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ABSTRACT

The interest in understanding and controlling the properties of two-dimensional materials (2DMs) has fostered in
the last years a significant and multidisciplinary research effort involving condensed matter physics and mate-
rials science. Although 2DMs have been investigated with a wide set of different experimental and theoretical
methodologies, experiments carried out with surface-science based techniques were essential to elucidate many
aspects of the properties of this family of materials. In particular, synchrotron-based X-ray photoelectron spec-
troscopy (XPS) has been playing a central role in casting light on the properties of 2DMs, providing an in-depth
and precise characterization of these materials and helping to elucidate many elusive and intricate aspects
related to them. XPS was crucial, for example, in understanding the mechanism of growth of several 2DMs at
surfaces and in identifying the parameters governing it. Moreover, the chemical sensitivity of this technique is
crucial in obtaining knowledge about functionalized 2DMs and in testing their behavior in several model
chemical reactions. The achievements accomplished so far in this field have reached a maturity point for which a
recap of the milestones is desirable. In this review, we will showcase relevant examples of studies on 2DMs for
which synchrotron-based XPS, in combination with other techniques and state-of-the-art theoretical modeling of
the electronic structure and of the growth mechanisms, was essential to unravel many aspects connected to the
synthesis and properties of 2DMs at surfaces. The results highlighted herein and the methodologies followed to
achieve them will serve as a guidance to researchers in testing and comparing their research outcomes and in
stimulating further investigations to expand the knowledge of the broad and versatile 2DMs family.

1. Introduction

Besides this transversal and technologically-oriented impact, the
properties of 2DMs were found to be extremely interesting also from a

The family of two-dimensional materials (2DMs) is very broad and
diverse, formed by many compounds that have attracted interests and
incredibly stimulated research efforts in the last years. The possible
implications of 2DMs in many sectors of science, ranging from elec-
tronics to optoelectronics, from catalysis to photovoltaics, are expected
to revolutionize many sectors of technology. Therefore, the in-
vestigations about these materials have been conducted in an interdis-
ciplinary way, involving experts in physics, chemistry and materials
science, with countless and groundbreaking possible applications pro-
posed, designed and realized.
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fundamental point of view. The role played by surface science in these
investigations has been proven since the beginning to be very crucial. In
general these materials in their single layer or few-layers form behave
very differently from their bulk counterparts, hence making them the
ideal subject of studies employing techniques with high surface sensi-
tivity. Moreover, it has been observed that the properties of 2DMs are
deeply affected by the choice of the substate onto which 2DMs are
deposited (or directly grown) and by the environment around them. In
this respect, photoelectron spectroscopies (PES), both of core levels and
of valence band, are an invaluable tool to understand the electronic
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structure of 2DMs and the properties related to it.

X-ray photoelectron spectroscopy (XPS), which is often referred as
electron spectroscopy for chemical analysis (ESCA), has been identified
in general as an essential tool to investigate many aspects of the elec-
tronic properties of solids, surfaces and adsorbates by measuring the
energy levels of the core electrons [1]. The surface sensitivity and the
ability to disentangle differences in the core levels related to the sur-
rounding electronic environment make this technique pivotal in
providing accurate knowledge about the factors controlling the chemi-
cal composition, structure, oxidation state and reactivity of surfaces and
interfaces, thus with a natural extensions to 2DMs. Starting as a tech-
nique developed with lab-based compact X-ray sources, the potential-
ities of XPS have been pushed much further by combining it with
synchrotron radiation sources. Such an upgrade has boosted the capa-
bility of XPS of investigating element and bonding specificity typical of
surface processes, such as diffusion and macroscopic reaction kinetics.
These information, which are crucial to elucidate the reaction mecha-
nisms of a broad range of surface reactions, are essential to study and
improve the growth and characterization of 2DMs on surfaces. The
working principle of photoelectron spectroscopy is simple and relies on
the interaction of a photon of given energy hv with an atom, causing the
emission of an electron in the vacuum with a kinetic energy Ex measured
by a suitable electron energy analyzer, characterized by a specific work
function ¢4. For solid surfaces, the following relation is valid:

BE =hv— Ex — @, (€9)

with BE being the binding energy of the electron in the solid [2-4].
Although this relation is simple, there are several factors that might
affect the final kinetic energy of the outgoing electrons, as already
well-documented and described elsewhere [3,5-9]. The BE is essentially
the energy difference between the ionic electronic state, i.e. after the
electron emission, and the neutral electronic state before the ionization
[5]. It is important to stress that the BE is not a one-electron quantity,
since it is the difference in the energies of the N electron initial,
un-ionized, state and the N-1 electron final, ionized, state [7]. Although
a very complicated quantity to be determined, the BE identifies the
electronic core level of a specific chemical element. Moreover, the BE is
strongly related to the chemical environment, thus depending on the
chemical structure of the compound to which the emitting atoms belong.
These energy differences in the initial state of the electronic environ-
ment result in shifts of the BE of the core levels associated to different
chemical composition, hence making XPS capable to selectively identify
both the nature of the elements and the type of chemical bond or
compound into which these elements take part.

The BE of a core electron in a solid as defined in equation (1) cor-
responds to the energy required to remove one electron from an atom
and to place it at the Fermi energy, e.g. the highest energy at which
electrons are found in the valence band. If we call n. and n, the number
of electrons in the core and in valence, respectively, then we can define

BE = E(n.—1,n,+1) — E(n.,n,), 2)

where E(n., n,) is the energy of the system in the ground state, and E(n,
— 1, n, + 1) the one in which one electron has been removed from the
core of one atom and placed in the valence band. It is often the case that
theoretical calculations based on density functional theory (DFT) do not
explicitly include core electrons in the simulations, as the energies
involved in typical atomic binding and in chemical reactions are much
lower than the binding energies of the core electrons, and so the core
wavefunctions are assumed to remain unperturbed from those of the
isolated atoms. This approximation is implemented with the introduc-
tion of a pseudopotential (PP), which replaces the nucleus of the atom
with its core. Within this approximation, total energies are not mean-
ingful, because the core electrons have been taken out from the calcu-
lation altogether. They are however irrelevant, as physical quantities
only ever depend on energy differences. For the same reason, only
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atomic BEs are available, and so their shifts caused by different chemical
environments would not be available. The typical solution to this
problem then is to build a PP for an atom with a hole in the core, and to
calculate E(n. — 1, n, + 1) by adding an extra electron in valence
[10-12]. Since one only wants to make a single core hole, the calcula-
tions are typically performed with a supercell geometry, in which
several replicas of the unit cell are included in the simulation, and the
hole is made only in one of the atoms of a single replica. For large surface
systems, such as those including graphene on a substrate, the number of
core binding energies to compute can be several hundreds, one for each
non-equivalent carbon in the graphene layer, and so a full core-level
shift (CLS) calculation can be about two orders of magnitude more
expensive than a single total energy calculation. The calculation of E(n,
— 1, n, + 1) involves a full relaxation of the valence electrons, which
screen the atom with a hole in the core. For this reason, this is usually
called a final state calculation. DFT CLS usually agree with experiments
within 10-20 meV [12-14].

The development of third generation synchrotron-radiation sources
has given to the scientific community an outstanding and unique tool to
investigate the intricate properties of 2DMs by means of experiments
relying on the much higher brilliance of these sources with respect to
conventional metallic-anode X-ray sources, on the high energy resolu-
tion (down to 20 meV at hy = 200 eV) and on the possibility to tune the
photon energy. These potentialities constitute the primary ingredients to
unravel the chemical nature and compositions of many pristine and
functionalized 2DMs starting from the analysis of the core level peak
spectral line shape. Moreover, the vast knowledge developed by means
of synchrotron-based XPS in the last thirty years about the properties of
many metallic surfaces and about the interaction of these metals with
elementary gases [13,15] provided an excellent starting point to un-
derstand and govern the mechanism of growth of 2DMs on surfaces. The
capability to follow the process of growth and many other chemical
reactions taking place at surfaces is efficiently realized by acquiring
spectra by means of fast-XPS (sometimes referred as real-time XPS) [16].
This technique constitutes a very powerful tool that was realized by
combining the high brilliance of synchrotron radiation sources with
newly-developed electron detectors, thus reducing considerably the
acquisition time for the XPS spectra. Furthermore, X-ray photoelectron
diffraction (XPD) at synchrotron radiation facilities constitute another
powerful spectroscopic tool at scientists’ disposal to explore the
morphology of materials, in particular those of 2DMs and interfaces,
combining structural knowledge with chemical selectivity [17-19]. XPD
is indeed an outstanding tool for addressing issues related to the struc-
tural and configurational determination of the systems under study but
with chemical sensitivity. Therefore, for the many 2D materials that are
heteronuclear compounds, XPD diffraction patterns can be measured for
a specific element, thus providing a direct characterization of the crystal
structure around a well defined emitter. The chemical selectivity of XPD
is an unsurpassed characteristic of this technique to get the structure of
2DMs at surfaces and it is unattainable in LEED I(V) or surface X-ray
scattering experiments, for which it is not possible to obtain
chemically-resolved information.

The progress in creating efficient and very bright synchrotron radi-
ation sources has propelled the development of other two important
techniques, namely valence-band angle-resolved photoelectron spec-
troscopy (ARPES) and near-edge x-ray absorption fine structure (NEX-
AFS) spectroscopy, which often are combined with XPS at synchrotrons
to provide a comprehensive survey the electronic properties of 2DMs.
ARPES has a prominent place when coming to delineate the valence
band states of 2DMs, providing the momentum-resolved map of the
bands. This technique has allowed to strongly expand the knowledge on
the electronic properties of 2DMs, by providing insight into the most
elusive properties of this class of materials to include them into tech-
nological application [20-22]. The combination of ARPES with XPS was
crucial to fully depict the wholesome of electronic properties in 2DMs
and to link the modifications observed in the core levels with the
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features in the valence band, a key aspect of the characterization of
2DMs and of the assessment on them of, e.g., substrate, intercalation or
functionalization. Similarly, also NEXAFS was successfully used to
provide information about the oxidation state and chemical nature of
the bonds in which the 2DMs are involved [23,24]. This whole set of
techniques available at synchrotrons has made possible to describe
comprehensively most of the properties of 2DMs and has made these
facilities one of the forefront of the research about new 2DMs.

The scope that we had in mind when writing this review was not to
provide a survey of the entire set of experimental results obtained using
surface science techniques on 2DMs, which would constitute quite an
arduous task. On the other hand, our intention was to show, with rele-
vant examples, how core-level photoelectron spectroscopy carried out
with synchrotron radiation is fundamental for understanding the syn-
thesis and the properties of many 2DMs at surfaces. We believe that this
kind of investigations has been extremely helpful in clarifying details
that can not be elucidated otherwise, thus contributing significantly to
the advancement of the knowledge about this class of materials. We
have organized the topics dividing them by class of compounds and, in
general, giving an overview on the information obtained about various
growth mechanisms and the properties of each 2DM at the different
surfaces. Beside this, we will also review some examples of functional-
ization/modification of the 2DM/substrate interfaces, always putting in
the spotlight the contribution given by core-level photoelectron spec-
troscopy. A large part of this review will be dedicated to recap results
obtained on graphene (GR) and hexagonal boron nitride (hBN), which
are some of the most studied materials using XPS with synchrotron ra-
diation. In the end, we will review the recent results on transition-metal
dichalcogenides and borophene.

The results presented in this work are obtained in general from ex-
periments performed at synchrotron radiation facilities in ultra-high
vacuum (UHV) conditions. Most of the works reported herein are
focused on experiments on 2DMs grown with well-known bottom-up
approaches, such as chemical vapor deposition (CVD), molecular beam
epitaxy (MBE) or physical vapor deposition (PVD). We have chosen to
report mostly studies carried out in situ, since they are the best way to
access directly the pristine property of the 2DM, avoiding, e.g., any
contamination connected to air transfer and hence offering precise
model systems, for which the properties can be accurately controlled.
We will also review some important examples of surface-chemistry re-
actions which involve 2DMs, that can be described in an accurate and
comprehensive manner by using of XPS.

