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1 Introduction

1 Introduction

The electronic devices, which we currently use, will be very different from the ones we
use in the future. Higher computing power, lower power consumption as well as flexible
displays and electronics are projected. To achieve this change to flexible and more effi-
cient devices, they will likely be produced from two-dimensional (2D) materials, as, e.g.,
flexible and transparent electrodes, instead of e.g. the brittle indium tin oxide!*?. The
use of novel 2D materials might also allow for a higher power density or faster charging
batteries in future devices. Nowadays, 2D materials are studied on a fundamental basis
towards their growth and their basic chemical and physical properties, yielding results
that were not possible with 3D bulk materials®%. The intense research on the new class
of 2D materials was sparked by the discovery of graphene by Geim and Novoselev®,
which was awarded with the Nobel-prize for physics. The research into graphene!® led to
a myriad of new physical properties. These were previously only predicted by theory,
and the synthesis of free standing 2D materials was proposed to be impossible®.. The
case of graphene has shown that these materials are not instable, but rather inert and
mechanically highly durable® ', with highly interesting properties such as high electron

713 The successful fundamental research

mobilities and half-integer quantum hall effect!
on graphene led to a massive effort into the study of further 2D materials. One example
is hexagonal boron-nitride (h-BN): just as graphite, bulk h-BN was already widely used
as lubricant; it is a stacked bulk crystal, but non-conductive and temperature stable***%,
The research effort into this material, so-called “white graphene”'®l, especially into the

2D nature of h-BN is increasing and is part of possible 2D materials to allow for future

devices.

Today, around 700 2D materials have already been synthesized or predicted to be stable
by ab-initio calculations'"**l, However, their functionalization, in order to tune the prop-
erties of a 2D material is still challenging!®. The reason for this is twofold: 2D materials,

especially graphene and h-BN, are large 2D crystals with n-systems extending over the
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whole lattice and cannot be brought into solution in their pristine, i.e. often desired
form®. This is due to the large n-systems that favors -1 stacking, leading to strong van
der Walls interactions, and due to their immense size. Harsh methods have to be applied
to bring, e.g. graphene into solution, starting from the breakup of large flakes into

smaller ones, and subsequently the treatment according to e.g. the Hummers’ method*".

However, the need to functionalize 2D Materials is manifold. For wet-chemistry, it is
required to bring the 2D materials in solution for further reactions and for tuning of the
properties, towards desired features. Functionalization, mostly with oxygen containing
functional groups is a starting point for further reactions. Graphene is a zero-bandgap
semi-metal®. However, if it were to be used in semiconducting applications, as a re-
placement for silicon, a band-gap needs to be opened, so that transistors based on gra-
phene can be built, which show lower power consumption. Chemical functionalization or
the introduction of defects offers the possibility to tune the bandgap and the carrier
concentration of a 2D material. Notably, also other interesting properties can be engi-
neered by chemical functionalization of 2D materials: tuning the sensitivity for the de-
tection of gas molecules®!, or even the type of molecule, for gas-separation®” and mag-
netic moieties for spintronic applications?). Also the possibilities, which arise from spe-

cifically introduced defects, are intriguing as they allow for the fabrication of graphene

24,25] nl26-28],

nano-ribbons??, gas-separation, and even for isotope separatio Moreover, at-
tachment of defined chemical anchoring groups allows for changing of the adhesion
properties on a surface and tuning the interaction with other chemicals or electronic

contacts becomes a possibility.

In the following, a short overview over current functionalization achievements is pre-
sented: For graphene, already numerous examples exist in literature. For a wet chemical
approach, one can distinguish between the applied starting materials. When using
graphite, one can intercalate graphite with alkali metals. Thereby, one increases the
interlayer distance, forming a graphite intercalation compound, and dopes the graphene
layers, facilitating a reaction. This intercalation compound, dissolved in 1,2-

dimethoxyethane and reacted with 1-iodohexane, results in alkylated graphene layers?!.
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Such graphite intercalation compounds can also react, e.g. with diazonium salts, produc-
ing also functionalized graphene layers®’. However, a major drawback of these reactions
is the low degree of functionalization achieved, not exceeding 2%. Another possibility
that starts from graphite is the so called Hummers’ method™. Hummers’ method intro-
duces many different oxygen functionalities to graphite, e.g. ester, epoxy or acid groups.
This leads to a solution of the exfoliated, but oxidized, single layers of graphene, so
called graphene oxide, although the flake size is strongly reduced. Graphene oxide lost
the m-conjugated backbone of graphene, and thus many of the interesting properties of
graphenel., It is possible to subsequently also defunctionalize graphene oxidef! in an
aqueous workup. However, the small size of the flakes remains, while functional groups
introduced via Hummers’ method desorb. Moreover, the edges of the flakes will always

remain defects. Also loss of carbon may occur, depending on the workup procedure 33,

When using with graphene oxide as a starting material, numerous different ways of
functionalization have already been reported, as the present oxygen functional groups
can readily be used to further functionalize this material: Graphene oxide functionalized
with poly(3-hexylthiophene) bonded to the carboxylic groups of graphene oxide was used
in solar cells®. Amines also readily react with the oxygen groups in graphene oxide,
allowing for nitrogen-containing functional groups®. An interesting functionalization
offers cross-linking of the high-surface area graphene oxide sheets. This results in the
formation of aerogels. These light-weight, highly porous foams are promising candidates
for gas adsorption®. A problem of this class of functionalization is that the oxygen func-
tional groups of graphene oxide can only be tediously removed, without the removal of

the added functional groups.

When using reduced graphene oxide as a starting material for functionalization, the
large number of reactive defects results in a rich chemistry. Functionalization with aryl
diazonium salts is reported, with a wide range of end-groups®”. Functionalization, which
allows for carbine chemistry and thus addition of metal complexes enables the produc-

tion of photoactive graphenel®®.
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For h-BN, the wet-chemical functionalization is not well studied. However, it was
demonstrated that, like for graphene and graphene oxide, defects are centers of reactivi-
ty. This was shown when h-BN with different defect concentrations was reacted with
octadecylamine. Here, the more defects h-BN has, the higher the yield of reacted h-

BN,

Lastly, a short overview of supported graphene and h-BN functionalization, i.e. reactions
of the 2D material without the use of solvents, is given. This also serves to provide an
insight to the state of the art of the research in the topic of this thesis. For graphene,
particularly the fluorination is well investigated. Different fluorination methods are
available. One is to expose graphene/h-BN to XeF,, or reactive ion etching, with e.g.

w04l For single-sided fluorinated graphene a maximum fluorine

SF; as fluorination agent
coverage of C,F is expected on Cu(111)#%. In contrast, for free-standing graphene, a CF
stoichiometry is reported“’. Besides fluorination also hydrogenation was studied. Here

24 For free-standing gra-

atomic hydrogen and hydrogen plasma are routinely used!
phene a CH stoichiometry was observed, while C,H was found on Ni(111)%¥ and C,H on
graphene on Au(111)“4. Lastly, also the functionalization on substrates in vacuum with
larger molecules has already been achieved for graphene. The functionalization with 4-
nitrophenyl diazonium tetrafluoroborate was shown. Here, an amorphous adlayer is
formed on graphene, which can be desorbed using a STM tip, paving the way for
nanostructured functionalization®”. Moreover, the functionalization of graphene with
amino- and cyano-group containing molecules was achieved. Just as hydrogen atoms are
radicals and thus readily react, radicals from acetonitrile (¢ CH,CN) formed by homolyt-
ic scission lead to the attachment to graphene, in this case to the Moiré pattern of gra-
phene on Ru(0001)“%4", Para-aminophenol molecules react selectively with intentionally
created single atom vacancies in graphenel®. Lastly, the methylation of graphene on
SiC(0001) using a two-step process should be mentioned. Graphene was first chlorinated

with molecular chlorine, and subsequently methylated via a Grignard reaction using

methylmagnesiumbromide (CH;MgBr)“.
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The general advantage of functionalization of 2D materials without the use of a solvent
is that no impurities are adsorbed during transfer or little defects are introduced. A
major drawback is that the production and functionalization methods often are not ap-

plicable to gram-scale fabrication, or result in little functionalization.

In this work, a different approach that circumvents the challenge to bring the 2D mate-
rial in solution is chosen. The 2D material is directly prepared on a suitable catalyst that
is a transition metal single crystal. Thus a route is chosen that chemists call “one pot”
approach. This means that the 2D material remains on the same substrate for all reac-
tion-, functionalization- modification- and all characterization-steps. The pristine sub-
strate is the starting point for the preparation of the 2D material in this thesis. Novel
functionalization and intercalation methods are developed to achieve the modification of
the system graphene adsorbed on a Ni(111) crystal and h-BN adsorbed on a Ni(111)
crystal. Moreover, the thermal stability of the chemical functionalization is probed and

testing towards the applicability for real devices.

In the following, in Chapter 2.1 the physical properties of graphene and hexagonal bo-
ron-nitride on different substrates, but especially Ni(111), will be discussed. This in-
cludes the preparation of both 2D materials and a discussion of the band structure of
free standing graphene and graphene and h-BN adsorbed on Ni(111). Moreover, the
need for an ultra-high vacuum approach is eluded, both for the functionalization route
chosen and the spectroscopic methods. Next, in Chapter 2.2, a short introduction to a
synchrotron facility is given, as highly brilliant soft X-rays are used through this thesis.
Subsequently, Photoelectron spectroscopy and near edge X-ray absorption fine structure
(NEXAFS) are explained in detail, followed by temperature programmed desorption
spectrometry and the basic principles of a super-sonic molecular beam. Lastly in Chap-

ter 2.7, the experimental setups are shortly described.

In this thesis, the functionalization of graphene and h-BN with small molecules and radi-
cal atomic species on Ni(111) was studied. The following chapters are written such that

they can be read independently.
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In Chapter 3, the interaction of nitrogen-doped graphene with atomic hydrogen is elud-
ed. For doped graphene, it is observed that hydrogen binds to the carbon back-bone of
graphene as if it were pristine. It exhibits a hydrogen coverage-dependent desorption
mechanism, resulting in two desorption maxima, for high hydrogen coverages and for
low hydrogen coverages. Depending on the nature of the nitrogen species in the gra-

phene lattice distinctively different reaction mechanisms are observed.

In Chapter 4, the interaction of atomic hydrogen with h-BN is investigated. h-BN binds
hydrogen at small exposures, and intercalates hydrogen at high exposures, thus showing

a different reactivity compared to graphene, where intercalation was not observed.

In next chapters, the reactivity of h-BN towards molecular oxygen was investigated.
The results are separately shown in the two Chapters 5 and 6, for low and high sub-
strate temperatures, respectively, as the occurring reactions are strongly, depending on
the substrate temperature. It is observed that not the exposure but rather the substrate
temperature plays a critical role for the reaction pathway. For the substrate at room
temperature, a bonding of molecular oxygen to the h-BN back-bone is found. For higher
substrate temperatures of ~ 440 K, mainly the intercalation of h-BN with atomic oxygen
is observed, while for even higher substrate temperatures of 600 K oxidation is found.

For oxidation, different boron oxide species are found.

In Chapter 7 the co-adsorption of atomic hydrogen and molecular oxygen on h-BN is
investigated. This became only possible due to the deep insights into the h-BN adsorp-
tion systems gained in the previous three chapters. Both adsorbates can react with the
other during adsorption and desorb. This is a large step forward to band-gap tuning,

exact doping and the use of 2D materials as potential metal-free catalysts.

In the Chapter 8, a more complicated functionalization is realized. Here h-BN and gra-
phene are exposed to highly energetic methyliodine. A bonding of CH;-groups and a
subsequent thermally induced reaction is observed. For h-BN, the reaction-pathway is

eluded in great detail.
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As a last result, the intercalation of argon underneath graphene is studied in Chapter 9.
This was made possible, by pre-implanting argon in the substrate before the growth of
graphene. Argon intercalation leads to quasi-free-standing graphene usually realized

through the intercalation of gold or other materials with a suited band structure.

In Chapter 10 and 11, the results of this thesis are shortly summarized in English and

German, respectively.
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2 Fundamentals techniques and setups

This chapter will introduce the fundamentals of the systems studied as well as the tech-
niques and the setups used. Chapter 2.1 will discuss the growth and properties of the 2D
materials graphene and h-BN in detail. The subsequent chapters will focus on the tech-
niques and their principles. The basic operation principle of a modern 3" generation
synchrotron is explained briefly in Chapter 2.2, as the spectroscopic methods rely on
tunable, highly intense soft X-ray radiation. Then, in Chapter 2.3 X-ray photoelectron
spectroscopy, the main method used in this thesis, is described. Here, first the funda-
mental steps of the photoemission process are discussed, and subsequently the origin of
binding energy shifts. In Chapter 2.4, the fundamentals of near edge X-ray fine struc-
ture spectroscopy are presented. In particular, the difference between absorption of o*
and * orbitals is explained, and how NEXAFS is applied to gain insight into the inter-
action of a 2D material with its support. As a last spectrometric method, temperature
programmed desorption is shortly explained in Chapter 2.5. In Chapter 2.6, the basic
principle of a supersonic molecular beam (SSMB) is introduced that allows for tuning
the kinetic energy of gas phase species. The SSMB was mainly applied to allow studying
for activated adsorption processes and rapid growth of graphene. Lastly, in Chapter 2.7

the two experimental setups used in this thesis are described in detail.

2.1 Growth and properties of graphene and hexagonal boron-

nitride on Ni(111).

Both graphene and hexagonal Boron-Nitride grown on transition metal substrates are
well studied with surface science techniques and ab-initio calculations®** %2, The growth
of these 2D materials is generally accomplished by chemical vapor deposition®®: On a
hot metal substrate, an appropriate precursor containing the right type of atoms is
dosed, either under vacuum conditions or under inert atmosphere. Depending on the

transition metal, the atoms are then either dissolved into the bulk, or directly assemble
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on the surface to form the 2D material’®* 58

l. For graphene on Ni(111), both mechanisms
seem to be present, depending on the carbon concentration in the bulkP®. For graphene
on Cu(111), only the decomposition on the surface is relevant, while on Pd(111) carbon

57,59

segregation from the bulk is the growth mechanism®™%. A stick and ball scheme of gra-

phene (left) and h-BN (right) is shown in Figure 2.1.

Figure 2.1 schematic stick and ball model of free standing graphene (left) and h-BN (right)

To grow both materials on Ni(111) either only carbon-containing precursors (e.g. pro-
pene or ethene) are used to obtain graphene, or precursors, which contain boron and
nitrogen (ammonia borane or borazine) are used to obtain h-BNF*%2, In both cases no
dependence of the layer quality on the precursor chemical was observed. Generally, the
precursor is exposed to the hot substrate. For graphene a substrate temperature of
900 K and a precursor pressure of ~2*¥10® mbar are applied. Depending on the state of
the crystal, exposures from 2000 to 30000 L are needed, showing the significance of dis-
solved carbon in the Ni(111) crystal. The preparation of h-BN requires higher substrate
temperatures of 1050 K but lower pressures of only ~5*10° mbar. The layers typically
saturate after an exposure of ~20 L, pointing to the fact that dissolution of the precursor
molecules is not important and a decomposition pathway is dominating. For both 2D
materials, graphene and h-BN, the growth is self-terminating under these conditions,

leading always to a single, closed layer, with a low defect density.

The interaction of the 2D material with the transition metal, which acts as the catalyst

for their growth, influences the band-structure and the adsorption geometry®-%2, This

10
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influence is well understood and investigated. Thus, further changes due to chemical
modification of the 2D material can easily be distinguished. The change of the electronic
structure (band structure) of the 2D material upon adsorption on a metal substrate is
generally as following: A hybridization of the bands of the 2D material with the valence
bands of the support occurs. Bands of the 2D material may shift in energy, as electrons

are transferred from the substrate to the 2D material or vice versa.

In a simplified picture, strong hybridization, as found for graphene with Ni(111), and
weak hybridization, as observed for graphene on Pt(111) and Cu(111), can be distin-
guished. The type of hybridization is dependent on the position of the d-band center of
the support relative to the 2D material. For a position of the d-band center of the sub-
strate from 0.6 to 1.8 eV, relative to the Fermi edge, strong hybridization with graphene
is observed, while from 1.8 to 4.2 eV (Ag) weak hybridization is observed®”. The former
is understood as chemisorption and the latter as physisorption. This is also reflected in
the adsorption distance of the 2D material. Chemisorption has a small adsorption dis-
tance of roughly 2 A, while physisorption a large adsorption distance of roughly 3 A for
graphene®’. An additional effect upon adsorption of the 2D material on a metallic sur-
face is the so called pillow effect, which has the largest influence for chemisorbed 2D
materials. The pillow effect results in a shift of the bands of the 2D material towards
lower binding energies. Here the potential of the surface dipole is pushed away by the

potential of the adsorbing 2D material, resulting in a band shift®.

The second change, from its free-standing form, upon adsorption on the support can be
a deviation from its flat character. On, e.g. Ir(111), Rh(111) and Ru(0001) a lattice
mismatch between the 2D materials h-BN and graphene and the metal support exists.
Due to this mismatch, a Moiré-pattern forms, which is best described by a regular valley
and mountain landscape® ™. For h-BN on Rh(111), one even finds the formation of
steep walls, which are best described as pores and wires. The valleys (pores) show strong
interaction with the substrate, while the mountains (wires) show less interaction with

the substrate.

11
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For graphene, the adsorption geometry on Ni(111) was investigated in detail by Zhao et
al. Two stable adsorption geometries were found both with photoelectron spectroscopy
and density functional theory (DFT)F. In X-ray photoelectron spectroscopy (XPS),
these two adsorption geometries are well-resolvable, as one single C 1s peak for the
bridge-top geometry and two split C 1s peaks for the top-fcc geometry. A mixture of
both is always observed, as the two geometries have nearly the same adsorption energy.
For h-BN, a similar distribution is expected. The electronic structure of the two systems
was already studied in detail with angle resolved photoelectron spectroscopy
(ARPES)t!%%, Here, the strong interaction between the 2D material and the substrate,
and the resulting change in its band structure, is clearly observable for graphene. To
understand the impact of the interaction, the band structure of graphene in its free-

standing form, i.e. without support is discussed here briefly.

The band structure of graphene had been calculated already for the m-electrons using a
tight binding ansatz by P. R. Wallace in 1947 by hand®. It was observed that so-called
Dirac cones emerge at the K-points of the Brillouine zone. These Dirac-cones are a line-
ar dispersion of the electronic band structure, from which graphene’s high carrier mobil-

ity originates™.

For free-standing graphene, the Dirac-cones result in the following properties: At the
Fermi edge of the Brillouin zone no charge density is observed, making free-standing
graphene a zero-gap semimetal, with the conduction and valence bands only touching at
six single points in the first Brillouin zone. Moreover, as the bands have to be calculated
with the 2D Dirac-equation, the electrons in the valence band close to the Dirac-point
behave as massless fermions™. Due to this behavior, charge carriers may obtain veloci-

t74, This extraordi-

ties up to 185,000 cm? V! s71, leading to so called ballistic transpor
nary high mobility is the reason, why graphene is still a strong contender for the re-
placement of silicon in semiconducting applications, as it would allow for much faster

switching transistors, and thus substantially higher computing power. However, the

lacking bandgap is still a problem!™.

12



2 Fundamentals techniques and setups

Figure 2.2 (a) Band structure of the h-BN/Ni(111) system. Solid and hollow dots represent the
excitation energy. Dashed lines represent theoretical calculations. Shaded lines are the Ni 3d

states. (b) Band structure of the graphene/Ni(111) system. Dashed lines represent the band

structure of graphite ",

Once adsorbed on a Ni(111) surface, the band structure of both 2D materials changes
drastically, as the valence bands hybridize with the Ni(111) valence states. ARPES

6277, Upon adsorption of graphene on

measurements have shown this for graphene
Ni(111), the hybridization leads to the formation of a band-gap and the linear dispersion
at the K-point, i.e. the Dirac cone, is no longer present. This is shown in Figure 2.2b.
The n-band of graphite is located at 8 eV at the I' point and in the measurement it is
found at lower binding energy by up to 2 eV. At the K-point, no linear dispersion is
observed and the n-band hybridized with the Ni 3d states, resulting in an energy differ-

ence of nearly 3 eV. The o-bands are also shifted towards lower binding energy by sev-

eral eV.

Replacing carbon with boron and nitrogen, to from the isoelectronic and isostructural h-
BN, yields a very different electronic structure. This means that the honeycomb struc-
ture is still present and the lattice constant is nearly identical®*®Y, but due to the ionic
character of the boron — nitrogen bond h-BN shows an indirect bandgap of ~6 eV as a
bulk material™l. Thus, also the band-dispersion for h-BN is much smaller than for gra-

phene, due to the non-covalent character of the h-BN bonds, compared to the fully cova-

13
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lent carbon-carbon bond in graphene. For a free-standing 2D material, the charge carri-
ers do not behave as massless Dirac fermions, but as electrons interacting with each oth-
er and the crystal, as described by the Schrodinger equation. h-BN has no bands close to
the Ni(111) valence states and thus ARPES experiments show that the changes to its
valence bands are more subtle than in the case of graphene®!. The band-structure for h-
BN adsorbed on Ni(111) is shown in Figure 2.2a. At the K-point an energy difference
between the h-BN mn-band and the Ni 3d states of about 2 eV (Ni 3d at 3 eV, h-BN at
5 eV) is observed, but a difference to the calculated band-structure shown with dashed
lines is nevertheless found, and thus hybridization occurs. This is also evidenced by the
formation of so-called interlayer states. These states are a hybridization of the empty
m*-orbitals of h-BN and the Ni 3d valence bands®?. Ultraviolet photoemission spectra
recorded in a non-angular dependent way, also indicate that upon adsorption h-BN in-

teractions with the Ni 3d bands/%?.

To conclude, the adsorption of graphene and h-BN change their respective electronic
structure, in obvious ways for graphene, and more subtle ways for h-BN. Thus also the
chemical properties change quite drastically. On the one side, this can be exploited, as
an activation of the 2D material facilitated by this strong support interaction. The 2D
material may, upon functionalization saturate its free valence (a dangling bond) at the
substrate atoms, and therefore interact even stronger with the support. The interaction
with the support thus also dictates the degree of achievable functionalization. This was
proven e.g. with graphene adsorbed on Ni(111) and on Au(111), where Ni(111) as sub-
strate allows for a much higher degree of hydrogen bonding, as a stronger interaction is
possible. While one atom of the unit cell binds to hydrogen, the second carbon atom in
the unit cell binds to the surface, which is not observed for graphene on Au/Ni(111)4244],
On the other side, strong interaction with the substrate may hinder intercalation, i.e.
the insertion of atoms or molecules between the 2D material and the substrate™ !,
Thus the reaction pathway - intercalation or functionalization — is dependent on the 2D

material - substrate interaction.
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2.2 Synchrotron-based radiation.

As two of the three applied characterization methods rely on monochromatic, tunable
soft X-ray radiation the fundamentals of synchrotron radiation are discussed shortly. A
synchrotron is a particle accelerator facility, operated with electrons or positrons, which
uses the principle that accelerated charged particles emit light®?. Electrons are generat-
ed usually through thermal emission, They are subsequently accelerated by a microtron.
Then, they are transferred into a booster ring. In the booster ring, they are accelerated
up to the desired energies, in the GeV region (1.7 GeV for BESSY II). Subsequently,
they are injected into the storage ring. In the storage ring, so called bending magnets
are used to keep the charged particles on a polygonal trajectory, with insertion devices
(wigglers and undulators) on the straight parts. A schematic view of BESSY II of the
Helmholtz-Zentrum Berlin, where the photoemission data in this thesis was gathered, is

shown in Figure 2.3.

In the booster ring, the strength of the magnetic field can be varied, so that the radius
of the round trajectory is constant, while the kinetic energy of the electrons increases.
This synchronous change in particle energy and magnetic field strength gave the syn-
chrotron its name. Nowadays the name synchrotron is synonymous with a storage ring
facility. Once the electrons are injected in the storage ring, their speed is kept constant,
close to the speed of light, with the help of radio frequency cavities, to compensate for
the energy they have lost as radiation. These losses are fractions of their energy and
occur, at bending magnets, which induce a turn of the electrons keeping them on their

B3 also called insertion

polygonal trajectory and at so called wigglers and undulators
devices (IDs). The resulting radiation from bending magnets is often used for experi-
ments as a by-product of the synchrotron operation; however, the intensity of the radia-
tion is low, compared to insertion devices. These IDs are periodically alternating poles of
magnets in rows above and below the electrons path, deflecting the electrons onto sine-
shaped trajectories. While passing each magnet of the insertion device, the electron is

accelerated, and thus light is emitted. In the case of the undulator, the emitted light

interferes constructively, leading to a further increase in emitted intensity. To vary the
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wavelength of the emitted light, the distance between the magnets above and below the

B4, Insertion devices emit light in a narrow spec-

electron containing vacuum is changed
tral range of several electron volts, with multiple higher harmonics. To select the de-

sired wavelength and to obtain a better energy resolution, a monochromator is added

downstream before the experiment.

Figure 2.3 Schematic view of BESSY IT®,

2.3 Photoelectron spectroscopy

The main method used in this thesis is photoelectron spectroscopy, which is outlined in
the flowing chapter. Besides some theoretical aspects, also data treatment is shortly dis-

cussed.

The emission of photoelectrons, when shining light of a sufficiently small wavelength,

onto matter was fist observed by Hertz®!. The phenomenon was further explained by
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Einstein. For this description, he was awarded the Nobel Prize in 1921. For his efforts in
developing XPS further, Kai Siegbahn was also awarded with a Nobel Prize in 1981. As
a distinction between the used photoelectron spectroscopic methods, the wavelength of
the light is used. This leads to the terms XPS (X-ray photoelectron spectroscopy) when
using X-rays and UPS (ultraviolet photoelectron spectroscopy) when using ultra-violet
radiation. UPS typically uses excitation energies from 2 to 100 eV to probe the valence
states that are roughly 0 to 25 eV below the Fermi level. XPS is measured with a pho-
ton energies up to 2000 eV, probing the deeper lying core levels®l. Above 2000 eV, the
technique is called HXPES (hard X-ray photoelectron spectroscopy) and applied to
probe bulk properties. These excitation energies and the probed energy levels however

only serve as a general rule®®.

For UPS, synchrotron radiation, helium discharge lamps and frequency-multiplied lasers
are commonly applied as light sources. For XPS, lab based X-ray anodes and synchro-

trons are used.

UPS is applied to probe the valence band structure of a material, or the valence orbitals
of an adsorbate system. If performed in an angle resolved fashion (angle resolved UPS or
ARUPS) these experiments are the only possible way, to draw conclusions on the band
structure. Furthermore, the adsorption geometry of molecules can be determined using

symmetry selection rules®.

XPS has become a wide-spread analysis method. It is element-specific and offers a high

sensitivity for the chemical surrounding of the probed element, and is surface sensitive.

A typical XP spectrum of h-BN adsorbed on Ni(111) is shown in Figure 2.4. The
amount of emitted electrons is given as intensity on the y-axis, in arbitrary units. On
the x-axis the binding energy is given. As a convention, the lowest binding energy is on
the right side. Besides XP peaks, also peaks originating from Auger processes may be
observed. These are easily identified by changing the photon energy, as their kinetic
energy is constant, while for XP peaks the binding energy is constant. In the following

the photoemission is described in detail.
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Figure 2.4 XP Spectrum of h-BN adsorbed on Ni(111), with minor amounts of argon intercalated.
The observed XP and Auger peaks are denoted.

The elemental steps of XPS are the following: Upon irradiation of matter with photons
of sufficient energy (i.e. X-rays) electrons are emitted from an atom. The electrons trav-
el through the solid to the surface. During their path through matter the electrons may
lose energy due to interactions. Thereby, they do not contribute the primary XPS peak
anymore but become a part of the secondary electrons that are the background of the
spectrum. These interactions with matter also lead to the surface sensitivity of photoe-
mission spectroscopy. The surface sensitivity is dictated by the inelastic mean free path
in the probed matter and their respective energy. A minimum of the mean free path is
found in the range from 70 to 100 eV electron kinetic energy, and thus maximum sur-
face sensitivity is observed in this energy range window®. From the surface the elec-
trons escape into vacuum. Energy conservation upon photoexcitation has to be taken
into account and the kinetic energy of the emitted electrons can thus be described in the

following expression:
Eyin =hv—Eg— @
hv equals the energy of the incoming radiation. It equals the kinetic energy of the emit-

ted electron (Ej;,), reduced by the binding energy (Eg) of the electron in the atom and

the work function (@) of the sample, which has to be overcome, in order to achieve
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emission into the vacuum. Now, the problem arises that the work function of a sample is
unknown and would have to be determined separately. Furthermore, it may change with
adsorption of e.g. molecules or metals onto the sample surface. Thus both Ej;, and Ejg
are affected by the unknown variable @. For solid, conducting samples this is solved by
electrically connecting the conducting sample and the electron analyzer. This leads to
the alignment of their Fermi energies. Thus the work function changes to the known and
constant work function of the analyzer ¢@,, and thus, Ep is measured. Thus the equation

above changes to:

Exin =hv—Ep — @4
During the emission of the electron, the core hole that the emitted electron leaves be-
hind decays. The lifetime of the core hole affects the width of the energy of the emitted

electron according to the uncertainty principle®. A schematic description of the photo-

emission process is given in Figure 2.5.

The element-specific binding energy of the photoemission is described with Moseley's
law for the 1s core levels. However, many other, smaller effects may also influence the
observed binding energy. These are generally summarized under the term chemical shift.
The chemical shift consists of initial and final state effects. The initial state is present
prior to irradiation, while the final state is present only after the photoemission process

in the ionized atom!?.

Initial state effects are: a change of the charge density of a probed molecule through e.g.
oxidation, thus removing electron density from the probed atom. In a simple picture,
the more oxidized a probed atom becomes, i.e. the more electron deficient it becomes,
the stronger its remaining electrons are bonded. The charges of the nucleus are less
shielded, and thus the higher the binding energy of the electrons in that core level be-
comes. This initial state effect has a large influence on binding energy of up to ~8 eV,

Smaller shifts may arise, e.g. form different adsorption geometries®.
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Figure 2.5 Schematic depiction of the energy scheme of the photoemission process. Graphene,
only containing carbon, and displaying a Dirac cone at the Fermi-level is used as an example.

Typical examples for final states are the excitation of further electrons in higher shells
upon emission of the photoelectron electrons. These losses are called shake up satellites,
if the electron excites further electrons into excited states or if it excites other electrons
into vacuum shake off satellite®'. Besides these two effects also screening of the core
hole left back by the photoelectron can change its kinetic energy. Large differences of
several eV binding energy between organic molecules in direct contact with a metal sub-
strate to the same molecules in the gas phase are observed. The core hole is well shield-
ed for the adsorbed molecule, through the electrons of the substrate, resulting in a high-
er kinetic energy, and thus lower binding energy. For the molecule in the gas phase, the

opposite is observed.

However, these above described effects are not easily discernable and often occur simul-
taneously. Thus, often reference measurements and data from multiple core levels and

the establishment of models are needed for a successful characterization.
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Figure 2.6 (a) XP-spectrum of h-BN in the N 1s core level. Black stars are the measured data
points. Red line is the fitted background with a linear function. (b) the spectrum after subtrac-
tion of the background. (c) fitted spectrum, with the corresponding asymmetric peak.

In the following, the XP data treatment is discussed. First, some theoretical considera-

tions are given, and then the applied methods are discussed.

To understand the background of a XP spectrum, one has to take into account that
emitted primary electrons can further interact with matter. These interactions lead to
energy losses. These inelastic losses lead to an increase in background intensity at the
high binding energy side of a XP spectrum. To account for this background, various
types of backgrounds can be subtracted, e.g. a linear background, or more sophisticated

backgrounds, such as, Shirley®! or Tougaard®.

In this thesis, a linear background was used for the core levels of the 2D materials, i.e. B
1s, C 1s and N 1s, as shown in Figure 2.6. A Shirley background is used, e.g. for I 4d

spectra. After subtraction of the background, the remaining XP-signal is deconvoluted.

For the deconvolution of an XP-signal, an appropriate function, depending on the peak

shape is used. For symmetric peaks, a Voigt function may be applied. This is a convolu-
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tion of a Gaussian function, accounting for the linewidth due to the analyzer resolution
and the monochromaticity of the exciting light and a Lorentzian line profile accounting
for the lifetime of the excited state. However, the peak may still be asymmetric, even
after subtraction of the background, e.g. due to the creation of electron-hole pairs at the
Fermi edge during the photoemission process. To account for this asymmetry, a line
profile according to Doniach - Sunjié¢, again convoluted with a Gaussian function, is cho-
sen. Again, the width of the two functions is due to the spectral broadening of the appa-
ratus and the lifetime, respectively. In Figure 2.6c, the data is fitted with a Doniach -
Sunji¢ function due to its asymmetry. This asymmetry is observed for all the core levels

of the 2D materials.

The integrated peak area of the XPS signal corresponds to the amount of electron emit-
ters, i.e. atoms, in the probed sample volume. This allows for a quantitative analysis of
XPS data. However, diffraction (photoelectron diffraction, PED) may lead to a change
in signal intensity: Electrons that are emitted with a kinetic energy of about 100 eV
show a large surface sensitivity and thus are applied when probing surface sensitive
XPS. However, electrons with this energy are also routinely used in e.g. low energy elec-
tron diffraction (LEED), as their wavelength is similar to atomic distances, and thus
show diffraction. This diffraction can lead to an apparent increase or decrease of intensi-

ty of the emitted electrons.

