which was designed and built in our group.109 Figure 2.3
shows a picture of the setup without cables. It consists of three main parts: the preparation
chamber (on the right side), the analysis chamber (center) and the supersonic molecular
beam setup (low left). The preparation chamber is equipped with LEED optics for surface
structure analysis, a sputter gun for cleaning the sample, a background gas dosing
system, e-beam evaporators and a quartz crystal micro balance (QCM) to calibrate the
evaporation of metals. The analysis chamber is equipped with an electron energy
analyzer (Omicron EA 125 U7 HR) for XPS measurements, a quadruple mass
spectrometer (Balzers QMA 200) for residual gas analysis and temperature programmed
desorption (TPD) measurements. A gas dosing system is attached to the analysis and

preparation chambers, allowing background dosing of gases.

The molecular beam consists of three differentially pumped stages. In the first pumping
stage, the nozzle with a diameter of 100 um is located, which can stand temperatures as
high as 2000 K. The molecules coming from the nozzle are first collimated by a skimmer,
allowing for supersonic conditions.’® A pneumatic shutter is installed in the second
pumping stage for fast on/off switching of the molecular beam. The beam is spatially
confined by different apertures between the second and third pumping stage, leading to a
molecular beam adapted to the diameter of the sample. Due to the supersonic expansion,
the width of the energy distribution of the molecules in a supersonic beam is much smaller
than the Maxwell-Boltzmann distribution of an effusive source.”® The advantage of the
supersonic molecular beam is that it allows high local pressures on the sample (up to 10
mbar), while the background pressure in the chamber is some orders of magnitude lower,
as it is spatially confined. In this thesis, the CVD preparation of graphene on Ni(111) is
performed by dosing propene through this molecular beam: 45 sccm propene leads to ~

5.7x10°° mbar on the Ni(111) surface but only 2x10® mbar in the analysis chamber.

A horizontal manipulator allows for transporting the sample between the preparation and

14
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the analysis chamber. The sample is mounted at the head of manipulator, and can be
cooled to ~100 K by liquid nitrogen. A tungsten filament is mounted at the back of the
sample, to heat the sample during temperature-programmed XPS (TPXPS) experiments
up to 650 K without disturbing the measurements by electric or magnetic stray fields.

Direct resistive heating allows temperatures of the sample up to 1500 K.

Figure 2.3: Photograph of the “synchrotron machine”

15



Fundamentals and Methods

2.4 TPD and TPXPS

Temperature-programmed desorption (TPD) spectroscopy is a well known technique to
observe molecules desorbing from a surface by a quadruple mass spectrometer during
heating of a surface with a constant temperature ramp (). The spectra provide insight into
the kinetics and thermodynamics of desorption processes and surface reactions. A

description of TPD is given by the Polanyi-Wigner equation:111

d—®=v‘®‘exp _ B
aT KT

with
©: coverage
T: temperature
V: preexponential factor
Ep: desorption energy
kg: Boltzmann constant
n: desorption (reaction) order

The assumption for this equation is that the pumping is high compared to the amount of
desorbing molecules, which is valid in most of UHV chambers. Typical desorption is (i) 0"
order desorption; in this case the desorption rate at a given temperature, which is found
independent of the coverage, e.g. the desorption of multilayer adsorbates. (ii) 1°* order
desorption: the desorption rate is proportional to the coverage of adsorbates, e.g. the
desorption in the monolayer range with no interactions between absorbed particles. (iii)

2" order desorption can be found, e.g., in the case of recombinative desorption.

In the case of first order desorption, Redhead proposed a simple way to estimate the

desorption energy:'"?

16
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with
Tm: temperature maximum of the desorption
B: heating rate

Temperature-programmed XPS (TPXPS) is derived from TPD, and directly monitors the
adsorbates on the surface during heating up by XPS."® The main difference between
TPXPS and TPD is that not the desorbing particles are analyzed with gas phase, but the
reaction and its products on the surface are monitored. The two methods are
complementary to each other. One advantage of TPXPS is that TPXPS only monitors the
reaction taking place on the surface, because the synchrotron light spot (diameter:
15~100 um) is smaller than the sample surface. The signals from the sample holder that
can impose a problem in TPD are avoided. In addition, the intermediates existing in a
reaction, not associated with desorption, are not accessible by TPD, but (TP)-XPS. On the
other hand, hydrogen cannot be quantified by XPS, but can easily be obtained by TPD.
For example, in the study of the hydrogenation of graphene, we used TPXPS to
investigate the C 1s evolution in the process of hydrogenation and subsequent
dehydrogenation, but the problem is the coverage of hydrogen cannot directly be
determined by XPS; here the TPD measurements were helpful to identify the amount of
hydrogen. And, for the dehydrogenation process, the hydrogen desorption temperatures
can not be deduced only from the evolution of C 1s, but with TPD, the direct observation

of hydrogen desorption temperatures is achieved.

17
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2.5 Low Energy Electron Diffraction (LEED)

LEED is an important science technique for surface structure determination of crystalline
materials and for the identification of ordered adsorbate structures on the surface, by
diffraction of a collimated beam of low energy electrons.™ The electrons are emitted from
a filament and are accelerated towards the surface with a kinetic energy of 20-500 eV,
corresponding to a de-Broglie wave length of 0.3 down to 0.05 nm. Because the wave
length of the electrons matches interatomic distances, they are diffracted elastically by the
periodically ordered surface or adsorbate atoms, resulting in a reciprocal space image of
spots on a fluorescence screen. Due to the low inelastic mean free path electrons, LEED
is a surface sensitive tool. This allows us to draw conclusions on the periodicity and lattice

constants of surfaces and adsorbate structures.

In this thesis, LEED was used to check the surface structure of Ni(111), when we cleaned
the surface, until a clear (111) surface structure was visible without any super structure.
Also, after a graphene layer is prepared on the Ni(111) surface, a p(1x1) LEED pattern is

observed, indicating no lattice mismatch between graphene and the Ni(111) surface.

18
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3. Results

3.1 Adsorption structure of graphene on Ni(111) [P1]

The interaction of graphene with adsorbates or with a substrate, in case of supported
graphene, can shift and modify its electronic bands and thereby change its physical and
chemical properties.”> ' For supported graphene, the structure on a particular substrate

and the respective interactions are thus of fundamental interest.

In this thesis, Ni(111) was used as substrate to prepare graphene and doped-graphene.
Apparently, the adsorption structure and the interaction between graphene and Ni(111),
also including the influence on the electronic structure of graphene, are needed to be
understood. However, the growth behavior and the structure of graphene on a Ni(111)
single crystal surface was heavily debated, with still contradictory results coming both

from experiments® " 7>

and from density-functional theory (DFT) -calculations
employing various approaches.78’ In particular, the position of the two carbon atoms in
the unit cell, i.e. their “adsorption site” relative to the Ni substrate atoms was a matter of
debate. Six different structures, depicted in Figure 3.1, were considered. Early
experimental results®® ¢ 77 discuss mainly the hcp-fcc and the top-fcc geometries (see
Figure 3.1e and 3.1a, respectively); the latter was favored later on by DFT calculations
within the Local Density Approximation (LDA).” These DFT calculations, however, also
point to a second possible low energy conformation, namely the bridge-top geometry
(Figure 3.1b).”® It is noteworthy that in this DFT study van der Waals interactions that are
likely to significantly contribute to the binding of graphene to Ni were not taken into
account. In fact, LDA calculations resulted in bounded situations due to the wide-known
overestimation of the interatomic interactions within the LDA exchange-correlation
functional. Note that calculations carried out using the Perdew-Burke-Erzenhof exchange
correlation functional resulted in unbound situations, and, in discrepancy with LDA
calculations, only one stable conformation, namely hcp-fcc, was found. Interestingly, the

55, 75

published atomic-resolved STM results show discrepancies with respect to the
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symmetry of the observed features, which have not been understood in detail yet.
Furthermore, an XPS study on the growth of graphene on a Ni film on a W(110) crystal

was recently conducted; however, the local geometry was not addressed in detail.”’

(a) top-fce (b) bridge-top (c) top-hep

(f) bridge-fcc (e) hep-fee (d) bridge-hcp

Figure 3.1 Different adsorption geometries for graphene on Ni(111): a) top-fcc, b)
bridge-top, c) top-hcp, d) bridge-hcp, e) hcp-fec, f) bridge-fcc. The geometries evolve from
each other by a shift of the graphene layer against the Ni(111) surface in a direction along

a carbon-carbon bond roughly parallel to the diagonal of the displayed surface cut-out.

We studied the structure of a graphene layer on Ni(111) with a combination of in situ
HR-XPS and ab-initio DFT calculations with dispersion correction''’ to take into account
van der Waals interactions. Our results indicate that graphene on Ni(111) has two
energetically favored geometries, namely the top-fcc and the bridge-top structures
displayed in Figure 3.1 a and b; the corresponding layers grow with an almost stochastic
distribution, leading to a coexistence of these two adsorption modes on the surface. It is
important to note that the DFT calculation was done by S. M. Kozlov from the group of
Prof. Dr. Gorling at the University of Erlangen-Nurnberg, and the excellent collaboration is

gratefully acknowledged.