2. Graphene

Graphene has a special place in this review, since, nowadays, it is
certainly the most investigated 2DM and it has been extensively studied
both from a fundamental point of view and for the potentiality related to
technology-oriented applications. This transversal interest is motivated
by the outstanding properties of this material, which make it a potential
candidate to transform important fields such as electronics, photonics,
optoelectronics and catalysis. In addition to that, carbon, the constituent
of graphene, is very abundant in nature and at a low cost if compared to
many elements and compounds on which technological applications
currently rely.

Even before its isolation on silicon oxide wafers by Geim and
Novoselov in 2004 [25], graphene was not totally unknown to the sur-
face scientists. Already in the mid 60’s of the 20th century, Somorjai and
coworkers were trying to unravel the structural morphology of the
catalytically-relevant Pt surfaces and they found that the quest for
having a clean and reactive transition-metal catalytic surface was often
disrupted by the formation of a single layer of graphitic carbon, a feature
common to several transition-metal surfaces [26-30]. The carbon layer
was appearing on the surface due to C impurities segregating from the
transition metal bulk and aggregating on the surface at high temperature
in the form of graphitic C. Such film was regarded as highly undesired,

Surface Science Reports 78 (2023) 100586

since it impaired the reactivity of the Pt surface.

These results came to a new light when it was realized that the top-
down way to obtain graphene proposed by Novoselov and Geim via
micro-cleaving (or mechanical exfoliation) was indeed producing sam-
ples with a low density of defects and impurities but very hard to
reproduce, a feature not desirable for including graphene in industrial
processes preferably oriented towards the development of a bottom-up
strategy of growth. The full understanding of a process such as the
dehydrogenation of a hydrocarbon gas on a transition metal surface,
with the subsequent carbon atoms rearrangement into graphene on a
metallic reactive surface at high temperature, is the first step to under-
stand the growth of graphene by CVD. This is a prototypical process that
can be followed via fast-XPS. In this respect, the knowledge developed
and acquired through XPS about the interaction of elementary gases (e.
g. oxygen, ethylene, carbon monoxide) with single crystalline metallic
surfaces was one of the elements on which to build the understanding of
the mechanism of growth and the properties of pristine and function-
alized graphene on metals.

2.1. Graphene on metals

In a paper of 1990, A. Tontegode reviewed the conditions of for-
mation and the properties of surface carbon on transition metals (TMs),
highlighting its role in physical and chemical processes on the surface
[31]. The aim of that study was to identify the condition of formation of
the undesired adventitious carbon layer impairing the catalytic prop-
erties of the metal, as mentioned earlier. Nevertheless, the information
contained in that review were the seed for other investigations on gra-
phene/metal interfaces, since they reviewed many earlier works that
discussed extensively the formation of adventitious carbon on metal
surfaces [26,27,29,32].

After the seminal work of Novoselov and Geim in 2004, it became
evident to the surface science community that graphene could be ob-
tained by CVD on metallic substrates and graphene grown according to
this modality became the subject of numerous photoemission experi-
ments, given the facility and reproducibility of this bottom-up approach.
The graphene-metal interfaces are considered a pillar of the knowledge
about graphene, with a very abundant production of literature covering
all the aspects and techniques available in surface science [33-37].

However, the preparation of graphene-metal interfaces, despite
seeming a process that can be achieved quite straightforwardly, is on the
other hand rather intricate. A crucial element to be considered when
talking about these interfaces is certainly the interaction between gra-
phene and the metallic substrate, which can vary radically according to
the choice of the TM. This ideally gives the possibility to tailor the
electronic properties of graphene, such as doping or opening of a band
gap in the electronic band structure, and also to affect the quality and
morphological features. Another parameter to be considered is the C
solubility in the chosen substrate, which can drive to the formation of
multiple graphene layers or favor the growth of other carbon-metal
compounds, such as carbides [33,38,39].

Core-level photoemission experiments are very sensitive to all these
features as it was efficiently proven in a pioneering work by Preo-
brajenski et al. [40]. A series of synchrotron-based XPS experiments on
graphene grown on different TMs evidenced the spectroscopical differ-
ences induced by the chosen substrate and tried to relate the spec-
troscopical features to the substrate-induced morphological changes in
the graphene. In Fig. la, the C 1s core level measured for graphene
grown on the different substrates is shown. We can observe that the
different type of TM substrate dramatically affects the shape and posi-
tion in BE of the C 1s level, signaling different extent of interaction with
the substrate: the interaction is weak, for example, for graphene on Pt
(111) and Ir(111), while it is stronger on Rh(111) and Ru(0001). Dahal
et al. [41] have shown that the interaction strength between graphene
and the metallic substrate can be estimated by observing the position of
the C 1s core level and have found a relationship between the doping
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Fig. 1. (a) C 1s core level of single layer graphene on
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level and the work function of the metal/dielectric onto which graphene
is deposited, as shown in Fig. 1b.

Another criterion to estimate the strenght of the graphene-metal
interaction relates the latter with the binding energy of the center of
the metal substrate d-band, which is usually responsible for major
modifications in graphene band-structure. As reported in Fig. 1c, it was
shown that a transition from weakly to strongly interacting substrates,
signaled by a smaller graphene-metal separation, occurs at a d-band
center energy of about 2 eV [39]. According to this criterion, graphene
on Ni, Co, Fe, Ru, Rh, Re and Pd belong to a category of metals forming
strong chemical bonds with graphene. On the other hand, graphene is
weakly bound on Ir, Pt, Cu, Au and Ag. In the following we will review
some experiments in which core-level photoelectron spectroscopy was
essential to describe and understand the growth of graphene on the
aforementioned metallic substrates, underlining the differences due to
the various substrates used.

2.1.1. Graphene on weakly interacting metals

As we mentioned earlier, the reactivity of the metallic substrate can
be successfully exploited to promote the growth of graphene. If the
graphene-metal interaction is weak, this growth is generally not strictly
templated by the crystalline symmetry of the substrate, thus often
resulting in a GR layer characterized by the presence of crystalline do-
mains with random azimuthal orientation. Nevertheless, highly-ordered
GR layers can be obtained by properly tuning the growth conditions,
among which the substrate temperature during the growth has a pri-
mary role. In this sense, high-resolution XPS with synchrotron light,
complemented with techniques such as LEED and STM, has helped to
relate growth conditions with the features of the grown GR layer, with a
degree of precision unattainable with lab-based XPS setups. In Table 1
we have collected some of the most relevant studies on this class of
interfaces.

GR on Pt and Ir interacts weakly. These two interfaces have been
studied in details growing GR generally via CVD of a hydrocarbon gas,
thus exploiting the catalytic reactivity of these metals. Specifically, GR
on Pt(111) can be grown by CVD with a hydrocarbon gas, although
growth via segregation of C from the bulk is also possible [42-47]. From
a spectroscopical point of view, the C 1s is characterized by a single peak
spectrum, centered at BE = 283.97 eV, a value that has been interpreted

Table 1
Overview of the studies on graphene grown on weakly-interacting metallic
substrates reported in this review.

Substrate Features investigated Refs.
Pt(111) Growth mechanism, morphology, electronic [42-48]
structure
Ir(111) Growth mechanism [49-52]
Morphology [53-58]
Electronic structure [59-62]
1r(100) Morphology, electronic structure [63]
1r(110) Morphology, electronic structure [64]
Cu(111) Morphology, electronic structure [65-67]
PolycrystallineCu ~ Morphology, electronic structure [68-73]

as sign of weak interaction with the Pt substrate [42]. This conclusion
was corroborated by microARPES experiments on the single-crystalline
graphene domains, which showed an almost intact Dirac cone, except
for some residual hole doping due to charge transfer with the substrate
[74]. On the other hand, the weak interaction is accountable for the
several rotated crystalline domains, which can be detected in STM by the
appearance of several moiré patterns [43,48].

GR on Ir(111) constitutes a remarkable example of graphene that can
be grown efficiently by CVD using ethylene as a precursor. The observed
efficiency of Ir(111) in C-H bond breaking of, e.g., small alcohols [29,
75], makes this surface one of the most active in the process of hydro-
carbon dissociation. The formation of graphene on Ir(111) is
self-stopping, since it is limited by the amount of bare metallic surface
available, given the fact that hydrocarbon dissociation does not take
place on GR. Moreover, the low solubility of C in Ir grants the formation
of a single-layer of graphene, even if, under certain conditions, C
segregation from the bulk and the consequent formation of bilayers have
been observed [76]. This interface shows a very distinctive moiré su-
perstructure, well visible in scanning tunneling microscopy and
low-energy electron diffraction experiments, which have provided a
complete overview of the morphological properties of this important
interface [53,55,56,58]. Besides the growth on the Ir(111) surface, also
the growth on Ir substrates with different crystalline orientation were
investigated [63,64].

The C 1s core level can be fitted with a single component at BE =
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284.12 eV, indicating that the graphene is only weakly chemisorbed on
Ir(111) [40]. Complementary to that, ARPES showed that the Dirac cone
is almost intact and only slightly shifted above the Fermi level due to a
substrate induced p-type doping of graphene, that also affects the
binding energy of the C 1s core level. Moreover, the moiré superstruc-
ture accounts for the opening of mini-gaps in the graphene band struc-
ture [59-61].

The temperature at which the adsorption of ethylene in the growth
process takes place affects dramatically the features of the final GR
lattice. It was shown that with a temperature growth of 1200 K or below
the graphene layer exhibits high disorder, while temperatures between
1255 and 1400 K produced randomly oriented domains on the surface.
The single domain, aligned along the main crystallographic directions of
Ir(111), was obtained only with a temperature above 1500 K [57].

Synchrotron-based XPS acts as an incredibly effective tool to shed
light on the mechanism of growth by means of experiments investigating
the adsorption and de-hydrogenation of ethylene on this surface at
different temperature towards the formation of graphene, which is per se
a very structured process and has been studied in details [49,50]. As
reported in Fig. 2, Tetlow et al. investigated the dissociation of ethylene
on Ir(111), combining XPS experiments with DFT calculations [50].
Fig. 2c shows a series of C 1s core level spectra acquired during ethylene
exposure at 90 K. At the beginning of the uptake two components at BE
= 283.3 eV (a;) and 283.8 eV (ay) were observed. Their intensity in-
creases coherently with increasing exposure, keeping a constant in-
tensity ratio and BE difference, indicative of a single adsorbed molecular
species with two non-equivalent C atoms and suggesting that the C-C
bond is preserved.