As PED is present for all samples with local order, such as the investigated 2D materials
and has an influence on electron emission angle, it influences all XP spectra. To better
understand the effect of diffraction on a system under investigation, the angle between
the sample and the analyzer, or the excitation energy of the incoming X-rays may be

changed.

24 Near-edge X-ray absorption fine structure

A further method that needs a synchrotron as radiation source, in particular the tunable
energy, is near-edge X-ray absorption fine structure (NEXAFS) spectroscopy. The

method measures the absorption of X-rays in matter, depending on the energy of the
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incidence light. As the name of the method already implies, only the near edge region is
measured. The near edge region is considered to be from the absorption edge, to
~ 20 eV after the edge. As is discussed below, in this region nearly all information on

adsorbates is gained.

For NEXAFS several detection methods are available that can be used as a probe, e.g.,
electrons, which are emitted upon absorption or also transmitted photons. Thus, the
following types of NEXAFS measurement are available: Transmission measurement,
where the loss in incidence intensity is detected. Photon yield, where secondary photons,
generated by the decay of a core hole, are detected, i.e. the X-ray fluorescence. Total
yield, where all electrons emitted from the sample are detected, in most setups as a cur-
rent versus ground. Partial yield, where electrons emitted from the sample, which have
only lost a certain kinetic energy are detected. And lastly, Auger yield, where only elec-

trons with a certain kinetic energy window are detected.

In this thesis, partial yield NEXAFS was measured using a home-build detector. The
partial yield method has the following advantages: It is surface sensitive, as it detects
electrons, which must have a certain kinetic energy, thus ignoring electrons that have
too strongly interacted with the substrate, i.e. from deeper within the sample. Further-

more, it shows still rather large signal intensity, compared to Auger yield detection.

The underlying principle of NEXAFS is the change of absorption probability of matter
with the change in photon energy. The change in photon energy is achieved with a syn-
chrotron light source®!. The principle of NEXAFS is depicted in Figure 2.7. When the
sample is irradiated with light of a suiting wavelength, electrons are resonantly excited
from occupied states into unoccupied states. The unoccupied n* orbitals are below the
ionization threshold and have a small energy distribution, resulting in sharp features at
low photon energies. The o* orbitals have a broader energy width and are located above
the ionization threshold and only separated from the vacuum by the centrifugal

barrier®.
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Figure 2.7 A schematic depiction of the light absorption and the resulting excitation of electrons
occurring during a NEXAFS measurement. On the right, an nitrogen K-edge absorption spec-
trum of h-BN/Ni(111) measured at 50° is shown.

As synchrotron light form an insertion device is polarized also information on the orien-
tation of an adsorbate can be obtained from NEXAFS. The adsorption probability is
given by the overlap of the dipole operator, with the wave function of the initial and the
final state of the electron, according to Fermis golden rule. Therefore, information on
the symmetry is obtained®. In the case of measurements at the K-edges this means that
the absorption probability increases drastically, when the wave vector of the incoming
light is parallel to an empty orbital into which the electron is excited, thus information
on the geometry is obtained. Moreover, the character of the bonds present on the sur-
face can be determined (e.g. o or n-bonds), as these absorb in significantly different
photon energy ranges. The information of the bond orientation is gained by changing the
angle of the incoming light to the sample. For 2D materials, like graphene and h-BN,
where the n-bonds are in-plane of 2D material, grazing incidence measurement geometry

yields information on these bonds. In contrast, a measurement with the incoming light
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at normal incidence (X-rays hit perpendicular to the surface) yields information on the
o-bonds. In this thesis, only absorption from the K-edge is investigated, as it contains
the desired information on the orientation of the ¢ or n-bonds and is accessible, for the

row 2 elements (boron to oxygen) with the wavelengths available.

The NEXAFS spectra show also a chemical shift, as discussed above for XPS, and thus
also the unoccupied states are affected. NEXAFS also shows sensitivity for the chemical
surrounding of the probed core-level. The most interesting probed states of 2D materials
absorbed on various substrates are the so-called interlayer states, originating from the

interaction of the 2D material with its substrates2?

l. These are present, if the 2D mate-
rial interacts strongly with the support, while they vanish, if it shows a quasi-free-
standing character. NEXAFS for both free-standing as well as heavily interacting 2D
materials are available in literature. Thus an easy comparison is possible, and often no

further calculations or peak fitting is needed, to describe the interaction of the 2D mate-

rial and the substrate.

In this thesis, NEXAFS spectra were obtained using partial yield mode (Boron-K-Edge:
retardation voltage: -50 V Nitrogen K-edge retardation voltage: -340 V Oxygen K-edge
retardation voltage: -490 V). The spectra were obtained by subtracting spectra of the
clean Ni(111) crystal from the spectra of h-BN and hydrogen-exposed h-BN. For oxygen
K-edge spectra after oxygen adsorption on Ni(111), the h-BN pre-covered Ni(111), is
used as a reference. The angle between the sample surface normal and incoming light is
70° for grazing incidence and 0° for normal incidence. Also spectra taken at an angle
between the surface and the incoming of 50° are shown. Thereby no angle dependent

information is obtained, nevertheless a finger-print of chemical states are observed.

2.5 Temperature programmed desorption

This chapter describes temperature programmed desorption (TPD) spectrometry. For a
more detailed description, the PhD thesis of Hartmut Schlichting is suggested®. In a
TPD experiment, molecules or atoms desorbing from surfaces are detected with a quad-

rupole mass spectrometer (QMS) in a mass selected fashion. The amount of the de-
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sorbing molecules or atoms is plotted versus sample temperature, which is increased
linearly. TPD allows to obtain properties of the adsorbate such as desorption energy,
desorption order, and pre-exponential factor of the desorption. Moreover, the knowledge
of the composition of the gas-phase above the substrate is further valuable information,
which is complementary to XPS or NEXAFS, which give information on the surface
species. In the case that the pumping speed is high, TPD is fully quantitative, allowing
the calibration of e.g. hydrogen coverages that may only be studied indirectly with XPS.
Especially the behavior of hydrogen is interesting as it can only be detected indirectly in
XPS e.g. by a binding energy shifts. To describe TPD, the Polanyi-Wigner was derived,

which is an Arrhenius-type equation adjusted for TDP.

do
r(o) = 5= v(o)v"e Fdes@)/RT

With:

r(0): the desorption rate [mol/cm?s]

o: the surface coverage

v: the pre-exponential factor, or attempt frequency [1/s]

Eges(o): the desorption energy

R: gas constant [J/(molK)]

T: the temperature [K]

For a quick estimate of the desorption energy the Redhead analysis is used. Here follow-
ing approximations are madel'”!: The desorption is first order, the desorption energy is

independent of the surface coverage and the attempt frequency is 10'* Hz.

T,v
Eqes = RT,(In (7) —3.46)

With additionally:
Tp: the temperature at the desorption peak maximum
B: the heating rate during the experiment

v: the attempt frequency, often assumed to be 10'* Hz
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To enhance the quality of recorded TPD spectra, a Feulner cup is installed in the TPD

[102

setup’®?., This is a cone-shaped attachment to the QMS. The size of the opening is ideal-
ly a little smaller than the size as the sample. The sample is placed close to the Feulner
cup and the following advantages are gained: (i) it significantly reduces the amount of
molecules not desorbing from the sample surface and still being detected. Thus, artefacts
from parts of the sample holder, which are also heated during a TPD experiment, are
minimized; (ii) reactions of desorbing molecules with the reactive stainless steel wall of
the UHV apparatus are minimized. The Feulner cup is made out glass, or is gold coated,

to ensure that molecules do not stick to the surface or react with it; (iii) the signal in-

tensity is increased, as the molecules are guided by the Feulner cup to the QMS.

2.6 Super-sonic molecular beam

A super-sonic molecular beam (SSMB) is used in this thesis as it offers two advantages
compared to effusive sources: (i) an orders of magnitude increased local pressure on the
sample, compared to the background pressure in the chamber, and (ii) the kinetic ener-
gy of the adsorbates is tunable. The supersonic molecular beam was used practically for
all gas exposures within this thesis, being an invaluable tool for its success. Typical ap-
plications were the synthesis of graphene that needs high pressures on the Ni(111) sur-

face, or the formation of the oxygen species on the otherwise inert h-BN on Ni(111).

In a super-sonic molecular beam, gas is expanded through a small nozzle from a high
pressure region, into high vacuum, i.e. a low pressure region. Thus, pressure differences
of several orders of magnitude are breached in a small distance, where only few mole-
cule-molecule interactions can take place. In this adiabatic expansion, the random,
thermal movement of atoms in a gas phase changes to a directed flow perpendicular to
the nozzle. For the molecular beam to become super-sonic, the ratio of the background
pressure in the region the gas expands into (ps) compared to the pressure the gas has in
side of the nozzle (px) must be ~2.1'%. In our setup, shown in Figure 2.8, ps is about six

orders of magnitude smaller compared to py.
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Figure 2.8 schematic of the gas flow in front of the SSMB nozzle, with the shape of the zone of
silence, the skimmer and the pressures occurring during operation.

In the high pressure region in front of the nozzle, the gas is in thermal equilibrium and
the energy of the gas is given in the sum of its translational, rotational and vibrational
energy and has a Boltzmann distribution. Upon expansion of the gas into the vacuum on
the other side of the nozzle, the thermal movement is largely converted into directed
movement, through molecule-molecule collisions. The energy distribution of the mole-
cules in the beam becomes significantly narrower as the temperature of the gas is re-
duced and the beam becomes directed. Also the rotational and some of the vibrational
energy of the molecules is converted to translational energy. While during the expansion
of the gas into the vacuum several molecule-molecule collisions occur, after the adiabatic

expansion in the ideal molecular beam no more collisions of the molecules occur.

Gas molecules with the desired properties of a well-defined kinetic energy and a well-
defined temperature are present in the zone of silence, see Figure 2.7, which forms in
front of the nozzle on the high vacuum side. Here the molecules are faster than the

speed of sound (M) thus M>>11%, A skimmer selects these molecules.
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To increase the kinetic energy of the expanded molecular beam, the source temperature
can be increased. The increase of the energy is higher than just the increase in thermal
energy, as vibrational and rotational energy is also converted, as discussed above. The
second possibility to increase the kinetic energy is to add a lighter seeding gas. Typically
light and inert gases, commonly helium or neon, are added in large excess to the adsorb-
ing gas!'®”., Before the expansion, the two gases have the same temperature; however, as
the seeding gas is significantly lighter, the molecules have a higher velocity. Upon ex-
pansion, the velocities of the two gases equilibrate. This leads to an increase in the ki-
netic energy of the heavier / reactive gas. Thus, the energy of the gases is within a cer-
tain window fully tunable. It is possible to increase the translational energy of the heavi-

Mgas

er gas by a factor of . To determine the exact energy of the gases time-of-

MSeeding Gas

flight spectra have to be recorded for each SSMB setup and each adsorbate and ratio of
seeding gas to reactive gas. As an estimate, one can use the formula given by

Kneitz[16-107;

<v>= [2EgnMogs = (5 + Agas ko T
fan'"gas AHemHe + Agasmgas

The following parameters are used:

< v >: mean velocity

Epyin: kinetic energy of the seeded gas molecules
m,: Atomic mass of gas x

A,: share of x in the gas mixture

kg: Boltzmann’s constant

Ty: Temperature of the nozzle

This formula however, does not take into account that the mean velocities for the seed-
ing gas and the seeded gas do not equilibrate completely (known as velocity slip). This
velocity slip is present for even rather small mass differences between seeding and seed-
ed gas, like oxygen and carbon monoxide seeded with helium. Thus an error of up to

50% can occur. For heavier gases, the velocity slip increases further.
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2.7 Experimental Setups

In this thesis two UHV setups were used. One is a transportable XPS apparatus, named
Sync, which is transported to BESSY II in Berlin. The second UHV apparatus is used to
measure TPD data, as it is equipped with a Feulner cup. Both apparatus are described

shortly below.

2.7.1 Sync apparatus

The Sync apparatus is a two chamber setup'®® with a preparation and an analysis cham-
ber. The sample is transferable between the two chambers with a xyz manipulator, with
which the sample can also be rotated in two axis, cooled to ~100 K and heated to
~1400 K. Behind the sample, a filament is mounted enabling radiative heating and linear
heating ramps, while measuring XPS at the same time, without disturbing the photoe-

mission measurements.

To the preparation chamber a sputter gun is mounted that was used for argon ion bom-
bardment to clean the sample but also for intercalating argon under graphene. Similarly,
the gun was used to bombard graphene with nitrogen ions for functionalization. As a
further functionalization tool, an atomic hydrogen source is mounted. Moreover an Er-
LEED is attached to the chamber, for low energy electron diffraction measurements.
The second chamber is the analysis chamber. During operation at a synchrotron this
chamber is connected to the beamline. It houses the Omicron EA 125 HR U7 electron
analyzer, and the home built NEXAFS partial yield analyzer. A quadrupole mass spec-
trometer (QMS, Pfeiffer Vacaum QME200) and a capillary array doser, to exposes sam-
ples to e.g. borazine, are mounted. The SSMB is also connected to this chamber, such
that the sample is hit with the beam of molecules, in the same spot as the focus of the

electron analyzer and the X-rays from the synchrotron.
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2.7.2 Temperature programed desorption apparatus

The TPD machine is a single chamber setup. It is equipped with an Er-LEED, a dosing
system to dose gases, an effusive cell, a magnesium and aluminum twin anode and an
electron analyzer for XPS and a QMS (Pfeiffer Vacuum QME200) connected to a Feul-
ner Cup. The Feulner Cup facilitates the acquisition of low background TPD spectra, as
the molecules desorbing from the sample holder and manipulator are blocked from
reaching the QMS. The sample is mounted to a xyz-manipulator. Resistive heating to
1400 K and cooling with liquid nitrogen to 90 K is possible. The TPD data shown in this

thesis was gathered with this apparatus.
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3 Hydrogenation of nitrogen-doped graphene

The results in this chapter have already been published and the text is has been adapted
from this publication:

Hydrogenation and dehydrogenation of nitrogen-doped graphene investigated by X-ray
photoelectron spectroscopy, F. Spath, W. Zhao, C. Gleichweit, K. Gotterbarm, U. Bau-

er, O. Hofert, H. P. Steinriick, C. Papp, Surf. Sci. 2015, 634, 899419,

The binding configuration of nitrogen-doped graphene, prepared with ion-implantation
was previously investigated by Zhao et al.'*, Two stable configurations for the implant-
ed nitrogen in the graphene carbon back-bone were found. These are graphitic nitrogen,
substituting a carbon atom, and pyridinic nitrogen. The pyridinic nitrogen is at a defect
site, with at least one carbon atom missing, in a twofold coordination. The nitrogen-
doped graphene is exposed to hot atomic hydrogen at a sample temperature of 180 K.
Upon atomic hydrogen exposure, a distinctive new species in the C 1s core level is ob-
served. From previous experiments, this species is assigned to hydrogenated carbon, in
the graphene backbone. Heating experiments after different atomic hydrogen exposures
show that the reactivity of the carbon backbone towards atomic hydrogen does not
change due to the nitrogen doping. In the N 1s core level, upon exposure to atomic hy-
drogen, we find that both nitrogen species bind hydrogen, and thus two new species are
found in XPS, with a binding energy 1 eV higher compared to the non-hydrogenated
nitrogen. The reactivity of the nitrogen species towards atomic hydrogen is as following:
Graphitic nitrogen shows a similar affinity to atomic hydrogen as the carbon in gra-
phene. Pyridinic nitrogen shows a higher reactivity, and thus for the same hydrogen
exposure more of the pyridinic nitrogen is hydrogenated, compared to carbon. Tempera-
ture programmed experiments show that the desorption mechanism for hydrogen bond-
ed to nitrogen is different for graphitic and pyridinic nitrogen. Pyridinic nitrogen shows

two desorption maxima for high hydrogen coverages, as does the carbon in hydrogenated
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graphene, while graphitic nitrogen only shows one desorption maximum, indicating a

different hydrogen bond strength.

3.1 Introduction

Graphene, a 2D material consisting of honeycomb arranged sp>-hybridized carbon atoms,
has gained significant interest over the last years, due to its unusual physical and chemi-
cal properties™!!'?, These include a high charge carrier mobility"®, due to its linear dis-
persion at the Dirac point!'®, its high transparency™“, which makes it a potential candi-
date as a replacement for indium tin oxide in modern display technology. Its inertness!''’!
and impermeability®® are some of its outstanding chemical properties; in this context,
applications as membrane, and for corrosion protection® % as well as for gas

118

separation®"'" and detection™® are discussed.

One other important application of graphene, often discussed in literature, is as a poten-
tial hydrogen storage material®'?. Due to its unsaturated carbon backbone, it is possible
to attach one hydrogen atom to every carbon atom of graphene, yielding exclusively sp*-
hybridized carbon atoms. The resulting material is denoted as graphane (C,H,) and has

43,120l Tn case of hydrogenation of supported graphene,

a high hydrogen storage capacity!
i.e., of a graphene layer adsorbed on a solid surface, the achievable degree of hydrogena-
tion depends on the surface and the specific interaction between graphene and the sur-
face: For graphene on Si0,/Si 17 % of carbon atoms can be hydrogenated"*'; for hydro-
genation with molecular hydrogen on Ir(111) intercalation is found, and the intercalated
hydrogen can react with graphene®. On Ni(111), hydrogenation of 50 % of the carbon
atoms is found (at sufficiently high exposure to atomic hydrogen), resulting in single-side
hydrogenated graphene; in this so-called graphone-(C,H, ), the non-hydrogenated car-
bon atoms strongly interact with Ni surface. If gold is intercalated between Ni(111) and
graphene, only 25% of the carbon atoms bind hydrogen*!. For a potential application, in

addition to a high storage capacity also a sufficiently low release temperature of hydro-

gen, preferably close to room temperature is required. Furthermore, the hydrogen stor-
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age and release processes should be fully reversible, i.e., no loss of carbon should occur,

as this would deteriorate the storage material and also could poison a hydrogen fuel cell.

To tune the electronic and chemical properties of graphene, doping and chemical modifi-
cation have been proposed as two suitable pathways. Doping of graphene can induce a
band gap that is crucial for applications in the semiconductor industry. The neighbors in
the periodic system of elements, nitrogen and boron, are the natural candidates for such
a chemical doping, and we herein will focus on nitrogen-doped graphene (NDG). NDG

110,122,123

has already received considerable attention! I, and applications in ultra-capacitors

and lithium ion batteries, electrochemical biosensing, and as metal-free electrocatalyst

124127l have been proposed in literature. Furthermore,

for oxygen reduction in fuel cells!
also the chemical reactivity of the dopants is of interest, as covalent doping-sites in gra-

phene could serve as potential anchor points for further functionalization.

In this chapter we report on the investigation of the hydrogenation and dehydrogenation
of nitrogen-doped graphene supported on Ni(111) by in situ high-resolution photoelec-
tron spectroscopy. In the past, this method has proven to be very powerful to character-
ize the preparation of nitrogen-doped graphene on the one hand!*?'*! and the hydro-
genation of undoped graphene on the other hand“*'*’, Herein, we present the first study
addressing the hydrogenation of nitrogen-doped graphene. From the analysis of the C 1s
and N 1s spectra during heating of a hydrogenated layer detailed information on the
hydrogenation and dehydrogenation are obtained. In particular, differences between the
hydrogenation of different nitrogen species, i.e. graphitic and pyridinic nitrogen are

evaluated.

3.2 Results and Discussion

Doping is achieved by bombarding graphene with low energy nitrogen ions using the
sputter gun. The doping process is described in detail elsewhere!''’. The dinitrogen par-
tial pressure during doping was 5x10° mbar, the ion current on the sample was approx.
350 nA, and the sample temperature below 170 K. The kinetic energy of the nitrogen

ions was 50 eV. The samples were sputtered for 10 min, yielding N amounts between
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0.027 and 0.045 ML as was determined for each preparation by XPS. These amounts are

110] As the over-

very similar to values obtained in earlier work under similar conditions!
all amount of N is very low, and varies slightly from experiment to experiment, as dis-
cussed above, we use the fractions of hydrogenated nitrogen species to describe the de-
gree of hydrogenation throughout this paper, with the absolute amounts denoted in the
figure captions. The hydrogenation of graphene was achieved by using atomic hydrogen
from a dihydrogen (H,) cracking source. The background H, pressure in the chamber
during hydrogenation was between 1x107 and 5x107 mbar, depending on the desired

exposure. As the sample was close to the hydrogen source, the absolute pressure of

atomic hydrogen differs from the values given.

Hydrogenation of carbon in nitrogen-doped graphene

When dosing atomic hydrogen onto NDG, both the carbon and the nitrogen species re-
act, and subsequently a variety of new species are identified in the C 1s and N 1s spec-
tra. The behavior in the C 1s spectra largely mimics the behavior found for undoped
graphene on Ni(111), which has been reported on in great detail recently; see?. As we
herein focus on the reactivity of the dopant atoms in nitrogen-doped graphene, we will
restrict the discussion of the C 1s spectra to one typical measurement, which is shown in
Figure 3.1. The spectrum at 180 K in Figure 3.1a (black) has been collected after expos-
ing NDG to 90 L atomic hydrogen. In addition to the signal of pristine graphene at
284.9 eV, a new H-induced species is found at 284.4 eV; its binding energy is in good
agreement with the value of 284.3 eV found for hydrogenation of pristine graphene. This
signal stems from sp3-hybridized carbon atoms to which the hydrogen is bound. After
the adsorption experiment, dehydrogenation was studied by applying a constant tem-
perature ramp, while continuously measuring XP spectra, i.e. by performing a tempera-
ture programmed XPS experiment. Spectra at selected temperatures are show in Figure
3.1a, and the complete data set is shown in Figure 3.1b in a color-coded density plot.
The quantitative analysis obtained by peak-fitting this experiment is depicted in Figure
3.1c. Upon heating, characteristic changes are observed in the XP spectra that are as-

signed to a stepwise dehydrogenation yielding gaseous H.. The spectrum at 650 K is
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identical to that of the surface prior to exposure to hydrogen, reflecting the reversibility
of the hydrogenation/ dehydrogenation process. The rate maxima, i.e. the H, desorption
temperatures, are determined from the inflection points of the decrease of the hydro-
genated graphene signal (which goes along with the increase of graphene signal) in Fig-
ure 3.1c, to be at 330 and 600 K. We thus observe stepwise dehydrogenation, at two
characteristic temperatures, very similar to the behavior during the dehydrogenation of
hydrogenated undoped graphenel*?. The similarity also holds for the hydrogen coverage
of 0.9 = 0.1 ML, which, within the error bars of the experiment and the fitting proce-
dure, is identical to the value found for undoped graphene (1.1 + 0.1 ML) at the same
exposure. Interestingly, we do not observe any new species in the C 1s core level region
as compared to hydrogenated undoped graphene. This may be due to the low concentra-
tion and a similar binding energy of new components such as C-N-H groups that are
formed. Furthermore, we observe no irreversible effects that the hydrogenation might
have on graphene, e.g. binding energy shifts, due to altering the graphene substrate in-
teractions, or loss of carbon due to etching, i.e. desorption of C,H, species. This is
somewhat surprising since NDG has, due to the applied preparation method, a signifi-
cant number of defects and could thus be prone to etching; such etching effects were
found for example for defective graphene with molecular oxygen on Rh(111)M%. In
summary, our findings for the C 1s core level, i.e. the carbon in hydrogenated NDG are
identical to our findings for undoped graphene on Ni(111), considering uncertainties in
all steps of the preparation and data evaluation. Next, we discuss our findings for the

nitrogen in NDG.
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Figure 3.1: TPXPS experiment in the C 1s core level of NDG (ON = 0.029 ML) exposed to 90 L
atomic hydrogen. (a) Selected spectra recorded at characteristic temperatures; (b) color-coded
density plot of full data set; (c) Quantitative analysis of the experiment. The signal due to car-
bidic carbon (~283.5 eV) is not shown.

Hydrogenation of nitrogen in nitrogen-doped graphene

To start with, we discuss the nitrogen species in NDG prior to exposure to hydrogen. In

previous experiments and calculations*?*!

, we were able to identify two main nitrogen
species in NDG in the N 1s spectra; see Figure 3.2 a, bottom spectrum. The first is sub-
stitutional nitrogen, also denoted as graphitic nitrogen, N(G), at a binding energy of
400.6 eV, and has a similar bonding configuration as carbon in graphene. The second is
pyridinic nitrogen, N(P), at a binding energy of 398.8 eV; it has only two neighboring C
atoms, and a vacancy next to it. Note that we are not able to distinguish other geome-

tries of the nitrogen, e.g. nitrogen at a zig-zag or an armchair edge**. Furthermore,

from intercalation experiments it was deduced that the pyridinic nitrogen interacts with
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the surface, while the graphitic nitrogen does not, e.g. it does not show a shift to lower

binding energies upon Au intercalation(*?,

When NDG is exposed to atomic hydrogen, the following changes in the nitrogen spec-
tra are observed in Figure 3.2a: The two well-separated peaks of pyridinic and graphitic
nitrogen loose intensity and two new features appear. This is most obvious at the high-
est exposure of 180 L and in the corresponding fits in Figure 3.3 ¢, where new contribu-
tions are identified at 399.5 and 401.8 eV, i.e. one peak in between the original peaks
and one at higher binding energies, and a shift of the pyridinic and graphitic nitrogen to
398.2 and 400.5 eV, respectively, is observed. From the spectra for increasing H expo-
sure in Figure 3.2a and the quantitative analysis in Figure 3.2b, it is evident that pyri-
dinic nitrogen is hydrogenated faster than graphitic nitrogen. For both species, hydro-
genation seems to saturate at 180 L, with values N(P)H / N(P)ita = 0.63 for pyridinic

nitrogen and N(G)H / N(G)ota = 0.48 for graphitic nitrogen.

Next, we discuss the peak assignment: We observe two new peaks which are intuitively
assigned to the hydrogenated form of the formerly non-hydrogenated nitrogen atoms in
NDG. The peaks shift from 398.2 to 399.5 eV upon hydrogenation of pyridinc N, and
from 400.5 to 401.8 ¢V upon hydrogenation of graphitic carbon. On average in all exper-
iments a binding energy difference of 1.2 £ 0.1 eV is observed between the hydrogenat-

ed and unhydrogenated nitrogen species.

This magnitude of this difference and its direction towards higher binding energy is in
line with differences observed for other systems with hydrogenated and dehydrogenated
(substituted / unsubstituted) nitrogen species, e.g., pyrrole®?, dodecahydro-N-
ethylcarbazole on Pt(111)!*! and metalloporphyrins on Ag(111)"*4. The smaller value for
this binding energy difference in our case might be due to different substrate or due to
the very confined conjugated m-system in the case of furan. Since the Gaussian width of
all species found in NDG does not change during the thermal evolution (see below), we
conclude that no further species (apart from a small nickel nitride contribution at

~397 V) is contributing to the spectra. The larger width of both hydrogenated species

by 10% may be either explained with N-H vibrational excitations in the ionic final
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statel'® or by unresolved lines due to slightly different adsorption geometries for the

hydrogenated nitrogen specie
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Figure 3.2: (a) Spectra in the N 1s region taken at 170 K at different, hydrogen exposures, as

denoted; (b) relative degree of hydrogenation X-H/Xr, for pyridinic and graphitic nitrogen, as

well as carbon, at 170 K. Note that for each H exposure a separate NDG layer was prepared with

slightly different total N amounts in each case, as denoted in (a).
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To investigate the dehydrogenation of the hydrogenated NDG layer, i.e. the stability of
the new hydrogenated nitrogen species, a temperature-programmed XPS (TPXPS) ex-
periment was conducted. Selected N 1s after a hydrogen exposure of 180 L are shown in
Figure 3.3d, and the complete data set as color-coded density plot in Figure 3.3b. In this
experiment, an initial amount of 0.027 ML of nitrogen was incorporated into the gra-
phene sheet. The spectrum at 170 K corresponds to the NDG layer saturated with hy-
drogen, i.e., it shows the broad structure due to superposition of two new contributions
of the hydrogenated nitrogens (401.8, 399.5 eV) and the two contributions of the re-
maining non-hydrogenated nitrogens (398.2, 400.5 eV) - see fit in Figure 3.3c. With in-
creasing temperature, the signals due to hydrogenated nitrogen decrease, and at 650 K
the spectra resemble those observed prior to hydrogenation. From the color-coded den-
sity plot, one finds that the two new hydrogenated species start to decrease at about the
same temperature of ~340 K, which is attributed to dehydrogenation. By fitting the
spectra during heating (see exemplary fits in Figure 3.3a and 3.3c) the quantitative
analysis of the thermal evolution in Figure 3.4 is obtained. We would like to add that at
no time we were able to detect any beam damage due to the synchrotron radiation. This
is in line with a previous study on the hydrogenation of graphene, where also no beam

damage was observable.

For the hydrogenated graphitic nitrogen, which is structurally similar to carbon in gra-
phene in terms of its bonding situation (three neighbors), we find a slow, steady initial
decrease between 170 to 330 K (by ~15%). At higher temperature, the decrease strongly
accelerates, resulting in a complete dehydrogenation until 420 K, i.e., within a tempera-
ture window of 90 K. When comparing this to the dehydrogenation of the carbon atoms
in NDG (and also in hydrogenated undoped graphene), we find that the rate maximum
for dehydrogenation (as determined from the inflection points in Figure 3.2¢ and Figure
3.4) is found at somewhat higher temperatures than for the hydrogenated graphitic ni-
trogen. The fraction of 0.48 of graphitic nitrogen that has reacted with hydrogen found
in Figure 3.4 compares well with the fraction of 0.45 of carbon atoms that have reacted

with hydrogen deduced from Figure 3.2b. This could be the result of graphitic (i.e., sub-
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stitutional) nitrogen having a graphone-like configuration and thus the same amount of
hydrogen can be stored, as in carbon for H-NDG. For pyridinic nitrogen, we initially
find a similar behavior: A slow decrease is observed (by ~18%) up to ~ 330 K, which is
followed by a steeper decrease. In contrast to the graphitic nitrogen, the signal does,
however, not disappear at 420 K but reaches a level of ~40% of the original value. Upon
further heating, it slowly decreases until 580K, followed by a very steep decrease to zero
at 600 K. This latter behavior is very similar to that observed for hydrogenated carbon

in NDG.

N(G)  N(Py)
HN(G) HN(Py)

N 1s, hv =500 eV d)
a)

Figure 3.3: Thermal evolution of NDG exposed to 180 L hydrogen. (a) Deconvolution at 650 K
(highest recorded temperature). (b) Color-coded density plot of the thermal evolution of H-NDG;
spectra are collected every 12 K. (c) Spectra recorded at the lowest temperature (170 K). (d)
Spectra at characteristic temperatures. Oy = 0.027 ML

In addition to the experiments performed after a hydrogen exposure of 180 L, we also

performed TP-XPS experiments after lower exposures, from 4 to 180 L. The quantita-
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tive analysis of these experiments is shown in Figure 3.5. In line with Figure 3.2b, the
amount of hydrogenated pyridinic and graphitic nitrogen formed after exposure at
170 K increases with hydrogen exposure, with saturation (within the margin of error)
achieved for both species at 180 L. The thermal evolution overall shows the same behav-
ior as found already in Figure 3.4. For pyridinic nitrogen (Figure 3.5b), we find stepwise
dehydrogenation with two rate maxima (i.e. inflection points) at 340-370 and ~590-
620 K, regardless of the hydrogen exposure. This situation is similar to the situation of
carbon in undoped and N-doped graphene. For graphitic nitrogen, complete dehydro-

genation already occurs upon heating to ~420 K.

Figure 3.4: Quantitative analysis of the thermal evolution of NDG exposed to 180 L hydrogen,
obtained by fitting of the data in Figure 3.3. The symbols represent the experimental data, the
line serve as guide to the eye.