Experimentally, the growth and structure of graphene on Ni(111) was investigated by in
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situ HR-XPS. The clean Ni(111) crystal was exposed to a pressure of 1x10° mbar of
propene at a temperature of 900 K, until saturation of the C 1s intensity. A maximum
carbon coverage of 2 ML was observed, corresponding to single layer of graphene. The
carbon coverage calibration was done by comparison to a saturated well-ordered

(V7xV7)R19.1° benzene layer with a carbon coverage of 0.84 ML."'®

Interestingly, several preparations under identical experimental conditions yielded differing
C 1s spectral shapes, but the carbon coverage always indicated a single closed graphene
layer. Typical examples of the corresponding XP spectra obtained at 200 K are shown in
Figure 3.2: In the topmost spectrum the line shape is dominated by one peak (dashed,
green line), whereas the bottom spectrum is dominated by two separated peaks (solid,
blue lines) of identical intensity. A large number of preparation procedures always led to
spectral shapes, which are composed of a combination of these single peak and double
peak spectra, as the middle spectrum. These results can be understood in the light of the
DFT calculations for graphene on Ni(111). They yield two energetically equivalent
structures: the top-fcc structure and the bridge-top structure. For the bridge-top geometry
almost identical shifts of -0.40 eV and -0.36 eV (peak separation: 0.04 eV) are predicted
for the two carbon atoms labeled C1 and C2; for the top-fcc geometry shifts of -0.63 eV for
the fcc hollow site and -0.19 eV for the on top site (peak separation: 0.44 eV) are obtained,
reflecting the strongly differing chemical surrounding; thus for this later geometry two

well-separated peaks are expected in the XP spectra.
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Figure 3.2 C 1s spectra of different graphene layers on Ni(111) (hv=380 eV, spectra were
taken at 45° off normal emission) and the two most stable structures according to DFT
calculation. Shown are preparations with a) mainly graphene in bridge-top geometry; b) a
mixture of graphene in bridge-top and top-fcc geometry; c) mainly graphene in top-fcc

geometry.

In Figure 3.2 three typical cases are shown: in (a) the bridge-top geometry is the
dominating species, in (b) the two geometries coexist, and in (c) the top-fcc geometry
dominates the spectrum. The analysis of 20 independent preparations measured at 200 K
yielded 40% of bridge-top geometries and 60% top-fcc geometries in average, showing no
clear preference for one of the structures. With the energies for the two structures being
nearly degenerate, both geometries coexist on the surface, with the relative fractions
probably depending on minor defect concentrations (pinning sites) on the surface that at
present cannot be identified experimentally. Another possible explanation for the
formation of these coexisting structures could be two competing growth modes,*’ leading

to the coexistence of these two structures.
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3.2 N-doped graphene by N ion bombardment [P2]

As discussed in the introduction, hetero-atom doping of graphene is one of the most
interesting aspects in graphene research.

One approach to synthesize nitrogen-doped graphene is low energy nitrogen ion
bombardment. We start with a highly ordered single-layer graphene on a Ni(111) surface,
which was prepared according to literature.>* %7 Subsequently, this graphene layer was
exposed to a beam of low energy nitrogen ions, with energies ranging from 25 to 100 eV.
Subsequently, we annealed the nitrogen-bombarded graphene layer to 900 K to allow for
a regeneration of the perturbed graphene lattice, leading to nitrogen-doped graphene.
Two different doping sites were identified: the substitution of carbon atoms by nitrogen
and vacancies in the graphene sheet with pyridinic nitrogen at the edges (see schematic

drawing in Figure 3.3), which are denoted as graphitic N and pyridinic N, respectively.

(NI OC QgraphltlcN D pyridinic N

R '5). )
;5,'{.; mra.«.@
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; 1«&? b}.&’»
. 95N

Figure 3.3 Sketch of nitrogen-doped graphene with the two suggested doping sites, i.e.

| .3
-:‘ﬁ!

graphitic and pyridinic nitrogen.

The preparation steps are monitored in situ with HR-XPS, as shown in Figure 3.4. In the
first step a single layer of graphene was prepared on the Ni(111) surface by exposure of
the clean surface to propene at 900 K:*2 the corresponding C 1s spectrum is shown as

black curve in Figure 3.4a. Thereafter, this layer was exposed to a 50 eV beam of nitrogen

23



Results

ions at low temperature (<120 K) for 10 minutes. The resulting C 1s and N 1s spectra at
104 K are shown in Figures 3.4a and 3.4b, respectively, as red curves. In comparison to
pure graphene, a broader C 1s peak is found, which is attributed to a disturbed graphene
lattice induced by nitrogen ion bombardment. The N 1s region exhibits a broad and
asymmetric N 1s spectrum, implying the coexistence of several nitrogen species in the
sample. To restore an intact graphene structure and desorb excess nitrogen, the
nitrogen-bombarded layer was annealed to 900 K. The evolution of the C 1s and N 1s
spectra with temperature is shown in Figures 3.4c and 3.4d, respectively. During
annealing, the width of the C 1s spectra becomes smaller and the peak shape becomes
more symmetric, which suggests that the structure of graphene is indeed recovering. At
900 K, the C 1s spectrum is very similar to that observed for pristine graphene at 900 K.52
This recovery of the graphene lattice is in line with previous studies of graphene on nickel
substrates.”® In the N 1s spectra a decrease in intensity is found, indicating the desorp-
tion of instable nitrogen species (i.e. dinitrogen and nickel nitride) from the near surface
region. Finally, at 900 K two well-resolved symmetric peaks are observed at 398.7 and
400.7 eV, which are assigned to pyridinic and graphitic nitrogen, respectively.99 Cooling
down the layer, the C 1s and N 1s spectra are shown in Figures 3.4e and 3.4f. The new
species at 285.62 eV in C 1s is assigned to carbon atoms influenced by
nitrogen-incorporation, with a coverage of 0.068 ML. The amounts of graphitic and

pyridinic nitrogen are determined to be 0.012 and 0.010 ML, respectively.

24



Results

— graphene 200 K

= N sputtered 104 K
= annealing at 900 K
O cool down to 200 K

(a) — graphene 200 K

— N sputtered 104 K
— annealing at 900 K
— cool down to 200 K,

new species

— 104K (c) — 104K (d)
= 390 K
— 490 K
— 700 K
— 900 K

Intensity [arb. u.]

T T T T T T T T T T T
N-doped graphene §# (e) N-doped graphene (f)
200 K ’ 200 K

new species

1 1 1
288 287 286 285 284 283 282 406 404 402 400 398 396 394

Binding Energy [eV] Binding Energy [eV]

Figure 3.4 (a) C 1s spectra of graphene at 200 K, graphene sputtered with 50 eV nitrogen
ions (12 uA) for 10 minutes below 120 K (measured at 104 K), nitrogen-sputtered layer
after annealing at 900 K, and after cooling down to 200 K. (b) N 1s spectra corresponding
to the data in (a). (c,d) Evolution of the C 1s and N 1s spectra of the sputtered sample
(50 eV, 12 uA, 10 min); photon energy is 380 eV for the C 1s and 500 eV for the N1s
spectra. (e,f) Fitting of the C 1s and N1s spectra of nitrogen-doped graphene, measured

at 200 K.

Variation of the ion bombardment conditions, such as ion beam energy and bombardment
time results in different doping levels and a different branching ratio between pyridinic and
graphitic nitrogen, i.e., prolonged bombardment time and higher nitrogen ions would lead
to higher nitrogen doping level and more pyridinic type doping sites formed. This is related
to the amount of carbon that is lost during the bombardment procedure. Further details

are discussed in the article [P2].

25



Results

3.3 N-doped graphene by CVD of pyridine [P3]

This article [P3] was published in cooperation with the groups of Prof. Seyller and Prof.
Gorling at the University of Erlangen-Nurnberg. The angle-resolved valence-band spectra
were measured by R. J. Koch and DFT calculations were performed by F. Vifies. In this
CVD method, a single layer of nitrogen-doped graphene was synthesized by exposing a
clean Ni(111) surface to pyridine (CsHsN) at elevated temperatures. As for the preparation
of N-doped graphene by nitrogen ion bombardment, here also two N-doping
arrangements, the pyridinic-N and graphitic-N were found, but now pyridinic-N is the
dominant doping structure. In addition, the N-doping levels are influenced by the growth
temperature, i.e. lower temperatures lead to higher nitrogen contents (up to 0.05 ML, i.e.
2.5% at 673 K).