This process can be studied efficiently by means of temperature
programmed (TP)-XPS experiments, that is fast acquisition of XPS
spectra while annealing the sample with a linear thermal ramp. Three
different experiments were realized by starting from three different
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initial ethylene exposures (highlighted in red in Fig. 2a), corresponding
to the presence of just the first a; » spectral doublet (0.05 ML), a mix of
the two doublets (0.12 ML) and the saturated surface, before the
multilayer growth (0.60 ML). 2D intensity plots of the C 1s (Fig. 2b)
acquired during annealing show the chemical evolution occurring at the
surface, as evidenced by BE shifts and modifications of the C 1s line
shape. Sharp transitions were observed at about 250, 380 and 500 K
(high coverage series), while at high temperature (above 800 K) the C 1s
spectrum smoothly becomes narrower and moves to a higher BE. Above
900 K, the appearance of a spectral component at a BE of 284.1 eV is
observed, which is the fingerprint of the initial nucleation of graphene
islands. Combining these results with DFT calculations was instrumental
to draw the pathway for ethylene decomposition with eventual forma-
tion of carbon monomer species (Fig. 2c). Therefore, hydrogenation,
dehydrogenation and C-C bond breaking reactions are required in order
to form a graphene layer. Interestingly, the mechanism of formation of
graphene on Ir(111) via CVD through dissociation of CoH4 was
compared to the growth on the same substrate by means of MBE carbon
deposition from a graphite evaporator [51]. Analysis of the C 1s ac-
quired during the growth highlighted how the interaction between
different C precursors (monomers and dimers) and the growing gra-
phene flakes affects the growth rate of graphene. Moreover, in this case
the graphene formation process is not self-stopping, since it does not rely
on the reactivity of the bare Ir to promote the graphene growth, leading
to the formation of both single-layer and multi-layer GR, thus offering a
viable route to grow graphene on a wide variety of substrates.
High-resolution XPS, combined with DFT calculation, allowed the
investigation of the morphological features of specific graphene struc-
tures on metallic surfaces. For example, this approach was instrumental
to reveal the formation of graphene nanoislands on Ir(111) obtained by
adsorbing ethylene at a temperature lower than that one employed to
form large graphene domains. These nanoislands assume a peculiar

Fig. 2. (a) XPS C 1s spectra acquired during ethylene
uptake at 90 K. The three spectra highlighted in red
correspond to the three coverages used throughout
the experiment. (b) 2D intensity plots corresponding
to the TP-XPS C 1s spectral series acquired during the
annealing from 90 K to high temperature for the three
different ethylene coverages. (c¢) Proposed pathway
for the ethylene decomposition reaction. Reproduced
from Ref. [50] with permission from the PCCP Owner
Societies. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web
version of this article.)
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domelike shape, whose interaction with the substrate is particularly
strong at the edges of the dome [54]. The close correspondence of XPS
results and theoretical data suggests that, while growing, the C clusters
remain strongly bonded to the substrate only at the edges, as a result of
the C 2p hybridization with the first-layer Ir d band. Small compact
islands with a large number of atoms at the edge and near edge merge to
form large islands at 1270 K. These outcomes have paved the way to a
better understanding of the interaction with Ir of hydrocarbon and
organic molecules and the formation of graphene dots and nanoribbons
[52,77-80].

The high structural quality, single-crystalline orientation, lack of
azimuthal disorder that can be achieved for GR on Ir(111) together with
the weak interaction with the metallic substrate, were exploited in a
high-resolution synchrotron-based XPS experiment to extrapolate some
very elusive and peculiar features of the graphene lattice. One of the
most surprising was the observation of the band dispersion of the C 1s
core level, reported by Lizzit et al. [62]. This feature is typical of
valence-band electrons but it was never observed for the localized
electronic core levels of solids. The authors have argued that the
observed modification is due to an initial state effect. The dispersion was
observed as an emission-angle modulation of the C 1s binding energy.
The picture proposed by the authors to explain this surprising feature
relies on the formation of a o-type band between the 1s states of the C
atoms of graphene, as it stems also from tight-binding calculations. An
interference effect, already observed in graphite [81] and that is caused
by the presence of two atoms in the unit cell of graphene, explains why,
under appropriate conditions of electron emission, only the bonding or
anti-bonding states can be observed, thus explaining the observed shifts
in the C 1s BE.

Graphene can be prepared via CVD on copper, both on single-crystal
Cu(111) and Cu(100) [65-67]. The weak interaction between the metal
and the graphene in this case is reflected by a weak n-doping of gra-
phene, as clearly seen by ARPES experiments. Concerning the morpho-
logical structure of this interface, such weak interaction is responsible
for the presence of azimuthally rotated domains with a wide set of
possible orientations, which therefore produce a wealth of different
moiré superstructures, easily observed in STM experiments [65,67,82].
It is important to mention that graphene can be obtained efficiently on
polycrystalline Cu foils [68-73], a process that is extremely relevant in
terms of technological applications: graphene grown on polycrystalline
Cu can be easily transferred to other substrates by means a polymeric
stamp after the dissolution of the metallic substrate [83].
Synchrotron-based XPS was able to shed light on the mechanism of
formation of graphene/Cu foil, obtained by exposing the metal kept at
1170 K to benzene. This experiment showed that, due to the low solu-
bility of C in Cu, no species other than graphene were present on the
surface, except for some adventitious amorphous carbon [84].

2.1.2. Graphene on strongly interacting metals

The strong interaction between graphene and metal can significantly
complicate the process of formation of GR and lead to the formation of
unwanted features, such as adventitious chemical compounds on the
surface. Such strong interaction acts on the properties of GR layer in a
twofold manner. From one point of view, the increased interaction in-
dicates the likelihood to form C-metal compounds on the surface, such as
metallic carbides, which are in direct competition with the formation of
graphene. On the other hand, a templating effect may take place during
the growth, with the possibility to have GR matching the orientation of
the substrate. However, this does not exclude the formation of corru-
gated structures and moiré patterns. Such structural features can be
detected through structural techniques such as STM or LEED. However,
XPS and XPD with synchrotron radiation have been capable to unravel
the finer points and complications of the growth process and linked the
spectroscopical features observed in the C 1s spectrum to the morpho-
logical features of the GR. Moreover, the possibility of acquisition of XPS
spectra at high temperature and in fast-XPS mode was crucial to
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understand the mechanism of growth of graphene-metal interfaces for
which the metal-carbon phase diagram is generally very rich and
depending on the temperature of the substrate. In Table 2 we have
summarized the studies investigating this family of interfaces.

The GR/Ni(111) interface constitutes a remarkable and prototypical
example of strongly-interacting graphene on metal. From one side, there
is an almost perfect matching of the lattice parameters of substrate and
overlayer. Moreover, the high solubility of C in Ni and the probability to
easily form surface Ni carbides make the formation of multilayer gra-
phene very likely, although in competition with the formation of car-
bides [39]. Such strong interaction, and the consequent formation of a
strong chemical bond, alters considerably the valence band structure of
graphene, leading to an almost complete dissolution of the Dirac cone
and strong graphene electron doping[85, 94, 96], although other au-
thors have shown through ARPES measurements that the cone remains
intact though shifted more than 2.8 eV below the Fermi level [95]. The
mechanism of growth of graphene on Ni(111) has been extensively
studied by means of synchrotron-based XPS and with microscopy tech-
niques (primarily STM) and it is probably one of the most intricate
[85-90]. The growth on Ni is usually obtained through CVD, exposing
the metal to a hydrocarbon gas (generally ethylene or propylene),
although given the high solubility of C in Ni, segregation from the bulk is
also possible. The growth mechanism is very peculiar and it sees
competing atomistic mechanisms, since it involves dissolution of C in
the metal bulk and Ni carbides formation. Moreover, for this interface it
can be observed that graphene assumes on Ni(111) a wide variety of
adsorption configurations, a somehow surprising effect given the almost
perfect matching of the surface lattice parameters of adsorbate and
substrate [90, 97, 98].

Griineis et al. have explored the dynamics of growth acquiring in
real-time the evolution of the C 1s core level, dosing propylene as pre-
cursor at various substrate temperatures. They firstly evidenced the in-
fluence of the temperature at which the growth takes place,
individuating the optimal value to maximize the graphene structural
quality, revealing also that formation of adventitious compounds (Ni
carbides and/or unreacted or partially reacted propylene) other than
graphene takes places on the surface during the growth.

Other experiments (Fig. 3a) dosing ethylene on the surface kept at
790 K, i.e. close to the optimal temperature individuated by Ref. [85],
revealed that at the early stages no C is sticking to the metal surface
[88]. This can be interpreted as the initial dissolution of C in the top
layers of the Ni substrate, eased by the high C solubility in Ni, thus
aiming to the fact that before having any surface adsorbate the Ni layers
immediately below the surface have to be saturated with carbon. The
formation of graphene, signaled by a peak rising at BE = 284.85 eV is
preceded by the formation of surface carbides (BE = 283.0 eV) [85],
which remain in place also when the graphene layer is complete. Besides

Table 2
Overview of studies on graphene grown on strongly-interacting metals reported
in this review.

Substrate Features investigated Refs.

Ni(111) Growth mechanism [39,85-91]
Morphology [86, 88, 92, 93]]
Electronic Structure [85, 90,94-98]

Co(0001) Growth mechanism [99, 100]]
Morphology, electronic structure [95,100-105]

Fe(110) Growth mechanism, morphology, electronic [106, 10711
structure

Re(0001) Growth mechanism [108, 109]1]
Morphology, electronic structure [109, 110]]

Ru Growth mechanism [56,111-113]

(0001) Morphology, electronic structure [40, 74, 111,
114-122]
Pd(111) Morphology, electronic structure [123, 124]]
Rh(111) Morphology, electronic structure, growth [125]

mechanism
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Fig. 3. (a) Growth of GR on Ni(111): 2D intensity plot of the evolution of the C1s signal during the exposure of the Ni(111) surface to ethylene at 790 K. The photon
energy is 400 eV. Reprinted with permission from Ref. [88]. ©® 2016 American Chemical Society. (b) Different adsorption configuration of graphene on Ni(111) vs
the content of subsurface interstitial C. Reprinted with permission from Ref. [91], ©® 2018 American Chemical Society. (c) C 1s XPS spectra (left), and corresponding
negative of the LEED patterns (right) of clean Ni(111), carbide, epitaxial graphene, rotated graphene phases. Reprinted with permission from Ref. [86]. © 2013
American Chemical Society. (d) Schematic overview of the different graphene growth routes on Ni(111) from combined high-pressure XPS and STM experiments.

Reprinted with permission from Ref. [86]. © 2013 American Chemical Society.

the carbide peak, the C 1s peak associated with graphene has a broader
lineshape than for the case of graphene on Ir(111) and can be generally
fitted with two components: One more intense at BE = 284.85 eV sided
by a shoulder at BE = 284.45 eV, with some debate arising about
attribution of these components. In an early report, Zhou et al. per-
formed some high-resolution XPS upon different growth conditions and,
corroborated by DFT calculations, they have attributed the high BE
component to graphene adsorbed on Ni with a bridge-top configuration,
while the latter was associated with graphene in a top-fcc adsorption
configuration [98]. The same research group has later pointed out the
impact that interstitial subsurface carbon has on the energetically
preferred adsorption geometry of graphene on Ni(111) surfaces:, as
shown in Fig. 3b at higher interstitial carbon concentrations chemi-
sorption in top-hcp geometry is preferred over the bridge-top and top-fcc
adsorption configuration, which are dominant at small concentrations
[91].

Other reports have integrated this knowledge and showed the
importance played by the residual surface carbides, which form at the
early stages of the growth process, attributing the component at low BE
(Fig. 3c) to graphene regions not in contact with bare Ni but supported
by NiyC surface carbides [86,88,92,93]. These results have been later
integrated with LEEM and p-ARPES experiments, indicating that the
graphene on surface carbides has a different band structure and doping
level than graphene on bare Ni, thus justifying the lower BE observed for
the carbide-intercalated regions [97].

Patera et al. [86] have investigated by means of a combination of

STM and in-situ near-ambient-pressure XPS the growth mechanism at
temperatures below 870 K, spotting also in this case the crucial role
played by the temperature at which the growth takes place (Fig. 3d). The
exposure of the bare Ni to ethylene, keeping the substrate at 770-870 K,
leads to the formation of graphene. If the exposure to CoH,4 takes place in
temperature range 670-770 K, there might be the formation of surface
carbides which are partially converting into graphene. In these two cases
graphene grows both epitaxially aligned to the Ni substrate and with
rotated domains supported by residual surface carbides. Interestingly, it
was shown that the temperature promotes the migration of the subsur-
face C, which acts as C feed to form a graphene layer on the surface,
irrespective of the presence of the hydrocarbon precursor leading to the
formation of epitaxial graphene [33]. An experiment, combining in situ
XPS and X-ray diffraction, pointed out a similar mechanism also for the
growth on polycrystalline Ni films [126], showing that graphene forms
both isothermally exposing the Ni surface to hydrocarbons and by pre-
cipitation on cooling of the sample after the hydrocarbon exposure
[127]. These spectroscopical measurements were complemented later
with STM based experiments [90], which have pointed out the catalytic
role played by Ni single metal adatoms during the growth of the gra-
phene layer.