Figure 3.5: Quantitative analysis of all probed exposures. (a) Graphitic nitrogen; (b) pyridinic
nitrogen. The symbols represent the experimental data, the lines serve as guide to the eye.
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For all coverages, there is one intriguing difference in the hydrogenation of pyridinic
nitrogen as compared to graphitic nitrogen and carbon in NDG. This is the larger frac-
tion that has reacted with hydrogen: At saturation (180 L exposure), we find a ratio of
0.63 for pyridinic N, as compared to 0.48 for graphitic N and 0.45 for carbon in NDG
(experimental uncertainty: £+ 0.05). A possible explanation is the different electronic
structure and local environment of pyridinic N, which sits next to a vacancy. For gra-
phitic N and C atoms, which are part of the hexagonal lattice (with 3 neighbors), the
expected ratio for the proposed single-side hydrogenation of graphene on Ni(111) is 0.50,
due to the fact that hydrogenation of a specific N(G) or C atom impedes hydrogenation
of the second atom in the graphene unit cell, which bonds to the Ni substrate. The situ-
ation is different for pyridinic nitrogen which sits next to a defect. If hydrogenation was
more efficient for pyridinic nitrogen than for carbon, then one expects a ratio of larger
than 0.5, with the limiting case of no hydrogenation of carbon atoms and a full hydro-
genation of pyridinic nitrogen, i.e. a ratio of 1.0. This is due to the fact that pyridinic N
atoms are structurally different from carbon atoms and graphitic (substitutional) nitro-
gen atoms, i.e. they have a neighboring vacancy, and thus the restrictions for hydro-
genation do not apply. From our data, we indeed have evidence that the reactivity of
pyridinic nitrogen is larger than that of carbon and graphitic nitrogen in NDG: This is
deduced from the achieved (relative) coverage after a given exposure. For 6 L, we find
ratios of 0.36 for pyridinic N and 0.17 for carbon that is comparable to the value of 0.15
for graphitic nitrogen (see Figure 3.2b). The lower reactivity of graphitic nitrogen com-
pared to pyridinic nitrogen also explains the observed saturation ratio of 0.48 for this
site. Since the graphitic nitrogen is incorporated in the graphene lattice, it follows the
behavior of the carbon atoms with every other atom hydrogenated, also leading to the

5037138 Interestingly we find an even lower stability of hydrogenat-

same saturation of 0.
ed graphitic nitrogen, as we observe a complete dehydrogenation at 420 K, in contrast
to pyridinic nitrogen and carbon, where a temperature of 600 K is needed. Furthermore,

we want to mention here that we do not know the exact hybridization of graphitic ni-

trogen after hydrogenation.
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3.3 Conclusions

To summarize, when studying the hydrogenation of nitrogen-doped graphene, we found
two new species in addition to hydrogenated carbon atoms. These new species are hy-
drogenated pyridinic and hydrogenated graphitic nitrogen. The hydrogenation and de-
hydrogenation of the carbon lattice is not influenced by the doping with nitrogen. For
the two hydrogenated nitrogen species, we found different and distinct chemical behav-
ior. The fraction of 0.63 of hydrogenated pyridinic nitrogen was higher than the frac-
tions observed for graphitic nitrogen and carbon in nitrogen-doped graphene, where
value of 0.48 and 0.45, respectively, were observed. This behavior is attributed to an
enhanced reactivity of pyridinic nitrogen towards hydrogen. Hydrogenated pyridinic
nitrogen shows a similar dehydrogenation behavior than carbon in non-doped graphene.
Dehydrogenation occurs stepwise with two rate maxima at ~370 and 600 K. Graphitic
nitrogen is found to be much less reactive than pyridinic nitrogen, which is also reflected
in the fact that complete dehydrogenation of these nitrogen atoms is already achieved at
420 K. Thus, at higher temperatures hydrogen is exclusively bound to pyridinic nitrogen

and carbon.

The reaction of nitrogen-doped graphene with atomic hydrogen shows that specifically
the strong interaction of 2D materials with the substrate facilitates an interesting tool
for the functionalization. This will be shown to be a general trend in the next chapter on

the reaction of h-BN with atomic hydrogen.
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4 Hydrogenation of h-BN/Ni(111)

The results in this chapter have already been published and the text has been adopted
from this publication:

Hydrogenation and hydrogen intercalation of hexagonal boron nitride on Ni(111): Reac-
tivity and electronic structure, F. Spith*, J. Gebhardt*, F. Diill, U. Bauer, P. Bach-
mann, C. Gleichweit, A. Gorling, H. P. Steinriick, C. Papp, 2D Mater. 2017, 4, 3502613,

(*shared first authors)

In the following the reactivity of h-BN on Ni(111) towards atomic hydrogen is investi-
gated over a wide exposure range. h-BNs analogue, graphene, was already investigated
in detail and a reaction mechanism was found“?. For graphene, a hydrogen coverage-
dependent desorption mechanism was observed. For low hydrogen coverages, the hydro-
gen atoms must overcome a diffusion barrier on the surface at higher temperatures to
recombine and desorb. For higher coverages, the majority of the hydrogen atoms have
neighboring hydrogen atoms. Thus, recombination is not limited by diffusion and de-
sorption at lower temperature is observed. For h-BN, a similar dependence of the de-
sorption temperature was found. However, extensive NEXFAS measurements revealed
that for high hydrogen exposures h-BN becomes quasi-free-standing. Thus hydrogen
intercalation is observed. Low atomic hydrogen exposures, similar to graphene, result in
hydrogen bonding to the surface of h-BN. The desorption temperature for intercalated
hydrogen is 390 K, while the desorption temperature for bonded hydrogen is 600 K. The
hydrogen bonding likely occurs at the boron sites. The results were further affirmed by
DFT calculations. Moreover, the DFT calculations revealed that h-BN also shows two
adsorption geometries on Ni(111), as does graphene. However, these are not discernable

with XPS.
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4.1 Introduction

Hexagonal-Boron Nitride (h-BN) has attracted great attention over the last years, due
to its interesting electronic and chemical properties. Similar to graphene, h-BN has a
honeycomb two-dimensional (2D) structure, which is composed of alternating nitrogen
and boron atomsP**'4, Tts electronic properties are very different from the semi-metal
graphene that is, h-BN is an insulator with a bandgap of ~5 eV"®"42 One promising
application is the use as a dielectric substrate for future graphene-based transistors, as it
was recently shown that graphene can directly be grown on h-BNF7"4-145] The chemical
properties of h-BN are similar to those of graphene: It is very inert, and harsh condi-

18] Recently, it was re-

tions have to be used in order to functionalize or dissolve h-BN!
ported that h-BN is even less prone to oxidation than graphene and may be used as a
coating for oxidation protection and friction reduction*”. With its unsaturated -
electron system, h-BN is a promising candidate for hydrogen storage. It was recently
shown that it has similar promising properties as carbon-based materials!'*®, Full hydro-
genation of one side of h-BN would allow for storing 3.9 wt% (weight percent) of hydro-
gen. This single-side hydrogenated h-BN is isoelectronic to graphone, which has been

reported to be stable on Ni(111) at low temperatures*'’. Fully hydrogenated h-BN

could even store up to 7.5 wt% of hydrogen.

However, only few studies were conducted on the hydrogenation of h-BN, with three
investigating it on a Ni(111) substrate®!4*¥%, Using X-ray photoelectron spectroscopy
(XPS) and near edge X-ray absorption fine structure (NEXAFS) measurements, these
studies focus on a particular coverage of atomic hydrogen, thereby ignoring possible de-
pendencies on hydrogen coverage. For the chosen conditions, hydrogenation at B sites
that is, the formation of covalent B-H bonds is proposed. Further information on the
adsorption geometry of hydrogen on h-BN was obtained by a normal incidence X-ray
standing wave study, which showed that hydrogen does bind to boron and revealed a

faint magnetic moment™*.
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Hydrogenation leads to strong changes in the electronic structure of h-BN. Theoretical
studies addressing the hydrogenation of h-BN and h-BN nano-ribbons show that the
electronic properties are highly tunable with hydrogen(***%: For semi-hydrogenated h-
BN a smaller bandgap is predicted than for non-hydrogenated h-BN, and the properties
of nanoribbons might be tunable, from non-magnetic to magnetic, and from insulating to

metallic.

A second possibility for the interaction of hydrogen with supported h-BN is intercalation
that is, the formation of a hydrogen layer between h-BN and the supporting substrate.
Hydrogen intercalation was indeed found, e.g., for the h-BN/Rh(111)"¥ and h-
BN/Pt(111)™ systems. Intercalation studies carried out for graphene on various sub-
strates in the past showed that intercalation can significantly influence the electronic

g[154-157  Fur-

properties of 2D layers, which are also termed two-dimensional adsorbate
thermore, for graphene it was shown that the substrate plays a key role for hydrogena-
tion. This is because the interaction between a 2D adsorbate, like graphene, and a sub-
strate determines the amount of stored hydrogen, the structural arrangement of the

stored hydrogen, the release temperature, and even if intercalation of hydrogen is possi-

ble at a11[44, 64, 129,158].

Despite the relevance of h-BN and the structural and electronic similarities to graphene,
the possible intercalation of hydrogen between h-BN and its substrate is still mostly
unknown and was not studied on the Ni(111) surface so far. Herein, we report on the
reactivity of h-BN towards atomic hydrogen on a Ni(111) single crystal over a wide ex-
posure range. The investigations characterizing the reaction of h-BN with atomic hydro-
gen are carried out with high resolution XPS and NEXAFS. The thermal stability is
studied with TPXPS, temperature-programmed desorption (TPD) and NEXAFS. From
our systematic approach with different atomic hydrogen exposures, we obtain detailed
insight into the reaction of atomic hydrogen with h-BN/Ni(111) and the dependence of
the reaction on the atomic hydrogen exposure. Density-functional theory (DFT) results
assist in the assignment of structural arrangements and clarify the geometries of h-

BN/Ni(111) and the hydrogenated species. In addition, the electronic structure of the
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newly formed hydrogenated species is analyzed and compared with pristine h-
BN/Ni(111) and free-standing h-BN in vacuum, showing that the dominant species that
is, hydrogen-intercalated h-BN/H/Ni(111) electronically corresponds to free-standing h-
BN. The weakened interaction towards the surface is also in line with the theoretical
analysis of the adsorbate-substrate bands for all systems and in agreement with UPS

experiments.

The exposures are calculated from the background pressure in the chamber and the ex-
posure time. However, as the pressure on the sample cannot be measured directly, the
absolute exposure is unknown; it depends on the distance between the sample and the
capillary of the hydrogen source. For the TPD-apparatus, the distance between sample
and capillary is larger; thus, the used exposures are higher by a factor of ~5 to 10 com-
pared to the exposures used in the two-chamber setup for synchrotron-based XPS. No-
tably, above exposures of 140 L, tungsten oxide was observed in high-resolution XPS,
which is attributed to oxygen impurities in the hydrogen gas bottle. The oxide is stable
to above 750 K. Since molecular oxygen does not react with h-BN on Ni(111) at the
adsorption temperature of 170 K, we assume that small amounts of atomic oxygen are
also produced in the hydrogen cracking source, resulting in tungsten oxide coverages of

up to 0.1 ML.

4.2 Computational Details
The experiments were accompanied by DFT calculations conducted by J. Gebhardt from
the working group of Prof. Dr. A. Gorling. In the following the computational details are
given.

Spin-polarized DFT calculations were carried out for slab models with the Vienna-ab

159 employing a plane wave basis set up to a converged kinetic

initio-simulation package!
energy threshold of 415 eV, and the projector-augmented wave method®”! for the
description of core electrons. The applied Perdew-Burke-Ernzerhof exchange-correlation

functional’ was supplied with the D3 correction (including Becke-Johnson

damping®!) to account for dispersive interactions. Energies and geometry optimizations
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were converged to 10 €V and until forces acting on ions were below 0.01 eV/A. Vacuum
layers of 10 and 18 A were employed for freestanding h-BN and h-BN on Ni(111),
respectively. The latter was modeled by placing a h-BN sheet on an optimized nickel slab
representing the (111) surface. A slab model with six layer thickness was chosen, fixing
the bottom three layers to their bulk positions. The Brillouin zone was sampled by
19x19X1 k-point grid®®l for (1x1) cells, and a reduced 2 X 2 x 1 grid in the larger (4x4)

unit cell. A dipole correction!*®®!

was employed in order to correct for the finite size of
the slab along z. Different h-BN arrangements on Ni(111) were computed in the smaller
(1x1) unit cell, whereas hydrogen adsorption was considered in the larger (4x4) unit
cell, allowing coverages down to 1/16 ML . In order to account for the metallic character
of the substrate-supported systems, a first order level broadening according to
Methfessel and Paxton®! with o= 0.15 eV was employed. For the free-standing cases, a
reduced half-width of 0.05 eV was used. Adsorption energies are defined as FE., =
(E(ads/Ni(111)) — E(ads) — E(Ni(111))/M that is, the energies of the isolated adsorbate
(ads) and the Ni(111) surface are subtracted from the combined system, and are given
per atom of the h-BN sheet in the computed cell (M=32). Charge-density differences
(CDD) where computed analogously that is, by subtracting the densities of the isolated
adsorbate (hydrogenated (H) h-BN) and the isolated surface from the density of the
combined system. Similarly, hydrogenation energies per hydrogen atoms are defined as
Eya = (E(mH/h-BN/Ni(111)) — E(h-BN/Ni(111)) — nE(H))/n that is, subtracting the
energy of the pristine h-BN/Ni(111) sheet and a hydrogen reference energy from
systems that are containing n hydrogen atoms (either adsorbed on the h-BN sheet or

intercalated between h-BN and Ni(111)). As hydrogen reference, we chose a single

hydrogen atom, in accordance to the experimental procedure.
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4.3 Results and Discussion

Structure of h-BN on Ni(111)

A 2D hexagonal adsorbate layer can form two classes of high symmetry arrangements
relative to a commensurable (111) surface of a face-centered cubic crystal. The first con-
sists of the “on top” arrangements (Figure 4.1a), with one adsorbate sublattice adsorbed
on top of a first layer substrate atoms (top sites) and the other sublattice over fcc or
hep hollow sites. The alternative “bridged” arrangements can be constructed by lateral-
ly shifting the 2D lattice relative to the surface, leading to structures where adsorbate-
adsorbate bonds are bridging the high symmetry sites (top, fcc-hollow, and hcp-hollow)
of the surfacel’. Consequently, top and bridged arrangements are denoted according to
the surface sites that the adsorbate atoms or the adsorbate-adsorbate bonds, respective-
ly, are located on. For graphene on Ni(111), it was shown that the top-fcc and the
bridge-top arrangements represent the thermodynamical minimum, with both structures

50,167 Similarly, for h-BN two different coexisting adsorp-

being practically isoenergetic!
tion sites were suggested on Ni(111); however, clear experimental proof seems to be
missingP*'4!, In principle, three different top and bridged arrangements can be envi-
sioned. Since in h-BN the two sublattices are distinguishable, each structure has two
variants, i.e., in total twelve different structures have to be taken into account (Figure
4.1). Herein, we refer to the different structures as X-Y,p with X and Y being an ad-

sorption site, such as, top, fcc(-hollow), and hep(-hollow) and A and B denoting the sub-

lattice that is adsorbed over these sites (N or B).

During structural optimization, most of the bridged adsorption sites were not stable,
transforming into more stable top sites. For the top sites, the most stable geometries
have nitrogen atoms located at top site and boron at fcc (Figure 4.2a and 4.2b) or hcp
hollow sites. These structures are almost isoenergetic with adsorption energies of -0.27
to -0.28 eV /u.c. This preference of nitrogen over boron atoms adsorbed at top sites is in
line with earlier reportsP“'®17, The resulting adsorption energies and distances are

shown in Table 4.1.
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Figure 4.1: Structures of h-BN on Ni(111) discussed in the text. Structures are denoted according
to the adsorption positions of adsorbate species or adsorbate-adsorbate bonds on the substrate for
on top and bridged structures, respectively. Since the adsorbate species are different, the atomic
labels are added as subscript in the order of occupied substrate sites for an unambiguous nomen-
clature for top arrangements. For bridged structures, the location of one adsorbate species be-
tween substrate sites along a B—N bond is specified in brackets. Atoms are represented by black
(third row nickel, fcc-hollow site), white (second row nickel, hcp-hollow site), gray (first row

nickel, top site), blue (boron), and nitrogen (nitrogen) spheres, respectively.

Adsorption Site F.s / €V dws / A

top-feepn -0.15 3.2
top-fcens -0.28 2.1
top-hcpsx -0.15 3.2
top-hcpns -0.27 2.1
hep-feesy -0.15 3.2
hep-feens -0.15 3.2

bridge-topsn — top-hepns 2.1
bridge-topxg — top-fecens 2.1
bridge-hcpsn -0.15 3.2

bridge-hcpxg — top-hcpns 2.1
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bridge-fccex  — top-feens 2.0

bridge-fcens -0.15 3.2

Tab. 4.1: Adsorption energies and distances for the investigated h-BN/Ni(111) arrangements (see
Figure 4.1). Most bridged structures were observed to be unstable, and were transformed to one
of the two stable top-hollow sites during relaxation, which is indicated by the notion of an arrow

pointing to the final structure.

Figure 4.2: (a) Top and (b) side-view of optimized DFT structures of the most stable top-fccNB
site (red: boron; blue: nitrogen). (c) Top and (d) side-view of a representative physisorbed geom-
etry top-fccBN. (e) Two-dimensional charge-density difference averaged over the xy plane for the
two structures shown in (a-d), showing the effect of the adsorption distance comparing chemi-
sorption (blue) and physisorption (red) on the pillow-effect. In addition, the hydrogen-
intercalated species (see below) is included (dashed, cyan). Gray circles indicate the position of
nickel atoms along z, whereas blue, pink, and cyan circles indicate the position of the adsorbate
layer in the top-fccNB, top-fccBN, and H-intercalated (Hint-fccH) arrangement, respectively.

At first sight, this might be counterintuitive, since the boron atom is expected to inter-
act stronger with the Ni(111) surface due to its electron deficiency, in line with the

(76, However, as the calcu-

stronger bonding of boron-vs. nitrogen-doped graphene sheets
lations show, the hollow sites are better suited for a stronger boron-nickel interaction,

since in this arrangement every boron atom has three surface nickel atoms it can bind
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to. This is also in line with studies of boron-doped graphene, where boron also preferred
the adsorption in hollow sites!'’. This bonding of boron atoms to the surface leads to a
small buckling of the h-BN sheet in the stable arrangements, with boron being 0.11 A
closer to the surface than nitrogen. This is accompanied by a charge transfer from the
substrate to boron atoms (see below). Averaging over the small buckling in the most
stable top adsorption sites, we find a mean adsorption distance of 2.08 A. All other ad-
sorption sites have a much larger average adsorption distance of 3.15 to 3.22 A (see e.g.
Figure 4.2c and 4.2d. This suggests the existence of two separated minima, one chemi-
sorbed state with a smaller adsorption distance around 2.1 A and one physisorbed state
at a larger adsorption distance around 3.2 A, in analogy to what was observed previous-
ly for graphene on Ni(111) and what was reported earlier for top-hollow adsorption sites
of h-BN in the literaturel®'™, For top-fcc hollow and top-hcp hollow adsorption the less
stable physisorbed state represents a local minimum with an adsorption energy being
0.12 €V / u.c. higher than that of the corresponding chemisorbed state. As for graphene,
the less stable physisorbed state can be obtained when considering different metal sub-
stratesl'”. For graphene, we showed in an earlier report!® that this changed adsorption
distance and the accompanied electrostatic effects (the electrostatic surface potential and
the pillow-effect) are responsible for the major changes that are observed in the elec-
tronic structure of graphene comparing strong interaction with a substrate (chemisorp-
tion on Ni(111)) and quasi-free-standing cases (physisorption on Au(111)). For h-BN,
this is illustrated in Figure 4.2e, where the charge rearrangement upon the h-BN ad-
sorption to a Ni(111) surface for the chemisorbed and physisorbed adsorption distances
is displayed. The pillow-effect is one order of magnitude larger in the chemisorbed case,

identical to what is observed for graphene!®.

In summary, we confirm that top-hollow (fcc or hcp) structures with nitrogen atoms at
the top site are the thermodynamically most stable arrangements. A second structural
alternative was not found, even when considering the energetically most favorable

bridged structures that were not included in previous theoretical studies. The less stable
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physisorbed cases are unlikely to coexist with the chemisorbed state in the same exper-

iment.

4.4 Effects of atomic hydrogen exposure on h-BN

NEXAFS

In Figure 4.3, the NEXAFS spectra after various atomic hydrogen exposures are depict-

ed, for both the boron K-edge and the nitrogen K-edge, at normal and grazing incidence.

The spectra of clean h-BN on Ni(111) show pronounced differences for grazing and nor-
mal incidence. The characteristic features are marked with dashed vertical lines at the
respective photon energies and are labeled with roman numbers, starting at low photon
energy. For the grazing incidence spectra at the B K-edge (Figure 4.3a), we observe two
well-resolved features at, 192.4 (I) and 194.2 eV (II), which are more or less absent at
normal incidence (Figure 4.3b). On the other hand, the normal incidence spectra show a
well-defined peak at 198.8 eV (III; with a low energy shoulder), which nearly disappears
at grazing incidence. Similar differences are also found at the N K-edge. From earlier
studies*'""1™ these features are known; (I) and (II) are assigned to the n* resonances.
While (I) is due to the lowest and rather localized unoccupied orbital, (II) is due to the
hybridization of the  h-BN states with Ni 4p and 4s states!'™, or interlayer states!'’®. In
a simplified picture, (II) can be assigned to the Ni - h-BN interaction. In a similar man-
ner, the features in the N K-edge spectrum at grazing incidence are assigned: (V) and
(VII) are both again associated out-of-plane “interlayer states” due to hybridization, and
(VI) is associated with localized i* states. Feature (V), again in a simplified picture, is a
measure for the h-BN substrate interaction. The states measured at normal incidence
are associated with transitions to o* orbitals; as no strong changes are observed upon
hydrogenation, they will not be discussed in more detail. Furthermore, Usachov et al.l’”
studied quasi-free-standing h-BN on Ni(111) and minimized the adsorbate/h-BN interac-
tion by the intercalation of gold. Their NEXAFS spectra indeed show a strong similarity

to spectra of bulk h-BNU!'™ that is, a system with weakly interacting h-BN layers. For
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the B K-edge, they observe one feature at 192 eV at grazing incidence and a doublet at

198 and 199 eV at normal incidence.

Upon exposure to hydrogen, the observed peaks show characteristic changes. At grazing
incidence, the two well-resolved features at 192.4 (I) and 194.2 eV (II) in the B K-edge
spectra in Figure 4.2a are slightly broadened for an exposure of 1 L. Moreover, we ob-
serve a decrease of (I) and an increase of (II) compared to pristine h-BN. For 90 L, fea-
ture (I) increases, while (II) decreases compared to pristine h-BN. For 600 L, (I) is dom-
inant, and (IT) no longer visible. We interpret these changes as a change in the interac-
tion of h-BN with the substrate. For 1 L. exposure, we find an increased interaction, in
line with a hydrogenation of h-BN, while for 90 L, we observe the onset of a quasi-free-
standing h-BN sheet. For 600 L, the layer is quasi-free-standing, as concluded from the
similarity of the spectra to those of intercalated h-BN or bulk h-BN. The normal inci-
dence spectra in Figure 4.3b show a broadening of the feature at 198.8 eV (III) for expo-
sures of 1 and 90 L, while for 600 L a well resolved double peak structure with a new
peak at 199.9 eV (IV) is found, again being similar to what is found for quasi-free-

standing h-BN.

In the grazing incidence spectra at the nitrogen K-edge in Figure 4.3c, we find three
peaks at 400.0 (V), 402.5 (VI), and 403.7 eV (VII), which all change upon atomic hydro-
gen exposure. At 1 L, only feature (V) becomes slightly more pronounced; at 90 L, fea-
ture (VI) increases significantly and is now visible as a distinct shoulder and feature (V)
decreases slightly. At 600 L, feature (VI) becomes dominant, while the other peaks de-
crease, especially feature (V), which was assigned to the h-BN substrate interaction.
This data set is again in agreement with the interpretation discussed above: first, an
increase in the h-BN substrate interaction indicative of hydrogenation (1 L) is observed.
Subsequently, the onset (90 L) of hydrogen intercalation and for higher exposures, the
formation of quasi-free-standing h-BN layer (600 L) is deduced. In the normal incidence
spectra at the nitrogen K-edge, a broad structure is observed. No significant changes are
found up to a hydrogen exposure of up to 90 L. Only at 600 L, a new feature develops at

409.6 eV (VIII), which is similar to results for bulk h-BN.
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Figure 4.3: NEXAFS spectra obtained for h-BN and h-BN exposed to various amounts of atomic
hydrogen. (a) Boron K-edge grazing incidence. (b) Boron K-edge normal incidence. (c) Nitrogen
K-edge grazing incidence (d) Nitrogen K-edge normal incidence. Characteristic features are
marked with dashed lines. Features characteristic for the h-BN - substrate interaction are labeled
in red. The measuring geometry is indicated as an inset in the top left of the figures.

To summarize the conclusions derived from our NEXAFS experiments, we identify two
different, exposure-dependent routes of hydrogen to interact with the h-BN/Ni(111)
system: For lower hydrogen exposure, we find an increased h-BN/substrate interaction,
indicating hydrogenation, and for higher hydrogen exposure, the h-BN/substrate inter-
action is decreased, indicating intercalation. While hydrogenation along with an increase

in the interaction strength with the substrate has already been shown in detail for gra-

phenel?, no intercalation with atomic hydrogen was observed for graphene/Ni(111).
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Photoemission

Next, we discuss the XP spectra shown in Figure 4.4. While in NEXAFS only small
changes are observed for small exposures, in XPS strong changes are observed already
for small exposures. For low exposures of 1 and 90 L, in the B 1s spectra a shift of the h-
BN peak at 190.5 ¢V towards lower binding energy is observed, which goes along with a
broadening of the peak. In the N 1s spectra, a more distinct effect is visible for 1 and
90 L: in addition to a decrease and slight broadening of the main h-BN peak at 398.5 eV,
a pronounced shoulder emerges at 397.9 eV. The overall amount of both boron and ni-
trogen remains constant. These changes are associated with the formation of a stronger
bond of h-BN with the Ni(111) surface at these low hydrogen exposures, analogously to
formation of hydrogenated graphene. Our DFT calculations (see below) show that hy-
drogen preferentially binds to the boron atoms in h-BN on Ni(111). Interestingly, the
hydrogen-boron bond does not lead to a distinct chemical shift in the B 1s core level,
which we attribute to a balance of the two opposing effects from weakened nickel-boron
interactions and newly formed B-H bonds, i.e. the newly formed bond does not change

the total charge at the boron atom.

B 1s, hv = 380 eV N 1s, hv =500 eV
v a) b) v
600 L
600 L
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Figure 4.4: XP spectra of h-BN after different exposures (0 — 600 L) of atomic hydrogen in the B
1s (a) and N 1s (b) core level region.

At 600 L, we find a very broad B 1s peak centered at 190.1 eV (i.e. shifted by 0.4 eV
relative to the value found for lower exposures; notably, the B 1s shift for Au-
intercalated h-BN is slightly larger with 0.7 eV"). At the same time, the main N 1s

peak has nearly disappeared and is only observable as an asymmetry towards higher
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binding energy, while the dominant feature is now at a lower binding energy of
397.7 eV. We interpret these spectra, as being due to hydrogen-intercalated h-BN for
the following reasons: We find a chemical shift towards lower binding energy, which is
very similar to the one observed by Usachov®” for Au-intercalated h-BN/Au/Ni(111);
notably, the N 1s shift is slightly smaller in our case (0.8 eV vs. 1.1eV for Au-
intercalated h-BN). Notably, shifts for CO intercalation were considerably larger (3 and

%] In a simple picture, these core

2 eV for the N 1s and B 1s core levels, respectively)!
level binding energy shifts reflect the different electronic structure, i.e. chemical identity
and the size of the intercalated species. A more sophisticated model was developed for
graphene on Ir(111), where relative shifts upon intercalation of several molecules can be
described by a combination of a rigid band model and additionally taking into account

the transferred charge!. This analysis, however, has not yet been performed for h-BN

on a strongly interacting substrate such as Ni(111).

At 140 L, the B 1s spectrum shows a further broadening of the signal towards lower
binding energies, as compared to the 90 L situation. In the N 1s spectrum, the shoulder
already observed for 1 and 90 L, increased, while the main peak at 398.4 eV decreased.
As will be shown below, this is an intermediate case that shows a mixture of intercala-

tion and hydrogenation.

DFT: Atomic hydrogen interacting with h-BN/Ni(111)

In order to gain further insight, we also performed DFT calculations of hydrogenated h-
BN. We focus on the stable adsorption arrangement that is, h-BN adsorbed in top-
hollow with nitrogen atoms at the top site (top-fcens, see above). Optimized structures
of the discussed hydrogenation arrangements for various coverages are shown in Figure
4.6. In this arrangement, adsorption of hydrogen can occur on either nitrogen or boron
atoms. For an isolated hydrogen atom at a coverage of 1/16 ML, we find that boron
hydrogenation is favorable by 0.63 eV/H atom as compared to nitrogen hydrogenation,
with an adsorption energy of -2.07 vs. -1.44 eV /H, respectively. This adsorption energy
is 0.18 eV/H smaller than the one found on graphene carbon atoms. In both adlayers (h-

BN and graphene), the energetically most stable hydrogenation site is at the atom in the
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hollow site. For graphene, the driving force for this was found to be the increased bond-
ing of the neighboring carbon atoms adsorbed in top sites, which move closer to the sub-
strate, inducing a large buckling of the adsorbate sheet. For h-BN, the situation is
somewhat different. The atom located above hollow sites is the one that interacts more
strongly with the substrate, which is demonstrated by the charge density difference
(CDD) for pristine h-BN in Figure 4.5a: Charge is depleted at the nickel surface, mostly
from orbitals along z, and is transferred mostly towards the boron atoms in the hollow
sites and, to a smaller extent, towards nitrogen atoms and nickel orbitals in the xy

plane.

Figure 4.5: Side view on the structures of (a) pristine h-BN/Ni(111), h-BN with hydrogen ad-
sorbed on B with a coverage of (b) 1/16 and (c) 8/16 ML, and (d) hydrogen-intercalated h-BN.
Nickel, nitrogen, boron, and hydrogen atoms are indicated by silver, blue, pink, and white
spheres, respectively. In addition, the charge-density difference is shown for each case, showing
charge depletion (red) and accumulation (blue). In each case, CDDs are shown for planes (see
panel (e)) containing nitrogen (CDDN, left) and boron (CDDB, right) atoms, respectively (sepa-
rated by a dashed line).

This would, at first sight, suggest hydrogenation of nitrogen atoms at top sites, which,
however, is not observed. Instead, the boron-nickel interaction is weakened and newly
B-H bonds are formed, with boron moving away from the surface. The hydrogenation is
accompanied by a rearrangement of atoms along the z-direction (see Figure 4.5b, 4.5¢).
Boron atoms are lifted away from the substrate, whereas nitrogen atoms are moving
closer to the substrate. For the smallest considered coverage of 1/16 ML, this leads to a

flat h-BN sheet, with only the hydrogenated boron atom lifted 0.59 A above the h-BN

plane.
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1/16 1/16 1/16 1/16
2/16 2/16 2/16 2/16
8/16 8/16

Figure 4.6 Hydrogenated structures discussed in the main text (see Table 4.2).

For a (maximal) coverage of 8/16 ML (1 ML, with respect to the Ni(111) surface), the
arrangement strongly changes to a situation with a reversed buckling compared to un-
hydrogenated h-BN, with nitrogen and boron atoms in adsorption distances of 1.91 and

2.36 A, respectively. This structural change is accompanied by considerably strengthen-
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ing the h-BN-Ni interactions, as well as quenching the surface magnetic moment mo-
ment. The magnetic moment is quenched by 9 ¢ _ B/u.c., leaving only a small magneti-
zation of ~0.02 y_ B at the nitrogen atoms in the h-BN sheet. The binding energy of
the hydrogenated layer to the substrate increases by -0.72 eV/ atom that is, from -0.19
to -0.91 eV /atom, comparing the pristine with the maximally hydrogenated layer (see
Table 4.2). This can be explained by the destabilization of a free-standing h-BN sheet
that goes along with hydrogenating only boron sites, comparable to graphone, and
demonstrates the obtained stabilizing substrate effect for such hydrogenated two-
dimensional layerst?. The magnetic moment is quenched by 9 ug/u.c., leaving only a
small magnetization of ~0.02 up at the nitrogen atoms in the h-BN sheet. Especially for
the maximal coverage, the depleted charge of the nickel surface atoms along z is at-
tributed mainly towards the nitrogen atoms, whereas hydrogenated boron atoms are
solely interacting with the bound hydrogen atom. The nature of the h-BN sheet and the
inequality of lattice sites (boron and nitrogen atoms) also exclude a possible further sta-
bilization by additional hydrogenation with a second hydrogen atom on the alternating
sublattice (adsorption at N sites) on the other side of the h-BN sheet, which was ob-
served in free-standing graphene. For h-BN, such an equal hydrogenation of both sublat-

tices is not stabilizing.

Although it is feasible to hydrogenate h-BN by forming B-H bonds, accompanied by
formation of stronger bonds to the surface, intercalation of hydrogen between the h-BN
sheet and the nickel substrate is the thermodynamically more stable situation. Already
at small coverages of 1/16 ML, the hydrogenation energy of intercalation is favorable by
0.1 eV/H/u.c. compared to B-H formation, with adsorption energies of -2.17 vs -
2.07 eV/H/u.c. With increasing coverage, this effect is even more pronounced: while the
hydrogenation energy for chemical bonding to the h-BN sheet decreases with increasing
hydrogen coverage by 0.85 eV/H/u.c., the energy for intercalation increases, by

0.60 eV/H/u.c. for a coverage of 8/16 ML.

We also considered further structures with even higher hydrogen coverages, such as

further intercalation, full hydrogenation at B and N atoms (a graphane analogue®') and
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a mixture of hydrogenation and intercalation. They all show a decrease in the hydro-

genation energy by at least 0.6 eV/H/u.c.