For hetero-atom doped graphene, the impact on the electronic properties of graphene
induced by doping is of importance. However, as the effect of the introduction of nitrogen
atoms on the electronic properties of graphene might be masked by the well-known strong
interaction of graphene with Ni(111), we have also investigated the layers after the
intercalation of gold, which is known to decouple graphene from its substrate.”® The gold
intercalation procedures are shown in Figure 3.5, indicating that the effect of N-doping
remains present after Au intercalation. The black spectrum shows the the C 1s region of
N-doped graphene before gold intercalation, and exhibits a shift to lower binding energy
by 0.7 eV after gold intercalation, comparable to other intercalation studies of supported
graphene.'® 22! The N 1s region consists of two species, the pyridinic-N (399.0 eV) and
graphitic-N (400.6 eV). The respective structures are shown in the Figure 3.3. After gold
intercalation, pyridinic-N shifts to lower binding energy by 0.7 eV, similar to the shift in the
C 1s region. Interestingly, graphitic-N keeps the same binding energy after gold
intercalation. This discrepancy between pyridinic-N and graphitic-N is due to the different
geometries of N atoms in these two doping structures, i.e. pyridinic-N atoms is in the plane
of the sheet, leading to a strong interaction with nickel substrate. On the other hand, the
graphitic-N atoms are bulked upwards and are out of the plane, thus have less interaction

with the substrate. From these considerations, it is concluded that gold intercalation has a
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stronger effect on pyridinic-N than on graphitic-N. The significant damping of the Ni 2p
signal after gold intercalation, while the intensities of the C 1s and N 1 s regions are

restored, demonstrates a successful gold intercalation for N-doped graphene.
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Figure 3.5 HR-XPS of the intercalation of N-doped graphene on Ni(111). Shown are the

(a) C 1s, (b) N 1s and (c) the Ni 2p region before and after the intercalation with gold.

The dispersion of the valence bands of N-doped graphene with and without gold
intercalation was measured by angle-resolved photoelectron spectroscopy; for a detailed
discussion please refer to [P3]. Figure 3.6 shows the energy-dispersion curves (EDCs) at
the M-point for nitrogen-doped graphene layers with different nitrogen contents. The upper
three curves are for N-doped graphene (without gold), and the lower three are the

corresponding EDC curves for gold-intercalated N-doped graphene. Before gold
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intercalation, the graphene n-band at the M-point is shifted significantly to lower energies
as the nitrogen content rises. After gold intercalation, the whole n-band shifts to lower
binding energies by ~ 2 eV due to decoupling from the nickel substrate. However, the
tendency of the =n-band shifting to lower binding energies as the nitrogen contents
increase is kept as before gold intercalation, implying p-doping for these N-doped

graphene layers.
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Figure 3.6 Energy distribution curves (EDC) of different ARPES spectra at the I-Point. (a)
to (c) show spectra from preparations at different temperatures; (d) to (f) show Au

intercalated graphene layers.

The changes of the graphene band structure upon doping in the strongly coupled (without
Au) and decoupled (with Au) states are interpreted with the help of ab initio density
functional (DF) calculations. It shows that the position of n-band at the I-point strongly
depends on the nitrogen concentration and the doping geometry. For the pyridinic-N
configuration, the shift to lower binding energies is due to the surrounding holes/defects.
In contrast, the graphitic-N configuration leads to a shift of the n-band to higher binding

energies. Further details are discussed in [P3].
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3.4 B-doped graphene on Ni(111) [P4, P5]

N-doped graphene layers were successfully produced by low energy nitrogen ion
bombardment of graphene on Ni(111) and CVD growth on Ni(111) with the precursor
molecule pyridine, and two doping configurations, pyridinic-N and graphitic-N were
identified, which show shifts in the opposing direction for the n-band of graphene.®® 97 %
Boron-doping is also considered as a powerful tool to tune the electronic properties of

carbon allotropes, e.g. carbon nanotubes, "%

and first results for boron-doped (B-doped)
graphene were already presented.®® ' '® However, in these cases, exfoliated graphene
or graphite were used, and no CVD growth of B-doped graphene had been reported,
implying challenges for the quality of B-doped graphene and for large-scale production.
Furthermore results for the incorporation of boron atoms into graphene oxide have also
been presented.'?® In this Chapter, production of B-doped graphene on Ni(111) will be
addressed and the impact of B-doping on the electronic structure of graphene will be

discussed. It is important to note that this work again is collaboration with J. Gebhardt

(DFT calculations) and R. J. Koch (valence-band photoelectron spectra).

The B-doped graphene layers were prepared by CVD of the precursor triethylborane (TEB)
at elevated temperatures. This approach to the formation of a single layer of B-doped
graphene with a high boron content (13 ~ 20%)." Alternatively, annealing a
boron-containing Ni(111) surface in the presence of propene at 650 ~ 900 K resulted in

graphene with a lower boron content (0 ~ 5%)."%”

A scheme of B-doped graphene/Ni(111), with carbon atoms substitutionally replaced by
boron atoms, is depicted in Figure 3.7 (a). Figure 3.7 (b) and (c) show typical C 1s and
B 1s XP spectra of single layer B-doped graphene prepared by CVD of TEB at 823 K on
Ni(111). In the C 1s spectrum, three well-resolved species at 284.31, 283.34, and
282.27 eV are observed; they are attributed to sp2 hybridized carbon atoms exclusively
surrounded by carbon atoms (C1, black), carbon atoms (C2, green) with one neighboring
boron atom, and carbon atoms with two neighboring boron atoms (C3, blue),

respectively.”” In the B 1s spectrum, two species are found at 188.00 and 187.31 eV,
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which are assigned to elemental boron (B1) atoms on nickel and boron atoms
substitutionally incorporated into the carbon network, i.e., bonded to three carbon atoms
(B2), respectively.'”” The identification of the C 1s and B 1s species are according to the
calculated core level shifts (CLS) of the C 1s and the B 1s states, according to the
final-state approximation,'®” in the different possible arrangements (shown in [P4]). In the
layer we observe an overall B-doping concentration of ~20%, being much higher than the

values obtained for N-doped graphene on Ni(111) prepared by CVD of pyridine.?’
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Figure 3.7 (a) Structure of B-doped graphene containing the four relevant atomic species:
carbon atoms with exclusively carbon neighbors (C1), carbon atoms bound to two carbon
and one boron neighbors (C2), carbon atoms with two boron and one carbon neighbors
(C3), and boron atoms substitutionally incorporated into the graphene sheet (B2). (b) and
(c) show C 1s and B 1s XP spectra of B-doped graphene on Ni(111) with a boron content

of 0.35 ML (20%), respectively. The species B1 in (c) is associated with elemental boron.

We prepared more than ten boron-doped graphene layers on Ni(111) with different B
concentration, and here three of them are selected and shown in Figures 3.8(a) and (b)

(0.09 ~ 0.35 ML). It is found that C2 and C3 rise while C1 declines as the B concentration
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increases from 0.09 to 0.35 ML, confirming that C2 and C3 are the carbon atoms bonded
to B atoms. Despite this, we additionally observe a shift of the C1 peak from 285.0 to
284.4 eV with rising boron coverage [see inset of Figure 3.8(a)]. This is due to the fact that
boron dopants not only influence the C 1s level of direct neighbors (C2 and C3), but also
have on influence on C1, resulting in a shift to lower binding energies and a broadening of
the C 1s peak with increasing doping concentration. From a quantitative analysis of the C
1s and B 1s data the combined carbon and boron coverage on the surface was calculated

to be around 2 ML, as expected for a closed monolayer of B-doped graphene on Ni(111).
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Figure 3.8 High-resolution XP spectra of (a) the C 1s and (b) the B 1s region of
boron-doped graphene with different doping levels. The inset in (a) shows the shift of the

graphene C 1s peak with the doping concentration.

To understand the impact of B-doping on the electronic structure of graphene,
angle-resolved valence band spectra of B-doped graphene with different B contents were
measured. Additionally, also the influence on the adsorption geometry of graphene upon
B-doping are discussed in detail in [P4], Figure 3.9 shows the binding energy positions of
n-band at the I-point for B-doped graphene layers as a function of B content. It is found
that the n-band shifts to lower binding energies (towards the Fermi level) as the B
concentration rises, implying a p-doping effect for boron incorporation. In contrast to
N-doped graphene, only the substitutional doping configuration is found for B-doped

graphene, where only leads to p-type graphene materials.
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Figure 3.9 Shift of the binding energy EB with the boron content of the carbon r band at
the -point of graphene on Ni(111) as measured in experiment (black) and predicted by

theory (red).

In order to decouple B-doped graphene from nickel substrate, the well-established gold
intercalation procedure was tried. As is known, quasi-free-standing graphene is obtained
after successful gold intercalation of graphene'® and N-doped graphene on Ni(111).%% ¥’
The decoupling from the metal substrate is especially important for metal-supported
doped graphene; otherwise the effect of hetero-atom doping might be obscured by the
covalent coupling to the metal. Despite the previous successful intercalation of

d,% % the gold intercalation of B-doped

graphene'® and N-doped graphene with gol
graphene on Ni(111) shows an unexpected results, i.e. gold does not intercalate B-doped
graphene for high boron concentrations (13 ~ 20%); only for lower boron concentrations
(~5%) partial intercalation occurs. To obtain detailed insight, we additionally performed
DFT calculations, and addressed the differences compared to undoped and N-doped
graphene on Ni(111). In the end, we identify the stronger binding of the boron atoms to the

nickel substrate as responsible factor of the different gold intercalation behavior in the

case of boron doping. The details please refer to [P5].
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3.5 Hydrogenation of graphene [P6]

In addition to N- and B-doped graphene, hydrogenation of graphene and its
corresponding dehydrogenation properties were also of interest. The motivation is based

30, 71, 87, 103, 106, 128 102, 104, 105, 129 as

on functionalization of graphene and hydrogen storage,
discussed in Chapter 1. Thus, understanding the fundamentals of the adsorption and
reaction between hydrogen and graphene is crucial not only due to the interest in
hydrogen storage, but also for understanding and tuning its electronic properties.