Graphene was grown via CVD on Co(0001) revealing a complex
surface chemistry. Depending on the temperature used for the growth,
polycrystalline mis-oriented graphene rather than epitaxial graphene
can be obtained, with the latter obtained for a growth at a substrate
temperature of ca. 750 K [100,101,103,104].
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High-resolution spectra of the C 1s are very sensitive to this differ-
ences, with the presence of two distinct components Cp, and C;, associ-
ated to C atoms in the hollow and top adsorption sites (Fig. 4). On the
other hand, in the case of polycrystalline graphene, the C 1s did not
show these two-component structure, but just a single, broader peak.
Such attribution was supported by energy-dependent photoelectron
diffraction, proving a large-scale sublattice asymmetry in graphene on
Co(0001). This interpretation was backed by ARPES experiments. Due to
the high hybridization of Co 3 d bands and graphene r-state, this
interface assumes the character of a spin-polarized interface [102],
similarly to what observed for graphene on Ni [96]. This hybrid state has
conical dispersion near the Fermi level and it is not observed for the
polycrystalline, misoriented graphene.

Usachov et al. proved the possibility to recrystallize the poly-
crystalline, defect-rich graphene grown at low temperature just by
further thermal annealing up to 750 K [100]. Moreover, low-energy
electron microscopy (LEEM) and X-ray photoemission electron micro-
scopy (XPEEM) experiments were able to further investigate this con-
version process and to point out the underlying mechanism for the
formation of epitaxial graphene, finding that this transformation takes
place via the growth and propagation of mesoscopic carbides islands
[105]. The process of growth on Co(0001), starting from the gaseous
precursor, revealed a complicated chemistry by means of fast-XPS
combined with STM [99]. Dosing ethylene at 360 K produced an
acetylene-saturated surface, which evolved into graphene islands,
located on the close-packed terraces without clear preference for step
sites, upon heating to 630 K. A dose of ethylene at 630 K was able to
create a ca. 0.5 ML atomic carbon-covered surface, which underwent
surface reconstruction. The graphene islands formed were found to
encapsulate cobalt atoms, with indications of a role played by graphene
in restructuring the Co surface. The presence of atomic carbon in the Co
surface layers weakens but does not inhibit adsorption of CO and Ha,
while, on the other hand the graphene layer covers the surface
completely and inhibits adsorption of CO and Hy. This study fostered
further investigations that lead to the understanding of the properties of
interaction of small hydrocarbon molecules on the catalytically relevant
Co surface [104,127,128].

The formation of graphene on Fe surfaces is complicated by a very
rich Fe-C phase diagram, which can be accounted for by the high sol-
ubility of C in Fe. It was shown that an ordered graphene layer can be
achieved on Fe(110), where it creates a periodically corrugated pattern
resulting from the substrate-adsorbate lattice mismatch and from strong
interfacial C-Fe interaction [106]. The acquisition of C 1s during the
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annealing of this interface showed that the system is stable up to 900 K,
even if prone to a slow C diffusion in the Fe bulk. At temperatures higher
than that, irreversible carbides formation was detected, with the most
common phases being FesC (cementite) and Fe;Cs (Eckstrom-Adcock
carbide) [107].

A crucial reason behind the study through XPS of other graphene-
metal interfaces with a strong substrate-adsorbate interaction is
related to the considerable configurational modifications induced in
graphene by the presence of the metal, with the formation of a moiré
pattern and considerable corrugation in the carbon layer. GR on Re
(0001), for example, is strongly corrugated, with regions closer to the
metallic substrates and others more distant from the metal [109]. Such
corrugation, visible immediately in STM images, is affecting as well the
shape of the C 1s core level. Miniussi et al. have studied the shape of the
C 1s, shown in Fig. 5a, and interpreted it with the support of DFT cal-
culations [110]. By simulating core-level shifts in DFT (bottom of
Fig. 5a) they were able to fit the measured C 1s by assuming that gra-
phene on Re(0001) has a consistent buckling of 1.6 A. The measured C 1s
spectrum exhibits two main components, with a separation of ca. 700
meV. The authors have indicated that such a double-peak line shape
overshadows the presence of a manifold of components, due to a
different degree of interaction of the C atoms of graphene with the metal
beneath and cannot be reduced to a simple dual strongly-weakly inter-
acting system. Such observation can be deduced from Fig. 5b, in which
the BE of each core-level shift calculated through DFT is reported vs the
C-Re distance, a fingerprint of the extent of the GR-Re interaction. The
excellent data agreement between the simulated core level and the
experimental spectrum proved that the shape of the C 1s spectrum arises
from an almost continuous, rather than binary distribution of C-Re
distances.

The CVD growth process on Re(0001) was also shown to be very
intricated [108]. Specifically, the formation of a long-range ordered
graphene layer on Re (0001) without carbon bulk saturation was found
to be achievable with the growth parameters, i.e. substrate temperature,
hydrocarbon gas pressure and exposure time, properly set in narrow
range of values. The analysis of the C 1s core level acquired during the
growth allowed the determination of the optimal conditions to achieve
ordered graphene. While the low temperature regime was shown to be
dominated by the formation of a chemisorbed carbon phase, the authors
showed that at high temperature a complex interplay between graphene
and surface carbides takes place. Qi et al. have also investigated the
same growth process on Re(0001), revealing a novel transition from
graphene to metal carbide in the CVD growth process, something

(b) oriented graphene/Co
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Fig. 4. LEED patterns, crystal structure models, XPS spectra, and STM images of (a) misoriented and (b) oriented graphene on Co(0001). The XPS spectrum of
misoriented graphene/Co was acquired using a photon energy of 320 eV. The LEED patterns were obtained with an electron beam energy of 70 eV. The STM images
were obtained using a bias voltage of 5 mV at a constant current of 2 nA. Reprinted with permission from Ref. [103]. © 2016 American Chemical Society.
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Fig. 5. (a) C 1s core levele measured on GR on Re(0001), with DFT calculated core level shifts from which the fit to the experimental data (light blue line) is
generated. (b) BE of the calculated core-level shifts for C 1s reported vs. calculated C-Re distances. The color code identifies the various points the moiré unit cell
represented. Reprinted with permission from Ref. [110]. ® 2011 by the American Physical Society. (c) C 1s core level measured for GR/Ru(0001), reported with the
calculated core-level shifts distribution. The decomposition of the theoretical spectrum into strongly (S-theo) and weakly (W-theo) interacting components is also
shown, along with the histogram of the calculated BE distribution. (d) Fast-XPS of the C 1s core level measured during the growth of GR on Ru(0001). (e) Spectral
intensity of the various components of the C 1s spectrum during the graphene growth on Ru(0001). Reprinted from Ref. [111]. © 2013 The Authors. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

different from what usually happens for metals such as Ni or Ru. This
transition leads to graphene decomposition, dissolution, and carbon
segregation [109].

GR on Ru(0001) is one of the most explored and exploited interfaces
with strong metal-graphene interaction. On this metallic surface, gra-
phene can be efficiently obtained by decomposition of ethylene keeping
the metal at high temperature. Graphene shows a well-defined moiré
superstructure, distinctly observed in STM measurements [114] as for
GR/Ir(111), together with a remarkable surface corrugation. However,
differently from the layer grown on Ir(111), graphene on Ru(0001) is
strongly bound to the substrate, as effectively seen in ARPES experi-
ments [40,74,115,117]. Likewise, the strength of the interaction
changes the shape of the C 1s core level, similarly to GR/Re(0001) and
reflects the strong corrugation of the layer with the appearance of two
distinct components, at 284.47 eV and at 285.13 eV (Fig. 5d) [40,110].
The assignment of the observed spectroscopic components to different
regions of the corrugated graphene lattice could be achieved by
combining high-resolution XPS and DFT calculations and followed the
scheme proposed already by Preobrajenski et al. [40]. Alfe et al. showed
that the peak at lower BE stems from a continuous distribution of
non-equivalent C atomic configurations in the region of the corrugation
far apart from the substrate (hills), while that at higher BE is originating
similarly from C atoms in closer contact with the substrate (valleys),
which consequently brings a stronger interaction with the metal [111].
This interpretation is in line with the outcomes of several STM and LEED
I(V) experiments [114,117-122,129] and follows the scheme already
adopted for GR on Re(0001). Moreover, Alfe and co-workers, in the
aforementioned paper [111], via the analysis of the XPS spectra with the
support of calculated core levels, showed a minimum C-Ru distance of
2.15 10\, with a corrugation of 1.5 A. These values are to be compared
with the outcomes of LEED I(V) experiments showing values from a
minimum C-Ru distance of 1.5 A up to a maximum of 2.1 A [119], while
STM investigations by Wang et al. have revealed larger distances (from
ca. 2 A up to ca. 4 .7\) [129]. It is interesting to mention that Wang et al.
have also observed lateral displacements of C atoms and a significant
buckling in the underlying Ru layers, which are the sign of strong local
C-Ru interactions. The large electronic corrugation results in a nano-
structured periodic landscape of electron and hole pockets [116].

The formation process of this interface was also investigated in

Ref. [111]. By acquiring C 1s during the exposure to CoH4 at high
temperature, as reported in Fig. 5e) it was observed that, at the begin-
ning, an unidentified C species (C4) was detected showing up as a small
shoulder at BE = 282.82 eV, which was observed before graphene
appearing on the surface with its peculiar two-component C 1s core
level, as shown in Fig. 5d. It was proven that C4 belongs to C monomers
adsorbed at hcp sites on the atomic terraces, forming a 2D lattice gas
which supplies C atoms for the formation of the graphene layer, as
proven by LEEM investigations [56,112,113]. Before this investigation,
there was only an indirect confirmation of the presence of monomers on
the surface by reflectivity measurements. Zhang et al. [130] have
studied the process of formation of GR on Ru as well, investigating the
dissociation of ethylene on Ru(0001) at room temperature, which is
followed by a full dehydrogenation at 700 K. They observed that higher
temperatures promote the diffusion of carbon on Ru terraces and the
formation of well-ordered graphene structures.

Other examples of transition metal substrates showing strong inter-
action with graphene are Pd and Rh. On Pd, graphene can be generally
obtained by segregation of C from the substrate crystal bulk and by
exposure to ethylene [123,124]. Gotterbarm et al. have successfully
grown graphene epitaxially on Rh(111), indicating the importance of
propene pressure and surface temperature in achieving graphene with
low defect density on this surface [40,125]. In agreement with previous
studies on surfaces with similar electronic structures, the authors found
that C 1s has two distinct components, indicative of graphene regions
exhibiting strong and weak interactions with the Rh substrate.

In conclusion of this section, we believe it is important to remark the
importance of XPS performed with synchrotron radiation in depicting
the electronic and morphological structure of many graphene/metal
interfaces family and in the understanding of the mechanism of growth,
in a way that it is not immediately accessible by other surface science
techniques.