The structural arrangement of hydrogen beneath h-BN in intercalated structures is ra-
ther insensitive with respect to surface adsorption sites of the hydrogen atoms. Both
hollow sites (fcc and hcp) yield similar hydrogenation energies, with the fcc site being
more stable by only 0.05 eV/H/u.c. (for a coverage of 1/16 ML). Upon intercalation, the
h-BN layer becomes detached from the nickel surface (see Figure 4.5d) with an adsorp-
tion distance of 3.60 A (2.76 A to the intercalated layer of hydrogen atoms). As a result,
no buckling is observed in the physisorbed h-BN layer. Consequently, the interaction to
the substrate is weakened, with a low adsorption energy of the boron nitride sheet to

the substrate of only -0.07 ¢V /atom.

Structure (H Coverage/ML) Eiy/H/eV/u.c. Eas/eV/atom

h-BN(top-fceng) - -0.19
Hy (1/16) -1.44
H; (1/16) -2.07 -0.26
Hint-reer (1/16) -2.17
Hintneon (1/16) -2.12
H; (2/16) -1.93
HpN(ortho (2/16) -1.87
HeN(para) (2/16) -1.79
Hineteerr (2/16) -2.21
Hp (zraphone) (8/16) -1.22 -0.91
Hint tecnt (8/16) -2.77 -0.07
Hp . int-fecH(eravhone) (1) -1.60
HpN(graphan (1) -2.05
Hint-tect+hepr (1) -2.17

Table 4.2. Hydrogenation energies E,,q of hydrogen atoms at h-BN in different arrangements and
various coverages. In addition, the binding energy to the Ni(111) substrate per h-BN layer atom

is compared for the most relevant (hydrogenated) h-BN layers as well as the intercalated case.

The weakened interaction to the Ni surface is also manifested in the CDD (Figure 4.4d),

which shows only little charge reordering towards the h-BN layer. Especially the charge
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depletion of the surface nickel atoms is no longer observed. This weak interaction is also
in line with our results in Figure 4.2e, which shows a similar physisorption for the hy-
drogen intercalated system and the physisorbed pristine h-BN sheet. Instead of interca-
lation of isolated hydrogen atoms, the confined reaction space between substrate and h-
BN sheet could also lead to the formation of molecular hydrogen. However, computing
an isolated intercalated hydrogen molecule is not observed to yield a thermodynamically
stable alternative. Instead we observe the splitting of the H-H bond resulting in the H,.

wect (2/16) structure.

Changes to the electronic structure due to hydrogen adsorption

Next, we want to discuss how the atomic hydrogen exposure effects the electronic struc-
ture of h-BN/Ni(111). Figure 4.7a shows the band structures of a pristine free-standing
h-BN and 4.7b pristine h-BN on Ni(111). The effect of the substrate is mainly to shift
all h-BN bands to larger binding energies by roughly 2 eV, with respect to the Fermi
energy, resulting in an n-doping of the h-BN sheet. This is in line with other adsorb-
ate/metal substrate systems and can be attributed to the alignment of the h-BN bands
with the Fermi energy of the Ni substrate, which comprises effects from the pillow-effect
and the electrostatic surface potential®l. In addition to this uniform shift of all bands,
the m-band exhibits a differential shift due to interactions with nickel bands in the re-
gion around 5 eV below the Fermi level. In pristine h-BN, boron and nitrogen s, p., and
py hybridize to sp? orbitals, forming three ¢ bands, similar to graphene. Despite similari-
ties to graphene, subtle differences exist, e.g., the significant downshift of the lowest o
band by roughly 4 eV compared to pristine graphene on Ni(111)!"82. The n bands, on the
other hand, are significantly different, with the bonding  band being of mainly nitrogen
character, whereas the antibonding n* band is of mainly boron character. This is an
interesting difference to graphene, where both carbon sublattices contribute equally to o
and * bands. At the same time, this can be attributed to the differences in electronega-
tivities between boron and nitrogen. Both bands are not approaching each other around

K, but are well separated with a band gap of ~5 eV, similar to bulk h-BN!83],
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4 Hydrogenation of h-BN/Ni(111)

In addition, Figure 4.7 shows UP spectra of h-BN with hydrogen adsorption on boron
atoms (c) and hydrogen intercalation (h) that is, for the two arrangements that are ob-
served experimentally after hydrogen exposure to h-BN/Ni(111). Hydrogenation of bo-

ron atoms affects the band structure in several ways (Figure 4.7).

All ¢ bands are shifted towards smaller binding energies by 2-3 eV, without any band
hybridization of the hydrogen atoms. This is explained by the chemical effect of hydro-
genation on the h-BN sheet. Due to the B-H bond formation and the accompanied
charge redistribution that is observed in Figure 4.5¢, adsorbate charge pointing towards
the surface in pristine adsorbed h-BN is depleted. As a result, the pillow-effect and,
thus, the resulting n-doping of the Ni(111) surface is weakened, resulting in a partially

decreased substrate-induced n-doping.

The bonding n-band is almost unaffected, showing only slightly decreased band disper-
sion compared to the pristine case. The bands with  contribution of the boron atom,
however, are now displaying hydrogen character. The band appears downshifted com-
pared to the pristine case, indicating a decreased band gap, but it is interacting with
numerous bands of the Ni(111) substrate around the Fermi level. Overall, this suggests
that, besides a shift, the o framework of h-BN remains unchanged upon hydrogen bond-
ing to boron, not supporting the traditional view of a change of boron atoms towards sp?
hybridization. The p, orbitals do not admix with the former ¢ bands, but instead remain
unchanged in the case of nitrogen and form a sp hybridized o band in case of the newly
formed B-H bond. For the n-bands, one observes a shift towards lower binding energy
by ~0.2 €V in UPS. However, no change in the o bands around the fermi edge is observ-

able, due to the intense nickel d-bands.
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a)
| C) Pristine, hv =85 eV
b) 1 :
e) 90 L, hv=85eV f) 140 L, hu=85eV]

;[—:' )
(

600L, hv =85 eV

h)

i

g) -

Intensity [arb.u.]

Figure 4.7: Band structure of (a) h-BN free-standing, as well as (b) adsorbed on Ni(111) in top-
fccNB adsorption geometry, together with UPS measured at the I-point (c). (d) h-BN with hy-
drogen atoms adsorbed at the boron atoms and UPS data at the I'-point acquired after a hydro-
gen exposure of 90 (e) and 140 L (f) (partially intercalated, intercalated contribution marked
with a yellow star). (g) with hydrogen intercalating between h-BN and the nickel surface and
UPS data after a hydrogen exposure of 600 L (h). Boron and nitrogen o (red and orange), m
(blue and cyan), and hydrogen (green) contribution to bands is indicated by circles, with the size
indicating the amount of the contribution.
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Finally, we discuss the effect of hydrogen intercalation displayed in Figure 4.7g, h. All h-
BN bands appear almost uniformly shifted by ~2 eV towards smaller binding energies,
indicating a p-doping effect. This is similar to the hydrogenation effect discussed above,
but has different reasons. Here, it can be solely attributed to the weakened interaction
with the substrate and the resulting increased adsorption distance, as it was demon-
strated previously for graphene on metal substrates®™ and proven by the comparison
between Figure 4.7a and 4.7b. The n-band is also shifted in the same direction, but by a
slightly larger amount. UPS observes the shift of the n-bands well. Similarly, the shift of
the 7 band is observed in the UPS data, showing a value of ~4 eV, in line with DFT.
This, again, can be explained by additional hybridizations with nickel bands around the
Fermi level that act in addition to the uniformly changed metal doping influence. Thus,
hydrogen intercalation is lowering the effect of the substrate, resulting in h-BN bands
that are located almost at the energies of the free-standing case This can also be ob-
served, as for the intercalated case a new feature between the two nickel d-bands at the
fermi edge is found. In addition to this shift, a new band with hydrogen character arises
between -5 and -10 eV. Hydrogen contributions are only found in nickel bands, demon-
strating that h-BN is detached and quasi-free-standing, since the influence of the metal
is negated, whereas no new interaction with the intercalated layer is observed. The
binding energy of the bands in Figure 4.7 ¢, 4.7e 4.7h is well reproduced in the experi-
ments, with a shift below 0.5 eV. The additional feature in Figure. 4.7c, marked with a
yellow star, is due to already intercalated parts of the h-BN sheet, showing the coexist-
ence of both intercalated and hydrogenated domains on the surface, as will also be dis-
cussed below. The nearly complete absence of the hydrogen band is well in line with
other UPS data, and with the calculated binding energy and the dispersion of the

band!'84,

Before discussing the thermal stability of our above found two stable configurations (hy-
drogenation and intercalation), we comment on the difference between DFT and experi-
mental results. From DFT, we expect that hydrogen intercalation is always energetically

favorable compared to hydrogenation, and thus should be the dominant structure for all
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atomic hydrogen exposures. In our UHV experiments, we find hydrogenation for low
exposures (< 140 L), while intercalation occurs only for high atomic hydrogen exposures
(= 140 L). We attribute this to the kinetics of the reactions of atomic hydrogen with h-
BN or the Ni(111) substrate. The atomic hydrogen needs to find its way below the h-BN
sheet before it can bind to the Ni(111) surface, i.e., before it reaches its energetically
favored position (it passes the h-BN mesh likely through defects, as is observed for not
closed patches of graphene, were the rim is the defect!*"). However, the probability for
a reactive species, such as a hydrogen radical, to form a covalent bond with h-BN is
very high. Thus, at low exposures, the hydrogenation of h-BN is more likely than diffu-
sion underneath the h-BN lattice, in order to form the intercalated structure. Once
formed, the more stable intercalated h-BN does not allow for the necessary interaction
with Ni(111) to form bonds to hydrogen that is, it cannot be hydrogenated. This leads
to a removal of hydrogen from the top side of h-BN when h-BN is intercalated, again

due to the suppressed h-BN substrate interaction.

Thermal evolution of h-BN exposed to various doses of atomic hydrogen

To further substantiate our findings and to have a deeper understanding of the two pos-
sible interaction mechanisms, we conducted temperature programmed experiments, see

Figure 4.6.

We will only discuss the results from the N 1s region, since the B 1s core level shows a
less distinct chemical shift; see Figure 4.9. The data are plotted in a color-coded density
plot, which allows for following the changes with temperature. The starting points of
these experiments are the spectra taken after hydrogenation, shown in Figure 4.4. The
hydrogenated species with a peak at 397.8 eV remains unchanged up to 470 K. Around
this temperature, a peak shift by 0.18 eV to higher binding energies and the disappear-
ance of the shoulder at 397.9 eV is observed, which is attributed to dehydrogenation as
indicated in Figure 4.8a. This behavior goes along with an accelerated decrease of the
peak intensity above 470 K found in the quantitative analysis in Figure 4.8d (black
curve). In Figure 4.8b, the thermal evolution is shown after exposure to 600 L that is,

when intercalation has occurred. The corresponding deintercalation is visible as an ab-
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4 Hydrogenation of h-BN/Ni(111)

rupt shift in binding energy by 1.0 eV at 390 K. This indicates that the intercalated
hydrogen has a distinctively different thermal stability. Interestingly, we do not observe
any successive dehydrogenation reaction above 470 K. This is again also evident in the
quantitative analysis in Figure 4.8d (green curve). The observed behavior leads to the

conclusion that no hydrogen can bind to h-BN once hydrogen is intercalated.
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Figure 4.8: Thermal evolution of h-BN exposed to various atomic hydrogen exposures in the N 1s
core level depicted as a color-coded density plot, where white is the lowest and dark blue the
highest recorded intensity. Exposures of (a) 1 L, (b) 600 L, (c) 140 L, are depicted. Dashed lines
are a guide to the eye for the binding energy from the fit. (d) quantitative analysis of (a-c).
(Taas=170 K; B=0.5 K/s)

An intermediate case is found for 140 L. Here, both deintercalation and dehydrogenation
are observed: During heating, first the intercalated hydrogen desorbs at 390 K, resulting
in a first shift of the main intensity, denoted as deintercalation in Figure 4.8c and subse-
quently, a second shift of the main peak occurs at 550 K, denoted as dehydrogenation.
This behavior is also seen in quantitative analysis in Figure 4.8d, where the intensities of
intercalated and hydrogenated h-BN are plotted separately (green circles and squares,

respectively). This experiment suggests the coexistence of intercalated and hydrogenated

parts of the h-BN layer, which we expect not to intermix: The surface interaction in the
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4 Hydrogenation of h-BN/Ni(111)

case of hydrogenation is stronger as the neighboring atoms to the atom that binds to
hydrogen will create a stronger surface bond. In the case of intercalation, the opposite
behavior is found, leading to a lower interaction. Thus, we propose that in the case of

the exposure of 140 L we observe different domains on the surface.
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Figure 4.9 Thermal evolution of h-BN exposed to various atomic hydrogen exposures in the B 1s
core level depicted as a color-coded density plot, where white is the lowest and dark blue the
highest recorded intensity. (a) 1 L, (b) 140 L, (c) 600 L, depicted as a color coded density plot
striped lines are a guide to the eye for the occurring reaction.

As a last experimental method, temperature-programmed desorption (TPD) was ap-
plied. In Figure 4.10, we show a series of TPD spectra of molecular hydrogen (m/z = 2),
collected after increasing atomic hydrogen exposures. Please note that these experiments

were carried out in a different apparatus and thus the atomic hydrogen exposures are

different, as mentioned in the beginning.

For low exposures, a single peak (y) is observed at 610 K. This peak increases in intensi-
ty with increasing atomic hydrogen exposure, as shown in Figure 4.10a. Additionally, a
small peak grows at ~510 K. When increasing the H-exposure, peak (y) no longer in-
creases, but decreases, as seen from the purple spectrum in Figure 4.10 a for 100 L. Fig-

ure 4.10b shows that at even higher exposures peak (y) decreases further and vanishes

71



4 Hydrogenation of h-BN/Ni(111)

at 1250 L. Simultaneously, above 100 L, a new peak (B) is observed at 390 K, which
gains intensity with increasing exposure. Finally, for exposures of 800 L and above, an

additional peak at 230 K (o) is observed.

m/z =2 () éa)

Intensity [arb.u.]

Intensity [arb.u.]
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—
200

Figure 4.10 TPD spectra recorded after exposing h-BN to various doses of atomic hydrogen. (a)
exposures up to 100 L, resulting only in hydrogenation. (b) Larger doses, resulting mainly in
intercalation, and the 100 L spectrum shown in a for comparison. (T.a= 180 K; p=3 K/s)

The interpretation of the TPD spectra is well in line with that of the TPXPS experi-
ment: The reaction occurring at higher temperatures that is, the desorption of hydrogen
as peak (vy), is due to the dehydrogenation, which only occurs for low hydrogen expo-
sures. We find saturation of this hydrogenation at 15 L. At higher exposures, peak (v)
decreases and finally disappears, in agreement with the TPXPS data. The smaller peak
at ~500 K (not labeled) cannot be observed in XPS. Peak (R), fits very well to the dein-
tercalation observed in TPXPS for high exposures. Also, the fact that no dehydrogena-
tion is observed in TPXPS for 600 L atomic hydrogen, fits well to the TPD spectrum of
1250 L (dark blue) that is, intercalation results in dehydrogenation of the h-BN sheet.

This again shows that hydrogenation and intercalation are two competing reactions of
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atomic hydrogen on h-BN. The TPD peak at lowest temperature, (o), is not observed in
XPS. In an experiment with high exposures of molecular hydrogen, this peak is also ob-

served. We thus conclude that it stems from the sample holder and the manipulator.

186 and from our group with the

From a comparison to H,-TPD spectra from literature,!
same heating rate of 3 K/s (see Figure 4.11), we find that the desorption temperature
on bare Ni(111) is lower by ~30 K than for the “confined” geometry under the h-BN
layer (Figure 4.10b). This is in contrast to what is found for other intercalated molecular
species®'*”), While in our calculations the bonding to hydrogen is considerably weakened
(1.57 eV/H atom) by the confinement, as it was also found for other adsorbates under
2D materials, the formation of the intermediate “H, under h-BN” is very unfavorable
and we did not find such an intermediate as semilocal minimum in our calculations (see
above). Possibly also kinetic effects such as diffusion barriers of hydrogen under h-BN

might unfavorable thus leading to a higher desorption temperature for hydrogen on h-

BN/Ni(111) as compared to on clean Ni(111).

—— H Signal
B=3K/s

H Desorption [arb. u.]

200 250 300 350 400 450 500
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Figure 4.11 TPD of hydrogen adsorbed onto Ni(111) measured with a heating ramp of 3 K/s,
with the same apparatus as the TPD data depicted in Figure 4.10.

The experimental results for hydrogen desorption deviate from the stabilities predicted
by DFT, since the more strongly bound intercalated hydrogen species is observed to
desorb first. This indicates that reaction kinetics dominate the desorption processes.

This can be understood since hydrogen has to recombine to molecular hydrogen in order
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be able to desorb. For hydrogenated h-BN, this process is likely to have a considerable
energy barrier (compare the dehydrogenation mechanism of hydrogenated graphenet”),
especially if hydrogen atoms are not directly adsorbed next to each other that is, dehy-
drogenation does not occur from nearest neighboring sites. In such a case, large diffusion
barriers are expected for lower coverage, because nitrogen sites, which are shown to be

unstable for hydrogenation, have to be bridged.

4.5 Conclusions

We have studied the reaction of h-BN on Ni(111) with atomic hydrogen and subsequent-
ly the thermal stability of the system. High resolution XPS, NEXAFS, and UPS were
applied to gain a basic understanding of the system; DFT provide detailed insight into
the specific geometrical arrangements of pristine, hydrogenated and intercalated species.
We find two different competing regimes of interaction of hydrogen with h-BIN; the first
is a chemical bond formation for low exposures that is, hydrogenation of h-BN, similar
to the behavior previously observed also for graphene. The other regime is intercalation
of atomic hydrogen, which lifts the interaction of h-BN with the substrate, resulting in
new features in both NEXAFS and photoemission experiments. Our calculations show
that these two chemical modifications have different effects on the electronic structure
of h-BN. In both cases, the interaction with hydrogen decreases the n-doping effect of
the surface. In the case of intercalation, this is due to a larger adsorption distance, lead-
ing to quasi-free-standing h-BN. In the case of hydrogenation, B-H bond formation is
observed, which is accompanied by charge redistribution and a change of the buckling of
the adsorbed h-BN sheet. These changes reduce the adsorbate charge near the surface,
leading to a reduced pillow-effect and, thus, a similar raising in energy of the o bands.
Intercalation and hydrogenation lead to two opposite interactions with the surface.
While intercalation leads to a less strongly bound h-BN, the opposite is observed for
hydrogen bonding to h-BN. The rr bands react differently due to the imposed changes of
the chemical structure. Subsequently, the thermal stability of the systems was probed

with TPXPS and TPD. We find different thermal stabilities for hydrogenated and inter-
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calated h-BN, with dehydrogenation occurring at 550 K and the deintercalation occur-
ring and 390 K.

The following chapters now will move away from atomic hydrogen as the reaction part-
ner of the 2D materials and move to a second, small molecule that is molecular oxygen

albeit supplied from the supersonic molecular beam.
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5 Oxygen adsorption on h-BN/Ni(111) at 290 K

This chapter also contains theoretical calculations that were conducted by the working
group of Prof. Dr. Andreas Gorling from the Chair of Theoretical Chemistry at the

Friedrich-Alexander-Universitit Erlangen-Niirnberg

In this chapter, the adsorption of highly energetic oxygen on h-BN was investigated
with temperature programmed XPS and NEXAFS. The interpretation of the data is
further supported by DFT calculations: Upon exposure to highly energetic oxygen a
single oxygen species develops in the O 1s core level, observed with in-situ high resolu-
tion XPS. This species is interpreted as the formation of covalent oxygen boron bonds in
an activated adsorption process. The formation of this molecular oxygen species goes
along with a weakening of the oxygen-oxygen bond. A shift of both the B 1s and the N
1s signal of h-BN to lower binding energy is observed. The N 1s signal of h-BN further
splits into two contributions, which amount for the same coverage. Valence band meas-
urements show that the bands of h-BN are also shifted to lower binding energies.
NEXAFS measurements for the nitrogen and boron K-edge show that the h-BN-Ni(111)
interaction has increased. Angle dependent NEXAFS measurements at the oxygen K-
edge show that still both a n* and o* contribution are found, indicating that the oxy-
gen-oxygen bond from molecular oxygen is still present. With DFT calculations, a tran-
sition state is found confirming that the adsorption of oxygen on h-BN is an activated

process. Temperature programmed XP experiments show that oxygen desorbs at 580 K.
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5.1 Introduction

Hexagonal boron-nitride (h-BN) is a honey comb arranged alternation of boron and ni-
trogen atoms, forming a 2D single crystal. As with graphene and graphite, its properties
differ greatly from the 3D layered material. E.g. the band-gap of h-BN decreases to
5.4 eV, as a 2D material® %1%l Similar to graphene, h-BN is believed to be inert!'*"],
possess a high strain endurance%'*¥! and also a peculiar electronic structure. The large
band-gap of h-BN is very intriguing, in that it is an insulator with a bandgap of
5.4 eVI'"'%2 and thus a possible deep UV-light emitter, whereas graphene, of which it is a
structural and isoelectronic analogue, is a semi metal with a Dirac cone, and thus has no
band-gap. Interestingly graphene can be readily grown on top of h-BNF. However, the
use for 2D materials is still largely limited to fundamental research. Possibly, as only the
pristine, free-standing 2D material has the interesting properties described above. How-
ever, by using the right substrate or functionalization it may be possible to enable
bandgap tuning at will. However, introducing functional groups in large scale or with
high purity is still difficult. Thus previously, mostly intercalation was explored. For gra-
phene, already numerous studies are found in literature!'*'1%1%l From group one in the

194" as well as hydrogen'®”, up to noble gases'*. For h-

periodic table, with alkali metals!
BN such examples are more scarce’**!"1%], Regarding the intercalation of 2D materials,
it was found that the stronger the interaction of the 2D material with its substrate is
the more difficult intercalation is to achieve. Moreover, due to the above described inert
character of graphene and h-BN chemical functionalization of the pristine starting mate-
rial is still in its infancy. Only bulk functionalization of graphite to graphene-oxide (GO)
was investigated in detail, as GO is solvable. However, GO and reduced GO often have
little to do with graphene. However, besides hydrogenation, no study on the functionali-
zation under defined ultra-high vacuum (UHV) conditions of h-BN/Ni(111) was carried

out to our knowledge. However, numerous theoretical studies show that oxygen func-

tionalization should be possible!!™>1%2% on Ni(111).

In the following we will discuss the interaction of h-BN on Ni(111) with molecular oxy-

gen as determined by XPS, NEXAFS, UPS and DFT. We show that, for the first time
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the activated adsorption of oxygen on h-BN has been achieved. We prove that the oxy-
gen-oxygen bond is still present, and that the oxygen-boron bond shows high stability, as
deduced from temperature programmed experiments. We believe, that with this exper-
iments, a first true step towards the metal-free CO oxidation catalyzed by h-BN was
made®. A comparison to graphene on Ni(111) will be given, where no functionalization

with oxygen was found under similar experimental conditions.

The amount of oxygen is referenced to XP spectra of the well-known LEED structures
of 0.25 ML O, on Ni(111)2%, collected with our setup at the same photon energy and
sample geometry. The samples measured with the Al Ko X-ray source were referenced

to the known LEED structure of 0.5 ML of CO=?2,

5.2 Computational Details

The experiments were accompanied by DFT calculations from Himadri Soni of the work-

ing group of Prof. Andreas Gorling. The computational details are given below.

We have used spin-polarized density-functional theory (DFT) as implemented in the

159]

Vienna Ab initio Simulation Package®”, which employs a plane-wave basis set and the

160]

projector augmented-wave method! The applied Perdew-Burke-Ernzerhof exchange-

correlation functional’®! was supplemented by the D3 van der Waals correction®? (in-

(163 to take dispersive forces into account. An energy

cluding Becke-Johnson damping)
cutoff of 415 eV was used in conjunction with a Methfessel Paxton smearing'® of order
one with 0.15 eV half-width. Vacuum layers of 18 A decouple periodic images from each
other along the z direction. The Brillouin zone (BZ) was sampled by 11 x 11 x 1 Monk-
horst-Pack k-point grids'® for hexagonal (2 X 2) unit cells of hexagonal boron nitride
(h-BN) on Ni(111) surface. Electronic structures and geometries were converged below
1 x 107 €V and 0.01 eVA~! with respect to total energies and forces acting on ions, re-
spectively. We have considered six layers of the nickel substrate, keeping the bottom
three layers at their bulk position. This setup was shown to provide good results in our

previous work®. A dipole correction was employed along z in order to correct for the

finite size of the slabs.
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Oxygen adsorption energy E..s per oxygen molecule is calculated according to the formu-

la given below:

N
Eqas = (Etot —Egn/ny — 2 ° 02)/N

where, N is the number of oxygen molecules adsorbed. For reference, we use oxygen
molecule O; in gas phase, in accordance with experimental procedure. Epn/n; is the total

energy of the pristine h-BN/Ni(111).

Transition states (TS) where calculated using following procedure: First, a climbing-
image nudged-elastic band (NEB)2?% search was performed with reduced optimization
parameters, the k-point set was reduced to the I'-point. The highest energy image (out
of three to five images) was taken as initial guess for a dimer search®, optimization
parameters, and k-point grids as in the optimization runs described above. All local min-

ima and first order transition states were verified by vibrational frequency analysis.

5.3 Results

Dependence of the coverage on the kinetic energy of oxygen

Prior to this study, the covalent bonding of oxygen to h-BN was a purely theoretical
prediction. This was due to the fact that the adsorption of oxygen on h-BN is an acti-
vated process. To overcome the activation barrier for adsorption, we used the supersonic
molecular beam with a heatable nozzle. We exposed the h-BN layer on Ni(111) to
~117 L oxygen (0O,) with kinetic energies of up to 0.7 £ 0.2 eV eV at 290 K, and subse-
quently recorded XP-spectra in the O 1s region. The oxygen coverages obtained from

these O 1s spectra are shown in Figure 5.1.
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Figure 5.1 Oxygen coverages after exposing h-BN to molecular oxygen with various kinetic ener-
gies; also shown is the coverage obtained after exposure to 25,200 L of oxygen from the effusive
beam described in the experimental section; the oxygen coverages were determined from O 1s
XP spectra measured in the lab in Erlangen, using a conventional Al K & source.

We observe that the oxygen coverage strongly depends on the kinetic energy of the im-
pinging 02 molecules. At energies below 0.3 eV, only very small coverages are achieved.
Only when increasing the kinetic energy to 0.5 eV and beyond, we observe significant
oxygen amounts on the surface. For 0.7 eV, the highest kinetic energy that can be
reached with our setup, the highest coverage of ~0.4 ML is found. The observed behav-
ior clearly proves the activated nature of the chemisorption of a molecular oxygen spe-
cies on h-BN on Ni(111). For comparison, we performed an experiment with an expo-
sure of 25,200 L from an effusive molecular beam, i.e. at a 200 times higher exposure
than in the molecular beam experiments. Such a high dose leads to only ~0.03 ML of
oxygen on the sample (red data point Figure 5.1). This value is similar to the amount
found after exposing h-BN to ~117 L of oxygen with a kinetic energy of 0.3 eV. It is
attributed to oxygen molecules at room temperature with a Maxwell-Boltzmann distri-
bution of which a small fraction have sufficient energy to overcome the activation barri-
er. Notably, such high exposures typically go along with contamination from the residual

background pressure in the chamber.
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High resolution O 1s in-situ photoemission

To study the activated adsorption process of molecular oxygen on h-BN, we collected
O 1s XP spectra in situ during O, exposure onto h-BN at a substrate temperature of
290 K. We will focus on results obtained with a kinetic energy of Ey, = ~ 0.7 eV, be-

cause this incident energy leads to the highest oxygen coverage.
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Figure 5.2 (a) spectra obtained during exposure of h-BN to high energetic oxygen, at 290 K sam-

ple temperature. (b) fits of selected spectra, depicted in (a). (c¢) quantitative analysis of the ex-
periments performed, depicted in (a). All data recorded in NMB-geometry as described above.
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In Figure 5.2a, we show the corresponding O 1s spectra, along with selected fits to the
data in Figure 5.2b. During exposure to O., we observe the growth of an O 1s peak
531.6 eV, which slightly shifts to 531.5 eV with increasing oxygen coverage. The quanti-
tative analysis in Figure 5.2c reveals a rapid initial increase in coverage for the first
30 L. It is followed by a more gradual increase, until a coverage of ~0.4 ML is obtained
after 72 L. Peak fitting reveals a weak shoulder at 533 eV; in different experiments its
coverage varies slightly, but is always less than 10% of the main peak (Figure 5.2c, red).
It is assigned to oxide species on the surface. No evidence for further contributions are
observed. To ensure that no reaction takes place after switching off the SSMB, we col-
lected spectra for an additional 300 s after the end of the exposure, but observed no
further changes (not shown), demonstrating that the achieved oxygen functionalities are

stable at 290 K.

Changes to the core-levels of h-BN upon oxygen adsorption

After the adsorption experiment, we recorded the B 1s and N 1s spectra shown in Fig-
ure 5.3a and 5.3b to investigate the changes of the h-BN layer upon oxygen functionali-
zation. For these measurements, the sample was rotated such that the surface normal
pointed to the energy analyzer. The XP spectra prior to O, exposure (Figure 5.3, green)
are characteristic of h-BN. They show a single B 1s peak at 190.5 eV with a small shake-
up satellite at 193.4 eV, and a single N 1s peak at 398.8 eV.°"3% Upon exposure to oxy-
gen at 290 K, the main B 1s peak increases in width and shifts to 190.0 eV (Figure 5.3a,
blue) and develops a shoulder at 191.1 eV (red) which is assigned to an oxidized minori-
ty species. Peak fitting also shows that a small amount of the original h-BN peak is still
present, indicating the h-BN is not fully covered by oxygen (see also UPS spectra be-

low).
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Figure 5.3 Spectra obtained in the (a) B 1s and (b) N 1s region. Top: pristine h-BN; bottom:
oxygen bonded to h-BN

In the N 1s region, the sharp peak of pristine h-BN at 398.8 eV (Figure 5.3b, dark
green) vanishes upon oxygen exposure at 290 K and two new contributions at 397.5
(dark blue) and 398.1 eV (light blue) are observed. Both account for roughly 0.5 ML

nitrogen, confirming that no nitrogen was lost during the adsorption.
NEXAFS

To obtain further information, we recorded NEXAFS spectra at the boron, nitrogen and
oxygen K-edges; see Figure 5.4. The spectra of pristine h-BN on Ni(111) agree very well
with literature®® 9798139149 At the B K-edge, the dominating peak aj lies at 191.9 eV, and
the o* transitions of h-BN are observed as two peaks at 197.3 and 198.3 eV. At the N
K-edge, h-BN shows one main feature at 402 eV, which is associated with a n* transi-
tion, and the o* transitions are found from 405 to 417 eV. In addition, so-called inter-
layer states were assigned to the interaction (hybridization) of h-BN with the Ni(111)
substrate.? %149 We have marked their photon energy ranges with red double-arrows in
Figure 5.4a and 5.4b. These states have n*-character and lie parallel to the h-BN sheet.
At the boron K-edge, they manifest themselves as a broad feature from ~193 to 195 eV.
At the nitrogen K-edge, they are typically found between ~397 and 399 eV %491 with
a maximum at ~398 eV. These interlayer states and the a, peak have been interpreted
as indicators of the interaction strength of h-BN with the substrate: a large a, peak and

weak or vanishing interlayer states indicate quasi-free-standing h-BNI!3% 149.177.178]
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Figure 5.4 (a) NEXAFS spectra measured at the boron K-edge for oxygen adsorption at 290 K
(blue) and for pristine h-BN. (b) Spectra recorded at the nitrogen K-edge, for pristine h-BN
(black) and oxygen adsorbed h-BN (blue). Photon energy range of the interlayer states is given
with a red double arrow. (c) Spectra recoded at the oxygen K-edge at different incidence angles.

In the following, we discuss the changes in the NEXAFS spectra upon reaction of h-BN

with molecular oxygen at 290 K. For the boron K-edge (Figure 5.4a), we find a decrease

of the peak at 192 eV, while the interlayer states broaden towards lower photon ener-
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gies. Moreover, the o* transitions merge into a single asymmetric broad peak at
197.7 eV. No feature indicative of boron oxide is observed, which would show sharp up
as resonances between 192 and 194 eVZ%. At the nitrogen K-edge (Figure 5.4b), after
oxygen exposure at 290 K (blue), the main h-BN feature decreases and shifts slightly, to
401.8 eV, and the interlayer states broaden towards lower photon energies, from 398 to
397.5 eV. Similar changes to the NEXAFS spectra as seen in Figure 5.4 after oxygen
exposure have been observed upon hydrogenation of h-BN'*, and have been assigned to

a stronger interaction of h-BN with a Ni(111) substrate.

At the oxygen K-edge (Figure 5.4c), spectra were measured at normal and grazing inci-
dence, to provide information on the bonding geometry and orientation of the adsorbed
oxygen species. At normal incidence (0°, red), we observe n* transitions at 532.6 and
534.6 eV, along a broad absorption feature from 537 to 546 eV, which likely originates
from o* transitions. At grazing incidence (70°, black), we observe a weaker and smeared
out ©* transitions from 531 to 536 eV, and intense c* transitions from ~539 to 548 eV.
Based on pronounced differences in the NEXAFS spectra at normal and grazing emis-

sion, we propose that the adsorbed species is a molecular state.