In this chapter, we investigate the hydrogenation of graphene supported on a Ni(111)
surface by in-situ HR-XPS and show that significant differences occur as compared to the
hydrogenation of graphene on gold/Ni(111).130 In our experiments, we find more than two
times the amount of carbon is affected by hydrogenation for the Ni(111) supported
graphene than for the gold intercalated cases. The thermal evolution of hydrogenated
graphene is studied with TPXPS and TPD, showing a two-step dehydrogenation at
temperatures of 360 and 600 K. The detailed understanding of this dehydrogenation
process is, along with hydrogen storage capacity, a crucial factor for the use of graphene
in hydrogen storage applications.

Hydrogenation was performed by exposing a graphene surface to a beam of atomic
hydrogen produced by dissociating molecular hydrogen at ~ 2400 K in a tungsten capillary,
assembled in a ‘hydrogen source’ (EFM H from Omicron NanoTechnology).”* *' The
hydrogen partial pressures during hydrogenation were between 5x10” % and 1x10™ ¢ mbar.
The hydrogenation time was varied from a few seconds to 6 min.

Figure 3.10 (a) shows the C 1s region of pristine graphene on the Ni(111) surface.®® To
simplify the analysis, we fit the spectra with 3 contributions, carbon atoms that are sp?
hybridized with a main peak at 284.96 eV and a shoulder at 284.48 eV, and peak due to
nickel carbide at 283.56 eV.

Graphene was exposed to atomic hydrogen at 170 K. Figure 3.10 (b) shows the C 1s
spectra after exposure to up to 360 L of atomic hydrogen. As the hydrogen exposure
increases, the original sp2 carbon peaks decreases, and simultaneously a new peak at

284.28 eV emerges, reaching saturation at 90 L. Atomic hydrogen is known to react with
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graphene to form C-H bonds, transforming sp? hybridized carbon to sp® hybridized carbon;
near edge X-ray absorption fine structure (NEXAFS) experiments showed that C-H bonds

2 and that every carbon bound to hydrogen is bulked

are perpendicular to surface,’
upwards.'% 323 T quantify our observations, we fitted the spectra, as shown in Figure
3.10(c). Obviously, the new species at 284.28 eV is associated with the adsorption of

135 136 or adsorption

atomic hydrogen. As discussed in [P6], hydrogen intercalation
between the nickel substrate and graphene are unlikely, and the only possibility is
hydrogenation to form C-H bonds, i.e. to sp® hybridized carbons with a C 1s peak located
at 284.28 eV. Our results are in partial disagreement with earlier work from Ng, et al., who

found much lower hydrogen concentrations.®? The discrepancy is probably due to

different sample preparations.
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Figure 3.10 (a) Deconvolution of the C 1s spectrum of pristine graphene on Ni(111) at 170

K, green curve (sp® C), light blue curve ( sp? C shoulder), and dark blue curve (carbide). (b)
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Evolution of C 1s region of hydrogenated graphene/Ni(111) as a function of hydrogen
exposure (0 - 360 L), measured at 170 K. (c) Deconvolution of the C 1s spectrum of
hydrogenated graphene/Ni(111) at 90 L H. Compared to the spectrum of pristine graphene

in (a), one new species related with C-H bonds (red curve) is formed.

For hydrogen storage applications, the properties of the hydrogen release process are
also very important, e.g. the hydrogen desorption temperatures. To obtain this information,
the dehydrogenation process was investigated with TPD and TP-XPS. TPD is able to
determine the desorption temperatures for hydrogen from the graphene surface and also
the amount of hydrogen stored on the surface of graphene/Ni(111). In addition, TP-XPS
helps to identify the influence of hydrogen on graphene and the intermediate states during
dehydrogenation. By combination of these methods, an accurate picture of the
hydrogenation of graphene/Ni(111) and dehydrogenation of H/graphene/Ni(111) has been
derived, see Figure 3.11. A CgH structure forms as the first hydrogenation state at low
hydrogen exposures, followed by a C,H structure as the second hydrogenation state at
high hydrogen exposures. During dehydrogenation, first the C,H structures decompose,
release hydrogen and transform into CgH structures in the temperature region of 300 - 400
K. Subsequently, the CgH structure decomposes, starting from 550 K; at 650
dehydrogenation is completed, resulting in restored graphene layer. The activation

energies are derived as 0.81 eV and 1.75 eV for the two dehydrogenation steps.

C,H structure CeH structure restored graphene

400 K _650K §

® Hatom
fully hydrogenated graphene

Figure 3.11 Schematic model of the dehydrogenation process of hydrogenated

graphene/Ni(111).
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130 where a C4H polymer-like

In comparison to the hydrogenation of graphene/Au/Ni(111),
structure is formed, graphene/Ni(111) has a larger hydrogen storage capacity. The
corresponding dehydrogenation on graphene/Au/Ni(111) shows a more complicated
behavior. These different results indicate that the hydrogenation of graphene and

corresponding dehydrogenation process are strongly influenced by the substrate

properties.
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4.Summary

Graphene is thought to revolutionize the 21th century with many innovative applications,
especially in ballistic electronics. In the last years, the controllable tailoring of the
properties of graphene have become state-of-the-art in graphene research, and chemical
functionalization has been demonstrated as a powerful tool towards this goal. In this
thesis, metal-supported graphene and chemically modified graphene, including
hetero-atom doping and hydrogenation are discussed, with the experimental results

mainly obtained by in-situ HR-XPS.

As a first step, a highly-ordered single graphene layer was successfully synthesized on a
Ni(111) surface, and the adsorption structure was studied by HR-XPS and ab initio DFT
calculations. We found two coexisting structures of graphene on the Ni(111) surface,
namely the bridge-top geometry with the carbon atoms adsorbed equivalently off-center
on top of surface Ni atoms, and the top-fcc geometry with one carbon atom adsorbed at
an on top position and the other on an hollow-fcc site. The two graphene structures show
very similar energies according to DFT calculations. As a consequence, both geometries
coexist on the surface, with their relative fractions depending on minor defect

concentrations (pinning sites) on the surface.

For the doping of graphene with hetero-atom, the neighbors of carbon in periodic table of
elements, nitrogen and boron, were selected. N-doped graphene layers were produced on
a Ni(111) surface by low energy nitrogen ion bombardment and CVD growth, both
resulting in two different nitrogen doping sites, graphitic and pyridinic nitrogen. For low
energy nitrogen ion bombardment, the pristine graphene layer on Ni(111) was exposed to
nitrogen ions generated by a sputtering gun, with ion energies from 25 to 100 eV.
Annealing the sputtered sample to 900 K to heal the disturbed graphene lattice yielded
N-doped graphene. From the XPS data, the relationship between graphene lattice defects
and nitrogen doping level as well as the relative population of the two different doping

sites was derived. It was shown that it can be tuned in a certain range by variation of the
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ion energy and sputtering time.

The CVD synthesis of N-doped graphene on Ni(111), was achieved by pyridine exposure
at elevated temperatures. This procedure leads to N-doped graphene layer with less
defects (carbon vacancies) compared to low energy nitrogen ion bombardment. We found
the pyridinic-N to be the dominant doping arrangement, and that the N doping level can be
altered by variation of the growth temperature (up to 2.5%). The electronic properties of
N-doped graphene were studied by angle-resolved valence-band spectroscopy and DFT
calculations. It was shown that graphitic-N and pyridinic-N have opposite effects on the
valence-band (doping types), i.e. n-doping and p-doping, respectively. Furthermore, the
DFT calculations by our collaboration partners helped to identify that the p-doing effect
from pyridinic-N is caused by the carbon vacancies generated around the pyridinic
nitrogen atom. Gold was used to intercalate the N-doped graphene layer, resulting in

quasi-free-standing N-doped graphene.

B-doped graphene was synthesized on a Ni(111) surface by CVD and by annealing a
B-containing nickel crystal in the presence of propene. In contrast to N-doped graphene,
only the substitutional doping geometry is found for B-doped graphene, and the doping
levels can be much higher (up to 20%). The electronic structure was studied by
angle-resolved photoemission spectroscopy and DFT calculations, showing p-doping for
substitutional B-doping. The gold intercalation for B-doped graphene on Ni(111) exhibits a
more complicated situation than found for the intercalation of pristine or N-doped
graphene on Ni(111). Gold can only partially intercalate the B-doped graphene with low
concentrations (0 ~ 5%), and can not intercalate high B-doped graphene layers
(13 ~ 20%). From DFT calculations addressing the gold intercalation of pristine graphene,
N-doped graphene and B-doped graphene on Ni(111), it is concluded that the strong
interactions between boron atoms and nickel substrate are responsible for the difficulties

in gold intercalation of B-doped graphene.