2.2. Growth on SiC surfaces

As we have seen, a broad part of the studies on graphene at surfaces
has been realized using metals as a substrate for the GR growth. How-
ever, there are also important examples of graphene directly grown on
substrates different from transition metals. Among these, the direct
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synthesis on silicon carbide (SiC) surfaces constitutes certainly the most
explored case [131,132]. Several experiments using
synchrotron-radiation based XPS have deepened the knowledge about
the formation and the electronic structure of Gr/SiC, which can be
epitaxially grown on several SiC polytypes, such as 4H- or 6H-SiC(0001)
[133-136] and SiC(0001) [137]. Since the formation of graphene on SiC
is not achieved by decomposition of a C-containing precursor molecule
due to the reactivity of the substrate, it was necessary to develop a
different method to epitaxially grow graphene on SiC. The most used one
consists in the thermal annealing in vacuum of SiC substrate basal
planes, which leads to the graphitization of the surface due to the sub-
limation of Si atoms [138]. Since the SiC surfaces are usually
non-conductive while photoemission requires conductive substrates, GR
is generally grown on nitrogen-doped SiC surfaces, in order to prevent
any surface charge during XPS experiments.

The C 1s and Si 2p core levels provide considerable information
about the configuration of these interfaces before and after the graphene
growth. The (6v/3 x61/3)R30° reconstruction of the 6H-SiC(0001)
surface has been identified as the process through which we can obtain
the growth of graphene [135] and it persists at the interface upon the
growth of few layer graphene, being often referred to as buffer layer. An
example of the modification of the C 1s and Si 2p core level spectra
during this process is reported in Fig. 6. The C 1s of the
(6v/3 x6+/3)R30° buffer layer, displayed in panel (a), shows both the
SiC bulk component and the S1 and S2 reconstruction-related peaks.
After graphene formation by thermal desorption of Si atoms by vacuum
annealing [134], the buffer layer is buried below the graphene layers. In
comparison with the 0 ML graphene in panel (a), the C 1s peak for
monolayer graphene in Fig. 6b can only accurately be fitted after
introducing a fourth component (G), which arises from the graphene
layer. This component increases in intensity for higher graphene
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coverage as shown for bilayer graphene in Fig. 6¢. The persistence of the
S1 and S2 components even after formation of graphene bilayer in-
dicates that the buffer layer remains chemically unaltered upon gra-
phene formation. Notably, the GR peak shifts towards lower binding
energy with increasing number of layers, in good correlation with the
shift of the band structure due to the intrinsic n-doping of epitaxial
graphene [134,135]. The Si 2p spectrum, measured at 330 eV incident
photon energy, shown in Fig. 6d for a GR monolayer, shows the bulk SiC
component, the component associated with the SiC reconstruction and a
component that was identified as related to surface defects. This proves
the lack of any chemical bond between Si and the formed graphene
monolayer. This interpretation is confirmed by the acquisition of the Si
2p core level at different graphene coverages, as shown in Fig. 6e, since
the Si 2p lineshape does not depend on the coverage. The strong inter-
action imposed by this interface ensures a very well-ordered epitaxial
relationship between the substrate and graphene. On this surface also
the growth of different numbers of graphene layers can be achieved and
controlled precisely.

On the other hand, on SiC(0001) the initial graphene layer develops
in coexistence with the intrinsic surface reconstructions without the
presence of an interface layer [139]. Interestingly, some rotational dis-
order in graphene is observed on this surface, indicating a weak coupling
with the substrate.

2.3. Intercalation

This very rich landscape of graphene-based interfaces has stimulated
several studies that aimed at finding reliable and reproducible ap-
proaches to precisely modify and control the properties of GR at sur-
faces. These strategies are based on putting the graphene layer in contact
with atoms, molecules, thin films capable of altering its electronic
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structure and/or the electronic structure of the interface of which gra-
phene is part.

An extremely powerful way to modify in a controlled and homoge-
neous way the electronic and structural properties of graphene is by
intercalation, which can lead to the functionalization of the graphene
layer [140,141]. Intercalation consists in inserting atoms or molecules
between graphene and the supporting substrate, thus bringing signifi-
cant alteration to the interface electronic and structural properties. Such
operation may lead ultimately to the electronic decoupling of the gra-
phene from its substrate and the consequent alteration of its band
structure. The efficiency of this process is strongly correlated to the
nature of the graphene-metal interface and the conditions needed to
maximize the efficiency of this process depend on a number of factors,
such as the temperature at which the process takes place, the flux of
intercalating species arriving on the substrate and the extent of the
graphene-substrate interaction. Furthermore, one has to consider the
role played by defects and domain boundaries in the graphene lattice,
which are often the gateway through which the intercalation takes
place. In the following, some relevant examples that show how XPS is
crucial in fully understanding the intercalation mechanism will be pre-
sented. XPS has the advantage, with respect to other techniques, of
directly accessing to the type of the chemical bonds formed during the
intercalation process. Such feature, often combined with ARPES mea-
surements of the valence band, has provided a comprehensive view of
the mechanism of intercalation and on the newly-formed interface.
Moreover, photoelectron spectroscopy gives access to electronic and
structural features of the on-top graphene layer but also to what lies
underneath, revealing for example the oxidation state or the chemical
nature of the bonds formed by the intercalated species, a series of in-
formation which is extremely hard to obtain with other techniques.
Furthermore, with XPS it is possible to understand whether the inter-
calation process is complete or if there are remains on the graphene
surface and/or intercalating species reacts with the graphene layer itself.

2.3.1. Intercalation with metallic atoms

Deposition of metallic atoms on graphene is one of the mostly
explored strategies to modify the properties of graphene and often was
proven to achieve the intercalation of the deposited metallic atoms be-
tween graphene and substrate. A wide set of metals has been used as
intercalating species for graphene, a list of which is reported in Table 3.
Such wealth of possibilities has lead to countless different interfacial
configurations, each one with peculiar properties given by the combi-
nation of graphene, intercalating species and substrate. The modifica-
tion of the surface potential of the graphene via intercalation has shown
important implications in favoring the formation of molecular self-
assembled lattices on the surface, whose arrangement is closely
related to the nature of the intercalating material [142-148]. In addition
to that, the intercalation of selected species under graphene opened to
the possibility of performing chemical reactions in the confined space
between graphene and substrate [149].

Table 3
Metallic species employed for graphene intercalation,
described in this review.
Intercalating metal Refs.
Au [42-48, 74]]
Cr [150]
Co [142,151-153]
Ru [153]
Fe [106,154-158]
Ag [159]
Rh [153]
Cu [160]
Ir [153]
Pb [161-163]
Alkali Metals [164-168]
Rare Earths [168-173]

11

Surface Science Reports 78 (2023) 100586

A very direct way to asses the modifications induced by intercalation
in the electronic structure is certainly through ARPES. However, the
acquisition of core levels can return important information about the
intercalation process, the nature of the intercalating layer and the
modifications induced in graphene. As an example, we mention the
process of intercalation of metals at the weakly-interacting graphene on
Ir(111). Presel et al. [153] have shown that the intercalation of GR with
Ru, Rh and Co atoms can alter considerably the shape of the C 1s core
level with respect to the pristine graphene. They observed a significant
increase in the graphene-substrate interaction when intercalating Rh, Ru
and finally Co, which has, on average, the strongest interaction with
graphene among the systems studied. Combining this analysis with
theoretical modeling of the C 1s core-level by DFT, the authors verified
that the C 1s spectral barycentre has a linear relationship with the
d-band center position, a further confirmation of the strong influence of
the coupling between graphene and the metal surface. The acquisition of
several spectra taken at the various stages of the intercalation shed light
on the mechanism of intercalation itself for the different intercalating
species.

For Gr/Ni(111), the quenching of the hybridization of 3 d Ni bands
and graphene 7 states was realized through the intercalation of an apt
species. In many cases, this operation was shown to lead to the forma-
tion of a quasi-free standing graphene layer. This was observed by
intercalating for example Au [85,941, Al [174], Fe [175] and Cs [176].
For intercalation of Au, ARPES data have shown clearly the Dirac cone at
the K point of graphene Brillouin zone, a clear sign that the hybridiza-
tion with the Ni 3 d bands was lifted [94]. Similar effects have been also
observed for intercalation of Au on GR/Ru(0001) [177].

As already mentioned earlier, the formation of a chemically-different
layer at the metal-graphene interface can alter the properties of gra-
phene. Such trend was confirmed by alloying the intercalated species
with the first atomic layers of the substrate, with important re-
percussions on the control of the doping level of graphene [111,
178-182].

Vilkov et al. [178] have exploited this strategy to grow
graphene-capped silicides that are reliably protected against oxidation
and can cover a wide range of electronic materials/device applications.
Synchrotron-based XPS was essential in determining the stoichiometry
of the silicides layers produced at different stages of a
temperature-promoted gradual intercalation of Si under graphene on Ni
(111) (Fig. 7a). The deconvolution of the Si spectra evidenced two
components likely reflecting electron emission from Si atoms residing at
the surface and in the bulk of the silicide layer. These data combined
with the well-known phase diagrams for the Ni-Si system indicated that
the different stages of intercalation have altered the stoichiometry of the
silicide layer going from the Ni-rich phase Ni3Si to NiSi.

Brede et al. [179] have shown the evolution of the core levels during
the process of formation of a Felr alloy supporting graphene. Starting
from an intercalated Fe layer between the graphene and Ir(111) surface,
they showed that it was possible to fine-tune the graphene-substrate
interaction by Fe-Ir alloying at the interface. When a critical
Ir-concentration close to 0.25 ML was reached in the Fe layer, the Dirac
cone of graphene was largely restored and could thereafter be tuned
across the Fermi level by further increasing the Ir content. In this case
the acquisition of the Ir 4f and Fe 2p core level was essential in deter-
mining the degree of alloying of the metallic layer interfacing graphene.
(Fig. 7b).

2.3.2. Other intercalation strategies

Besides metals, the intercalation of simple molecules was certainly
one of the most explored, with O [93,183-192], CO [193-195], and Hy
[196,197] being among the most employed. The intercalation of mo-
lecular oxygen was one of the most successfully achieved on
graphene-covered metal surfaces. It was proven that, despite the
passivation effect of graphene with respect to the bare surface [69],
intercalation is possible upon an apt choice of O, partial pressure and
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Fig. 7. (a) Left panel: C 1s and Si 2p acquired at different stages of the gradual Si intercalation promoted by thermal annealing at 700 K. Right panel: Deconvolution
of the Si 2p spectra taken at 165 eV and 420 eV to individuate the bulk (b) and surface (s) component of the silicide layer. Reprinted by permission from Ref. [178]. ©
2016. (b) C 1 and Fe 2p core level measured at different extents of the Fe-Ir alloying. Reprinted with permission from Ref. [179] © IOP Publishing Ltd.

substrate temperature, regardless the extent of the graphene-metal
interaction. Mapping the modifications of the core-levels helped to
clarify, as much as it happens for intercalation of metals, the stages of
the intercalation and the modifications induced at the graphene-metal
interface, which can range from the formation of quasi-freestanding
graphene to the formation of an oxide layer.

The intercalation of molecular oxygen was successfully obtained on
graphene on Ir(111), leading to the decoupling of graphene from the
substrate [184,185,198]. Such process can be followed in details again
by acquiring the C 1s core level for different oxygen exposures [184].
Oxygen intercalation originates a shift of the C 1s core level towards
lower BE which is ca. —0.6 eV when the Ir surface is saturated with
oxygen. A slightly sharper C 1s peak is observed for the intercalated

system, which is a further indication of the change of the GR-substrate
interaction. Moreover oxygen-induced p-doping of the graphene layer
and lifting of the moiré superstructure and the moiré-induced mini-gaps
are evident from ARPES measurements of the band structure and STM
inspection after the intercalation took place [185,198].