DFT calculations

To obtain additional insights into the interaction of oxygen with h-BN/Ni(111) and the
nature of the adsorbed species, we performed DFT calculations of possible adsorption
structure. The studies are performed using a (2 x 2) unit cell of h-BN on Ni(111). The
h-BN lattice adopts the stable top-fcc hollow structure with nitrogen atoms at top sites.
In this structure, the B-B and N-N distances are 2.49 A, the B-N bond length is 1.44 A,
with a B-N-B dihedral angle of 119°. The buckling of the h-BN lattice is 0.11 A, with

the boron atoms being closer to the Ni(111) surface than the nitrogen atoms.

As first step, we consider the adsorption of atomic oxygen on h-BN/Ni(111), at sites on-
top of boron or nitrogen atoms. We calculated atomic adsorption energies with respect
to molecular oxygen in the gas phase as described in the computational details. The op-

timized structures of one oxygen atom per unit cell are shown in Figure 5.5a and 5.5b,
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respectively. The obtained adsorption energies of -0.07 eV at the top-B site and
+1.78 eV at the top-N site indicate that only very weak or even no bonding with respect
to molecular oxygen is observed, respectively. Upon oxygen adsorption at the top-B site,
the functionalized boron atom moves 0.58 A out of plane and the adjacent nitrogen atom
0.08 A closer to the Ni(111) surface, creating an overall buckling of 0.59 A. The B-O
bond length is 1.36 A and the N-B-N dihedral angle is 106°. Upon oxygen adsorption at
the top-N site, the functionalized nitrogen atom moves 0.20 A out of plane, and also the
adjacent boron atoms move 0.07 A away from the surface, still being closer than the
nitrogen atoms. This yields an overall buckling of 0.27 A of the h-BN layer. The N-O
bond length is 1.49 A and N-B-N dihedral angle is 118°. In addition to the described
behavior, oxygen adsorption also changes B-B, N-N and B-N bond lengths. A Bader
charge analysis®®l reveals that oxygen adsorbed at top-B gets 1.3 electrons from the
surface, whereas oxygen adsorbed at top-N acquires a charge of 0.5 electrons from the

surface.

Next, we addressed the adsorption of intact O, on h-BN on Ni(111), with one oxygen
molecule per unit cell. This corresponds to a coverage of 0.25 ML. We investigated a
variety of different adsorption geometries, and will discuss the most relevant three in
the following. The most stable arrangement is the top-B site bridge configuration with
an adsorption energy of -0.51 eV/atom (-1.02 eV /adsorbed molecule); see Figure 5.6a
and Table 5.1. In this geometry, the two oxygen atoms sit on top of two neighboring
boron atoms by forming two B-O bonds of bond length 1.52 A. The buckling in the h-
BN layer is 0.66 A, and the 0-O bond length is 1.44 A, as compared to 1.23 A in the gas
phase. A Bader charge analysis®® shows that each oxygen atom acquires 0.76 electrons
and becomes negatively charged. For comparison, we also calculated the O-O bond
length for O, in gas phase, obtaining 1.31 A. From these results, we can say that O,
adsorption at top-B results into a negatively charged O. species. The stability of the
structure was confirmed by a vibrational analysis at the I'- point, which yielded all posi-

tive frequencies.
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Figure 5.5: Top and side view of isolated oxygen adsorption on (a) top-B and (b) top-N site of h-
BN/Ni(111). Nickel, boron, nitrogen and oxygen atoms are shown in silver, pink, blue and red
spheres respectively. We have reduced the size of the nickel atoms in the side views for clear
view.

0, adsorption at top-nitrogen sites leads to a physisorbed O, species, 3.10 A above the
surface with an adsorption energy of -0.1 eV /atom. The buckling of the h-BN layer of
0.11 A is identical to that of pristine h-BN on Ni(111), and the O-O bond length of
1.25 A is only slightly larger than the gas phase value of 1.23 A. The third configuration
to be discussed is O, adsorption in an ortho-functionalization pattern (i.e. one oxygen at
a top-boron site and one oxygen at a top-nitrogen site). The corresponding geometry
optimization leads to Q. adsorbed on top of a boron atom with the molecular axis in-
clined from the surface normal as shown in Figure 5.6¢c with an adsorption energy of -
0.24 eV /atom and accompanied by a buckling of the h-BN layer of 0.53 A. Furthermore,
we performed test calculations for O, adsorbed at a bridge site between two neighboring
boron atoms of h-BN/Ni(111) in its frozen pre-adsorption geometry, i.e. adsorption ac-
cording to the structure of Figure 5.6a without relaxation of the h-BN/Ni. Geometry
optimization of the O; molecule leads to an only merely physisorbed O.. Hence bucking
is important parameter for the adsorption of oxygen on top-B sites of h-BN/Ni and a
prerequisite for chemisorption. Upon increasing the oxygen coverage the adsorption en-
ergy decreases. For the maximal coverage of 0.50 ML, oxygen adsorption becomes endo-

thermic as shown in Table 5.1.

88



5 Oxygen adsorption on h-BN/Ni(111) at 290 K

Structure E.i;/O/eV 0-0 /A Buckling |Charge on O/e
h-BN 0.11

O in gas phase 1.21 0

O, in gas phase 1.28 -0.50
0,% in gas phase 1.49 -1.00
10 top-B -0.07 - 0.59 -1.30
10 top-N 1.78 - 0.27 -0.50
O. bridge configuration -0.51 1.44 0.66 -0.76
O; physisorption -0.10 1.25 0.11 -0.05
O: on top-B -0.24 1.34 0.53 -0.43
30 top-B — O, top-B and 10 top-B -0.02 1.39 0.60 -0.77
30 top-N 2.08 - 0.64 -0.24
20, top-B 0.05 1.40 0.60 -0.60
40 top-N 2.09 - 0.60 -0.32

Table 5.1: Average adsorption energies per oxygen atom with respect to O2 in the gas phase, O-

O bond lengths and buckling in h-BN, and charge on oxygen atom upon adsorption on h-
BN/Ni(111). For the reference, we have also added O-O bond length of 02 in gas phase.

Our DFT calculation show that the top-B site bridge configuration is the most stable

configuration of O, on h-BN on Ni(111). This configuration of adsorbed oxygen is be-

tween a superoxide (O,) and a peroxide (0,*) bound to two boron atoms, with its mo-

lecular axis is parallel to the surface. This is in agreement with DFT calculations in lit-

eraturell 199207
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Figure 5.6: Top and side view of optimized structures of O, adsorption on (a) top-B site bridge
configuration, (b) physisorption and (c) top-B site of h-BN/Ni(111).

As a next step, we addressed the experimental observation of an activated adsorption.
To that end, we searched for the transition states between the molecule in the gas phase
and its adsorbed final state in the top-B site bridge. In the DFT calculations, we locate
the transition states for O adsorption through the climbing image nudged elastic band
(CI-NEB) method implemented in VASP. Five images connecting reactants and prod-
ucts have been used. The TS search procedure involved a first CI-NEB calculations us-
ing a force criteria of 0.02 eV/A as convergence criteria. Then the highest image was

relaxed by a quasi-Newtonian method.

In Figure 5.7, the calculated energy landscape along the reaction coordinate for O, ad-
sorption is shown. Local TSs for a number of different possible reaction paths were stud-
ied and compared. For reference, we considered O, in gas phase. Altogether, we find
energy barriers in two steps: The first energy barrier is found between O, physisorption
and the top-B site geometry; the barrier is ~0.4 eV, with the TS ~0.2 eV above the (ze-
ro) energy of the free molecule. The second barrier is located between the top-B site
geometry and the most stable top-B site bridge configuration; its height is ~0.6 eV with

the TS again ~0.2 eV above the (zero) energy of the free molecule.

The calculation clearly shows that in order to reach the stable top-B site bridge configu-

ration, the molecule has to overcome the identified activations barriers, which amount
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to 0.2 eV/atom or 0.4 eV/molecule above the (zero) energy of the free molecule. This
result is taken as explanation for the experimentally observation that the sticking coeffi-
cient for thermal oxygen with an energy of 2kT = 0.05 eV is close to zero. Only when
using oxygen with a higher kinetic energy, the activation barrier can be overcome. Very
likely, the molecules will not fully thermalize into the local minima along the reaction

coordinate.

Figure 5.7: Oxygen adsorption energies of possible barrier and (local) minimum structures during
adsorption of O; on h-BN/Ni(111) calculated in a (2x2) unit cell.

Changes to the electronic structure of h-BN/Ni(111) upon oxygen adsorption

Next, we discuss the electronic structure of h-BN/Ni upon adsorption of molecular oxy-
gen. We have already discussed the electronic band structure of pristine h-BN/Ni(111)
in our previous work'*l. We measured valence band spectra of h-BN at the I'-point
(that is, at normal emission) with a photon energy of 85 eV; see Figure 5.8. According to
literature, h-BN shows three bands at the I'-point, the o; band at 5.0 eV, the © band at
10.0 eV and the o, band 22.7 eV*> %] The n and the o, band are well resolved, but at

the photon energy of 85 eV, the o; band is not discernible from the background. Addi-
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tional contributions, arising from the h-BN-substrate interaction may be present close to

the Fermi edge (0 - 3 V)2,

Valence Band hv =85 eV

x 4, smoothed —— h-BN —— 02/h—BN
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Figure 5.8: Valence band spectra of h-BN (black) and after oxygen adsorption on h-BN at 290 K
(blue); measured with hv = 85 eV, at normal emission.

Upon oxygen exposure (Figure 5.8, blue), the maximum of the n band shifts to 8.8 eV;
however, at its original position at 10.0 eV still intensity remains, indicating that only
part of the h-BN has reacted, as was also concluded in the analysis of the B 1s core level
(see above). The oz-band shifts to ~21.7 eV. Moreover, an additional contribution is ob-
served at 24.3 eV, which we assign to the O 2s core level. Moreover, we find that the
shape of the Ni 3d states at the Fermi edge changes. This may be due to the stronger

interaction of h-BN with the Ni(111) substrate after oxygen adsorption.

Figure 5.9 shows the calculated electronic band structure of h-BN/Ni with 0.25 ML of
O; adsorbed in the most stable adsorption geometry, i.e. the bridge geometry between
two boron atoms. The Fermi level is set to zero. Upon oxygen adsorption, we find the
oxygen 2s states at 23 eV that shows no dispersion. The h-BN related bands all show a
shift to lower binding energies ~ by 1 eV towards Er, according to the experimental

findings.
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Figure 5.9: Band structure of h-BN/Ni(111) (from a 2x2 unit cell) with 0,25 ML of O, adsorbed
at top-B bridge position. Boron and nitrogen o (red and orange) and n (blue and cyan) are indi-
cated by circles, respectively. Oxygen contribution to o and i bands are shown in dark green and

magenta color respectively.

Thermal evolution

Finally, we studied the stability of the oxygen functional groups with temperature pro-
grammed XPS. The quantitative analysis of this data is shown in Figure 5.10. At the
start of the experiment, we observe the two oxygen species, bonded oxygen and a small
contribution from boron oxide, which was also seen during the adsorption. During heat-
ing, we observe a slow decrease of the adsorbed oxygen species from 400 to 500 K, due
to desorption. Beginning at 500 K, the desorption rate accelerates, with the steepest
decrease at 580 K, indicating the highest desorption rate. In the same temperature re-
gion, we observe the reaction of a fraction of the bonded oxygen with h-BN, yielding
various boron oxides, the sum of which is shown in Figure 5.10. A more detailed discus-
sion of the reaction of the oxides will be given in Chapter 6. Heating to 900 K leads to a

band structure and also to core level spectra that are similar to those observed before

93



5 Oxygen adsorption on h-BN/Ni(111) at 290 K

oxygen adsorption (but with loss of nitrogen) and the additional features in the B 1s and

O 1s core levels, indicative of the formation of boron oxides.
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Figure 5.10 Quantitative analysis of the temperature programmed experiment carried out in the
O 1s core level.

5.4 Discussion and Conclusion

We accumulated combined experimental information on adsorbed molecular oxygen spe-
cies on h-BN. This species was until now not investigated experimentally, since the ad-
sorption is an activated process and the relevant activation barrier can only be over-
come using a supersonic molecular beam of molecular oxygen, in our case with a kinetic
energy of 0.7 eV. From our combined XPS, NEXAFS and UPS results, we conclude that
the adsorbed species is a molecular rather than in atomic state. The clearest evidence
stems from the pronounced differences in the NEXAFS spectra at normal and grazing
emission. While the identification of the nature of the adsorbed molecular species is dif-
ficult form the experimental data alone, our DFT calculations provide very clear evi-
dence that the adsorbed oxygen is between a superoxide (O,) and a peroxide (0,*)
bound to two boron atoms, denoted as top-B site bridge configuration. In this configura-
tion, the molecular axis is parallel to the surface. This is in agreement with DFT calcula-
tions in literature,'™ **®" which find that this is the most stable bonding configuration

for oxygen adsorbed on h-BN. The bonding leads to a buckling of h-BN, with one of the
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nitrogen atoms becoming closer to the Ni(111) surface and the two boron atoms that

bind to oxygen move away from the surface.

In the DFT calculations, we also determined the transition states for O, adsorption
through the climbing image nudged elastic band method. The calculation clearly shows
that in order to reach the stable top-B site bridge configuration, the molecule has to
overcome the identified activations barriers, which amount to 0.2 eV/atom or
0.4 eV/molecule above the (zero) energy of the free molecule. This result is taken as
explanation for the experimentally observation that the sticking coefficient for thermal
oxygen with an energy of 2kT = 0.05 eV is close to zero. Only when using oxygen with a
higher kinetic energy, the activation barrier can be overcome. Very likely, the molecules

will not fully thermalize into the local minima along the reaction coordinate.

By analysis of the nitrogen and boron XPS and NEXAFS data, we find that upon oxy-
gen binding, the h-BN Ni(111) interaction becomes stronger. Particularly the B K-edge
shows a decrease of the a, feature along with a broadening of the interlayer states, which
indicates a stronger bond. In the o* transitions of the B K-edge, we find a change from
a double peak structure to a single broad, asymmetric peak, similar to what was found
for h-BN functionalized with hydrogen®], also supporting a stronger h-BN-surface in-
teraction upon oxygen bonding. This similarity is taken as confirmation of the formation
of an oxygen-boron bond (similar to the hydrogen — boron bond upon hydrogenation), as
is also predicted by DFT. From the NEXAFS data, we rule out the possibility of oxygen

intercalating the h-BN layer.

The bonding mode proposed from DFT is in agreement with the core level shifts ob-
served in the B 1s and N 1s region: In the N 1s spectra, the formation of a doublet after
oxygen adsorption is attributed to chemically and geometrically inequivalent nitrogen
atoms within the O,-h-BN lattice. In a simplified picture, with a periodical 2x2 unit cell,
we find rows of nitrogen atoms with one neighboring boron atoms that bind to oxygen
and nitrogen atoms with two neighboring boron atoms that bind to oxygen (see Figure
6a and also Supporting Information) This leads to the two peaks at 398.1 and 397.5 eV.

In the B 1s region, the signal broadens and shifts to lower binding energies after oxygen
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functionalization due to the formation of two chemically different species. We expect one
signal from boron atoms bonding to oxygen, and one from boron atoms not in contact

with oxygen. However, these two contributions are not resolved.

Finally, temperature programmed experiments reveal that the adsorbed oxygen is stable
to temperatures above 500 K, showing that the oxygen forms strong covalent bond to
the h-BN surface. The bonded oxygen mostly desorbs at ~580 K, with partial reaction to
boron oxides. Notably, the same experiment was also performed for the gra-
phene/Ni(111) system. However, graphene seems to interact more strongly with the
Ni(111) substrate, preventing bonding. Even elevated temperatures do not lead to an
intercalation or oxygen bonding (see supporting information). Only increased tempera-

tures and orders of magnitude higher oxygen pressure result in intercalation®%,
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6 Oxygen adsorption on h-BN/Ni(111) at 440

and 600 K

Interestingly, the reaction pathway of molecular oxygen on the surface does not only
depend on the kinetic energy of the impinging molecules, but also on the substrate tem-
perature. For the oxygen adsorption at 440 K, in the beginning of the experiment bond-
ed oxygen is observed. Subsequently, this oxygen species vanishes and intercalated oxy-
gen is found, with minor amounts of boron oxide. The interpretation of oxygen interca-
lated h-BN is supported by NEXAFS measurements, revealing that h-BN has a more
free-standing character after the oxygen adsorption. Temperature-programmed desorp-
tion experiments show that the intercalated oxygen has completely desorbed at 900 K
with the desorption maximum at ~ 700 K. Parallel to the desorption of the intercalated
oxygen h-BN becomes significantly oxidized. Upon adsorption at 600 K, the main reac-
tion pathway is the oxidation of h-BN, with the formation of various boron oxides and
the loss of nitrogen. Heating the sample, results in partial desorption of oxygen, the
formation of B,0O; as the main oxide contribution and the partial restoration of h-BN,

likely as intact islands.
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6.1 Introduction

Hexagonal boron-nitride (h-BN), a 2D crystal, where boron and nitrogen atoms are al-
ternatingly arranged in a hexagonal pattern has gained interest in the scientific commu-

141189 Tts interesting properties are e.g., its chemical

nity over the last years®*
inertness'*’, its band structure, and high strain endurance(*'**l, h-BNs electronic prop-
erties are very intriguing, in that it is an insulator with a bandgap of 5.4 eVI"™4%, In
contrast, graphene, its a structural and isoelectronic analogue, is a semi metal with a
Dirac cone. Furthermore, it was shown that it is possible to grow graphene on top of h-
BNP7, Together this makes the two materials very interesting for semiconductor indus-
try, as an atomically thin semi-conducting layer (graphene) and an atomically thin die-
lectric (h-BN). As devices made out of 2D materials are still in their infancy, it is neces-
sary to better understand the interaction of these 2D materials with gases from atmos-
phere in particular oxygen and water are always present in minor concentrations during

device operation, even if it is sealed, which may lead to drastic changes in charge carrier

mobility, or on/off ratios, as the band structure changes.

Previously, 2D materials were studied as a barrier to prevent oxidation of metal sup-
ports with ambiguous results. Graphene adsorbed on copper was investigated by two
different groups, finding that copper is oxidized faster in air, both at room temperature

(209.210] However, theoretical

and at elevated temperatures, when graphene is adsorbed
studies fail to observe this effect entirely and find that the ideal, i.e. defect free gra-
phene layer should be an excellent barrier to oxidation'!. For h-BN, a first study shows
indeed that it might be this ideal, one atom thick oxidation barrier, at least for
copper™”. With pressures achievable in an UHV-setup, the oxidation of h-BN on Ir(111)
was already studied in detail, showing that elevated temperature lead to the oxidation of

2051, Until now, a study on the interac-

h-BN with the formation of various boron oxides
tion of oxygen with h-BN on Ni(111) is missing in literature. This might be due to the
strong interaction of h-BN with the Ni(111) substrate, which is larger than for Cu(111)

and Pt(111)l%22, Thus, finding suitable reaction conditions may be challenging, as ex-

plained below.
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In the following, we will discuss the interaction of high energetic oxygen molecules with
h-BN on Ni(111) at different substrate temperatures, as determined by XPS, NEXAFS,
UPS and DFT. Depending on the substrate temperature, we find different interactions
of oxygen with h-BN: At 440 K, the majority species is intercalated oxygen (h-
BN/O/Ni(111)), and at 600 K, we find the oxidation of h-BN. A comparison to gra-
phene on Ni(111) will be given, where no intercalation with oxygen was found under

similar experimental conditions.

6.2 Results

High-resolution in-situ photoemission spectra of oxygen adsorption

In the following, we discuss the XP spectra collected in the O 1s regions during exposure
of h-BN at 440 and 600 K to molecular oxygen using the supersonic beam with a kinetic
energy of Eu, ~ 0.7 eV. Notably, this high kinetic energy is required, because oxygen
with a thermal energy corresponding to 300 K does not stick on the surface. During this
adsorption experiment, the sample is normal to the molecular beam (NMB). After the
end of the uptake, N 1s and B 1s spectra were recorded, with the sample rotated such

that the surface normal points towards the electron analyzer.

The spectra of the O 1s region are shown in Figure 6.1a, 6.1c, while selected fits of the
spectra are shown in 6.1b and 6.1d. At 440 K, in the first 45 seconds we observe nearly
exclusively the formation of peak at 531.5 eV (Figure 6.le blue curve). From previous
work, shown in Chapter 5, we conclude that this is the XP-fingerprint of oxygen binding
to h-BN in a side-on configuration, from the vacuum side. At higher exposures, the for-
mation of two further peaks at 533.1 and 531.4 eV (red and green in Figure 6.1d, re-
spectively) is observed, albeit at a lower rate (see Figure 6.1e). The total oxygen cover-
age at the end of the experiment at 780 s corresponds to ~ 1 ML, with 0.06 ML in the
peak at 531.5 eV (blue, O-bonded), 0.6 ML in the peak at 531.4 eV (green, intercalated
0) and 0.3 ML in the peak at 533.1 eV (red, oxide), as is evident from Figure 6.1f. No-
tably, the two species at 531.5 and 531.4 eV have a very similar binding energy, but a

strongly different FWHM, which make the fit equivocal. For our fits, we used con-

99



6 Oxygen adsorption on h-BN/Ni(111) at 440 and 600 K

straints such that both contributions cannot change binding energy or FWHM. Thus
due to a broadening of the peak towards lower binding energy upon adsorption the
sharper species at 531.5 eV is reduced in height for the more broader species at

531.4 eV, to achieve a better fit.
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Figure 6.1 spectra obtained during exposure of h-BN to high energetic oxygen, at (a) 600, (c) 440
K. (b), (d) fits of selected spectra, depicted in (a), (d), respectively. (e), (f) quantitative analysis
of the experiments performed at 440 and 600 K, respectively. In the analysis, we account for
damping of the oxygen that is intercalated. Damping, as determined from a measurement of the
Ni 2p region with a similar electron kinetic energy, and leads to a reduction of the signal by 33%
when h-BN has formed a closed layer on top of Ni(111).

The spectra collected during exposure of molecular oxygen to h-BN at 600 K are shown
in Figure 6.1a, along with selected fits in Figure 6.1b, and the quantitative analysis given

in Figure 6.1f. In the first 100 s, we observe a rapid increase of a single, broad contribu-

tion. At higher exposure, the shape of the broad peaks shows some change; the intensity
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increase slows down, but shows no sign of saturation, even at very high exposures. After
the highest exposure at 1500 s, the coverage is 2.1 ML. Please note that the fit in the O
1s region is ambiguous and needs to be correlated to the findings in the B 1s and N 1s
regions, and to our NEXAFS data (see below). One of the fitted peaks is found at
531.4 eV that is, at the same energy as one of the species found at 440 K. In addition,
we observe three additional species at 532.0, 532.7 and 533.8 eV (Figure 6.1b). The
quantitative analysis reveals an increase of all peaks during the exposure, expect for that
at 531.4 eV (green), which saturats at ~800 s. When heating the sample after adsorption
at 600 K to 900 K (Figure 6.1a, red), we observe an increase of the peak at 532.7 and
the development of a new peak at 533.8 eV; simultaneously all other peaks decrease.
The two peaks at 900 K are assigned to B,O; (orange) and various other oxides (red) see

below.

Photoemission spectra of the B 1s and N 1s core level after oxygen adsorption

After the in-situ adsorption experiment, the sample was rotated such that the surface
normal pointed to the energy analyzer (NEA) and B 1s and N 1s spectra were recorded;
see Figure 6.2a and 6.2b. Prior to oxygen exposure, we observe a single B 1s peak at
190.5 eV and a single N 1s peak at 398.8 eV, characteristic of h-BN®"'*l, Upon oxygen
adsorption at 440 K, the main peak shifts to 190.2 eV (Figure 6.2a, red) with a pro-
nounced high binding energy shoulder at 191.5 eV. At 600 K (Figure 6.2a, dark red), we
again observe the peak at 190.2 eV, but with lower intensity than at 440 K; the high
energy shoulder, now at 191.0 eV and broadened towards higher binding energy, has
become the dominant feature. When heating this sample to 900 K (Figure 6.2a, green)
we find the restauration of the peak at 190.5 eV, which is attributed to pristine h-BN.
In addition, peaks at 191.1 and 193.6 eV are observed, with some non-resolved features

in-between.

In the N 1s region, upon oxygen adsorption at 440 K, we observe, two contributions, at
397.6 and 398.3 eV, with an asymmetry of the former towards lower binding energy.
The overall signal has decreased by ~30%, indicating loss of nitrogen. For exposure at

600 K, we find the same peaks as at 440 K, but an overall decrease the total amount of

101



6 Oxygen adsorption on h-BN/Ni(111) at 440 and 600 K

nitrogen by 50%. When heating this sample to 900 K, the single contribution of h-BN on

Ni(111) at 398.8 eV is restored, however, with decreased intensity due to the loss of

nitrogen.
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Figure 6.2 Spectra obtained in the B 1s core level (a) and N 1s core level (b). Pristine h-BN, the
starting point for each experiment is depicted in black. Spectra recorded after each adsorption

experiment are subsequently offset.

NEXAFS

To obtain further information, we applied NEXAFS at the nitrogen and boron K edges;
see Figure 6.3. We here only want to discuss the changes in the absorption spectra,
when h-BN is exposed to highly energetic oxygen at different substrate temperatures.
The spectra of pristine h-BN on Ni(111) agree with literature®> 7 13919l They shows so
called interlayer states, due to the interaction (hybridization) of h-BN with the sub-
stratels® %8149 These states have a mn-character and lie parallel to the h-BN sheet. In Fig-
ure 6.3, we have marked the corresponding photon energy range with a red double-
arrow: At the boron K-edge, these states manifest themselves as a broad feature from
193 to 195 eV. We observe that the dominating a, peak of h-BN lies at 192 eV, in line
with literature. This feature is an indicator for quasi-free-standing h-BN: a large a, peak
and weak or vanishing interlayer states indicate a quasi-free standing character. This is
observed, when comparing the spectra recorded after oxygen intercalation (red) and
pristine h-BN (black). Thus a quasi-free standing character is observed. Upon oxidation
of h-BN, several characteristic features have been reported in literature®®, and their

energies are indicated by vertical lines in Figure 6.3a denoted in green a;;. They corre-
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spond to boron atoms with 1, 2 or 3 neighboring oxygen atoms, respectively, for each
small index. These features partly overlap with the energy range of the interlayer states,
but are easily identified due to their small linewidth. From 196 to 201 eV, the o* transi-
tions of h-BN are found?”!. From our studies addressing bonded hydrogen, we know that
single H atoms do not have an effect on these states!'®”. At the nitrogen K-edge, the
interlayer states are found between 397 and 399 eV %49 (marked with a red double-
arrow), as a sharp shoulder at ~398 eV. Additionally, pristine h-BN shows one main
feature at 402 eV, which is marked with (II). Upon oxygen adsorption, a new feature
named (I) develops at 401 eV, which was previously also observed for h-BN with a qua-

si-free-standing character, achieved via hydrogen intercalation.

Boron K-edge Nitrogen K-edge

BO, a) b) (M aDn

aoa

\’\/\_/—\ 600 K
\\\_/\
440 K

Absorption [arb. u.]

<+—> h-BN

188 190 192 194 196 198 200 202 395 400 405 410 415 420
Photon Energy [eV]

Photon Energy [eV]

Figure 6.3 (a) NEXAFS spectra measured at the boron K-edge for oxygen adsorption at various
temperatures. Feature a0 is attributed to h-BN, while a;.; are attributed to oxidized boron. The
photon energy range of the interlayer states is given with a red double arrow. (b) Spectra rec-
orded at the nitrogen K-edge for different oxygen adsorption temperatures. Interlayer states
region is given with a red double arrow, the main features are marked with dashed lines.

In the following, we discuss the changes in the NEXAFS spectra upon oxygen adsorp-
tion, first at the boron and subsequently at the nitrogen K-edge. At the boron K-edge,
at 440 K (red), the main peak a, sharpens and shows increased intensity, while the inter-
layer states (red double arrow) decrease, which indicates a quasi-free-standing

B7,139.177] Tp addition, feature a,, which is attributed to boron binding to a single

character
oxygen atom, is now observed. The o* transitions smear out, and shift to higher photon

energies. At 600 K (brown), the intensity of a, is similar to that at 440 K. However,
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feature a; increases and additionally also features a; and a; appear as well resolved peaks.
The interlayer states are no longer visible, and the c* transitions shift to slightly higher

binding energy.

At the nitrogen K-edge in Figure 6.3b, we find that the interlayer states shift to lower
photon energies, from 398 to 397 eV. To the best of our knowledge, such a shift has not
been observed before for intercalated h-BN. This shift is generally accepted to originate

si??l, However, the difference in bonding of h-BN to the surface upon oxygen

from defect
exposure may also populate this state. The new state (I) at 401 eV (a green arrow in
Figure 6.3) was also previously observed for hydrogen intercalation, i.e. h-BN that has a
more quasi-free standing character. Upon adsorption of oxygen at 600 K, no major dif-

ferences to the spectrum recorded at 440 K are visible, except for a lower overall inten-

sity, hinting towards a loss of nitrogen, in line with our XPS results.

UPS spectra of oxygen adsorbed h-BN

To obtain insight to the changes in the electronic structure of h-BN upon exposure to
molecular oxygen, we measured valence band spectra at the I'-point (that is, at normal
emission) with a photon energy of 85 eV and an angular acceptance of + 1°; see Figure
6.4. h-BN shows three bands, the o; band at 5.0 eV, the © band at 10.0 ¢V, the o, band
22.7 eV at the I'-point, in line with literaturel®> *"'*, At the photon energy of 85 eV, the
o1 band is not discernible from the background. Additional contributions, arising from

[62]

the h-BN-substrate interaction may be present, close to the Fermi edge (0 - 3 V)¢,

Upon oxygen exposure at 440 K, (red), the © band shifts to 8.6 eV, the o, shifts to
21.2 eV. Moreover, the doublet originating from the Ni 3d states between 0 - 2 eV is no
longer resolvable, indicating some change in the hybridization between the h-BN and
Ni 3d orbitals. A small contribution from oxygen at 26 eV is observed. At 600 K
(brown), the n and o states are very similar to the situation at 440 K; however, states
attributed to significant amounts of adsorbed oxygen species are now found at ~7 and
26 eV. After heating this sample to 900 K (green), we find the 7 and o, states at a bind-

ing energies characteristic of pristine h-BN. In addition, the two states attributed to
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oxygen are still observed at ~7 and 26 eV. This is in line with XPS, where also signifi-

cant amounts of oxygen are still observed on the sample after heating.

Valence Band hv =85 eV

——h-BN—T,,_=440K
—— 7., =600K
—T to 900 K after T_, = 600 K

sample

Intensity [arb. u.]

x 4, smoothed
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Binding Energy [eV] Binding Energy [eV]

Figure 6.4 Valence band spectra of h-BN and oxygen adsorbed h-BN.

Thermal stability of the adsorbed oxygen

To obtain insight into the thermal stability of the intercalated oxygen and various boron
oxides, a heating experiment was conducted. For the sample exposed to oxygen at 440
K, up to 550 K every 10 K a spectrum in the O 1s core level was recorded. Subsequently
every 100 K a spectrum was recorded. The quantitative analysis of the obtained data is
shown in Figure 6.5a. The thermal stability of the bonded oxygen is discussed in Chap-
ter 5 and the reaction of oxidized h-BN at higher temperature is given in detail for the

layer specifically oxidized at a substrate temperature of 600 K in Figure 6.5b.

The intercalated oxygen starts to desorb already at 460 K. Up to 600 K, a slow continu-
ous desorption is observed. Above 600 K, the desorption rate increases. At 900 K, no
intercalated oxygen is observed on the sample. However, a large fraction of intercalated
oxygen was transformed into various oxide species, described in detail for the sample
oxidized at 600 K. For the sample exposed to oxygen at 600 K, the following is ob-

served, when heating to 900 K, as shown in Figure 6.5b: Intercalated oxygen vanishes, in
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line with the heating experiment described for the experiment shown in Figure 6.5a.
Also the contribution for nickel oxide vanished at 900 K. The contribution for the oxides

(Figure 6.5b, red) diminishes by ~ 10%. However, the contribution for B,0; increases to

0.5 ML. This increase is expected as B,0; is the most stable oxide of boron.
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Figure 6.5 (a) Quantitative analysis of the temperature-programmed experiment, performed after
adsorbing oxygen at 440 K in the O 1s core level. (b) quantitative analysis of the heating experi-
ment of h-BN exposed to oxygen at 600 K. First data point is the last spectrum of the adsorp-
tion, last data point is the analysis of the O 1s core level data obtained after heating to 900 K.