Besides doping, hydrogenation of graphene is also studied in this thesis. Atomic hydrogen

was used to hydrogenate graphene supported on Ni(111), and the following
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dehydrogenation process was investigated by TP-XPS and TPD. The results indicate that
CeH structure forms as the first hydrogenation state at low hydrogen exposures, and C,H
structures form as the second stable hydrogenation state at high hydrogen exposures.
During the dehydrogenation process, C,H structures first decompose, release hydrogen
and transform into a CgH structure in the temperature region of 300 - 400 K. Subsequently,
the CgH structures decompose starting from 550 K, and completely dehydrogenate until
650 K, resulting in restored graphene. The activation energies for dehydrogenation are
derived as 0.74 eV and 1.75 eV for the two dehydrogenation steps. In comparison to
graphene supported on Au/Ni(111), the hydrogen storage capacity is significantly higher

for the non-intercalated system.
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5.Zusammenfassung

Es wird angenommen, dass Graphen und verwandte Materialien das 21. Jahrhundert mit
vielen innovativen Anwendungen, vor allem im Bereich der ballistischen Elektronik
revolutionieren werden. In den letzten Jahren wurde das kontrollierte MalRschneidern der
Eigenschaften von Graphen ein zentrales Forschungsthema und insbesondere die
chemische Funktionalisierung wird als besonderes vielversprechender Ansatz betrachtet.
In dieser Arbeit wurde Graphen adsorbiert auf Metallen und chemisch funktionalisiertes
Graphen, im besonderen Heteroatom-dotiertes und hydrogeniertes Graphen untersucht.
Die experimentellen Ergebnisse wurden grofteils mittels hochaufgeldster in-situ

Roéntgenphotoelektronenspektroskopie (HR-XPS) gewonnen.

In einem ersten Schirtt wurde eine hochgeordnete (1x1) Graphen-Monolage erfolgreich
auf einer Ni(111) Oberflache hergestellt und mittels HR-XPS und ab inito
Dichtefunktionaltheorie ~ (DFT)-Rechnungen  untersucht. Dabei wurden zwei
koexistierende Adsorptionsstrukturen gefunden: in der ,bridge-top“ Geometrie sind die
beiden Kohlenstoffatome der Graphen-Einheitszelle auf Ni(111) auf &quivalenten
briickenartigen Adsorptionsplatzen adsorbiert und in der ,top-fcc® Geometrie ein
Kohlenstoffatom direkt auf einem Ni(111) Oberflachenatom und das andere auf einem
sogenannten ,hollow-fcc“ Adsorptionsplatz. Die DFT Rechnungen zeigen, dass beide
Geometrien sehr ahnliche Adsorptionsenergien besitzen und deshalb auf der Oberflache
koexistieren kdnnen. Der jeweilige Anteil hangt vermutlich von kleinen

Defektkonzentrationen ab.

Zum Dotieren der Graphen-Monolage auf Ni(111) wurden die Nachbarelemente des
Kohlenstoffs im Periodensystem, Bor und Stickstoff, gewahlt. N-dotiertes Graphen wurde
durch Beschuss der Graphen-Monolage mit niederenergetischen Stickstoffionen und
durch chemische Gasphasenabscheidung hergestellt. Beide Methoden flhrten zu
unterschiedlich gebundenen Stickstoffen, namlich graphitischem und pyridinischem

Stickstoff. Zur Herstellung mittels lonenbeschuss wurden mittels einer lonenkanone
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(,Sputtergun®) Stickstoffionen mit kinetischen Energien von 25 bis 100 eV auf das
Graphen beschleunigt. Nachfolgendes, kurzzeitiges Erhitzen auf 900 K flhrte zum
Ausheilen von Schaden in der Graphenschicht und somit zu N-dotiertem Graphen. Aus
den XPS Daten konnten Zusammenhange zwischen Graphen-Gitterdefekten und dem
Stickstoff-Dotierungsgrad sowie den relativen Besetzungen der beiden unterschiedlich
gebundenen Stickstoffe hergestellt werden. Es wurde inbesondere auch gezeigt, dass die
relative Konzentration innerhalb gewisser Grenzen durch die Anderung der lonenenergie

und der Beschussdauer eingestellt werden kann.

Die Synthese von N-dotiertem Graphen mittels chemischer Gasphasenabscheidung
wurde mit Pyridin als Prekursorgas bei erhéhten Temperaturen erreicht. Dieser Prozess
fihrt, ebenso wie der Beschuss mit niederenergetischen Stickstoffionen, zu N-dotiertem
Graphen, allerdings mit weniger Defekten (Kohlenstoff-Leerstellen). Es wurde ermittelt,
dass pyridinischer Stickstoff die iberwiegende Dotierspezies darstellt und dass sich die
erreichte Stickstoffkonzentration durch die Temperatur, bei der die chemische
Gasphasenabscheidung durchgefihrt wird, in engen Grenzen (bis zu 2,5%), variieren
Iasst. Die elektronischen Eigenschaften des N-dotierten Graphens wurden im Rahmen
einer Kooperation mit Hilfe von winkelaufgelOster Valenzband-Phototoelektronenspektro-
skopie und DFT Rechnungen bestimmt. Es wurde gezeigt, dass die beiden
verschiedenen Dotierspezies, graphitischer und pyridinischer Stickstoff, gegensatzliche
Effekte auf die Lage des Valenzband, namlich n- und p- Dotierung, respektive,
hervorrufen. Des Weiteren gelang es mit Hilfe von DFT Rechnungen unserer
Kollaborationspartner herauszufinden, dass der p-Dotierungseffekt des pyridinischen
Stickstoffs durch die Leerstellen um das Stickstoffatom hervorgerufen wird. In weiteren
Untersuchungen wurde Gold zwischen der Ni(111) Oberflache und dem N-dotieren
Graphen interkaliert und auf diese Weise quasi-freistehendes N-dotiertes Graphen

erzeugt.

Bor-dotiertes Graphen wurde auf einer Ni(111) Oberflache durch chemische
Gasphasen-abscheidung von Triethylboran hergestellt; alternativ konnten geringe

Bor-Dotierungen auch durch Heizen eines Bor enthaltendem Nickel Kristall unter
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Anwesenheit von Propen erzeugt werden. Im Gegensatz zu N-dotiertem Graphen konnte
fur die Dotierung mit Bor nur die Geometrie in der Kohlenstoff substituiert wird gefunden
werden. Die erreichten Dotier-Konzentrationen (bis zu 20%) waren héher als im Falle der
N-Dotierung. Die elektronische Struktur des B-dotierten Graphen wurde wiederum mittels
winkelaufgeldster Valenzband-Phototoelektronenspektroskopie und DFT Rechnungen
bestimmt; hierbei zeigte sich, dass die Substitution eines Kohlenstoffatoms durch ein
Boratom zu einer p-Dotierung fuhrt. Das Interkalieren von Gold zwischen Graphen und
Ni(111) fuhrt zu einer komplexeren Situation als dies bei reinem und N-dotiertem Graphen
der Fall ist. Bei niedrigdotierten (0 - 5%) Schichten findet eine teilweise Interkalation und
bei hochdotierten Schichten (13 - 20%) findet keine Interkalation statt. Aus DFT
Rechnungen betreffend die Interkalation von Gold zwischen reinem Graphen, N-dotiertem
Graphen und B-dotiertem Graphen, und einer Ni(111) Oberflache folgt, dass starke
Wechselwirkungen zwischen Bor und dem Nickel-Substrat das Interkalieren von

B-Dotiertem Graphen erschweren.

Neben dem Dotieren wurde auch das Hydrieren von Graphen in dieser Arbeit untersucht.
Graphen auf einem Ni(111) Substrat wurde mit Hilfe von atomarem Wasserstoff hydriert.
Anschlieend wurde die thermische Dehydrierung mit Temperaturprogrammierten XPS
Messungen und mit Temperaturprogrammierter Desorption untersucht. Die Ergebnisse
legen nahe, dass sich bei niedrigen Wasserstoffmengen eine stabile CgH Struktur
ausbildet, wahrend bei hohen Wasserstoffmengen eine stabile C,H Struktur entsteht. Bei
der Dehydrierung zerfallt zuerst die C,H Struktur unter Abspaltung (Desorption) von
Wasserstoff in die C¢H Struktur bei einer Temperatur von 300 — 400 K. Danach zerfallt ab
einer Temperatur von 550 K, bis hin zu 650 K, die C¢H Struktur unter Abspaltung von
Wasserstoff zu Graphen. Die Aktivierungsenergien fiir diese zwei Schritte wurden mit 0,74
und 1,75 eV bestimmt. Im Vergleich zu Gold-interkaliertem Graphen auf Ni(111) ist die

Wasserstoff-Speicherkapazitat von Graphen auf Ni(111) signifikant héher.
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Abstract

Understanding the adsorption and reaction between hydrogen and graphene is of fundamental
importance for developing graphene-based hydrogen storage and chemical functionalization
of graphene by hydrogenation. Herein, single layer graphene prepared on Ni(111) is exposed
to atomic hydrogen, yielding hydrogenated graphene. Applying high-resolution X-ray
photoemission spectroscopy, the impact of the hydrogenation on graphene was investigated in
detail. Subsequently, the dehydrogenation process was investigated by temperature-
programmed XPS and temperature programmed desorption to elucidate the dehydrogenation
process and to determine the hydrogen coverages and dehydrogenation energies of the two
different desorption states. Additionally, we propose a model for the adsorption geometry of
hydrogen on graphene.