The temperature of the substrate was found to have a primary role in
this process, promoting the efficiency of intercalation. Larciprete et al.
[184] have shown that upon annealing oxygen de-intercalation takes
place leading to the landing of graphene back on the Ir surface. Oxygen
intercalation is then a reversible process. However, repeated
intercalation/de-intercalation cycles cause damage of the graphene up
to a level that it can be lifted from the Ir(111) surface already at room
temperature and moderate Oy pressure. In Fig. 8b it is possible to
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Fig. 8. (a) XP-spectra of the C 1s region of graphene/Ir(111). spectra for different intercalation steps of oxygen under graphene/Ir(111). Oxygen was dosed 5 x 103
mbar for 10 min and at a sample temperature ranging from 430 to 520 K. (b) C 1s binding energy measured during oxygen exposure at 5 x 10~ mbar and different
sample temperatures on the as-grown graphene/Ir(111) (I lifting) and for graphene/Ir(111) defected through previous intercalation/deintercalation cycles (II, III,
and IV lifting). Reproduced with permission from Ref. [184] ® 2012 American Chemical Society. (c) C 1s, Ru 3ds,» and Si 2p core levels acquired at different stages
of silicon and oxygen intercalation under graphene on Ru(0001) to form a thin SiO, layer. Intercalation of Si generated Ru silicide, which was converted into a SiO,
layer by the intercalation of oxygen. Reproduced with permission from Ref. [199] © 2012 American Chemical Society. (For interpretation of the references to color

in this figure legend, the reader is referred to the Web version of this article.)

12



L. Bignardi et al.

observe that, whilst the pristine, as-grown graphene layer is not inter-
calated by moderate Og pressure (p = 7 x 1077 mbar), the process is
instead happening with a much lower O, dose. Further attempts show
that the intercalation takes place also at lower temperature, conversely
to what observed for the as-grown graphene layer [184]. With further
intercalation-deintercalation cycles the complete etching of the gra-
phene layer can be achieved, in pursue of a quantitative estimate for the
activation energy of the O-induced etching [200]. In a similar way, it
was possible to achieve reversible intercalation of oxygen under gra-
phene grown on the more strongly-interacting Ru(0001) surface,
restoring its nearly free-standing character and removing the structural
corrugation [121,186,187,191].

Intercalation of oxygen at the graphene-Ni(111) interface interest-
ingly lead to the formation of an antiferromagnetic NiO layer at the
interface between graphene and the ferromagnetic Ni, with the gra-
phene fully decoupled from Ni and strongly p-doped [93,190]. Despite
the formation of this NiO layer, the intercalation was proven to be fully
reversible with no damage of the graphene layer upon annealing for
oxygen de-intercalation. It was interestingly observed that graphene
domains which are not fully aligned with the orientation of the Ni un-
derneath are the first to be intercalated and act as gate through which
the intercalation of the full layer takes place. In these regions, oxygen
diffuses under graphene and then dissociates on the Ni surface, forming
initially a (2 x 2) adsorption structure, which is followed by the growth
of a thin layer of Ni oxide at higher oxygen exposure [93].

Intercalation of different species offers a way to the formation of
more complex interfaces. The formation of thin oxide layers, for exam-
ples, constitutes an important step towards the possibility to employ
graphene in electronic and spintronic applications [201] and as an
essential element in building new architectures for more efficient cata-
lysts [202]. The formation of a thin SiO; layer was successfully achieved
intercalating subsequently Si and O at the graphene-Ru(0001) interface
[199,203]. It was found that Si atoms intercalated at 720 K below the
graphene and formed a silicide with the metal substrate. Such layer was
later oxidized by exposing the sample to oxygen to form a SiO; layer
supporting and decoupling graphene from the metallic substrate. The
different phases of this process were followed by recording XPS spectra
at each stage of the process (Fig. 7b). The experiments revealed the
chemical nature of the intercalated layer and the removal of the moiré
corrugation and the efficient electronic decoupling of GR from the metal
substrate.

Together with SiO, alumina (AlyO3) is another relevant material
from the technological point of view, since it is often included as high-k
oxide in transistors and low-power chips. Omiciuolo et al. [189] have
individuated through the study of the C 1s during intercalation a
straightforward and efficient way to prepare graphene supported by an
alumina layer (AlyOs3). Starting from epitaxial growth of graphene by
CVD of ethylene on the (111) surface of the bimetallic NizAl alloy sur-
face, they were subsequently able to form a 1.5 nm thick alumina
nanosheet below graphene by intercalation of molecular oxygen while
keeping the substrate at 520 K. An interesting feature of the system is
that the thickness of the oxide layer is comparable to the values used in
spin transport devices. Finally, the authors have shown that other oxide
layers could be deposited on top of the GR-oxide interface, leading to
the possibility of building oxide-GR-oxide  sandwiched
heterostructures.

Other examples of the formation of oxide layers between graphene
and the metal substrate through intercalation were achieved at the GR/
Ir(111) interface, realizing Fe and Ti oxide below graphene [155,204,
205]. In both these cases, the acquisition of the core levels at each stage
of the formation of the nanoarchitecture was employed to monitor and
to understand the evolution of the intercalation process and the for-
mation of the oxides. De Angelis et al. [205] have shown how to prepare
a GR/TiOx nanoarchitecture, with a layer of TiO; 5 intercalated below
graphene on Ir(111) and titania nanoparticles deposited on top of it. Ti
oxide constitutes one of the most important materials studied in the last
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thirty years because of its catalytic properties [206]. Moreover, such
combination has attracted considerable interest, since graphene and Ti
oxide may constitute two capital ingredients of newly-designed mate-
rials with important implications for catalysis and photovoltaics [207,
208]. In the aforementioned paper, De Angelis et al. have shown that the
position in BE of the C 1s core level acquired at each stage of the for-
mation of the heterostructure, together with the measurement of the
work function of the sample, were crucial to assess the charge transfer
from graphene towards the substrate and the supported particles. This
information was essential to understand and explain the enhanced
photocatalytic activity of this heterostructure towards the hydrogen
evolution reaction, motivated by different doping level induced in gra-
phene by the TiO; 5 intercalated oxide layer and by the shifts of the Ti
d-band of the titania NPs on graphene. It is worth mentioning also the
possibility to form oxide thin films directly on graphene, an essential
step in realizing device-oriented architectures [181,209].

Hydrogen intercalation has a particular importance in the case of
epitaxial graphene on SiC surfaces. In particular, it is possible to inter-
calate the first surface layer of the (6v/3 x6+/3 )R30° SiC(0001) recon-
struction (i.e. the “buffer layer”). The topmost Si atoms, which for
epitaxial graphene are covalently bound to this buffer layer, are indeed
saturated by hydrogen turning the buffer layer into a quasi-free-standing
graphene monolayer [196,197]. A uniform and homogeneous interca-
lation can be achieved. This can be immediately spotted in C 1s core
level acquired on H-intercalated regions of the sample, with the
appearance of a single component spectrum, which is assigned to
quasi-freestanding graphene, an outcome corroborated also by ARPES
measurements showing the typical linear = bands [134,196]. Remark-
ably, this intercalation is fully reversible upon thermal annealing. Fig. 9c
shows the C 1s evolution during such a process, going from the inter-
calated graphene (bottom spectrum) to a sample annealed up to 1060 °C
(top spectrum) that shows a full recovery of the spectral features typical
of the buffer layer, thus implying a full de-intercalation of Si-bound
hydrogen.

2.4. Functionalization and chemical doping

The substantial knowledge developed about the intercalation
mechanism of several species below graphene has supported the
assumption that, by a proper choice of substrate, one can considerably
alter the properties of the graphene layer, thus fostering the attempt to
functionalize the normally rather inert graphene layer. In this respect,
doping graphene by contacting it with another chemical element can be
considered as the simplest form of functionalization. Such observation is
central, for example, when doping of graphene with metal contacts to
realize a device. The choice of the dopant element can alter, even only
locally, the electronic structure of graphene, an information essential to
design and build devices that integrate a graphene layer [210-212].
These early observations opened the way to a new series of experiments
with the declared aim to find a strategy to chemically alter the electronic
properties of graphene by functionalization, rather than relying on the
modification induced by a substrate or by an intercalating layer. In this
respect, XPS, given the chemical sensitivity, constitutes a prime-choice
tool to individuate and understand the chemical modifications pro-
duced in the graphene layer and the modification to the stoichiometry
produced by any external functionalizing agents.

In a review dedicated specifically to this subject, Griineis [213] has
categorized three different types of graphene functionalization, which
can take place via: 1. ionic and 2. covalent functionalization by adatoms
or 3. by substitutional functionalization. In the case of ionic function-
alization, the host atom donates or accepts charge without sharing this
charge with the graphene, i.e. the charge is fully transferred from host to
graphene. The donated charge then becomes delocalized over the whole
graphene layer. The functionalizing atom is usually located on top of the
C hexagon. An excellent example of this mechanism is the deposition of
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alkali-metals and rare-earths, whose effects are especially visible in
ARPES measurements, with significative alteration of the band structure
in terms of positioning of the Fermi level [164,166-168,213,214]. Such
shifts in the Fermi level are expected to cause also a shift in the position
in BE of the C 1s core level [41,210]. It has been showed that the rela-
tionship between Fermi level and C 1s peak position holds as long as the
Fermi-level shift is smaller than 0.5 eV [168,204]. In this regime, it is
thus possible to estimate the effects of the functionalization in terms of
doping by monitoring the evolution of C 1s.

Covalent functionalization leads to significant alterations of the C 1s
core level, indicating a change in the chemical structure of the carbon
layer. In this case the functionalizing species is generally located on top
of a carbon atom or on top of a C-C bond and shares an electron with the
nearby atom or atoms, thus producing a distortion of the graphene lat-
tice. Functionalization with H and O are belonging to this category, and
both cases are particularly relevant. The addition of these simple atomic
species has been shown to change the electronic band structure of gra-
phene from that of a semi-metal to that of a semi-conductor or insulator
[215-217]. Substitutional functionalization can be seen as a specific
example of covalent functionalization and it takes place whit the
replacement of a C atom by a chemically similar atom such as B or N.
Different configurations, and different reactivity properties, can be ob-
tained according to the site in which the substitution takes place, with
important implications in the reactivity properties of graphene and in
the design of graphene-based single-atom catalysts [218-220].

2.4.1. Hydrogen functionalization
Functionalization with hydrogen has been investigated in depth from
different points of view and it can lead to the formation of graphane, i.e.
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a fully-hydrogenated graphene layer. The importance behind this pro-
cess resides in the fact that it was theoretically predicted to be one of the
easiest ways to open a band gap in graphene band structure [222], as
later verified experimentally both for graphene on metals [223] and SiC
[224,225]. However, XPS experiments have revealed that hydrogena-
tion of graphene on metallic surfaces is a complex process with different
steps leading to the graphane formation. A remarkable example is the
hydrogenation of graphene on the weakly-interacting Ir(111) surface.
On this substrate, as much as on the weakly-interacting Pt(111),
hydrogen atoms adsorb preferentially on carbon atoms in the valleys of
the corrugated moiré structure, forming a so-called graphane-like
structure [216,221,226,227].