6.3 Discussion

The adsorption at a substrate temperature of 440 K leads to the formation of three dif-
ferent oxygen species. One of them is bonded oxygen at 531.5 eV, as already discussed
for the adsorption at 290 K in Chapter 5. Two further contributions at 533.1 and
531.4 €V (red and green in Figure 6.1d)) are observed. To further elude the origin of the
other two species, boron K-edge NEXAFS data are discussed (Figure 6.3a): two major
changes occur, when comparing the bonding of oxygen and the adsorption at 440 K. One
is the strong increase of feature a, accompanied by a decrease of the interlayer states
(193-195 eV)P"1¥ indicating a quasi-free-standing character of h-BN. Moreover, the for-
mation of the features a; is observed, showing that now oxygen is incorporated into the
h-BN layer®, i.e. boron oxide formation. The nitrogen K-edge (Figure 6.3b) further
corroborates the quasi-free-standing character, with the increase of (I), as this was ob-
served, in hydrogen intercalated, quasi-free-standing h-BN!*, From NEXAFS, we con-

clude that the h-BN sheet shows a quasi-free-standing character due to oxygen interca-
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lation and is (partially) oxidized. From these conclusions, we assign the species found in
the O 1s as: bonded oxygen (531.5 eV), intercalated oxygen (531.4 eV, with a larger full
width at half maximum, as discussed above) leading to a quasi-free-standing character
and boron oxide (533.1 eV). We assign the feature at 531.4 eV to intercalated oxygen,
because its binding energy is closer to that of chemisorbed oxygen on bare Ni(111) at
529.5 eV, The species at 533.1 eV is assigned as boron oxide, due to the high electron
deficiency of boron, resulting in a higher binding energy. Our interpretation of the data
for the B 1s and N 1s core levels is similar to what is discussed above. The overall shift
of all contributions towards lower binding energy is assigned to doping and the quasi-
free-standing character of the h-BN sheet®” and the electron withdrawing character of
oxygen. The second effect on the binding energy that is the splitting of the peaks is due
to geometric reasons: h-BN is intercalated by 0.6 ML of oxygen (likely more, as it is
concentrated in the intercalated patches, and bonded oxygen and oxidized parts of h-BN
are also present, and at these parts oxygen intercalation is not expected). Thereby,
about half of the boron and nitrogen atoms are in closer contact to intercalated oxygen
leading to two contributions in each core level. The B 1s core level is, again, less sensi-
tive to its surrounding, resulting in a peak with increased FWHM as compared to pris-
tine h-BN, at 190.2 eV. The increased FWHM indicates different chemical species con-
tributing to the peak. However, we cannot assign a species in the B 1s and N 1s unam-

biguously to a certain geometry (i.e. close or further to intercalated oxygen).

We interpret species from 191 to 192 eV in the B 1s core level as various boron oxides,
inside the h-BN lattice (Figure 6.2a), not reported in literature before, likely due to
their complex chemical surrounding. Together with the observed single oxygen neighbor
of boron observed in NEXAFS (feature a;), and the quantitative analysis, which shows
that 0.3 ML oxygen and 0.3 ML of B*" (i.e. boron in various oxidation states), we can
conclude that the overall stoichiometry of boron oxide is BO. The above described
asymmetry of the lower binding energy peak in the N 1s core level is attributed to nick-
el nitrate at 397 eVI®110122 The observed shift in the valence band is well in line with

intercalation resulting in a quasi-free-standing character®”. For the nitrogen K-edge, we
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observe an increase of the interlayer states, indicating that the oxidation of h-BN intro-
duces defects, and that the oxygen bonding deforms h-BN. The increase of state (I) at
401 eV further corroborates the quasi-free-standing character upon oxygen exposure at
440 K. It is interesting to observe that the quantitative analysis reveals that bonding of
oxygen is the first bonding motive to occur. However, as the amount of bonded oxygen
decreases subsequently, we reason that intercalated h-BN can no longer bind oxygen, as

the necessary h-BN Ni(111) interaction is no longer possible.

For adsorption at 600 K, we begin the interpretation with the boron K-edge. We ob-
serve, similar to the 440 K adsorption that the feature a, is large, and the interlayer
states are small, indicating a quasi-free-standing character (Figure 6.3a). Moreover, fea-
tures a;; have increased further, indicating that the h-BN layer is more oxidized as
compared to the adsorption at 440 K. In the nitrogen K-edge spectra only a decrease of
the overall signal intensity is found. This would indicate that patches of intact h-BN are
oxygen intercalated, but the sheet shows many defects, due to nitrogen loss. The shift of
the o* -transitions in the boron K-edge towards higher photon energies (see Figure 6.3a)
further corroborates the formation of boron-oxygen bonds?®”. The findings of the nitro-
gen K-edge spectra are well reproduced in the N 1s core level: The same species are
found, compared to the adsorption at 440 K, including the nickel nitrate (397 eV bind-

1091101221y The species at 397.6 eV is now larger compared to the one at

ing energy!
398.3 eV. In the B 1s core level, we still observe the broad feature at 190.2 eV, attribut-
ed to intercalation (see Figure 6.2a). Thus, the intact patches of h-BN show a similar
reactivity towards oxygen, as compared to the adsorption at 440 K, in that they are
intercalated. However, the oxidation and nitrogen loss of the sheet are more rapid and

more advanced. In the B 1s, we find several species, which we attribute to oxygen bind-

ing to boron, i.e. BO, formation in a 2D fashion, from ~191 to 194 eV.

However, it is not possible, from our data to elude the exact stoichiometry on the sur-
face: NEXAFS gives direct information on the number of oxygen neighbors of boron, i.e.
one to three for a; to a;. However, XPS is more sensitive to the chemical state of boron,

i.e. also the bond to nitrogen needs to be considered. Thus we refrain from interpreting
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the exact stoichiometry without further extensive calculations. The same issues arise
from the O 1s core level, which shows peaks above 532 eV that we assign to oxides,
while further peaks for bonded oxygen and oxygen adsorbed on Ni(111) coexist. A clear
identification is not possible due to these coexisting adsorbates and the assignment needs
to be considered as tentative. In the valence band, we observe the same shifts for inter-
calated h-BN. Additionally, the intensity of the oxygen peaks found at ~7 and 26 eV,

increased due to the higher oxygen coverage.

To further characterize the systems, their thermal stability is investigated by tempera-
ture programmed XPS. For the sample, where oxygen is adsorbed at 440 K, we find
that the bonded oxygen desorbs and reacts in a similar temperature region, as described
in Chapter 5. This we interpret as a further indication of the formation of domains (in-
tercalated parts and oxygen bonded parts), because the desorption temperature of
bonded oxygen is not affected by the presence of other species. For the intercalated ox-
ygen, we find that at 700 K 50% of the intercalated oxygen has desorbed. Moreover, we
observe that further oxygen reacts to boron oxide. Roughly 40% of the intercalated and

bonded oxygen react to boron oxide.

When heating the sample, which was exposed to oxygen at 600 K, to 900 K, we observe
in the O 1s core level only two oxygen species remain. The one at 533.8 eV, is attributed
to B.O;, in line with literature, and goes along with the peak at 193.6 eV in the B 1s

205, The second species is, attributed to different boron oxides. From the data

core levell
gathered in the B 1s core level after heating to 900 K, we find that 0.4 ML of boron are
oxidized and 1 ML of oxygen are on the sample (and B,0;). We thus we conclude that

the overall stoichiometry of the oxide is ~BO..

In all cases, the annealing experiments lead to a band structure and also to core levels
that are similar to what is observed for h-BN before oxygen adsorption (but with loss of
nitrogen) and the additional oxide features. This behavior depends on the amount of

oxygen adsorbed before heating.
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We like to note here that the same experiment was also performed for the gra-
phene/Ni(111) system. However, graphene seems to interact more strongly with the
Ni(111) substrate, preventing intercalation. Even elevated temperatures do not lead to
an intercalation or oxygen bonding. Only increased temperatures and orders of magni-

(81.208] " indicating that a kinetic hin-

tude higher oxygen pressure result in intercalation
drance is the reason for the not observed intercalation with our experimental procedure.
However, when oxygen intercalation of graphene is achieved, the Ni(111) surface is sub-
sequently also oxidized, when the preparation route via near ambient pressures is taken.

This is not the case for this preparation route that was chosen for the reaction of h-BNN,

as nickel always is metallic as deduced from the Ni 2p spectra.

6.4 Conclusion

To conclude, we find that we can populate three different regimes of oxygen interaction
with h-BN on Ni(111), when the sample is exposed to oxygen with a kinetic energy of ~
0.7 V. For oxygen adsorption at 440 K, we observe as the main species intercalated
oxygen. Moreover, we find already oxidized parts of the h-BN sheet, which are identi-
fied to be mostly a substitution of nitrogen by oxygen, and minor amounts of bonded
oxygen. At an adsorption temperature of 600 K, we mainly find the oxidation of h-BN,
which results is BOx (x = 1, 2, 3). The three different regimes of interaction is further

verified with NEXAFS.

The functionalization of h-BN with oxygen and hydrogen as described in the previous
chapters, lead to the question whether oxygen and hydrogen can also react together on
h-BN. The reaction both from oxygenated to hydrogenated h-BN and vice versa will be

discussed in the next chapter.

110



7 Reaction of hydrogen and oxygen on h-BN

7 Reaction of hydrogen and oxygen on h-BN

As the reactivity of h-BN towards atomic hydrogen and highly energetic oxygen was
investigated in detail in the previous three chapters, here the co-adsorption of hydrogen
and oxygen is investigated. For this, h-BN is exposed to atomic hydrogen (highly ener-
getic oxygen) and subsequently highly energetic oxygen (atomic hydrogen) is dosed.
When dosing atomic hydrogen after exposing h-BN to oxygen, a desorption of oxygen is
observed, while simultaneously atomic hydrogen binds to h-BN. During the reaction, h-
BN is never pristine, but a mixture of adsorbed oxygen and hydrogen is found. For high
atomic hydrogen exposure, all oxygen desorbs. If atomic hydrogen is first dosed and
subsequently h-BN is exposed to oxygen, we find that oxygen also desorbs hydrogen,
however the reaction is incomplete. Also the sticking coefficient of oxygen is lower, when
hydrogen is adsorbed on h-BN and the maximum oxygen coverage is decreased. As the
reaction can be stopped at any point, we are able to shift the valence band, as well as
the core levels, to lower binding energies, anywhere between the shift of hydrogenated

h-BN and oxygen functionalized h-BN.
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7.1 Introduction

2D materials have become a wide field of fundamental research in the last decade. Due

e? and blue phosphorus®?®,

to the discovery of many new 2D materials, such as stanen
the field of research is still growing. However, fundamental research of the functionaliza-
tion of 2D materials is still rather limited to the wet-chemical functionalization of gra-

ell41142, 169197 5 hexagonal, alternating arrangement of bo-

phene. Hexagonal boron-nitrid
ron and nitrogen atoms, with a lattice constant of 0.25 nm®7, has already been proposed
for several applications, such as gas-barriers for oxygen** to protective coatings". It
was shown that CO, and N;or H, and CH, are well separated®*??? with patterned h-BN
membranes. As a protective coating, it is impermeable, even to hydrogen. It is used, to
prevent, e.g. oxidation of reactive metal surfaces. The uniform coating of h-BN is also
used as a friction reduction layer'*”. Further potential chemical applications are e.g. as a

micro reactor®®; For this, h-BN is grown on e.g. single crystals, or nano-particles/®®

14024 Then the reactants are intercalated and the substrate acts as the catalyst (87:22%]

y[209,210,225,226

often leading to an increased activit l. Moreover, 2D materials such as gra-

phene and h-BN are used as a template to facilitate ordered growth of nano-particles or

[53, 67,227,228

clusters I. Here, h-BN is interesting, as it forms Moiré patterns on substrates

with a lattice mismatch, leading to deep potential-wells. This facilitates the growth of

well-ordered particles and even single molecules can be trapped®?*l,

The rise in 2D materials as fascinating research objects and the interest in new applica-
tions also lead to the tuning of their properties by covalent functionalization, although
h-BN and graphene are mostly considered to be inert. However, first studies showed
that hydrogen and oxygen may bond to the 2D materials and thus be stored, leading to
a change of its band structure and reactivity, as also shown in Chapter 4-6. DFT results
predict catalytic activity for h-BN on various metal substrates, or for hetero atom doped
h-BN?3023 Thus, we found it interesting to investigate the chemical bonding and the
reaction of chemically bound species on h-BN. Oxygen and hydrogen functionalized h-

BN have been studied previously on several substrates™ 3% 17 205, 225, 20234 peyertheless
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7 Reaction of hydrogen and oxygen on h-BN

the full potential of switching the functionality has not been shown, or any reaction of

the functionalization on supported 2D materials.

We herein report on the reaction of oxygen chemically bound to h-BN and its subse-
quent reaction by atomic hydrogen and the reverse reaction. We study the system with
high-resolution X-ray photoelectron spectroscopy (XPS), near edge X-ray adsorption
fine structure (NEXAFS) and temperature programed XPS (TPXPS). We find that all
oxygen that is bonded to h-BN reacts with atomic hydrogen, with low amounts of oxy-
gen bonded to defects remaining on the sheet. Interestingly the reverse reaction of
bonded hydrogen with oxygen from a supersonic molecular beam is also possible, albeit

with significantly lower reaction rate.

7.2 Results and Discussion

In the following, we will present two experiments, in which we react oxygen bound to
the h-BN basal plane with atomic hydrogen, and in a second set of experiments we show
the reverse reaction of hydrogenated h-BN with molecular oxygen from a supersonic

molecular beam.

Reaction of oxygenated h-BN with atomic hydrogen

We first exposed the sample to molecular oxygen with a kinetic energy of ~0.7 eV at a
sample temperature of 240 K for 480 s. For oxygen without the additional energy from
the supersonic molecular beam no adsorption was found. This exposure results in a sin-
gle O 1s peak at 531.4 eV and a coverage of ~0.36 ML oxygen bound to the h-BN sheet.
Oxygen does not dissociate, but is bonded to two boron atoms in a side on motive. This

was shown in earlier experimental and theoretical studies®” and in Chapter 5.

We then exposed the oxygenated h-BN stepwise to atomic hydrogen. This leads to a
decrease in the O 1s intensity, see Figure 7.1 and inset in Figure 7.1a. The oxygen inten-
sity drops nearly linear in the first 3 L, and for higher exposures the rate reduces con-
tinuously. The decrease of the O 1s intensity is due to the reaction of molecular oxygen

bound to h-BN with atomic hydrogen. We interpret the reduced reaction probability at
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7 Reaction of hydrogen and oxygen on h-BN

higher hydrogen exposures as a statistical process, i.e. the reaction becomes less likely
for lower oxygen coverages. We do not find any surface intermediates such as OH or
H,0. The reaction occurs most likely through the adsorption at sites close to oxygen,
leading to a destabilization of the h-BN oxygen bond. As we will show in the following,
the reaction does not proceed via an oxygen and hydrogen free h-BN sheet, but pro-

ceeds directly via a partly oxygenated and hydrogenated h-BN.

To further analyze the system, we also gathered data from the N 1s core level, shown in
Figure 7.1b. The experiment starts with the N 1s region showing the typical signature of
oxygen bound to the h-BN sheet, with two peaks at 397.5 and 398.1 €V, due to a differ-
ent chemical surrounding of nitrogen atoms in the oxygenated h-BIN sheet, as shown in
Chapter 5. Upon exposure to atomic hydrogen, we observe a shift of the two peaks to
higher binding energy, after the first 0.5 L of exposure. While the signal at 397.5 eV is
larger than the one at 398.1 for oxygenated h-BN, we find a gradual change and the
peak at higher binding energies becomes larger yielding ~ 2:1 ratio at an atomic hydro-
gen exposure of 16 L. This N 1s peak shape is typical for h-BN functionalized with hy-
drogen® shown in Chapter 4. The two nitrogen peaks shift continuously to 397.7 and
398.5 ¢V. In the B 1s core level depicted in Figure 7.1d, the spectrum shows a peak at
190 eV that is typical for oxygen bound to h-BNP®!, Upon hydrogen adsorption, we ob-
serve that the B 1s peak shifts to higher binding energy, with a final binding energy of
190.3 eV, being in line with the B 1s binding energy of hydrogenated h-BN. The second
contribution that arises during H atom exposure at 189.3 eV, allows us to estimate the
hydrogen coverage, although hydrogen itself cannot be observed by XPS. This contribu-
tion at 189.2 eV increases constantly during exposure and is thus consequently attribut-
ed to boron atoms bound to hydrogen. It reaches a coverage of 0.12 ML at the end of
the experiment, see Figure 7.1a for fit. Again, the first spectrum upon exposure of 0.5 L
hydrogen shifts towards lower binding energy by 50 meV. For both the N 1s and B 1s

core levels, a gradual shift to higher binding energies is found.

This hydrogenated layer was heated to 650 K, in a TPXPS experiment depicted in Fig-

ure 7.2a and the quantitative analysis Figure 7.2b, shows that heating the sample results
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7 Reaction of hydrogen and oxygen on h-BN

in pristine h-BN. Demonstrating that hydrogen desorbs according to Chapter 4'*), The
spectra in the B 1s and N 1s region in Figure 7.3 show that at no point in the reaction
from oxygenated to hydrogenated h-BN the clean surface is present as the spectra of
pristine h-BN with N 1s and B 1s peaks at 398.5 and 190.5 eV, respectively are not
found. Thus the reaction proceeds via a mixed oxygenated and hydrogenated layer. The
results and the assignments to hydrogenated and oxygenated h-BN as well as the inter-

mediate states are also supported by additional NEXAFS measurements.
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Figure 7.1 Fits of the B 1s core level. (a) 0.12 ML of hydrogen adsorbed on h-BN after desorbing
oxygen. (b) 0.2 ML of hydrogen adsorbed on h-BN after an initial exposure of 50 L

For the first 0.5 L of atomic hydrogen, in the N 1s and B 1s in Figure 7.3a and 7.3b core
level shifts towards lower binding energies by ~50 meV are found. The peak at lower
binding energy increases in intensity and the peak at higher binding energy decreases.
In the N 1s region, even the relative peak area changes towards a higher contribution at
lower binding energies. We interpret as a coadsorption of hydrogen and oxygen on h-
BN. The oxygen coverage of 0.32 ML does not fully saturate the h-BN surface and hy-
drogen is bound to free sites. We reason that this leads to an additional doping of the h-
BN sheet. This results in a peak shift towards lower binding energy, and increase the
contributions for sp3-configured boron neighbors for the nitrogen atoms. For the B 1s
spectra, we observe the formation of the shoulder attributed to hydrogen bonding in line

with the above argumentation.
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Figure 7.2 (a): Color-coded density plot of the TPXPS experiment conducted in the N 1s core
level after reacting oxygenated h-BN to hydrogenated h-BN. The dehydrogenation temperature
is marked. (b) quantitative analysis of the experiment shown in (a). (c) Color-coded density plot
of the TPXPS experiment conducted in the O 1s core level after hydrogenated h-BN was oxy-
genated. (d) Quantitative analysis of the TPXPS experiment shown in (c).

In a subsequent TP XPS experiment, the layers formed in the hydrogenation, oxygena-

tion procedures are tested towards their thermal stability.

In Figure 7.4a and 7.4b the TPXPS of hydrogenated h-BN formed by hydrogenation of
oxygenated h-BN is shown. The dehydrogenation temperature is within the error the
same as in earlier experiments*. For the TPXPS of oxygenated h-BN formed by oxy-
gen exposure to hydrogenated h-BN the reaction temperature, i.e. desorption of 50% of
the adsorbed oxygen at ~ 570 K, are again the same as reported earlier®®. We interpret
this as an indication that although oxygen is coadsorbed with 0.12 ML hydrogen no ad-

sorbate-adsorbate interactions are observed

Next, we want to discuss the impact of the reaction of atomic hydrogen with oxygenated
h-BN on the valence structure of h-BN, as determined by UPS at 75 eV (Figure 7.1c).
After oxygen adsorption, we obtain a spectrum with the n-band at a binding energy of

8.9 eV and the o band that is split at binding energies of 21.5 and 24.3 €V, in agreement
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7 Reaction of hydrogen and oxygen on h-BN

with literature®®. Upon hydrogen exposure, we find that the n- and c-band continuous-
ly shift towards higher binding energies. The final energy of 9.5 eV of the m-band
(22.2 eV for the o-band) corresponds to that of hydrogenated h-BN. Upon heating to
650 K the band structure of pristine h-BN is restored, showing with the m-band at
9.9 eV and the o-band at 23 eV. This shows that we can continuously shift the band
structure of h-BN over 1 eV by a controlled reaction of oxygen with hydrogen. Temper-
ature programmed XPS reveals that the thermal stability of hydrogenated h-BN is iden-

tical to that reported in Chapter 4, see Figure 7.2a, 7.2b.
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Figure 7.3: Reaction of oxygenated h-BN with atomic hydrogen. (a) O 1s, (b) N 1s, (c) valence
band and (d) B 1s region. Red spectrum, oxygenated h-BN with 6,=0.32 ML and subsequent
hydrogen adsorption steps until only residual oxygen is left on the surface (violet). Inset in (a):
quantitative analysis showing the oxygen coverage diminishing with subsequent hydrogen expo-

sure steps.

Reaction of hydrogenated h-BN with molecular oxygen from a supersonic molec-

ular beam.

In this part, we discuss the reverse reaction of hydrogenated h-BN with molecular oxy-

gen with a kinetic energy of ~0.7 eV from the supersonic molecular beam. Data obtained
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7 Reaction of hydrogen and oxygen on h-BN

during this experiment are shown in Figure 7.2. We prepared hydrogenated h-BN by
exposing it to 50 L of atomic hydrogen, resulting in bonding of hydrogen '**l, This layer

is subsequently exposed to oxygen and the results are gathered in situ.

On the hydrogenated sample the prior to exposure to oxygen, no signal is observed in
the O 1s region. Upon exposure, we find the growth of a single species at a binding en-
ergy 531.4, shifting to 531.3 eV for higher coverages. A small amount of water is ob-
served on the sample (©<0.01 ML) at a binding energy of 532.6 eV. After 2557 s, we
stopped the experiment at a coverage of 0.25 ML of oxygen, although no saturation was
achieved. In comparison to the adsorption of oxygen on clean h-BN, we find that a high-
er amount of oxygen bound to h-BN (0.32 ML) was achieved after a shorter time 480 s
as compared to 2557 s for the hydrogen coadsorbed h-BN. Thus hydrogenated h-BN
shows a significantly slower reaction with oxygen as compared to pristine h-BN. The
lower reaction rate is attributed to the presence of hydrogen on the sample, which occu-

pies the same adsorption sites and must be desorbed first.
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Figure 7.4 Reaction of hydrogenated h-BN with molecular oxygen. (a) O 1s (b) N 1s, (c¢) valence
band and (d) B 1s region. Red: hydrogenated h-BN; violet: after 2557 s of exposure to oxygen,

black: pristine h-BN; other: intermediate oxygen exposures.

118



7 Reaction of hydrogen and oxygen on h-BN

In the N 1s core level, the experiment starts from two peaks at 398.5 and 397.8 eV with

139, When dosing oxygen, we

a ratio of ~2:1, i.e. the signature of hydrogenated h-BN!
observe the opposite behavior as described before: the two peak structure remains and
the relative intensity changes towards a value below 1. During adsorption, a continuous
shift to lower binding energies by ~400 meV occurs, see Figure 7.2b. The B 1s core level
at the start of the experiment shows peaks at 190.3 eV and the peak assigned to hydro-
gen boron bonds at 189.5 eV. From the fit, we can estimate the hydrogen coverage to be
0.2 ML, see Figure 7.1. During oxygen adsorption, we find a shift to lower binding ener-
gies to 189.8 eV. The B 1s contribution due to the hydrogen boron bond decreases grad-
ually during oxygen exposure from 0.2 to 0.12 ML, i.e. 40% of the initially adsorbed hy-
drogen have desorbed within the timeframe of our experiment. In the valence band, for
hydrogenated h-BN the n-band is found at 9.6 eV and the o-band to 22.2 eV. With a
continuous reaction towards an oxygenated h-BN layer these values shift to lower val-

ues: 8.8 and 21.5 eV (24.2 for the second, split contribution) for the n- and o-band, re-

spectively, after 2557 s of exposure to oxygen.

The binding energy values for both the N 1s the B 1s region and the valence band do
not match the values that were obtained for purely oxygenated h-BN and for the prod-
uct of the hydrogenation of oxygenated h-BN. This is due to the different amounts of
hydrogen and oxygen that are bound to the h-BN plane. However, we do not observe
any indication for adsorbate-adsorbate interaction, as we find with the TPXPS an iden-
tical desorption temperature for the adsorbed oxygen. The corresponding TPXPS exper-
iment is depicted as a color-coded density plot in Figure 7.2c and the corresponding

quantitative analysis in 7.2d.

For graphene, the effect of doping and the resulting shifts in the valence band region
and the C 1s core level and its line shape'®! were discussed in detail. It was observed
that a rigid band model can be applied, for low doping concentrations, e.g. achievable
with hydrogen or oxygen intercalation, while for stronger dopants additional effects are

observed. Herein we find that for h-BN the two core levels and the m-band show differ-
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7 Reaction of hydrogen and oxygen on h-BN

ent binding energy shifts, throughout the two experiments. This is an indication that a

rigid band model may be not suitable for h-BN.

We have shown that hydrogenated h-BN can be reacted towards oxygenated h-BN,
shown in the second part and that oxygenated h-BN can be reacted to hydrogenated h-
BN. With the shown shifts, for both core levels, as well as the valence band, we are now
able to conclude that we are able to shift these bands and core levels back and forth, at
will, only by changing the adsorbate coverages, without the need to prepare a new sam-

ple, or to desorb one adsorbate.

NEXAFS measurements of the coadsorption experiments

To further substantiate our findings presented above NEXAFS measurements were con-

ducted during the two experiments.

Here only the changes observed in NEXAFS spectra during the reaction of oxygenated
h-BN to hydrogenated h-BN and vice versa are discussed. The spectra for pristine h-BN
are identical to those in literature. For a more detailed description of NEXAFS spectra
from hydrogenated h-BN see !* and Chapter 4. For oxygenated h-BN see Chapter 5%,
For h-BN, we focus only on the peaks that show changes upon adsorption and reaction.
For the boron K-edge (Figure 7.5b, d, f) these features are: the main absorption feature
of h-BN at 192 eV, the so-called interlayer states, indicating the h-BN substrate interac-
tion at 193-195 eV (the higher the absorption in this region, the larger the
interaction®'%), and Chapters 4 to 6.) that are a broad absorption feature, indicated
with a red double arrow. In the region of the c* transitions, two features at 197.5 and
198.5 eV are observed®. For the nitrogen K-edge (Figure 7.5a, c, e) the feature, we
want to discuss are the interlayer states from 396.5 to 398.5 eV (marked with a red
double arrow), as these show clear changes upon reaction and the o* transitions at 408.5

and 415 eV that show typical intensities depending on the adsorbate on h-BN.
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Figure 7.5 NEXAFS spectra of the (a) boron K-edge and (b) nitrogen K-edge of pristine h-BN
(black), hydrogenated h-BN (red) and oxygenated h-BN (blue). The preparations are according
to the experiments discussed. Oxygen adsorption on hydrogenated h-BN is shown in (c) for the N
K-edge and in (d) for the B K-edge. Red: hydrogenated h-BN; Hydrogenated h-BN with an addi-
tional 0.25 ML of oxygen. Atomic hydrogen adsorption on the oxygenated h-BN is shown in (e)
for the N K-edge and (f) for the B K-edge. Blue: oxygenated h-BN; Green: Oxygenated h-BN
after ~3 L of atomic hydrogen with 6,=0.16 ML; Violet: after the reaction, with 16 L hydrogen
dosed.

Figure 7.5a, 7.5b depicts the NEXAFS spectra obtained for the starting points of the
experiments, i.e. hydrogenated h-BN, oxygenated h-BN and pristine h-BN. At the N K-
edge pristine h-BN shows features starting at ~ 398 eV followed by the o* transition at

402 eV. The c* star region shows two absorption features at 408.5 and 415 eV. Hydro-

genation leads to an increase in intensity in the interlayer state region, leading to an
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onset at ~ 397.5 eV. The n* transition is slightly less intense, while the o* star region is
unaffected by hydrogenation. Oxygenation leads to an stronger shift in the absorption
onset to 397 eV. The intensity of the n* transition is lower, compared to hydrogenation

and in the o* star region only an asymmetric peak at 408.5 eV is observed.

At the B K-edge for pristine h-BN, the n* transition is located at 192 eV followed by
the interlayer region, which is indicative for the interaction of h-BN with the substrate.
At 197.5 and 198.7 eV, a double peak of the o* star region is found, while the peak at
lower photon energies shows lower. For hydrogenated h-BN, the interlayer states in-
crease in intensity and an increase of the peak at 197.5 eV in the o* star region is ob-
served, which leads to two peaks with a similar height. In the case of oxygenated h-BNN,
the peak attributed to the interlayer states shifts to lower photon energies by 1 eV and
becomes less resolvable. Furthermore, in the c* star region only one asymmetric peak at

197.7 eV is found.

For the reaction of hydrogenated h-BN (exposed to 50 L hydrogen) with oxygen, the
NEXAFS spectra are shown in Figure 7.5¢ and d. These show characteristic changes,
similar to these observed for pristine h-BN exposed to oxygen, as shown in Chapter 5.
At the N K-edge, the interlayer region for h-BN with 0.25 ML of oxygen shows signifi-
cant changes, in particular the onset of the absorption shifts to lower photon energies by
~1 eV. This lower onset is a fingerprint of oxygen — h-BN bond formation, as shown in
Chapter 5. Furthermore, the contribution in the o* star region at 415 eV shows a lower
intensity, leading to the asymmetric peak at 408.5 eV typical for oxygenated h-BN. Sim-
ilarly, changes at the B K-edge are observed: a decreased contribution in the interlayer
region and a shift of this absorption feature towards lower photon energies. Moreover, in
the o* star region, a change from the two peaks of hydrogenated h-BN at 197.5 and
198.7 eV to an asymmetric contribution at 197.7 eV is present. This shows that the
characteristic spectral features of hydrogenated h-BN change to the features of oxygen-

ated h-BN. Thus a reaction from oxygenated to hydrogenated h-BN is observed.

The reverse reaction, i.e. the hydrogenation of oxygenated h-BN is shown in Figure 7.5¢

and f. The experiment begins now with oxygenated h-BN, with an oxygen coverage of
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0.32 ML. During the experiment, at an oxygen coverage of 0.16 ML additional NEXAFS
spectra are recorded. In the end of the experiment, after 16 L of atomic hydrogen were
adsorbed, also NEXAFS spectra were recorded. At the N K-edge, the onset of the ab-
sorption in the interlayer state region shifts to lower photon energies, with decreasing
oxygen coverage. When 16 L of hydrogen are adsorbed only a shoulder is found in the
interlayer region, see inset in Figure 7.5e. This is a characteristic fingerprint for hydro-
genated h-BN. The intensity of the main n* transition, at 402 eV, increases continuously
during the experiment. In the o* star region, at 0.16 ML we find only a slight decrease
in intensity, while the complete removal of oxygen leads to the formation of two clearly
distinguishable peaks at 408.5 and 415 eV, typical for hydrogenated h-BN, as shown in

Chapter 4.

At the B K-edge, the reaction of oxygenated h-BN to hydrogenated h-BN leads to a
gradual increase of absorption in the interlayer region, which is marked with the red
double arrow. In the o* star region (197 to 200 eV) no changes are observed after de-
sorbing 0.16 ML of oxygen and only after complete removal of oxygen the two absorp-
tion features at 197.5 and 198.7 with the same intensity are seen. As discussed above,

this is a fingerprint for hydrogenated h-BN.

This strongly indicates that the reaction is possible in both directions from hydrogenated
h-BN to oxygenated h-BN and vice versa, as deduced here by NEXAFS, and above from

XPS.

7.3 Conclusion

In summary, we find the reaction of oxygenated h-BN with hydrogen and hydrogenated
h-BN with oxygen is possible. The reaction of oxygenated h-BN with atomic hydrogen
results in a complete desorption of oxygen. The subsequently obtained h-BN layer is
hydrogenated and during the reaction a mixed hydrogenated and oxygenated layer is
present. From this we conclude that hydrogen adsorbs both on empty adsorption sites
with a high initial sticking coefficient, and reacts with oxygen in a statistical manner.