Introduction

Hydrogen storage based on graphene materials has attracted considerable attention in recent
years, due to its promising performances in hydrogen storage capacity and control of
storing/releasing hydrogen at proper temperatures (300 ~ 600 K).' The product obtained after
fully hydrogenating graphene (C,H,), known as graphane,” shows a remarkable high
hydrogen storage capacity of 8.3 w.t.%, which is close to the objectives of the US Department
of Energy for hydrogen storage (9 wt% by 2015).> Furthermore, since graphene was found,’
its chemical functionalization has been considered as an important method to tailor the
electronic and chemical properties for functional device and gas sensors applications.”” ® It
was demonstrated that reversible hydrogenation allows for controlling the electrical transport
properties of single layer graphene.”” Electronically, graphene is a zero-gap semi-metal, and
graphane is a insulator with a band-gap of 3.5 eV.? The electronic properties of hydrogenated
graphene are strongly affected by the hydrogen coverage and chemisorption pattern.' "' To
this end, understanding the fundamentals of the adsorption and reaction between hydrogen

and graphene is crucial, for hydrogen storage and also for understanding and tuning its

electronic properties.

A recent study of the hydrogenation of graphene supported on gold/Ni(111) proposed a
C,4H-type structure, with a hydrogen saturation coverage of 25%.'* Investigations of hydrogen
chemisorbed on graphene supported on SiC show a similar behavior as observed for the
chemisorption of atomic hydrogen on graphite, i.e. the formation of C-H monomers, dimers
and clusters, with saturation coverages of up to 40%."*"> Ng et.al found that graphene
supported by different transition metals adsorbs hydrogen in various ways, depending on the
substrate: On graphene on Ir(111) and Pt(111), hydrogen atoms absorb preferably on carbon
atoms in the valleys, forming graphane-like structure. In the case of the commensurate
structure of graphene on Ni(111) an adsorption on every third carbon atom situated on the on
top substrate sites is found'® The hydrogen storage capacity on these systems can be
remarkably high, e.g. as much as 60 % for H/Graphene/Pt(111); on the other hand, on Ni(111)
and gold intercalated graphene on Ni(111) only coverages of 17%'® and 25% '* were reached,
respectively. Obviously, the substrate plays an important role in the hydrogenation of
supported graphene. In particular for hydrogen storage applications, the thermal evolution and
the kinetics of hydrogen desorption/releasing is highly important. Despite this relevance, no
studies about the dehydrogenation process of hydrogenated graphene supported on metals, e.g.

in our case of Ni(111), have not been conducted yet. Herein, we revisit the hydrogenation of
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graphene supported on a Ni(111) surface by in-situ high resolution X-ray photoemission
spectroscopy (XPS) and show that significant differences occur in comparison to the
hydrogenation of graphene on gold/Ni(111)."* In our experiments we observed that more than
twice the amount of carbon is affected by hydrogenation; in addition, also other significant
differences are found compared to earlier measurements.'® Special attention is paid to the
dehydrogenation of hydrogenated graphene, i.e. the release of hydrogen from the storage
material, as this is a crucial factor for the use of graphene in hydrogen storage applications.
The dehydrogenation was studied with temperature-programmed XPS (TP-XPS) and
temperature-programmed desorption (TPD); from both methods two desorption states at 360
and 600 K were identified. Furthermore, we propose an adsorption geometry of hydrogen on

graphene and give estimated for the activation energies for the desorption.

Experimental

The XPS experiments were performed in a transportable UHV apparatus connected to
beamline U49/2 PGM1 at BESSY II of the Helmholtz-Zentrum Berlin. Graphene was
prepared by exposing a Ni(111) crystal to 1x10° mbar of propene at 650 K until saturation,
with subsequent annealing to 900 K, to form single layer of graphene on the Ni(111)
surface.'” Hydrogenation was performed by exposing the graphene surface to a beam of
atomic hydrogen produced by dissociating molecular hydrogen at ~ 2400 K in a tungsten
capillary, (EFM H from Omicron Nano Technology). The hydrogen partial pressures during
hydrogenation were in the range from 5x10 ~? to 1x10” ® mbar. The hydrogenation time was
varied from a few seconds to 6 min. It is important to note that the cracking efficiency of
hydrogen is nearly 100% at the temperature we used. The given hydrogen pressures are
background pressures and thus are lower than in the hydrogen beam. During hydrogenation,
the sample was kept at 170 K. For the TPXPS experiments a linear heating rate of 0.5 K/s was
used. The C 1s spectra were recorded using a photon energy of 380 eV, with a resolution of
~200 meV. The carbon coverage is calibrated by comparison to a saturated well-ordered
(N7x\7)R19.1° benzene layer with a known carbon coverage of 0.86 ML,' (where 1 ML
corresponds to one carbon atom per substrate nickel atom); note that a perfect graphene layer
corresponds to a coverage of 2 ML, as it contains two carbon atoms per (1x1) substrate unit
cell. During the TPD experiments, the background pressure in the chamber was below 4x10™"°
mbar. A linear heating ramp of 3 K/s was used and mass m/e = 2 was measured in the

quadruple mass spectrometer (QMS) to detect molecular hydrogen.

3



Results and Discussions

Fig. 1 (a) shows the C 1s region of a pristine saturated graphene layer on the Ni(111)
surface.'” In Fig. 1 (b) a series of C ls spectra is shown, measured after exposure of the
graphene layer to different amounts of atomic hydrogen. As the hydrogen exposure increases,
the original graphene signal decreases and simultaneously a new peak at 284.28 eV emerges,
reaching saturation at 90 L. This change is attributed to the reactions of the atomic hydrogen
with graphene to form C-H bonds, transforming sp® hybridized carbon to sp’ hybridized
carbon. This interpretation is in line with NEXAFS experiments that show that C-H bonds are
formed, which are perpendicular to surface,'® and that every carbon atom bound to a hydrogen

is bulked upward.'" '

To quantify these observations we fitted the spectra: At first we shortly want to discuss
the fit of pristine graphene, which is known to show two different adsorption geometries,
namely bridge-top and top-fec that coexist on the surface.!” To simplify the quantitative
analysis in Fig. 1 we fitted the spectra of pristine graphene (plus nickel carbide) with three
contributions: the sp® hybridized carbons atoms due to graphene are represented by a main
peak at 284.96 eV and a shoulder at 284.48 eV, and the carbon atoms from nickel carbide are
fitted with a peak at 283.56 eV. This fit does not take into account the two different
adsorption geometries. Alternatively, we also performed the fitting method with (three)
separate peaks for the bridge-top and top-fcc geometry as described in Ref. 17, and found that
it lead to the same results, although with a higher error bar. For fitting the spectra after
hydrogenation always the envelopes of the two-peak fit or the three-peaks fits were used (i.e.
the peak plus shoulder, or the three peaks with fixed intensity ratios) to account the fraction of

non-hydrogenated carbons atoms.

The new peak at 284.28 eV observed after exposure to atomic hydrogen principally can
be associated with different scenarios: (i) Hydrogen atoms intercalate under the graphene
layer, resulting in decoupled carbon species from nickel substrate, as observed for graphene

. 19, 20
on SiC.” ™

(i1) Hydrogen atoms adsorb on graphene from both sides, forming a graphane-like
structure. (ii1) Hydrogen atoms adsorbing on graphene only from the top side. In the following,
we will shortly argue why the answers (i) and (i1) are unlikely: The intercalation of hydrogen

3,12, 16, 21
has not been observed for graphene on metal surfaces.” =~ ™

However, atomic hydrogen
does intercalate graphene supported on SiC, but only on the condition that the sample is kept
above ~723 K,'”* while our hydrogenation takes place at 170 K. As known that graphene is

an effective gas-tight layer, vibrational modes have to be excited in the graphene layer before
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hydrogen atoms are allowed to leak through and reach the interface between graphene and the
substrate, but here the temperature of 170 K is too low for that. The intercalation would
indeed lead to a shift of the C 1s binding energies to lower energies; however, also a shift in
the m and o band of graphene by approximately the same amount is expected (see e.g. the
intercalation of gold®?), which we did not observe. In order to identify a possible hydrogen
intercalation, the adsorption of atomic hydrogen on clean Ni(111) surface was also
investigated. In comparison to the adsorption of atomic hydrogen on graphene/Ni(111), we
find no change in the valence band, i.e. in the d-states of nickel (0 ~ 2 eV) and at ~ 6 eV that
would indicate the interaction of hydrogen with the nickel surface (see supporting
information). This implies that hydrogen does not intercalate between graphene and Ni(111).
In addition, we want to point out that the interaction of graphene with the Ni(111) substrate is
very strong, such that an intercalation should not be favored, at least not at low temperatures
(170 K). We can also rule out a complete conversion of graphene to graphane, since the total
carbon amount influenced by hydrogen exposure levels off at ~ 1 ML, compared to the 2 ML

required for a full graphane layer (see below).