The acquisition of XPS spectra during the different phases of hy-
drogenation, which is generally obtained by sending a flux of atomic
hydrogen towards the sample in UHV, have showed the presence of two
types of hydrogen adsorbate structures at the graphene/Ir(111) inter-
face, namely, graphane-like islands and hydrogen dimer structures, as
shown by Balog et al. [221] and reported in Fig. 10. This process was
also proved to be highly-dependent on the substrate temperature during
the hydrogen exposure. Keeping the sample at 300 K during the expo-
sure to atomic H lead to the formation of hydrogenated regions coex-
isting with H dimer structures. Annealing at 630 K was enough to
remove dimer structures from the surface, whilst for temperatures above
645 K hydrogen adsorbs exclusively on the hcp regions of the graphe-
ne/Ir(111) moiré structure [221]. ARPES and STM measurements
proved the preferential functionalization of just one region of the moiré
supercell and showed that this results in the opening of a band gap in the
band structure at the K-point of the Brillouin zone of graphene [223],
whereas with very limited associated broadening of the graphene 7z band
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Fig. 10. Fitted C 1s core level spectra for hydrogen-saturated graphene at 300 K. Two main hydrogen structures are observed, namely, dimers —detected by the
presence of the Ca component- and graphane-like clusters detected by the presence of Cb and Cd components. (b) Hydrogen-saturated graphene after annealing to
630 K. Dimer structures have been removed from the surface, leaving vacant graphane-like clusters on fcc and hep areas. (¢) After annealing hydrogenated graphene
to 680 K, graphane-like clusters become smaller in size as seen by the disappearance of the Cd component and the reduction of the Cb component. Reprinted with

permission from Ref. [221]. © 2013 American Chemical Society.

[216]. Thus, hydrogenation at elevated sample temperatures provides a
pathway to efficient band gap engineering in graphene via the selective
functionalization of specific regions of the moiré structure. The
adsorption of hydrogen was proven to be a fully-reversible process, since
a thermal annealing up to 720 K was enough to restore the original
graphene layer. Balog et al. discussed in Ref. [221] also the stability of
these graphane-like clusters depending on the position they occupy in
the moiré superlattice of GR/Ir(111). These observations were pivotal to
propose the possibility to pattern the graphene layer with a precise
amount of hydrogen.

Interestingly, it was shown that hydrogenation could be effectively
obtained by vibrationally excited Hy molecules instead of using atomic
hydrogen, since the former dissociatively adsorb on graphene on Ir(111)
resulting in nanopatterned hydrogen functionalization structures [228].
Such process is made possible by the presence of the Ir surface sup-
porting graphene, which lowers the dissociation barrier for the H-H
bond, leading to the formation of H atoms that can thus hydrogenate
graphene.

Graphene on Pt(111) was successfully hydrogenated, although with
a lower efficiency than for Ir(111) [226]. Panahi et al. have investigated
the properties of graphene and hydrogenated graphene on Pt(111) and
on the Pt(111) surface with embedded Fe and Co atoms [229]. A com-
bination of XPS investigations and C K-edge NEXAFS spectral analysis
revealed a reduced graphene pinning when 3d metal atoms (Fe and Co)
were embedded in the substrate compared to bare Pt(111). This was
understood by acquiring core level spectra during thermal ramps (5 K/s)
carried out on the hydrogenated graphene sample both for bare gra-
phene/Pt(111) and for Fe and Co intercalated graphene/Pt(111). The
different temperatures at which the components associated with hy-
drogenated graphene (GR-H) and with graphene in contact with the 3d
intercalated metal disappear from the surface are indicating that H de-
sorbs at different temperatures according to the intercalated species.
This was attributed to the different p-doping level in graphene, which
depends on the extent of the interaction with the substrate, strongly
affected by the presence of 3d metal atoms in the first layer under the Pt
surface. Hydrogenation was found to change the interaction between
graphene and the modified substrate dramatically and to induce surface
segregation of 3d atoms. The interaction of hydrogen and graphene can
therefore be controlled by the presence of the 3d metals and their surface
segregation. Moreover, such a mechanism changes the desorption en-
ergetics of hydrogen significantly.

Haberer et al. have shown that Au-intercalated graphene epitaxially
grown on Ni(111) can be functionalized with H, which efficiently opens
a band gap whose width can be tuned up to 1 eV according to the amount
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of hydrogen supplied [230]. High-resolution XPS of the C 1s level
showed that this hydrogen induced gap formation is completely
reversible by annealing without damaging the graphene. Calculations of
the BE of the C 1s upon different hydrogen loading and of the spectral
function of graphene were found to be in excellent agreement with
photoemission experiments. In this kind of experiment XPS was crucial
in determining the H/C ratio and relate it to the observed band gap in
ARPES experiments. Remarkably, the study of the same process but with
deuterium instead of hydrogen showed an unusual kinetic isotope effect,
since the graphene deuteration reaction proceeds faster than hydroge-
nation and leads to substantially higher maximum coverages of deute-
rium (D/C ~35% vs H/C ~25%). These results were explained by the
fact that in the atomic state H and D have a lower energy barrier to
overcome in order to react with graphene. More importantly, D has a
higher desorption barrier than H due to quantum mechanical zero-point
energy effects related to the C-D or C-H stretch vibration [231].

The specificity of the graphene/metal interface can lead the hydro-
genated layer to assume peculiar features. An example of this is the
hydrogenation of graphene on Ni(111) via dosing atomic H on the
sample. The choice of employing atomic H has been proposed by some
authors to be the most suitable route to achieve graphone, i.e. a gra-
phene layer, where the hydrogen atoms are only on one side of the
carbon sheet, which is predicted to be a semi-conductor with a smaller
band gap than the aforementioned graphane. Ng and co-workers [226]
first reported on the possibility to hydrogenate graphene on Ni and on
other transition metals. They combinined XAS and XPS measurements
putting in the spotlight the differences due to the different degree of the
graphene-metal interaction, also discussing the dependency on the
metallic substrate of the density of graphane patches formed after hy-
drogenation. By combining XPS, TPD and DFT calculations, Zhao et al.
[232] have studied the process of intercalation of hydrogen between
graphene and the nickel substrate. They found that the highly reactive
hydrogen atoms are trapped by the graphene sheet, forming covalent
C-H bonds on the vacuum side of the graphene sheet.

Lizzit et al. [233] have provided a comprehensive description of the
process of hydrogenation of GR/Ni(111) by using XPS and STM com-
bined with DFT calculations. The steps of the hydrogenation (with the
equivalent H doses) at room temperature are reported in Fig. 11a, going
from a low dose of 0.7 kL up to 29 kL (L = Langmuir = 107 torr-s). The
main Cy peak of pristine graphene/Ni is progressively converted into
new components, namely, A; (284.98 eV), A, (285.43 eV), By (284.35
eV), and B, (283.84 eV), which, according the DFT calculation of the C1s
the core level shifts (see Fig. 11b), are assigned to C atoms bonded to H
monomers and dimers (A) and larger clusters (A;), and to the C sites
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that are first neighbor of one (B;) or two and three C-H bonds (B2). The
growth of these new components proceeds until a stable configuration is
reached and then, at H dose of ca. 0.6 kL, it stops indicating the satu-
ration of the H chemisorption on graphene. With these assignments the
C 1s spectrum reveals that at RT not more than one-quarter of the C
atoms form C-H bonds (those contributing to A; and A»). This implies
that hydrogen chemisorption saturates at 0.20-0.25 ML GR. These
findings are compatible with previous helium scattering measurements
reporting hydrogen saturation of graphene at a H/C ratio of about 20%
[235]. Hydrogenation progressively shifts the main Cp component,
which at saturation is located 0.2 eV below its BE position for clean GR
and has about half of its pristine intensity. In parallel, H atoms inter-
calate below graphene with a much slower rate and bind to Ni surface
sites. This intercalation progressively destabilizes the C-H bonds and
triggers the release of the hydrogen chemisorbed on graphene. ARPES
and NEXAFS measurements demonstrated that the graphene layer is
fully lifted when the Ni surface is saturated with H. The same authors
also reported STM images showing that at low coverage H atoms pre-
dominantly adsorb as monomers, in agreement with the calculations
predicting a high stability for this arrangement. The graphene layer,
besides offering a storage volume for the intercalated H, stabilizes it
above room temperature, rising by a few tens of K the Hy release tem-
perature with respect to the bare Ni(111) surface. Moreover, this hy-
drogenation was proven to be reversible: whereas the H atoms
chemisorbed on graphene remain unperturbed over a wide temperature
range, the intercalated phase abruptly desorbs 50-100 K above room
temperature. The effectiveness of these results can be expanded by using
Ni substrates with large specific surface, as nanoparticles or nano-
structured foils or foams, which, when covered with graphene, might
become media where hydrogen can be loaded and stored above room
temperature [236]. Moreover, the information achieved in this experi-
ment were fundamental to understand the mechanism of water splitting
of Hy0 on graphene on Ni(111) [88].
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2.4.2. Oxygen functionalization

Besides hydrogen, oxygen is the most employed species to func-
tionalize graphene. Specifically, this process is strongly related to the
understanding of the formation mechanism of graphene oxide, which,
unlike graphene, is less inert and has great potential in a great deal of
technology-oriented applications [237]. Moreover, the understanding of
the interaction of graphene with oxygen assumes a marked importance
in view of the use of graphene as efficient coating against corrosion of
metals [238].

Oxygen functional groups (epoxy, hydroxyl, carbonyl and carboxyl)
induce sp> defects in the graphene structure and distort the z-conjugated
system, reducing the strength and conductivity of the material [239,
240]. Efficient reduction of graphene oxide while maintaining optimal
transport properties is a key issue to address. Graphene oxide is solution
processable and easy to handle: this is related to the presence of O atoms
attached to the graphene lattice in several oxidizing groups, with a
relative abundance controlled by the preparation method chosen [241,
242]. However, although the progressive elimination of oxygen during
graphene oxide reaction results in a gradual increase of the electronic
mobility, the transport properties of reduced GO are far from being
comparable to those of ideal dopant-free graphene, because the sp?
conjugation is only partially retrieved. The fundamental understanding
of the oxidation and reduction mechanism can be understood by accu-
rately monitoring the evolution of relevant core levels during oxygen
exposure. Graphene on Ir(111), known to have a high degree of
ordering, small amounts of surface defects, which can dramatically
affect oxidation/deoxidation processes, and being quasi freestanding,
constitutes an excellent benchmark to understand the oxidation of the
single layer of graphene.

Atomic oxygen is generally employed to efficiently achieve this task,
with O atoms sticking to the basal plane of the graphene sheet with an
initially covalent bond through the formation of an epoxy group, as
proven for oxidation of graphene on Ir(111) and Pt(111) [234,243].
Vinogradov et al. [243] exposed epitaxial graphene on Ir(111) to a flux
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of atomic oxygen and observed that, at the first stage of oxidation, sig-
nificant changes can be observed in the C 1s spectrum shape and noted
that all components detected at oxygen saturation are observed since the
beginning of the process. Upon further oxygen adsorption, these new
components became more pronounced, at the expense of the signal from
the pristine graphene, indicating an increase in the number of carbon
atoms involved into the oxidation process. It was observed that gra-
phene oxidation predominantly occurs through the formation of epoxy
groups and causes atomic-scale buckling of the graphene lattice, as
evidenced by an sp>-to-sp> bond transformation. Annealing of the sam-
ples after oxygen exposure was able to recover only partially the original
graphene structure, both for the growth on Ir(111) and Pt(111).

Larciprete et al. [234,244] shed light on the interaction of graphe-
ne/graphite with atomic oxygen, focusing on the mechanism of reduc-
tion of oxidized graphene, addressing specifically the defects formation
in the C network during de-oxygenation, a process that can compromise
the charge carrier mobility in the reduced material. In particular, they
oxidized epitaxial graphene on Ir(111) by controlled amounts of atomic
O both at low (¢ = 0.03 ML) and high (9 = 0.25 ML) coverage. For the
low coverage regime, they observed the appearance of the components
01 (531.1 ev) and C1 (285.8 eV), in the O 1s and C 1s spectra, respec-
tively, due to the formation of epoxy structures, as shown in (Fig. 11c).
The appearance of the component C2 (284.6 eV) in the C 1s and of a new
component (60.66 €V) in the Ir 4f;,5 spectrum (not shown) supported
the emergence of a C-Ir interaction induced by the adsorption of O
atoms on graphene. On the other hand, the sample exposed to a higher O
coverage, revealed a much larger number of new components in the C 1s
core level (Fig. 11d), with component C3 (285.3 eV) assigned to ethers,
and C4 (286.8 eV) and C5 (288.0 eV) attributed to C atoms forming
double (quinones) and triple (lactones) bonds with O atoms, respec-
tively. Carbon vacancies are responsible for the C6 component (283.6
eV) and partially responsible for the broadening of the main sp? peak.
Double C=O bonds were held responsible for producing the O3
component (530.0 eV) in the O 1s spectrum.