From the recoded core level shifts in the N 1s, B 1s and valence band regions, we are
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able to show that a rigid band model may not be adequate for h-BN. For the reaction of
hydrogenated h-BN with oxygen, with a kinetic energy of 0.7 eV, we are able to observe
that oxygen most likely binds first to free adsorption sites. Subsequently a slow reaction
begins, resulting in desorption of hydrogen. Furthermore, the results show that with the
arbitrarily exchangeable adsorbates hydrogen and oxygen, it is possible to shift the core
level binding energies and the valence bands of h-BN, depending on the amount and
type of adsorbate, while h-BN is largely functionalized during the experiment. We in-
terpret the in here gathered results a step forward, towards the design of band structure

of 2D materials.
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8 Covalent functionalization of 2D materials

with methyl iodide

h-BN is exposed to a beam of highly energetic methyl iodide (Mel). Upon exposure, the
formation of a short lived iodine species, and polyiodines in the I 4d core level is ob-
served. In the C 1s region, several species, which are attributed to Mel multilayers, and
two species for CH; bonded to nitrogen and boron in h-BN, are found. The former de-
sorbs in a temperature programmed experiment, while the later starts to lose hydrogen
during heating, resulting in CH, CH and C, all bonded to boron. In the I 4d core level,
it is observed that during heating the polyiodine species decompose to iodine (I.) and
desorb, with small amounts of iodine intercalate. In the B 1s and N 1s core levels, these
reactions only result in a small shoulder at lower binding energy. The same experiment
was repeated for graphene on Ni(111). Here, also indications for the same type of reac-
tion were observed; however, a detailed observation of the CH; fragment of Mel is im-
possible due to the large contribution of the carbon backbone of graphene, present at a
similar binding energy. Subsequently, the sample is heated and temperature pro-
grammed XPS reveals the stability of the bonded species. For h-BN, we observe iodine
species on the sample up to 850 K and carbon species up to 750 K. For graphene, we
observe iodine containing species up to 450 K and are able to indirectly identify bonded
species to the carbon backbone of graphene up to 350 K. From these high desorption
temperatures and characteristic reaction behavior, we conclude that we have achieved a

covalent functionalization in a clean, ultra-high vacuum approach.
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8.1 Introduction:

Graphene and hexagonal boron-nitride (h-BN) have been extensively studied, due to
their unique physical and chemical properties such as endurance of high strain''!, gas
impermeability®! protective coating[!'> "?%! . with various results - gas separation(***"],
gas sensing?'#%%7, Graphene is a semi-metal, with theoretically zero charge carrier den-
sity at the Dirac point, however, without a bandgap™ '#*#%24 On the other hand, alt-
hough isoelectronic to graphene, h-BN is an insulator with a wide band gap of theoreti-
cally 5.4 eV in its free standing form"*4", Already from these properties, combined with
the ballistic electron transport in graphene, one can immediately see, the potential these
materials hold for the future of the semi-conducting industry as a semiconductor and
dielectric. However, one must be able to tune and design their electronic properties as

needed 242,

This is especially interesting, since it was shown that graphene can be
grown on h-BNPF"'%#l, The tuning of the electronic structure for both 2D-materials has
advanced greatly over the last years. Intercalation of various alkali and earth alkali met-
als beneath graphenel'*** and h-BN[4 197198244245 hag proven to be a powerful tool to
manipulate the electronic structure. Intercalation of hydrogen and gold on various metal
surfaces gives both 2D-materials a free standing character, which is stable over a wide
temperature rangel'® 44 109, 193.246-248] - A sorption of various organic molecules or incorpora-
tion of donor atoms into the lattice proved to dope graphene substantially, making it
more interesting for semiconducting applications!!!: 122 176 18224 More recently, chemical
covalent functionalization under controlled condition, i.e. ultra-high vacuum (UHV), has
been reported, with various functional groups. This covalent functionalization is a route,
which provides both a wide range of possible molecules to attach and a high thermal
stability, due to the formation of a chemical bond. Hydrogenation, which proved to be
highly dependent on the substrate supporting the 2D-material has been shown for gra-
phene, for example on Ni(111)#2% Tr(111)"*") and many other surfaces!*® 12! 138 158.250],
The interaction of atomic hydrogen with h-BN has also been extensively studied on
Ni(111)%), Fluorination is also achieved for graphene, changing the electronic structure

[251]

dramatically'*". Methylation has also been shown recently, however, not under UHV
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%2, Very recently, porphyrin-functionalized

condition®*), or with transferred samples!
graphene has been reported, induced via current injection with a scanning tunneling

microscope tip®”. However, methylation under UHV conditions with an in situ grown

2D-material has not been achieved, to our knowledge.

In this work, we use methyl iodide (Mel) as a reagent to react with graphene and hex-
agonal boron-nitride (h-BN). As the carbon-iodine bond is weak due to its elongated and
non-covalent nature, we hope to easily induce a breaking of the bond either homolytical-
ly to form a methyl and iodine radical, or in a hetorolytic manner to form a positive
charged CH;" species and an I' species. We expose the Ni(111) single-crystal that is cov-
ered either with graphene or h-BN to a Mel beam fed through a heated, seeded, super-
sonic molecular beam (SSMB). The adsorption is monitored in-situ with high-resolution
X-ray photoelectron spectroscopy (XPS). We observe the accumulation of various iodine
and carbon containing species. Subsequently, we heat the sample to probe the thermal
stability of the adsorbed species with temperature programmed XPS (TPXPS). We find
that for graphene, iodine- and carbon-containing species desorb before 550 K, while for

h-BN we find iodine species up to 800 K and carbon species up to 750 K.

8.2 Results and discussion

Mel adsorption on h-BN:

h-BN was exposed to the seeded molecular beam of Mel. During the exposure, we probe
each core level (C 1s, I 4d, N 1s and B 1s) in a separate experiment. In the following the
C 1s and I 4d core level will be discussed in detail, as will be the quantitative analysis of
these core level spectra. Characteristic spectra of the N 1s core level are shown in Fig-

ure 8.1.
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Adsorption of Mel onto h-BN (Mel/h-BN/Ni(111))

C 1s core level

Selected data of the C 1s level, for the adsorption of Mel are shown in Figure 8.1a.
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Figure 8.1: Adsorption of Mel on h-BN monitored with high-resolution XPS: (a) selected spectra
of the C 1s region. Irradiation-induced fragments marked with a yellow star. (b) selected spectra
of the I 4d core level. The solid lines indicate the binding energy of the observed species. Please
note that the I 4d signals are spin-orbit split. (c¢) Quantitative analysis of the data shown in (a);
(d) quantitative analysis of the data shown in (b). For the quantitative analysis the coverage in
the C 1s core level was referenced to a closed layer of graphene on Ni(111) consisting of 2 ML
carbon per nickel unit cell. The amount of iodine was calculated by taking into account the pho-
toionization cross section of the I 4d core level.

The following changes are observed during adsorption. After 75 s, we observe the for-
mation of two peaks at 285.1 and 286.5 eV. These peaks form only after iodine is found
on the sample, see discussion of the I 4d data. The peak at 285.1 eV increases until 95 s
(brown spectrum in Figure 8.1a, then it reaches saturation and subsequently decreases
sharply, until it completely vanishes after 350 s. This decrease is well observable in the
spectra taken at 95 s, when the peak is the main contribution to the spectrum, while at
350 s it is completely gone. This is also reflected in the quantitative analysis in Figure
8.1c. This species is not stable without the high Mel flux of the SSMB, additionally it
vanishes, depending on the adsorbates on the surface. This strongly suggests that Mel is

physisorbed and that in the beginning of the experiment iodine species on the surface

have a significant stabilizing effect. The second species, again only stable in the presence
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of iodine is assigned to Mel on h-BN, as the thermal stability suggests no covalently
bound species, see discussion of the TPXPS data.

Starting at 75 s, two additional species derived of Mel become stable on the surface at
binding energies of 285.2, and 285.7 eV. From their thermal stability and their relative
binding energy we conclude that these are assigned to CH; bonded to boron (B-CHs)
and nitrogen (N-CHj;), respectively. The chemical shift is expected due to the relative
electronegativity of boron and nitrogen.

A quantitative analysis of the adsorption experiment was performed: see Figure 8.1c.
The first species to bond to the surface is B-CHj;, which is in line with Chapter 4, 5, 6
and 7 that showed that functionalization occurs preferably at boron atoms on h-BN on
Ni(111). After 75 s, the species, we identified as physisorbed Mel is found in addition to
the B-CH; groups, with a coverage of 0.03 ML. B-CH; populates in the beginning of the
experiment, and is also the dominant species at the end of the adsorption; this indicates
that it is the energetically most favorite species. Previous calculations for the adsorption
of hydrogen by Koswattage et al®®¥l, and Spith et al.'*! (Chapter 4) show that the
most stable adsorption site is unambiguously the B-CH; (B-H calculated) adsorption
species, which fits well to our observations here. Furthermore, in the TPXPS data we
find a chemical conversion of this species, while all other species desorb due to their only

weak interaction.

This physisorbed Mel further increases rapidly, until it reaches a maximum coverage
after 95 s, with a coverage of 0.11 ML and subsequently vanishes completely until 350 s.
The B-CH; (green) species increases rapidly in the first 75 s, however, stays constant at
a coverage of 0.03 ML, unaffected by the amount of Mel on the surface. Subsequently, it
increases further after all Mel is desorbed, to 0.05 ML, until the end of the experiment.
Mel interacting with adsorbed iodine (blue) shows an increasing coverage in the begin-
ning of the experiment to 0.03 ML at 350 s, and then slowly increases to 0.04 ML, until
the end of the experiment. The species attributed to N-CH; shows a similar behavior
and displays the same saturation coverage, as Mel interacting with iodine. The for-

mation of N-CH; becomes possible due to the formation of highly reactive Mel frag-
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ments, thus decreasing the selectivity of the reaction dramatically, thereby also less fa-
vorable adsorption sites can be populated, especially when the surface becomes more

crowded and the preferred adsorption sites cannot be accessed anymore.

Furthermore, we find two more species at 283.7 and 288.1 eV that are due to radiation-
induced fragmentation (marked with a yellow Star) and the adsorption of CO. The for-
mation of synchrotron light induced reactions was studied intensively. The adsorption of
CO from the residual gas and minor impurities from the SSMB is unusual at 170 K.
This shows that the modification of the surface with iodine species also allows for the
adsorption of molecular species such as CO. Further support for the adsorption of CO
comes from XPS data in the O 1s region. The latter two species are omitted for clarity
in Figure 8.1c; their coverage stays below 0.015 ML and 0.01ML, respectively, through-

out the experiment.

I 4d core level

Next, we want to discuss the I 4d core level spectra. Please note, that due to the char-
acter of the probed core level, a spin orbit splitting of the signals is observed, with a
splitting of 1.7 eV, thus doubling the amount of peaks observed. In the beginning of the
experiment, as seen in Figure 8.1b, for the spectrum recorded at 65 s, we find exclusive-
ly one species at 49.0 (50.7) eV that we assign to iodine bonding to h-BN. In the quanti-
tative analysis shown in Figure 8.1d, we find a strong increase up to 85 s and a coverage
of 0.07 ML. Interestingly, no corresponding carbon species is found in the first 30 s, sug-
gesting that an adsorption of iodine is necessary for further adsorption and reaction.
Moreover, either C,H, species desorb from the surface after cracking of Mel, or it partly

decomposes in the SSMB, liberating iodine species that stick to the h-BN surface.

After 100 s, three additional species appear at 48.5 (50.2) 49.3 (51.0), and 49.9
(51.6) eV, see Figure 8.1d. The species at 48.5 (50.2) and 49.3 (51.0) eV are attributed
to polyiodides, namely I;” and Iy, respectively. The polyiodides form due to the increased
iodine coverage (concentration) on the surface, as is also known from solution chemistry,

and was also predicted from theory®?. The calculations also predict the experimentally
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found behavior that only after a certain surface concentration of iodine is reached poly-
iodides form. Theory predicts that at least 12.5% (i.e. 0.25 ML) of graphene have to be
covered with iodine, to start the formation of polyiodides. However, we observe the for-
mation of polyiodides, in particular Iy, already at a coverage of 3.6% (0.072 ML). The
lower value is attributed to the fact that we use supported h-BN sheet and that further
adsorbates such as CH; are on the surface. This leads to a confinement and additional
electron density that facilitates the formation of polyiodines. The assignment of the I
and I species is due to their respective relative charge per iodine atom, i.e. the higher
the charge, the lower the binding energy (more reduced) and the fact that a higher con-
centration of iodine allows for the formation of larger polyiodine molecules. Thus, 15 is
at a lower binding energy and is found at lower iodine coverages, compared to I, which

is found at higher binding energies and requires a higher iodine coverage to from.

The polyiodides saturate at 215 s (Iy) and 450 s (I5") at a coverage of 0.23 and 0.13 ML,
respectively. The species at 49.9 (51.6) eV behaves similar during adsorption (see Figure
8.1c and d, which leads to the assignment to iodine from physisorbed Mel. A further
support to the assignment to physisorbed Mel is the fact that the signal of bonded Io-
dine is damped by the physisorbed Mel, while the dampening is lifted upon desorption
of the physisorbed Mel. After the adsorption experiment, we find 2.5 times the amount
of iodine on the surface as compared to carbon. Please note that small amounts of oxy-
gen are bonded to h-BN under the conditions of the SSMB. For the discussed experi-
ments ~ 0.05 ML of oxygen were found, which did not have a significant influence on the

surface chemistry Mel on h-BN.

N 1s core level

In the N 1s core level a shift of the main peak of h-BN upon adsorbing Mel for 335 s by
0.24 eV is observed and by 0.33 eV at the end of the experiment, as shown in Figure
8.2. A shoulder at a binding energy of 397.9 eV forms during the experiment. This
shoulder is attributed to Mel interacting with h-BN. The signal intensity at the end of
the adsorption experiment decreased to 48%, attributed mainly to damping of the pho-

toelectrons by adsorbed iodine.
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Figure 8.2 Characteristic spectra recorded in the N 1s core level region of h-BN adsorbed on
Ni(111) recorded during Mel adsorption.

Temperature progcrammed XPS (TPXPS) of Mel adsorbed onto h-BN

To further characterize the surface species and determine their thermal stability we
performed temperature programmed XPS (TPXPS) measurements. Such experiments
allow for investigating the stability of the functionalization that is important for poten-
tial applications. Additionally, further information on the species is gained, needed to

verify our assignments.

C 1s core level

Spectra recorded in the C 1s core level are depicted in Figure 8.3a and the correspond-
ing quantitative analysis is depicted in Figure 8.3c. Beginning at 200 K, the contribution
for Mel interacting with Iodine, i.e. physisorbed, at 286.4 eV (blue in Figure 8.3c) de-
creases and desorbs completely until 230 K. This desorption occurs simultaneously with
the desorption of the polyiodides from the surface, thereby the stabilization from the
polyiodided for this species is not present anymore, see discussion of the I 4d core level
below. Along with this desorption, N-CH; at 285.7 eV (bright green in Figure 8.3c)
shows the same behavior. This suggests that also N-CH; is a weakly bonded species that
needs lateral interactions with iodine to be stable on the surface. No spectral evidence

for a further reaction of N-CHj; is found.

Beginning at 210 K, also the contribution for B-CH; decreases rapidly and vanishes

completely at 230 K. At 240 K we obtain a single, asymmetric peak located at 285.2 eV,
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which we assign to B-CH (green in Figure 8.3c). We also considered other reaction
pathways, e.g. formation of B,-C,H,, B-C;H;-N or only the loss a single hydrogen; a re-
action to B-CH,. However, these are unlikely reaction products. Formation of C,H, was

254]

only observed on bare Ni(111)*4, while a CH, intermediate is also not stable on
Ni(111). Please also note that any carbon fragments that could form on Ni(111), such as
C,H, (y = 1, 2; x = 0,1,3,4) have a different binding energy and desorption temperature.
The maximum coverage of this species observed is 0.07 ML. With increasing tempera-
ture, this single peak observed at 240 K starts to shift to higher binding energy, which
we attribute to the formation of carbon bound to boron in the h-BN layer, i.e. B-C. An

additional shift in binding energy is expected due to the desorption of iodine at the reac-

tion temperature.

B-C is the only remaining carbon species on the surface above 450 K with a coverage of
~0.05 ML. It is observed on the surface until 780 K. Whether this carbon is incorpo-
rated into the 2D lattice of h-BN, as a dopant or, if it is bonded to the vacuum side
cannot be determined. However, as carbon is most likely not desorbing from the surface,
it has to diffuse into the Ni(111) bulk. This will be further discussed in the interpreta-

tion of the UP spectra.

From our data, we conclude that a similar reaction of CH; adsorbed onto h-BN occurs,

as on metal surfaces, e.g., on, Pt(111) or Pd(111).

I 4d core level

The spectra recorded during TPXPS experiment, are shown in Figure 8.3b and ¢, the
corresponding quantitative analysis in e. During the heating experiment, we observe
that the two poly iodine species, Iy and I; (48.4 eV and 49.3 eV), start desorbing at
190 K and vanish completely at 300 K. This desorption leads to an apparent increase in
bonded iodine coverage to 0.06 ML, because the polyiodides do not damp the signal any-
more. After 310 K, the contribution for the bonded iodine species decreases, i.e. desorp-
tion is observed and the binding energy shifts to 49.5 (51.2) eV (dark green in Figure

8.3e¢). The coverage now is only 0.02 ML, thus 2/3 of the iodine desorbs. This bonded
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iodine is highly temperature stable and observed up to 850 K. It shows a different bind-
ing energy and thermal stability as iodine adsorbed on Ni(111), which is observed up to
970 K. This also shows that the h-BN layer is still intact. A table for the observed spe-

cies is given below in Table 8.1.
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Figure 8.3: Selected spectra of the heating experiment of Mel adsorbed onto h-BN/Ni(111) and
the quantitative analysis. (a) C 1s region. Irradiation induced fragments are marked with a yel-
low star. (b) I 4d region up to 280 K; (c) I 4d region above 290 K. Results of the quantitative
analysis for the C 1s core level in (d) and for the I 4d core level in (e).

To conclude the findings in the I 4d core level region: Upon exposure of the sample to
accelerated Mel the following is observed: First, reactive iodine species are generated,
binding to h-BN (I-bonded, dark green Figure 8.1d. Subsequently, we find physisorption
of molecular Mel. Then, due to the high iodine concentration on the surface both Is and
Iy are formed. However, upon formation of these polyiodine species the physisorbed Mel
species starts to desorb, so that after adsorption experiment only poly iodine and bond-
ed iodine is found in the I 4d core level spectra. When the sample is subsequently heat-
ed, we find the following changes: I, starts to desorb, beginning at 190 K. At 230 K also
I;- desorbs and the signal attributed to the bonded iodine is de-damped. Beginning at
310 K, also the bonded Iodine starts to desorb; however 1/3 reacts to a species, with a
distinctively different higher binding energy. This species is temperature stable up to

850 K and is more oxidized.
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We like to shortly compare the I 4d and C 1s core level: The quantitative analysis shows
that both core levels display a different reaction behavior during the adsorption, as well
as, during the TPXPS experiment. The only species found on the surface that contains
both iodine, and carbon is the meta-stable Mel species observed shortly during the ad-
sorption. For all other species the obtained data indicates that they are separately
bound. We also find a large excess of iodine on the surface in the form of poly iodine.
However, it should be noted that the contributions for the poly iodine likely also contain
the signal of Mel interacting with iodine in the I 4d core level. However, an unambigu-
ous deconvolution is not possible, as this signal should be rather small, when considering

the amount observed in the C 1s core level region.

Table 8.1 Observed species ordered by binding energy, from low to high for the C 1s and I 4d

core level.
P
Species Binding Energy [eV] Species Binding Energy [eV]
Beam Damage 283.7 I 48.4
Mel 284.9 Bound I (1) 48.9
B-CH; 285.0 I 49.3
B-CH 285.3 - 285.9 Bound I (2) 49.5
N-CH; 285.7 Mel 49.9
Mel in I Matrix 286.3
C 286.3 - 286.5
CO 288.1

Valence band spectra (UPS)

For additional spectroscopic insight, we used ultraviolet photoelectron spectroscopy in a
temperature dependent manner to study the electronic structure of the functionalized of

the h-BN layer. Selected spectra recorded at the I'-point are shown in Figure 8.4.
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From 0 to 3 eV, the Ni(111) metal d-orbital states appear in the spectrum. The c-band
region of h-BN is located between 3 to 7 €V in the spectra -marked in green- and the n-
band region is located from 8 to 12 eV, marked in brown. Upon adsorption of Mel, the
following changes in the UP spectra are observed: The spectra are damped to 60% of
their intensity, compared to pristine h-BN. In the region of the c-band, we find an addi-
tional peak at 4.2 eV (marked (I)), located at lower binding energy, than the pristine o-
band. We do not observe any new features or a large shift to lower binding energy in
the -band region, thus making intercalation unlikely. Upon heating from 170 to 250 K,
feature (I) shifts to 3.6 eV (II). Upon further heating, (II) diminishes, until at 470 K,
when it is no longer observable. With the decrease of (II) a feature in the n-band region
is observed (marked as (III)), located at 8.4 eV. (III) is observed form 438 until 700 K
and vanishes completely between 700 to 750 K. The spectrum of pristine h-BN at low
temperature is similar to that taken at 850 K, after all carbon and iodine containing

groups have desorbed from the surface.

We like to note here that UPS data is not easily interpretable, as the new states have
not been studied further. However, the temperatures, at which reactions were observed
in the UP spectra fit to those described above observed, in the C 1s core level: The shift
from (I) to (II), occurring from 170 to 250 K, also occurs in the C 1s core level, as the
reaction from B-CH; to B-CH. The reaction of (II) to (III) from 438 to 490 K fits to the
reaction of B-CH to B-C. Lastly, the temperature, when (III) vanishes fits to the disap-
pearance of the B-C species in the C 1s. The formation of (IIT) together with the re-
maining single peak in the C 1s region, leads us to believe that we more likely observe
the formation of a quasi-free-standing graphene — like structure, i.e., graphene on h-BN,

instead of doped h-BN.
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Figure 8.4: TPUPS spectra of Mel adsorbed on h-BN. The o-band region is marked in green; the
n-band region is marked in brown. The additional peaks found, not observed for pristine h-BN
are marked with blue dashed lines and roman numerals. The reaction from (I) to (II) is observed

from 248 to 470 K. (III) starts to form at 438 K.

Adsorption of Mel on graphene

Graphene is grown on Ni(111) by chemical vapor deposition of propylene. Subsequently
it was exposed to Mel from the supersonic molecular beam, also with an energy of
0.25 eV similar to the experiments with h-BN. Please note that graphene on Ni(111)
shows three contributions in XPS, namely one peak for the bridge top adsorption geom-
etry, located at 284.9 eV and two peaks for top fcc adsorption geometry, located at
285.0 and 284.5 eVPY, We will discuss spectra taken before and after the adsorption of
Mel for 5 min. The functionalized graphene surface was then heated with a linear heat-

ing of 0.5 K/s ramp and spectra were recorded every 10 K.

137



8 Covalent functionalization of 2D materials with methyl iodide

C 1s core level region:

A spectrum recorded before (denoted pristine), after the adsorption (Figure 8.5a, 150 K)
and selected spectra recorded during the heating experiment are shown in Figure 8.5a.
The analysis of the data is challenging, as the strong signal of graphene is overlaying the

new, small signals.

In the C 1s core level spectra, we observe the formation of a shoulder at lower binding
energy. This shoulder was identified in earlier work as carbon atoms in a sp® configura-
tion, i.e. the formation of a covalent bond to graphenel®'®l, These earlier studies de-
scribed the formation of C-H bonds, but as the binding to CHs-groups, is very similar we
assign this peak to the formation of methyl functionalized graphene. Furthermore, a
contribution of the CHs-group at higher binding energies, similarly to h-BN is expected
(B-CHj: 285.0 eV, N-CH;: 285.7 €V, or CH; on SiC: 284.9 eV), but cannot be resolved,
due to the larger contribution of graphene. However, the shoulder at 284.4 eV is an in-
direct indication of covalent bonds formed during the adsorption Additionally, the entire
spectrum shifts to a lower binding energy by 0.1 eV. We attribute this to the additional
electron density, the adsorbed species provide, shielding the generated core hole, during
the XP process. During heating with a linear heating ramp of 0.5 K/s we find that the
shoulder at 284.4 eV stays constant up to 200 K. Subsequently, it slowly decreases, until
345 K, when it completely vanishes, and the signal of pristine graphene is restored. This
is also supported by the quantitative analysis shown in Figure 8.5c. However, the quan-
tification is challenging due to damping of adsorbed iodine, as well as the changes in the
peak shape of graphene during annealing, as described in®’. The quantitative analysis
however, gives a lower limit with 0.18 ML of sp® carbon, which are obtained, when ne-
glecting the damping of the signals. This amount also includes possible covalently bound
iodine. During heating, the entire spectrum of graphene shifts back to its pristine posi-

tion, further indicating that all adsorbed species have desorbed when reaching 550 K.
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I 4d core level region:

Data recorded in the I 4d core level is shown in Figure 8.5b and the respective quantita-
tive analysis in Figure 8.5d. In the I 4d core level region, we observe similar species, as
for Mel on h-BN: Two spin orbit split main contributions, identified as Iy and I, locat-
ed at 48.4 (50.1) and 49.2 (50.9) eV, respectively. An additional contribution is located
at 49.7 eV (51 eV). Due to the very similar binding energy as the physisorbed Mel at h-
BN, we believe that this is Mel, interacting with iodine on the surface. Upon heating,
both poly-iodine species start to decrease from 200 K on. The decrease becomes faster at
270 K and the two polyiodine species have completely vanished at 360 K. They remain
40 K longer on the surface than on h-BN. The contribution for the species of bonded
Mel stays constant from 150 to 200 K; subsequently the desorption of the polyiodines
leads to an increase of intensity as damping is lifted. It starts to desorb beginning at
240 K and has desorbed and partially reacted at 290 K. The reaction product is found at
50.0 eV (51.7 eV), appearing at 290 K and remaining on the surface of the sample until
490 K. Due to this thermal stability, we assume that this is again a chemically bonded

iodine species. However, the coverage never exceeds 0.01 ML.

Thus for graphene, we again observe polyiodine species, however, no bound iodine at
48.9 eV, as was observed for h-BN. Instead, we find an additional chemisorbed species at
49.7 eV and a slightly higher thermal stability of all the physisorbed species. We observe

a chemisorbed species, which reacts at 290 K and desorbs until 490 K.

Graphene shows a similar total coverage for iodine and we were able to indirectly prove
that graphene shows the formation of a covalently bonded CH; group. However, the
thermal stability is again lower than on h-BN. Moreover, UPS did not show any new

bands.

As a conclusion, the reaction pathway is shown in Figure 8.6 for both h-BN in Figure
8.6a and graphene in Figure 8.6b, on the basis of our TPXPS experiments. We find on
both the h-BN/Ni(111), and graphene/Ni(111) distinguishable reaction steps, which are

best described for h-BN as the step-wise dehydrogenation of the adsorbed CHj;-species,
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from “CH;” to “CH” to “C” and a restoration of the pristine h-BN sheet. For graphene
the reaction is depicted in Figure 8.6b. Here we only find desorption of the adsorbed
species, with the exception of the formation of minor amounts of bonded iodine. If a
dehydrogenation or other reaction occurs cannot be resolved in the C 1s core level, due

to the large graphene contribution. Bonded iodine also desorbed before 500 K.
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Figure 8.5: XPS data of the functionalization of graphene on Ni(111) and the corresponding
TPXPS experiments. (a) 150 K: C 1s spectrum obtained after adsorption. Subsequent spectra
obtained during TPXPS. The three contributions for graphene are marked. The contribution for
sp® carbon in the graphene backbone is marked in red. (b) I 4d spectrum at 150 K obtained after
adsorption. Subsequent spectra are recorded during TPXPS. (c) Quantitative analysis of the C 1s
region. (d) Quantitative analysis of the I 4d region.
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8 Covalent functionalization of 2D materials with methyl iodide

Figure 8.6: Reaction scheme: (a) reaction observed for h-BN. We use the characteristic interme-
diates observed in the C 1s core level to divide the reaction into steps: adsorption, mainly CH on
the surface, C on the surface and restoration of pristine h-BN. (b): reaction observed for gra-
phene: adsorption, CH; and iodine on the surface, and desorption of all physisorbed and chemi-

sorbed species and restoration of pristine graphene.

8.3 Conclusion:

To conclude, we are able to adsorb methyl iodide (Mel) through a supersonic molecular
beam seeded with helium, with a heated nozzle onto hexagonal-boron nitride and gra-
phene. The adsorption takes place at a temperature, where molecular Mel does not stick
to the surface. XPS reveals several species adsorbed on the surface. For h-BN, these are:
CH;, I; Iy, Mel interacting with iodine. Furthermore, we are able to distinguish two
different CH;-species, namely bonded to boron or nitrogen in h-BN. Temperature pro-
grammed experiments reveal the thermal stability of the adsorbed species. We find that
the B-CH; species is stable and reacts to B-CH and B-C, with the carbon dissolving into
the Ni(111) bulk at 750 K. No other carbon-containing species was found to be stable.
For the iodine species, we find that the poly iodines, and physisorbed Mel desorb at
elevated temperatures. However, chemically bonded iodine is found on h-BN up to

850 K.

Graphene on Ni(111) shows a rather different reactivity: In the C 1s core level, we can

only indirectly conclude that we find CH;s-groups bonded to graphene but we are able to
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observe sp3-hybridized carbon atoms of graphene. However, it is not possible to observe
any evidence of a reaction of possible adsorbed CH; groups. In addition, the stability of
the adsorbed iodine groups differs. While the adsorbed polyiodines show a slightly high-
er thermal stability, only minor amounts of chemically bonded iodine groups are found.

These are only stable up to 500 K.

The last chapter of the results of this thesis deals with the intercalation of graphene
with argon. This leads to the formation of freestanding graphene over argon bubbles
with a significant pressure. This can be understood as a functionalization of graphene,
but not from the top side, but from the bottom side, although maybe different gases

would lead to a stronger change in the band structure as the used argon.

142



9 Argon intercalation of graphene

9 Argon intercalation of graphene

The results in this chapter have already been published and the text has been adopted
from this publication:

Keeping argon under a graphene lid - Argon intercalation between graphene and nick-
el(111), F. Spath, K. Gotterbarm, M. Amende, U. Bauer, C. Gleichweit, O. Hofert, H.-

P. Steinriick, and C. Papp, Surf. Sci. 2016, 643, 2222261,

Graphene on Ni(111) is an example of a strong interaction between the 2D material and
the substrate. Thus intercalation of gases is difficult to achieve under high-vacuum con-
ditions. Herein, the novel approach of pre-implanting gases in the substrate, which part-
ly desorb during preparation of the 2D material, was chosen. For this purpose argon was
sputtered into the Ni(111) surface, and subsequently graphene was grown on the argon
containing substrate. During the preparation of graphene, argon diffuses from the
Ni(111) bulk towards the surface and is captured by the graphene over-layer. The for-
mation of argon blisters was indirectly observed with XPS, as two argon species were
found. One argon species was attributed to argon only in contact with neighboring argon
atoms, while the second species was attributed to argon in contact with Ni(111) and
graphene. From this model, a size of the argon blisters was determined, as the interca-
lated graphene shows also a different binding energy in the C 1s region. From heating
experiments, a higher thermal stability of graphene above argon was observed. Moreo-
ver, graphene shows very little interaction with the argon underneath, giving it a more

quasi-free standing character.
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9.1 Introduction

Graphene, the hexagonal 2D carbon allotrope with semi-metallic properties, has gained
great attention over the last years, in particular in its free standing formH12255-%7] Tt ig
proposed as a future substitute for silicon in semiconductor industries. Another potential
application field is gas sensors, due to graphene’s specific electronic structure that can
easily be manipulated by adsorption. Here, changes for very low concentrations, in the
ppb region and below were observed?!. By covalent functionalization, e.g. the attach-
ment of OH or H groups, the electronic structure and resistivity of graphene can signifi-
cantly be altered, or even changed from semi-metallic to semi-conducting®"?*, Besides
its electronic structure, also the mechanical and chemical properties of graphene are of
interest: The atomic structure of graphene that is, close packed six membered rings of
carbon atoms, is proposed to be helium leak tight, and it was therefore suggested to be
used as a gas barrier?. In this context, applications for gas containment, gas

117,259,260)

separation! , or protective coatings are discussed!®: 292l Gas separation with

modified graphene membranes was proposed to allow helium separation from other gas-

2627, Porous two-layer graphene membranes with vari-

es, and helium isotope separation!
ous pore sizes, prepared by focused ion beam etching and photo lithography, exhibit
good separation ratios for CO, and H, for pore diameters below 10 nm. Furthermore,
strong improvements in the permeance of water, water vapor and oxygen were achieved,
as compared to current state-of-the-art membranes?®?. However, the preparation of well-
defined pores for very high separation ratios is still challenging, as it requires mani-

pulation of graphene on an atomic scale and sometimes special edge termination/*!"-%3,

Several groups investigated the properties of graphene as membrane for gas contain-
ment, and for corrosion inhibition with various techniques; one example is a micro
chamber etched into a SiO, substrate sealed with transferred graphene that was investi-
gated with atomic force microscopy (AFM)2. A similar approach used graphene mem-

branes that were transferred onto a patterned SiO, substratel?*,

leading to graphene-
sealed cavities. These structures show characteristic, switchable shapes, depending on

the pressure difference within the cavity and applied external pressure. For graphene-
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sealed chambers, the leak rates are measured with mass spectrometry and weighing®l,
Furthermore, the use of graphene as corrosion-inhibiting material has been proposed
and model systems of graphene protective coatings were studied by Raman spectrosco-
py, scanning tunneling microscopy (STM), scanning electron microscopy (SEM), or opti-

cal microscopy!?66-267,

Despite these efforts, experiments regarding the properties of graphene in possible ap-
plications as membrane or as gas-containing material in a controlled surface science en-
vironment, i.e., under ultra-high vacuum conditions investigated with high resolution X-
ray photoelectron spectroscopy (XPS), are still missing. Furthermore, up to now, re-
searchers mostly used either graphene prepared with the scotch tape method®!, trans-
ferred graphene (which was grown on other substrates)®', or graphene grown at high

26, Thus, the results obtained up to now may be influ-

pressures in inert atmosphere!
enced by defects, the limited size of the flakes, by regions exhibiting double- or multi-

layer graphene, and by contaminations from the transfer.