To this end, it seems reasonable that hydrogen adsorbs on graphene from the top, and
the C-H bonds are responsible for the new peak at 284.28 eV. The fitting procedure is
illustrated for the hydrogen exposure of 90 L as an example in Fig. 1 (c). In total, four peaks
are obtained; the three of them are assigned to graphene (284.96 and 284.48 eV) and nickel
carbide (283.56 eV) which are not affected by hydrogen, and the fourth at 284.28 eV to the C-
H structure (in red). Please note that in contrast to earlier work of Ng et al,'® we do not find a
contribution at a higher binding energy of ~ 285.3 eV, i.e. at a value higher than that of the
original sp” carbon signals (this is true for all of our adsorption and also dehydrogenation
experiments; see Fig. 3 (a)). Furthermore, in our data the species at 284.28 eV is much more
pronounced (60% of total carbon area) than observed for the saturated case in Ng’s work
(29 %). The lower value could be due to a different sample preparation that leads to only

partially hydrogen-saturated graphene.

To compare to earlier studies and to validate our preparation method we also studied the
interaction of hydrogen with graphene supported on gold/Ni(111); the corresponding data are
shown in the supporting information. Due to the gold intercalation, the main carbon peak
shifts to 284.33 eV. Upon exposing graphene/Au/Ni(111) to atomic hydrogen at 170 K, only
one new species emerges at 284.90 eV (i.e. at higher binding energy), which is assigned to C-

H bonds, with a saturation coverage of 0.45 ML (~22 %) at an exposure of 0.5 L of hydrogen.



In contrast to the case of H/graphene/Ni(111), no species is visible at lower binding energies,
even after exposing graphene with up to 180 L of atomic hydrogen. Please note that the
interaction between graphene and the intercalated gold layer is comparatively weak, thus
intercalation of hydrogen is expected to occur here more easily. These results are in good
agreement with the work of Haberer et.al,'> where also very similar coverages of a C-H
species were found indicating the existence of a C4H polymer-like structures. These strongly
different results concerning the saturation coverage as well as in the spectroscopic signature
of hydrogen on graphene indicate that the reaction between graphene and hydrogen is strongly

influenced by the substrate, allowing for a tunable hydrogen storage capacity.

The TPD spectra of H/graphene/Ni(111) are shown in Fig.2 for different hydrogen
exposures. The spectra of 180 and 360 L of hydrogen are similar, showing the saturation of
the surface with hydrogen at these exposures (also seen in the XPS data discussed above).
There are two main hydrogen desorption peaks at ~367 and ~603 K, corresponding to two
hydrogen desorption states for hydrogenated graphene on Ni(111). The two shoulders at ~235
and ~314 K are attributed to the desorption of hydrogen from the back side of the nickel
crystal (please refer for TPD spectra of hydrogen on Ni(111) in the supporting information).
As the hydrogen exposure decreases, the peak at ~367 K declines and disappears below an
exposure of 40 L. In contrast, the peak at ~ 603 K due to decomposition of the more stable C-
H structures remains almost constant between 360 and 40 L and decreases at lower exposures.
The broad and flat desorption region from 200 ~ 400 K is induced by hydrogen desorption
from the sample holder and the back side of the nickel crystal. TPD experiments of hydrogen
absorbed on a clean Ni(111) surface were used as reference to obtain the hydrogen coverage
on graphene on Ni(111). For an exposure of 180 L of hydrogen, the hydrogen coverages of
the two desorption peaks at 367 and 603 K are ~1.0 and ~0.2 ML, respectively.

The dehydrogenation process was also investigated with TP-XPS in order to obtain a
more detailed picture of the surface processes. Fig. 3(a) shows C 1s spectra taken during
dehydrogenation of graphene hydrogenated with 90 L of atomic hydrogen. As the temperature
rises, the contribution at 284.28 eV decreases significantly up to 380 K and disappears
completely until 650 K, where the C 1s spectrum of pristine graphene is restored. This is in
line with a bond scission of the C-H structures on the surface, and desorption dihydrogen
molecules from graphene surface. This shows that the hydrogenation and dehydrogenation of
graphene is completely reversible, which is important for the application of graphene as

hydrogen storage material. In order to visualize the dehydrogenation process in detail, the



coverage evolution of every carbon species is shown as a function of temperature in Fig. 3 (b).
Note that the total amount of carbon (black markers) remains constant at ~ 2 ML, implying no
loss of carbon during dehydrogenation. From the signal of the C-H structures (red line),
clearly a two-step dehydrogenation is evident as function of temperature. At the beginning
(170 K), the coverage of the C-H species is 1.10 ML (~ 59%), which is stable up to a
temperature of 300 K. This contribution drops to 0.26 ML (14%) upon further heating to 400
K, indicating the first dehydrogenation step. Simultaneously, the coverage of the sp’
hybridized carbon species (green line) increase. The second dehydrogenation step is observed
from 550 to 650 K, after which, the C-H species is completely decomposed, resulting in the
restoration of graphene. A differentiation of the TP-XPS curve as a function of temperature
(see Figure S4 in supporting information) shows the two maximum desorption peaks at 360
and 600 K, as also observed in the TPD spectra in Fig. 2. The decreases in coverage by 0.84
and 0.26 ML, respectively, in Fig. (4b) at these two temperatures, is in good agreement with
the TPD data. The dehydrogenation process for a lower exposures of 0.5 L atomic hydrogen is
shown in Fig. 3 (c) and (d). Interestingly, only one dehydrogenation step between 550 and
650 K is found, which is similar to the high temperature dehydrogenation step observed after
90 L hydrogen exposure. The coverage of C-H remains constant at 0.34 ML (18 %) until 550
K, and graphene is fully restored above 650 K. These results are also in line with our TPD

data, which also show only a high temperature peak for low exposures.

All XPS data of different hydrogen exposures are summarized in Table S1 in the
supporting information, and the corresponding curves are plotted in Fig. 4. Fig.4 (a) shows the
coverage evolution of the C-H related carbon species as a function of temperature for
hydrogenated graphene/Ni(111) with different hydrogen exposures, and (b) shows the
coverage evolution of sp® graphene carbon (the sum of sp® main peak and the shoulder). For
low hydrogen exposures (0.05 ~ 6 L), the C-H species and sp” carbon stay almost constant, i.e.
now low temperature dehydrogenation is found, when the sample is heated up from 170 to
400 K. From 550 to 650 K, the high temperature dehydrogenation step is observed, i.e., the C-
H species vanishes, accompanied by the restoration of the the sp” graphene carbon signal (to
values close to 2 ML). For 0.05 L hydrogen, 0.19 ML (10 %) of C-H species is formed; this
value increases to 0.35 ML (19 %) for 0.5 and 6 L hydrogen. For higher hydrogen exposures
(40 ~ 360 L), the dehydrogenation process shows two steps at 360 and 600 K, as was also
found in the TPD data. For 90 L hydrogen, the hydrogenation reaches saturation, with 1.10
ML (59 %) of C-H, as can be seen from the similar thermal evolution for 90 and 180 L

hydrogen. For 360 L hydrogen, less C-H species is found at 170 K (see Figure S5 and Table
7



S1 in supporting information), which might be due to excess hydrogen on the surface that
induces recombinative desorption of molecular hydrogen from the graphene surface.

From our TPD and TP-XPS data we can also estimate the activation energies by a
simple Redhead analysis,” assuming a frequency factor v of 10" s™'. From this analysis, the
activation energies of dehydrogenation for 360 K desorption is estimated to be 0.81 eV, and

the one at 600 K to be 1.75 eV.

In the effort to describe the dehydrogenation processes on graphene in dependence of
the substrate we also performed experiments on the dehydrogenation of hydrogenated
graphene/Au/Ni(111) by TPXPS, see Figure S6 in supporting information. During the
dehydrogenation process, only one desorption state starting from 470 K, with graphene being
restored at 600 K is found. In comparison to the case of hydrogenated graphene/Ni(111), the
temperature needed for complete dehydrogenation is lower. In addition, the maximum
desorption temperature is estimated at 530 K, and the activation energy is 1.46 eV according

to Redhead analysis.”

In the following, we want to shortly discuss possible structures of hydrogen on the
surface. From the coverage we determined we propose the model in Fig. 5. In the cases of
fully hydrogennated graphene/Ni(111) (i.e. for 90 L exposure), hydrogen atoms adsorb on
every second carbon atom, yielding graphane-like C,H structure (Fig. 5, left). The fraction of
carbon atoms affected by hydrogen is 50%, in line with our XPS data (47-60 %). This C;H
structure is not very stable and thus starts to decompose at 300 K. This low temperature
decomposition results in a structure where only every sixth carbon atom is bound by hydrogen,
1.e., a C¢H structure. One possible arrangement is shown in (Fig. 5, center). This C¢H
structure is stable up to 550 K. At temperatures higher than 650 K, all hydrogen atoms desorb
and the original graphene structure is restored. The H/C ratio of C¢H structure should be 17%,
in line with our data (12 ~ 20 %). In summary, the hydrogenation of graphene/Ni(111) can be
described as following: upon graphene/Ni(111) is exposed to atomic hydrogen, monomers of
C-H are formed, resulting in a C¢H structure for low hydrogen exposures of up to ~ 16 L. The
CgH structure is stable up to 550 K, as seen in the TPXPS and TPD data. Continuously
increasing the atomic hydrogen exposure (from 40 L), leads to a second adsorption state, a
C,H structure. Since literature indicates that single-sided hydrogenation of graphene would

22 the C,H structure is less stable

create a material that is thermodynamically unstable,
compared to C¢H structure. Dehydrogenation of the partially hydrogenated graphene/Ni(111)

(CeH structure) shows one desorption state of hydrogen from 550 to 650 K, with the rate



maximum at 600 K. In contrast, dehydrogenation of fully hydrogenated graphene/Ni(111)
(C2H structure) shows two desorption states. In the first step, 2/3 of hydrogen is desorbed
with the rate maximum at 360 K, transforming into the CgH structure. The second
dehydrogenation step is the same as in the case of partially hydrogenated graphene (C¢H

structure).

Conclusion

We studied the hydrogenation of graphene supported on Ni(111) and the corresponding
dehydrogenation process by XPS and TPD. Our results indicate that a C¢H structure forms at
low hydrogen exposures, and a C,H structure forms as the second stable hydrogenation state
at higher hydrogen exposures. During the dehydrogenation process, first the C,H structure
decomposes under hydrogen release and transforms into the C¢H structure at temperatures
between 300 and 400 K. Subsequently, the C¢H structure decomposes starting at 550 K, and is
completely dehydrogenated at 650 K, resulting in restored graphene. The activation energies
for dehydrogenation are derived as 0.74 and 1.75 eV for the two successive dehydrogenation

steps.
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Figure 1: (a) C 1s spectrum of pristine graphene on Ni(111) at 170 K along with the
deconvolution into different contributions: green curve (sp’ C), light blue curve (sp” C
shoulder), and dark blue curve (carbide). (b) Evolution of C 1Is region upon hydrogenation of
graphene/Ni(111) as a function of hydrogen exposure (0 - 360 L), measured at 170 K. (c)
Deconvolution of C 1s spectrum of hydrogenated graphene/Ni(111) at 90 L H. The
comparison to the C 1s spectrum of pristine graphene in (a) shows one new species, which is

assigned to C-H bonds (in red).
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Figure 2: Temperature-programmed desorption (TPD) spectra as a function of hydrogen
exposure (0.03 ~ 360 L); heating rate = 3 K/s; measured m/e = 2.
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Figure 3: (a) and (c): Evolution of the C 1s region of hydrogenated graphene/Ni(111) with 90
L and 0.5 L hydrogen during temperature-programmed heating to 650 K; heating rate = 0.5
K/s. (b) and (d): corresponding coverages evolution of the different species as a function of
temperature, sp’ C-H carbon (in red), sp> graphene carbon (in green), carbide (in blue), total

carbon (in black).
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atomic hydrogen. Heating rate: 0.5 K/s.
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Investigation of the hydrogenation and dehydrogenation of graphene
/ Ni(111)

W. Zhao, F. Spith, K. Gotterbarm, C. Gleichweit, H.-P. Steinriick and C. Papp

Lehrstuhl fir Physikalische Chemie Il, Universitat Erlangen-Nurnberg, Egerlandstr. 3, 91058 Erlangen

The influence of hydrogen adsorption to the valence band of Ni(111) and graphene/Ni(111)

Figure S1 (a) shows valence band of clean Ni(111) and atomic hydrogen absorbed on Ni(111)
after exposure of 180 L hydrogen at 170 K. In the region from 0 to 2 eV, the two resolved peaks
transform into one broad peak upon hydrogen adsorption. In contrast, this feature is kept after
hydrogen adsorption on graphene/Ni(111), shown in S1 (b). Moreover, the nickel satellite peak at
~6 ¢V, is shifted to higher binding energy by ~ 0.54 eV due to hydrogen adsorption on Ni(111),
but remains unchanged in the case of H/graphene/Ni(111). In addition, the graphene © band at ~
9.5 eV vanishes after hydrogenation, due to the transformation of sp” to sp> hybridization. Above
all, it is concluded that hydrogen absorbs on the graphene surface instead of intercalation between

graphene and Ni(111) upon exposing atomic hydrogen to sample.

XPS data of H/graphene/2 ML Au/Ni(111)

Figure S2 (a) shows C 1s XP spectra of hydrogenated graphene supported on 2 ML Au/Ni(111)
for different hydrogen exposures (0.5 - 180 L). S2 (b) shows the fit of C 1s spectrum of
hydrogenated graphene/Au/Ni(111) at 40 L H. For detailed discussion see the manuscript.

TPD data of H/Ni(111)

Figure S3 shows the TPD spectra of hydrogen absorbed on clean Ni(111). The saturated
hydrogen on Ni(111) after exposure to 360 L atomic hydrogen shows a broad desorption region
ranging from 200 to 400 K.



Differentiation curve of the coverage evolution of C-H species in the TPXPS data

Figure S4 shows the differentiation curve of the coverage evolution of the C-H species in the
TPXPS experiment for 90 L hydrogenated graphene/Ni(111); two “desorption” peaks are situated
at 360 and 600 K, consistent with the TPD data.

Coverage ratios evolution as a function of hydrogen exposures

Figure S5 shows the evolution of the coverage ratio between sp3 C-H carbon and sp2 graphene
carbon as a function of hydrogen exposures at 170 K. The graph shows that hydrogenated carbon
(C-H) increases from 0.5 until 90 L hydrogen, where the hydrogenation reaches saturation. For
360 L hydrogen, the C-H species shows a small decrease, probably due to excess atomic

hydrogen inducing recombinative desorption of molecular hydrogen from the graphene surface.

TPXPS data of dehydrogenation of H/Graphene/Au/Ni(111)
Figure S6 (a) shows the evolution of C 1s region of 40 L hydrogenated graphene/Au/Ni(111) as a

function of temperature. S6 (b) shows the coverage evolution of every carbon species, indicating
that dehydrogenation starts at 470 K and finishes until 600 K. In comparison to the case of

H/graphene/Ni(111), complete dehydrogenation occurs at a lower temperature.
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Figure S1: (a) Valence band of clean Ni(111) (black) and Ni(111) after exposure to 180 L atomic
hydrogen (red). (b) Valence band of single layer graphene on Ni(111) (black) and after exposing

this layer to 180 L atomic hydrogen (red). The spectra were measured at 170 K, at normal

emission, and at a photon energy of 100 eV.
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Figure S2: (a) The evolution of C 1s region of graphene/Au/Ni(111) as a function of hydrogen
exposure (0 - 180 L), measured at 170 K. (b) Deconvolution of C Is spectrum of hydrogenated
graphene/Au/Ni(111) after exposure to 40 L H. the red curve at 284.90 eV corresponds to the sp’
C-H,carbons, the green at 284.33 eV to sp” graphene carbon and and the purple curve at 283.70

eV to nickel carbide.
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Figure S3: Temperature-programmed desorption (TPD) spectra of hydrogen absorbed on clean
Ni(111) surface at 170 K for hydrogen exposures of 360 and 720 L); heating rate = 3 K/s;

measured m/e = 2.
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Figure S4: Differentiation curve of the coverage evolution of the C-H species in the TPXPS

experiment after exposure of graphene/Ni(111) to 90 L atomic hydrogen.
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Figure S6: (a) Evolution of the C 1s region of 40 L hydrogenated graphene/Au/Ni(111) during
TPXPS; the heating rate wass 0.5 K/s. (b) Coverage evolution of the different contribution as a

function of temperature: sp’ C-H carbon (red), sp> graphene carbon (green) and nickel carbide
(purple) and total carbon coverage (black).



Table S1: Summary of XPS data for hydrogenation of graphene/Ni(111) and for the
corresponding TPXPS experiments; after different hydrogen exposures. For detailed discussion

please refer to the manuscript.

H C-H(170K) | C-H(400K) sp® C main Carbide | C-H at% C-H at%
Exr(;lciiure (ML) (ML) (170 K)(ML) (ML) (170 K) (400K)

0.05 0.19 0.17 1.72 0.09 10% 9%
0.5 0.35 0.34 1.53 0.09 19% 18%

6 0.39 0.32 1.47 0.13 21% 17%
40 0.88 0.31 0.98 0.09 47% 17%
90 1.10 0.28 0.77 0.13 59% 15%
180 1.10 0.27 0.75 0.12 59% 15%
360 0.97 0.25 0.84 0.1 54% 14%
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