Herein, we report on the intercalation of argon under a graphene layer on Ni(111). Us-
ing a surface science approach allows for studying single layer graphene as a membrane
for gas containment under UHV conditions over a wide temperature range. Well-defined
conditions result in a very clean and single layer of graphene with a low density of de-
fects®”. Argon is implanted into the Ni(111) crystal before graphene growth. During the
preparation of graphene at elevated temperatures, argon then diffuses to the surface and
is caught under the graphene layer instead of desorbing to the vacuum. We further re-
port an increased stability of graphene on top of the intercalated argon, as compared to
graphene on Ni(111), as no interaction with the underlying chemically active nickel is
possible. We further conclude from these results that the intercalated graphene has a

quasi-free standing-like character.
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9.2 Results and Discussion

Preparation of Argon under Graphene

The sample was prepared in the following way: It was sputtered at 170 K with argon
with a kinetic energy of 1 keV for 30 minutes. During sputtering an ion current 3 pA
was measured on the 1 cm diameter, round sample. The pressure of argon during sput-
tering was 2x10° mbar. After sputtering, the sample was annealed to 900 K. Upon
reaching this temperature, preparation of graphene was started: We use a supersonic
molecular beam of propylene that yields, with the chosen parameters, a pressure of
~2x10"® mbar on the sample surfacel'®, while maintaining a low background pressure in
the chamber. Growth of graphene and the accumulation of argon underneath graphene

were examined by in-situ high resolution XPS.

In Figure 9.1a and 9.1b, we show C 1s and the Ar 2p spectra, respectively, recorded
during preparation of graphene at 900 K. In the first 300 s, we find a strong increase of
a C 1s peak at a binding energy of 285.0 eV, which is assigned to the formation of gra-
phene on Ni(111)F% %5288 The quantitative analysis in Figure 9.1c (blue symbols) shows
saturation of the C 1s signal after ~300 s, at a coverage of 2.0 = 0.1 ML, which corre-
sponds to a closed layer of graphene with two carbon atoms per nickel surface unit cell.
To avoid slow decomposition of the graphene layer at 900 K (which would occur under
vacuum conditions at this temperature) and to keep a closed graphene layer during the
accumulation of argon, we continuously supplied the precursor propylene at 2x10°° mbar.
After each C 1s spectrum, we recorded Ar 2p spectra that are shown in Figure 9.1b.
During graphene growth, we observe the formation of two spin-orbit-split doublets in
the Ar 2p region. The first Ar 2p;;, and 2p;,, doublet is located at 241.8 and 243.9 eV,
respectively and the second at 242.3 and 244.5 eV. The spin-orbit splitting of the two
doublets is similar, considering the error bars of £ 0.05 eV of the denoted binding ener-
gies. In the following we will only discuss the larger Ar 2p;/; contribution. After 5400 s
we find a saturation of the Ar 2p signals. The quantitative analysis of the argon spectra,

recorded during the growth of graphene, is shown in Figure 9.1c as red and black sym-
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bols. We like to add here that at this stage of the experiment, it is not possible to ob-
serve any notable differences in the C 1s signal in comparison to the graphene/Ni(111)

system due to the small contribution of graphene intercalated by Ar.
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Figure 9.1: Preparation of graphene and accumulation of Ar at the graphene/Ni(111) interface.
(a) Selected C 1s spectra, collected during graphene growth (graphene is saturated after 360 s);
the last spectrum is recorded after 5400 s. (b) Waterfall plot of the Ar 2p spectra recorded as a
function of time; hv = 380 eV. (c¢) Quantitative analysis of the spectra in (a) and (b) after peak
fitting: left axis Ar coverage, right axis carbon coverage. Damping of the signal from Ar by the

graphene layer and self-dampening of Ar were not taken into account.

The two argon species show a different growth behavior: below 200 s, the species at
241.8 eV denoted as Ar™"™ dominates during graphene growth (140 s: © ,,*P=7*¥10* ML
vs. 04, tm=9%10* ML); the second Ar species at 242.3 eV, Ar*?, is the dominant con-

tribution from 200 seconds on (200 s: O 4, P= 2.0¥10° ML vs. O 4*"==1.5%10% ML),

147



9 Argon intercalation of graphene

until the end of the experiment; see Figure 9.1b and 9.1c. During the experiment, we
observe a binding energy shift for the both Ar species towards higher binding energies
by 0.2 to 0.3 eV. As evident from Figure 9.1b, first Ar*%*® is populated and subsequent-
ly Ar*? increases. Within the accuracy of our experiment, the growth behavior of gra-
phene was not influenced by Ar, as it accumulates under graphene only after a part of
the graphene layer has formed. In a similar experiment, we only implanted argon into a
clean Ni(111) crystal that is, without a graphene layer on top. This experiment shows
that at 900 K no argon is detectable in the near surface region (see Figure 9.2), with a
detection limit of ~ 1x10* ML. This is in line with argon TPD spectra, which show that
argon desorption from the surface-near region is completed at this temperature, when

Ar is implanted with 1 keV kinetic energy.

= Ar in Ni at 170 K
= Ar in Ni at 900 K
- G/Ar/Ni at 900 K
G/Ar/Ni at 170 K
hv = 380 eV; Ar 2p

Intensity [arb. u.]

247 246 245 244 243 242 241 240
Binding Energy [eV]

Figure 9.2: Ar 2p XP spectra of Ar in nickel and Ar under graphene. Red spectrum: Ar in Nickel
after Ar sputtering of clean surface at 170 K; green spectrum: after Ar sputtering of the clean
surface at 900 K; black spectrum: Ar under graphene after a total annealing time of 5400 s at
900 K (last spectrum of Figure 9.1b; blue spectrum: after Ar intercalation at 900 K, measured at
170 K.

Figure 9.2 shows Ar 2p spectra after implanting Ar into a clean Ni(111) surface at
170 K (red) and 900 K (green); for comparison, also spectra of the preparation of argon
under graphene at 900 K (black) and at 170 K (blue) are depicted. The latter show clear
chemical shifts of 0.4 and 1.0 eV towards higher binding energies with respect to argon

in clean Ni(111), clearly demonstrating that the two intercalated argon species are in a

very different local environment than Ar implanted in Ni(111).
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During the initial formation of the graphene layer at 900 K, no intensity is observed in
the first Ar 2p spectrum (after approx. 80 seconds), which indicates that Ar diffuses to
the partly uncovered surface at this elevated temperature and immediately desorbs;
therefore, the amount of Ar within the information depth of XPS is below the detection
limit of ~ 1x10* ML. The information depth (ID) is defined as 3 times the inelastic mean
free path for Ar 2p photoelectrons in nickel, and is estimated to ~3 nickel layers at a
kinetic energy of approx. 140 eV, We thus conclude that the implanted Ar, which dif-
fused to the surface at later stages of the experiment, must be dissolved deeper in the
nickel crystal, beyond the XPS information depth. This is in agreement with TPD re-
sults for similar implantation energies, where minor diffusion-limited desorption from
deep lying argon is found at 900 K. Interestingly, upon heating a clean Ni(111) sam-
ple sputtered at 170 K (Figure 9.2, red spectrum), we observed only one Ar 2p contri-
bution, until it vanishes at 900 K (green spectrum). From this observation, we rule out
the formation of sub-surface argon bubbles or argon filled cavities, as described for other

272,273

materials such as ruthenium®°*", aluminum or silicon*"**’*, where two Ar contributions

are found in XPS.

Thermal stability of argon under graphene

To investigate the stability of argon under graphene, we carried out XPS measurements
while heating the sample from 170 K (after cooling down from the preparation tempera-
ture of 900 K) to 1100 K. In Figure 9.3a we show selected spectra of a heating experi-
ment in the Ar 2p region, and the corresponding quantitative analysis is depicted in
Figure 9.3c. In Figure 9.3b, we show the corresponding C 1s spectra of the same exper-
iment, and in d an enlargement of the C 1s spectrum taken at 1050 K is displayed. Dur-
ing heating to 1000 K, we find a constant total argon coverage, indicating that graphene
acts as a leak tight gas barrier up to this temperature. Interestingly, however, the rela-
tive abundance of the two argon species changes, which might be due to ripening of the
Ar agglomerates, as will be discussed below. At the same time, up to 900 K, only a small
loss in carbon intensity is observed. Thereafter, the carbon signal steeply decreases, in-

dicating the dissolution of carbon into the bulk of the Ni(111) crystal.
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Above 950 K, simultaneously to the onset of the decomposition of the graphene sheet
(see Figure 9.3b and 9.3c), a considerable and abrupt shift of 0.45 £ 0.05 eV and 0.43 £
0.05 eV towards higher binding energy is observed for Ar‘® and Ar™%™ gpecies, respec-
tively. The C 1s spectra in Figure 9.3b show that at 1050 K the carbon peaks have more
or less disappeared and only a small peak at 284.5 + 0.1 eV remains; see the enlarged
spectrum in Figure 9.3d. Interestingly, the C 1s signal is lowered to only ~2.5% of the

original intensity, while the Ar 2p intensity is still ~72%.
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Figure 9.3: Heating of graphene to 1100 K: (a) Selected Ar 2p spectra. (c) Quantitative analysis
of the heating experiment. Axis on the left for argon, on the right for graphene. (d) Deconvolu-
tion of the C 1s spectra of graphene recorded at 1100 K and shown in comparison to the spec-
trum recorded at 170 K (b).

From Figure 9.3b and 9.3d, we conclude that in the graphene spectra at 170 K (black)
and 950 K (red, O¢= 1.7 ML), the C 1s signal at 284.6 eV contain two contributions,
one from the graphene carbon in an top-fcc geometry® and one from graphene above
argon (G/Ar). This latter contribution is the small peak left after heating the sample to
above 1000 K (see Figure 9.3d), which due to its low intensity can only be discerned at

high temperatures, when the other contributions have disappeared due to dissolution of

the rest of the graphene sheet into the nickel bulk. This C 1s signal at 284.5 £0.1 eV is
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further denoted as G/Ar and is ascribed to graphene above argon, or as argon-
intercalated graphene. The binding energy of G/Ar is very close to that of quasi-free-
standing graphene (284.30 eV), as obtained e.g. by gold intercalation on Ni(111)!?l, The
quasi free-standing-like character is attributed to the inert character of the noble gas

argon, as compared to the Ni(111) substrate.
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Figure 9.4: Isothermal decomposition of Ar underneath graphene at 1150 K. (a) and (b) selected
Ar 2p and C 1s spectra, respectively, recorded as a function of time. (c¢) Quantitative analysis of
the data in (a) and (b); note that the last data point was obtained after flashing the sample to
1200 K for 60 s. hv = 380 eV.

When the temperature is further increased to 1150 K, the intercalated Ar species and
the G/Ar species are found to decrease exponentially with time, as seen in Figure 9.4.
The ratios of Ar*® to Ar™"™ and of carbon to the two argon species stay constant dur-

ing this period. After 900 s, the sample was heated to 1200 K for 60 seconds, which led

to the complete disappearance of all signals in the Ar 2p and C 1s core level regions, as

151



9 Argon intercalation of graphene

seen in the red spectra in Figure 9.4a andb, and also in the quantitative analysis in Fig-
ure 9.4c (last data point at ~950 s). This behavior shows that those regions of graphene
that are stable at 1150 K, are responsible for the containment of argon. Vice versa, it
also shows that non-intercalated graphene on Ni(111) is less stable than argon-
intercalated graphene. This is attributed to the catalytic properties of the nickel surface
that are needed to break up and successively dissolve the graphene sheet, as compared
to the situation on top of the intercalated chemically inert argon. Thus, in regions,
which are not intercalated by Ar, graphene becomes instable above 900 K and diffuses
into the bulk of the Ni(111) crystal, while the other carbon atoms which are not bound
to nickel exhibit a higher thermal stability. It is important to note that some of the car-
bon atoms of the graphene sheet, which cover the intercalated argon regions, must be
still bound to the Ni(111) surface, to keep the graphene “lid” closed®’. We like to stress
here that the decoupling of the graphene sheet from the Ni is also the reason for the
stability of these hemispheres: argon keeps graphene from dissolving completely into the
nickel bulk, while graphene keeps argon from desorbing into the vacuum. Thus, the two
components of these hemispheres stabilize each other, making a thermodynamically very

unstable system possible.

Our findings are in line with results from Mu et al., who found CO intercalated between
graphene and Pt(111) to desorb at higher temperature than from the bare Pt(111)"7.
Also, a higher desorption temperature was found for water under graphene on mica®".
Other examples are OH/H,O filled graphene nano bubbles on diamond (100)2" and O.-
filled graphene nano bubbles on Ru(001)?™. Interestingly, hexagonal boron nitride (h-
BN) on Rh(111) intercalated with Ar shows quite different results: Ar was found at
weakly interacting regions of the Moiré pattern and XPS shows only one Ar species.
Moreover, a lower thermal stability for the Ar-intercalated parts of the h-BN sheet was

observed??™.
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9.3 Model of Argon under Graphene

Next, we want to discuss a model for the origin of the two argon species found in the
experiment and that allows us to obtain a rough estimate of the pressure in the three
dimensional argon structures. For a single argon atom, which represents the beginning
of the growth of all possible argon ensembles under graphene, we expect only one peak
in the Ar 2p core level region. This is the contribution found during the beginning of the

bottom neak to such single argon atoms between

growth of graphene. We thus assign the Ar
graphene and the Ni surface, and also to two-dimensional ensembles of argon atoms that
exist at the argon/nickel interface. Ar*"™ atoms have a stronger interaction with the
surface (are better screened) than Ar*? atoms that are in contact with graphene or with
argon, leading to peaks at lower binding energies. Our assignment, in terms of binding
energy shifts, is in line with work by Trischberger et al.*”® for xenon on a hydrogen-

terminated Pt(110) surface and by Weinelt for xenon in Pt trenches?™.

One possible arrangement would be a graphene hemisphere filled with Ar atoms, with
Ar**m atoms at the nickel interface and the Ar'? atoms filling the rest of the hemi-
sphere. This certainly is a strong simplification and results in a structure with a very
high aspect ratio (width to height (w/h) of 2). While such heights are typically not re-
ported for graphene bubbles on Pt (w/h ~3) and Ru (w/h ~20), the model nevertheless
allows us to obtain some insight. When modeling such a hemisphere we consider the
experimental ratios of Ar*"™ : Ar*? : graphene of 1 : 5.3 : 26 that we find at 1050 K in
Figure 9.3c, where we can quantify the amount of graphene above the argon atoms. If
Ar is statistically distributed, this leads to a graphene hemisphere that has a bottom to
volume ratio of 1 : 6.3 (1+5.3, as the volume is given by the Ar*"™ 4+ Ar™P). Since for a
hemisphere, the volume (amount of Ar**+ Ar™"m) orows as 2/3r%r, while the interface

bottom) orows as r2m, this yields a unique ratio for its

area to the substrate (amount of Ar
size; for this ratio of 1: 6.3 one obtains 21.000 carbon atoms, enclosing a volume of
~1775 nm3. From the above ratio, we then calculate ~800 Ar atoms at the nickel inter-

face and ~4300 Ar atoms in the rest of the hemisphere. When applying the ideal gas law,

the total number of ~5100 Ar atoms in this hemisphere results a pressure of 417 bar at
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1050 K. This value has to be considered as a rough estimate of the pressure of argon
under graphene in view of the applied assumptions and from the fact that argon at such
temperatures (1050 K) and pressures is supercritical. In comparison, for graphene layers

%4 Lim et al. found a pres-

on SiO, a pressure of 7 bar was deduced by Boddeti et al.!
sure, using a similar calculation as applied herein, of 10,000 bar for OH/H,O-filled gra-

phene nano bubbles on Diamond (100)2™.

When discussing the application of graphene as a gas barrier, the influence of defects has
to be discussed: defects might allow diffusion of argon through the graphene layer into
vacuum. Jacobson et al. have shown that for graphene prepared on Ni(111) at 925 K -
close to our 900 K preparation temperature - only Stone Wells defects (alternating 7-
and 5-membered rings) and rarely single carbon vacancies are observed®’. Considering
the van der Waals diameter of a single argon atom (376 pm) and the lattice constant of
graphene on Ni(111) (246 pm), it seems unlikely that argon can diffuse through such
defects in the graphene lattice. Even defects of up to 6 carbon atoms seem sufficient to
avoid diffusion through the graphene layer for molecules with about a similar size as
argon?>?Y, While the graphene sheet is still bond to the nickel surface, carbon atoms at
vacancies are proposed to bind particularly strong to the substrate, and thus prevent

argon from desorbing through such vacancies*.

Finally, we address the change of the relative concentration of Ar™"™ and Ar"® upon
heating (Figure 9.3c), at a constant total Ar coverage. We attribute this finding at a
ripening of the argon agglomerates under graphene for temperatures below 1000 K,
when graphene is still stable. Within our model, the relative increase of the Ar*® species
indicates a change towards larger bubbles, which might be due to Ostwald ripening. At
temperatures above 1000 K, when graphene is no longer stable, we find a different be-
havior: the total Ar coverage significantly drops, by ~22% for the Ar®P species and
about 51% for the Ar™"™ species. The stronger decrease of the latter indicates a lower

stability of smaller bubbles.
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9.4 Conclusions

In conclusion, we presented the intercalation of graphene with argon via the novel ap-
proach of pre-implanting the intercalated species in the substrate on which graphene is
grown, namely Ni(111). We can differentiate between argon atoms within the inner part
of the formed bubbles and in contact with graphene, and those argon atoms in contact
with the Ni(111) substrate; the latter show a lower binding Ar 2p binding energy. The
intercalation of argon leads to a decoupling of graphene from the nickel surface, as de-
duced from the binding energy and the thermal stability of the graphene sheet. We find
a ripening of the argon agglomerates under graphene up to temperatures of 1000 K, and
a different growth mechanism at temperatures above. For the bubbles formed at

1050 K, we estimated the pressure in the bubble by assuming a hemispherical shape.
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The 2D materials graphene and h-BN are promising materials for many future applica-
tions. Graphene shows ballistic electron transport, while the isostructural and isoelec-
tronic h-BN has a bandgap of 5.4 eV. Graphene may further be used as a gas separating
membrane, while h-BN may be a universal coating for the prevention of oxidation. How-
ever, suitable ways to tailor the electronic structure as well as the chemical properties,

either through intercalation or chemical functionalization are still scarce in literature.

In the first part of this thesis, it was shown that nitrogen doped graphene readily reacts
with atomic hydrogen. Here it was observed that both species of nitrogen in graphene,
namely pyridinic and graphitic (substitutional) nitrogen, bind to hydrogen. Moreover, it
was shown that the reaction of the carbon back-bone of graphene is completely unaffect-
ed by doping. For pyridinic nitrogen, it was shown that, although this nitrogen is only in
a twofold bonding configuration, the dehydrogenation temperatures are very similar to
carbon in graphene, indicating a similar desorption mechanism. For graphitic nitrogen,
only one desorption maximum was observed, at a similar temperature as the first de-
sorption maxima of pyridinic nitrogen. Thus, although the three-fold bonding of this

nitrogen is similar to carbon in graphene, a different dehydrogenation mechanism is like-
ly.

As hydrogenation was found to be a promising route for bandgap manipulation, and the
hydrogenation of graphene and nitrogen doped graphene on Ni(111) is well understood,
the reactivity of h-BN towards atomic hydrogen was investigated. TPD experiments
revealed similar desorption temperatures of hydrogen, as in the case of graphene, with
also two desorption maxima. By NEXAFS experiments, it was deduced that the desorp-
tion maxima at 570 K stems from hydrogen bonded to the basal plane of h-BN. From
DFT calculations, it was determined that bonded hydrogen is a meta-stable state. When
increasing the atomic hydrogen exposure, a desorption maximum at 300 K was populat-

ed. NEXAFS measurements showed that the h-BN-Ni(111) interaction is minimized
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upon populating this adsorption state. Thus, hydrogen intercalates between h-BN and
the Ni(111) crystal. Also from DFT calculations, this was confirmed to be the thermo-
dynamically most stable configuration. This chapter showed that h-BN has a distinctive-
ly different reactivity towards atomic hydrogen that is strongly exposure-dependent.
This is in contrast to graphene on Ni(111). Moreover, it was shown that quasi free-
standing h-BN could be prepared for the first time via hydrogen intercalation on

Ni(111).

In a further step to investigate the interaction of h-BN with ambient gases, the activat-
ed molecular adsorption of oxygen achieved by exposing h-BN to oxygen from the su-
personic molecular beam was studied. A considerable effect of the substrate temperature
was found. When adsorbing oxygen at a substrate temperature of 290 K, a single oxygen
species is observed in XPS. From NEXAFS, we find a slight increase in h-BN substrate
interaction and a strong angular anisotropy, thus indicating oxygen bonding to h-BN,
with the oxygen-oxygen intact. DFT reveals that oxygen binds side on with bonds to
two boron atoms from the surface.

In the following chapter, the adsorption of molecular oxygen was further investigated
with the aim to study the strong dependence on the substrate temperature of the reac-
tion pathway. At 440 K, we observe the formation of two additional oxygen species in
XPS, while the species observed at 290 K is only present in the beginning of the exper-
iment. The two additional species are attributed to oxygen intercalating h-BN and oxy-
gen oxidizing h-BN. This conclusion is further confirmed by NEXAFS measurements.
Oxygen adsorption at 600 K results in the oxidation of h-BN. Here, several distinct oxy-
gen bonding motives from BO to BO; are observed. Annealing results in oxygen desorp-
tion, deintercalation and formation of B.O;, for an adsorption temperature of 290, 440
and 600 K, respectively. For 290 and 440 K, also oxidation of h-BN upon annealing is

observed as a minor reaction pathway.

To further understand the reactivity of the h-BN Ni(111) system, both oxygen and hy-
drogen were co-adsorbed. When oxygen is pre-adsorbed on h-BN and atomic hydrogen

is subsequently adsorbed, the loss of oxygen is observed. During hydrogen exposure, h-
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BN is never pristine, as hydrogen already co-adsorbs with oxygen. After the complete
desorption of oxygen, hydrogenated h-BN is found. For the hydrogen pre-covered h-BN,
it is observed that oxygen adsorption is substantially hindered and thus much slower.
However, during the experiment, desorption of 50% of the adsorbed hydrogen was
found, and an oxygen coverage of ~ 50% of the maximum coverage observed for pristine
h-BN. TPXPS experiments reveal that no interaction that would influence the desorp-
tion temperature of oxygen is observed when the sample is loaded with oxygen and hy-
drogen. A second experiment shows that the hydrogen-displacing oxygen is bonded to h-

BN and not intercalated.

The methods used to functionalize h-BN with oxygen indicate that 2D materials are
rather unreactive and harsh conditions have to be applied, to achieve functionalization.
With the aim to functionalize the system with organic molecules, the exposure to high
energetic methyl iodide was studied. For both graphene and h-BN a reaction was ob-
served. During the adsorption, a complex metastable state, with multilayer of methyl
iodine, can shortly be populated, as long as the SSMB is operated; subsequently, upon
adsorption following species were found for h-BN: the formation of B-CH; and N-CH;
groups upon exposure, as well as multilayers were observed. Moreover, the formation of
poly-iodine is found, which is also observed for graphene. Upon heating, a reaction from
B-CH; to B-CH to B-C is observed, while all other carbon-containing fragments desorb.
Todine, which formed upon adsorption poly-iodine due to the confinement on the surface,
decomposes upon heating to iodine and desorbs, while minor amounts intercalate. For
graphene only the presence of sp® bonds is observed, as an indirect indication for func-

tionalization.

Besides the functionalization of graphene on the vacuum side a further ansatz is to tune
the system by intercalation. But as graphene on Ni(111) is an example of a very strong
interaction of the 2D material with its substrate, the intercalation of gases is difficult
and usually only achieved through pressures exceeding pressures that are UHV compat-
ible. The novel intercalation method to pre-implant argon, with a sputter gun, into the

Ni(111) bulk, was applied in here, for the first time. Upon preparation of graphene, the
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argon diffuses from the bulk to the surface and accumulates underneath graphene, giving
it a quasi-free-standing character. In a temperature programmed XPS experiment, we
observed ripening of the argon clusters, and that portions of graphene on top of argon
structures are more temperature persistent. In an isothermal experiment, the dissolution
of these structures was observed. As two distinctively different argon species were iden-
tified, namely, argon inside the argon bubble and in contact to graphene and Ni(111).
Furthermore, the geometry of the argon bubbles was determined. From further simple
calculations, a pressure inside the bubble of roughly 400 bar was determined, showing

the immense tensile strength of graphene and the graphene Ni(111) interaction.
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Die beiden 2D Materialien Graphen und h-BN sind vielversprechend fiir viele zukiinftige
Anwendungen. Graphen zeigt ballistischen Elektronentransport und das isoelektronische
und isostrukturelle h-BN hat eine Bandliicke von 5,4 eV. Graphen konnte weiterhin als
Membran zur Gastrennung eingesetzt werden, und h-BN als universaler Schutz vor
Oxidation. Jedoch sind passende Wege um ihre elektronischen und chemischen Eigen-

schaften maf3zuschneidern bisher kaum in der Literatur zu finden.

Im ersten Teil dieser Arbeit wurde gezeigt, dass Stickstoff dotiertes Graphen leicht mit
atomarem Wasserstoff reagiert. Es wurde festgestellt, dass beide Typen von Stickstoffen,
der graphitische (substituierende) und pyridinische Stickstoff, Wasserstoff binden. Des
Weiteren konnte gezeigt werden, dass Dotierung die Reaktivitit des Kohlenstoffgeriists
nicht beeinflusst. Pyridinischer Stickstoff zeigt eine sehr #hnliche Dehydrierungs-
temperatur wie der Kohlenstoff in undotiertem Graphen, obwohl er nur zweifach an das
Kohlenstoffgeriist gebunden ist. Dies weist auf einen dhnlichen Desorptionsmechanismus
hin. Fiir graphitischen Stickstoff wurde nur ein Desorptionsmaximum gefunden. Dies ist
beachtlich, da graphitischer Stickstoff auch dreifach koordiniert ist, genauso wie der
Kohlenstoff in Graphen. Deshalb zeigt er wahrscheinlich einen anderen Dehydrierungs-

mechanismus.

Die Hydrierung ist ein vielversprechender Weg, um die Bandstruktur zu manipulieren.
Diese Reaktion ist bei Graphen und Stickstoff-dotiertem Graphen adsorbiert auf Ni(111)
bereits gut verstanden. Nun wurde auch die Reaktion von h-BN mit atomarem Wasser-
stoff auf Ni(111) untersucht. TPD Experimente zeigen zwei Desorptionsmaxima, bei
dhnlichen Temperaturen wie fiir Graphen. Durch NEXAFS Experimente konnte gezeigt
werden, dass das Desorptionsmaximum bei 570 K durch Wasserstoff, der an h-BN ge-
bunden ist, verursacht wird. DFT Rechnungen zeigten, dass dies ein metastabiles Mini-
mum ist. Sobald mehr atomarer Wasserstoff angeboten wird, wird der Zustand des

Desorptionsmaximums bei 300 K besetzt. NEXAFS Experimente zeigen, dass wenn die-
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ser besetzt wird, die h-BN - Ni(111) Wechselwirkung minimiert wird. Deshalb wird auf
Wasserstoffinterkalation riickgeschlossen. Auch DFT Rechnungen zeigen, dass dies die
stabilste Form des Adsorptionssystems ist. Somit wurde gezeigt, dass h-BN anders rea-
giert als Graphen und es wurde erstmals auf Ni(111) freistehendes h-BN mittels Wasser-

stoffinterkalation hergestellt.

Um die Wechselwirkung von h-BN mit Umgebungsgasen besser zu verstehen, wurde die
aktivierte Sauerstoffadsorption untersucht. Dazu wurde Sauerstoff mittels eines Uber-
schallmolekularstrahls auf h-BN adsorbiert. Es wurde festgestellt, dass die Substrattem-
peratur einen starken Einfluss auf das Adsorptionsverhalten hat: Bei 290 K wird mittels
XPS eine einzige Sauerstoffspezies beobachtet. Durch NEXAFS konnte eine erhohte
Wechselwirkung von h-BN mit dem Substrat festgestellt werden, was auf eine Sauer-
stoff-h-BN Bindung deutet. DFT Rechnungen zeigten, dass die Bindung seitlich erfolgt,
mittels je einer Bindung von einem Sauerstoffatom zu einem Bor. Im darauffolgenden
Kapitel wurde die Adsorption von Sauerstoff weiter untersucht, mit dem Ziel den star-
ken Einfluss der Substrattemperatur besser zu verstehen. Bei einer Substrattemperatur
von 440 K beobachtet man in den XP Spektren zwei weitere Sauerstoffspezies, wohinge-
gen die Spezies, welche bei 290 K gefunden wurde, nur zu Beginn des Experiments beo-
bachtet wurde. Die zwei weiteren Spezies werden als interkalierter Sauerstoff und als h-
BN Oxid identifiziert. Diese Schlussfolgerungen werden durch NEXAFS Messungen ge-
stiitzt. Sauerstoff Adsorption bei einer Substrattemperatur von 600 K fiihrt zu einer
Oxidation des h-BN, mit mehreren verschiedenen Sauerstoffspezies, welche unter den
allgemeinen Strukturen BO bis BO; zusammengefasst werden konnen. Das Heizen der
Probe fiihrt zu einer Desorption, Deinterkalation und der Bildung von B,0s, fiir Adsorp-
tionstemperaturen von 290, 440 und 600 K, respektive. Bei 290 und 440 K wird zusitz-

lich, als Nebenreaktion, die Oxidation von h-BN beim Heizen beobachtet.

Um die Reaktivitdt von h-BN besser zu verstehen, wurden Wasserstoff und Sauerstoff
ko-adsorbiert. Dazu wurde zuerst Sauerstoff adsorbiert und daraufhin atomarer Wasser-
stoff dosiert. Dadurch wurde die Desorption von Sauerstoff beobachtet. Es wurde des

Weitern festgestellt, dass wihrend der Desorption von Sauerstoff h-BN nie un-
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funktionalisiert vorliegt, da der Wasserstoff ebenfalls an die Oberfliche bindet. Sobald
aller Sauerstoff desorbiert ist, liegt hydriertes h-BN vor. Wird Wasserstoff zuerst adsor-
biert, wurde festgestellt, dass die Sauerstoffadsorption signifikant gehindert und verlang-
samt ist. Im Verlauf des Experiments konnte jedoch noch ca. 50% der maximalen Sauer-
stoffmenge adsorbiert werden. Ein TPXPS Experiment zeigte, dass es zu keiner Interak-
tion zwischen Wasserstoff und Sauerstoff kommt, welche die Desorptionstemperatur des

Sauerstoffs beeinflussen wiirde.

Wegen der geringen Reaktivitit von 2D Materialien miissen harsche Bedingungen fiir
eine Funktionalisierung gegeben sein. Ein Ziel ist es 2D Materialen mit organischen Mo-
lekiilen im Ultrahochvakuum zu funktionalisieren. Der Beschuss mit hoch energetischem
Todmethan fiihrt zu einer Reaktion sowohl mit h-BN als auch mit Graphen. Wiahren der
Adsorption bildet sich eine meta-stabile Multilage von Iodmethan, solange der Uber-
schallmolekularstrahl in Betrieb ist, aus. Des Weiteren werden auf h-BN folgende koh-
lenstoffhaltige Spezies beobachtet: B-CH;, N-CH; und eine Mel Multilage. Auch wurden
verschiedene Polyiod Spezies auf h-BN und Graphen gefunden. Durch Heizen kann eine
Reaktion von B-CH; zu B-CH, zu B-C auf h-BN beobachtet werden. Andere Kohlen-
stoffhaltige Iodmethan Fragmente desorbieren. lod, welches durch die Beengung auf der
Oberflache zu Polyiod reagierte zerfillt beim Heizen wieder zu Iod und desorbiert. Ein
kleiner Teil interkaliert. Fiir Graphen kann die Funktionalisierung nur indirekt beobach-
tet werden, durch die Entstehung einer Schulter in den XP Spektren, welche auf sp?

Kohlenstoff hinweist.

Das Graphen - Ni(111) Adsorptionssystem ist ein Beispiel fiir ein 2D Material, welches
sehr stark mit seinem Substrat wechselwirkt. Deshalb ist es duflerst schwierig, unter
UHV-Bedingungen Gase zu interkalieren. Um trotzdem quasi-freistehendes Graphen zu
erhalten wird im Normalfall Gold interkaliert. In dieser Arbeit wurde der neue Ansatz,
Argon vor dem Wachsen von Graphen, mittels einer Suptterionenquelle in das Substrat
zu implantieren, angewendet. Wiahrend der Praparation von Graphen diffundiert das
implantierte Argon aus dem Ni(111)-Bulk an die Oberfliche und bleibt unter Graphen.

In einem temperaturprogrammierten Experiment wurden dann die Reifung der Argon-
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ansammlungen und eine erhohte thermische Stabilitit des Graphen, welches die Argon-
ansammlungen zuriickhilt, beobachtet. In einem isothermen Experiment konnte die
langsame Zerstorung der Argonansammlungen beobachtet werden. Es wurden zwei Ar-
gonspezies gefunden: eine in Kontakt mit Ni(111) und Graphen und eine nur in Kontakt
mit anderen Argonatomen. Da des Weiteren die Menge an Kohlenstoffatomen, welche
das Argon am desorbieren hindern gemessen werden konnte, wurde eine durchschnittli-
che Grofie der Argonansammlungen und ein Druck darin berechnet. Dieser betrdagt un-

gefidhr 400 bar. Somit lidsst sich zeigen wie extrem widerstandfihig Graphen ist.
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