Insight into the mechanism of desorption of oxygen from graphene
were obtained by collecting core levels during thermal annealing of the
samples with different oxygen coverage, as reported in Fig. 11c and (d).
For the sample covered with low amount of O, the O desorption activates
at 350 K from the epoxy groups only, as shown by the decrease of the O1
and Cl1 intensities, while the O2 and C2 peaks start to decrease at ca. 400
K. No oxygen adatoms were detected above 520 K, with the C 1s and Ir
4f; /5 spectra resembling those measured on pristine graphene. The
thermal evolution of the C 1s and O 1s spectra for the high coverage
sample shows that, similarly to the low coverage case, epoxide reduction
is activated at ca. 300 K and is complete below 550 K. A residual
quantity of O is still detected at 500 K in the form of ether and semi-
quinone. The comparison between the C 1s spectral intensities measured
on pristine and reduced graphene shows that 10-15% of C atoms are lost
during the desorption ramp. This graphene etching mechanism was also
observed in experiments exposing GR/Ir(111) to molecular oxygen
[200], which identified a dual path mechanism in the thermal reduction
of graphene oxide driven by the oxygen coverage. At low surface den-
sity, the O atoms adsorbed as epoxy groups evolve as O leaving the C
network unmodified. At higher coverage, the formation of other
O-containing species opens competing reaction channels, which
consume the C lattice through CO/CO5 desorption.

Starting from these outcomes, other works have completed the
knowledge about the mechanism of O functionalization of GR on Ir(111)
by addressing the role of enolate functional groups [245]. Cassidy et al.
have shown that a combination of XPS and STM with HR-EELS mea-
surements was able to prove that O atoms covalently bind to the gra-
phene basal plane selectively, at sites dictated by the underlying Ir(111)
substrate and have demonstrated that these new bonds are with enolate
functional groups [246]. A similar patterning effect, with formation of
enolate groups, has been individuated also for GR on Ru(0001) [247].
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2.4.3. Nitrogen and boron functionalization

The functionalization of graphene with N constitutes also a very
important example of substitutional functionalization. Wei et al. have
shown that it is possible to directly grow N-graphene [248], while the
works of Usachov et al. [249,250] have shown in details the steps
leading to the realization of a N-functionalized graphene layer on Ni
(111), casting light on some interesting features of the chemistry of this
interface. By thermally dissociating s-triazine on Ni(111), they were able
to directly grow a layer with a specific C-N ratio. The analysis of the C 1s
and N 1s core level acquired at different stages of growth (Fig. 12a)
showed that room temperature adsorption of s-triazine molecules pro-
duces a plethora of spectral features in the C 1s spectra, indicative of a
complicated dissociation process. However, two main spectral features
(c1 and c2) are clearly distinguishable [249].

The first N 1s spectra exhibit a dominant feature nl that is accom-
panied by a shoulder at higher BE. This can prove that triazine molecules
attach with different configurations to the Ni(111) substrate. The effect
of temperature on the process is also evident since, when the substrate
reaches ca. 250 °C, both C 1s and N 1s photoemission signals exhibit
noticeable changes. The intensity of c1 and c2 features is reduced and
their energy position is shifted to higher BE. This is accompanied by the
appearance of a distinct peak at ca. 283.5 eV. The shoulder n2 at 397.3
eV turned into a well-defined peak, while the intensity of the nl feature
was reduced and subsequently disappeared from the N 1s spectra. This
was found to be an indication of s-triazine molecules dissociation on the
hot Ni(111), with consequent appearance of molecular fragments. Last,
it was observed that a substrate temperature of 500 °C was needed to
have the appearance of a ¢3 component at 285.0 eV in C 1s and a
component n3 at 399.0 eV BE in N 1s. This analysis revealed that the
formation mechanism can be comparable to the CVD growth of un-
doped graphene, although the growth rate was found to be lower due
to presence of nitrogen atoms. N-graphene has been found to be char-
acterized by the presence of 12 at. % of nitrogen, which was observed
mainly in pyridinic form and that is responsible for small charge
transfer. However, the authors have shown a way to convert N into
graphitic form by using the intercalation of Au under N-graphene, fol-
lowed by a prolonged annealing, as deduced from the wide modifica-
tions undergone by the N 1s core level (Fig. 12c).

In this framework, the same authors have also investigated the role of
the graphene-metal interaction in promoting the conversion of N from
pyridinic to graphitic form [250]. In particular by applying photo-
emission spectroscopy and DFT calculations, they showed that the
electron doping effect of graphitic N is strongly suppressed by pyridinic
N. As the latter is converted into the graphitic configuration, the effi-
ciency of doping rises up to half of electron charge per N atom. They
were also able to identify the most important factor that promotes ni-
trogen conversion from pyridinic to graphitic form, that is the weakness
of N-graphene bonding to the substrate. This is evident by the ratio of
the intensities of the pyridinic and graphitic components observed for
the N 1s core level for N-graphene on different substrates (Fig. 12d). The
Au-intercalated GR/Ni(111) was found to be the most effective substrate
in promoting the conversion, although this efficiency was not deemed to
be a responsibility of the Au reactivity.

Carborane molecules were used to synthesize boron doped graphene
on Ni(111) and Co(0001), incorporating B atoms in graphene already
during CVD synthesis [103,251]. By combining XPS with LEED and
STM, the authors have shown that impurities substitute carbon atoms in
the graphene lattice and affect the orientation of graphene domains. In
the case of the Ni(111) substrate B-graphene is well-oriented at low
boron concentrations (< 5 at. %). At high doping level (> 12 at. %)
B-graphene was found to be poorly ordered with no sublattice asym-
metry. On the other end, according to the LEED data, B-graphene on the
Co(0001) surface was better oriented on long-range ordering for boron
concentrations up to 15 at. %; although its honeycomb lattice is strongly
distorted on atomic scale, similarly to the B-graphene/Ni(111).

Orlando et al. have shown that it is possible to obtain N-doped
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Fig. 12. (a) and (b) C 1s and N 1s core level acquired during the growth of N-doped graphene. (c) N 1s core level for N-graphene on bare Ni(111), on Au-intercalated
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Reprinted with permission from Ref. [249] © 2011 American Chemical Society. (d) N 1s photoemission spectra acquired after intercalation of different metals under
N-graphene, followed by prolonged annealing; The peaks are marked as follows: Np, pyridinic; Ng, graphitic. Reprinted with permission from Ref. [250]. © 2014

American Chemical Society.

epitaxial graphene on Ir(111) by using nitrogen plasma treatment [252].
The acquisition of C 1s and N 1s levels, combined with XPD, lead to the
individuation of different types of bonding configurations, namely,
graphitic, pyridinic and pyrrolic nitrogen. The authors have shown that
he GR-Ir interaction modulates the relative concentration of these ni-
trogen species, as it promotes the formation of pyrrolic- and pyridinic-N.
The increase of the graphitic nitrogen concentration is obtained also by
annealing the sample because of the higher thermal stability of this
atomic configuration and of the selective conversion of the other ni-
trogen species. N-doped graphene synthesized in this way has shown
remarkable activity in the dissociation of O5. Scardamaglia et al. [253]
have followed this process by monitoring the evolution of the core levels
in a XPS experiment complemented with ARPES measurements and DFT
calculations. The authors were able to observe oxygen dissociation
signaled by the modification of the N 1s core level during exposure to Oo,
which at the same time led to the formation of carbon-oxygen single
bonds on graphene, along with a band gap opening and a rounding of the
Dirac cone.

2.5. Corrugation

The possibility to have ordered long-range moiré-induced corruga-
tion at some graphene/metal interfaces has stimulated the idea that
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these interfaces could be the ideal substrate to obtain ordered de-
positions of arrays of clusters. Ru(0001) and Ir(111) have been mostly
employed for this task, since it is possible to grow graphene on them in
an epitaxial way, with large domains and well-characterized periodic
corrugation, with clusters generally occupying the regions of graphene
that are closer to the metal. This approach has been proven successful by
the seminal works of N’Diaye et al. [254,255] and extended to other
systems [122,255-260].

Beside this direct method, corrugation of the graphene layer can be
obtained by directly growing graphene on surfaces with a radically
different crystalline symmetry [63,64,106,261,262] or on stepped sur-
faces [263-267]. Casarin et al. [263] have evidenced some radical dif-
ferences between graphene grown on Rh(533) and on the flat Rh(111)
surface. In particular, the high-resolution C 1s spectrum of GR/Rh(533)
indicated a smaller intensity ratio between the strongly- and
weakly-bound graphene components (corresponding to different regions
of GR close to or more distant from the Rh substrate) than in the case of
GR/Rh(111) and a shift to lower BEs. The authors explained this by
considering the role of the steps, which weaken the coupling between
the C atoms and the metal substrate due to the increased average
C-metal distance. They also suggested that the presence of surface steps
may be highly beneficial to the growth of GR layers with excellent,
tunable structural properties and an improved thermal stability.
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Other examples to locally increase the corrugation of graphene at
metallic surfaces were reported by realizing graphene nanobubbles
confining Ar clusters. Zamborlini et al. [268] conducted a LEEM/PEEM
investigation, followed the evolution of sub-ML amounts of argon
implanted at the graphene/Ir(100) interface and provided direct evi-
dence of Ar cluster formation at and above room temperature. The larger
aggregates displayed a lateral size up to tens of nanometers and height
up to several atomic layers. Other works have obtained similar struc-
tures, with the formation of nano-blisters at the GR/Ni(111) interface.
Spath et al. [269] have shown that Ar can be trapped under graphene by
pre-implanting it in the Ni substrate before graphene growth. The Ar
then diffuses to the surface during the growth of graphene at elevated
temperatures, where graphene acts as a barrier preventing it from
desorbing. The authors were able to discriminate between argon atoms
within the inner part of the formed bubbles and in contact with gra-
phene, and those argon atoms in contact with the Ni(111) substrate,
with the latter showing a lower Ar 2p binding energy. They concluded
that the intercalation of argon leads to a decoupling of graphene from
the nickel surface, as deduced from the binding energy and the thermal
stability of the graphene sheet. Larciprete et al. [270] have also shown a
similar process, although they grew graphene first and later implanted
Ar ions in it. They then thermally annealed the so-formed samples
following in real time with synchrotron-based XPS the formations of the
nanoblisters by acquiring the C 1s and Ar 2p core levels. By combining
XPS with STM they showed that the Gr nanoblisters, whose shapes are
driven by the crystallographic directions of the Ni surface, contain
multilayer Ar aggregates compressed at high pressure below the
monolayer GR skin. The local strain along the blister profiles makes
these nanostructures a benchmark for fundamental and
application-oriented investigations and the starting point to explore the
reactivity of strained graphene nanostructures and their potential in-
clusion in newly-designed catalysts.

2.6. Thermal expansion

The possibility to include graphene in electronic devices relies not
only on the knowledge of the electronic properties but also on the un-
derstanding of its mechanical and thermal features [272-277]. In this
sense, the sensitivity of synchrotron-based XPS in detecting the smallest
modifications of the core level BE and lineshape was instrumental in
understanding the mechanism connected to the thermal expansion of
graphene. Pozzo et al. have combined DFT calculations and C 1s spec-
troscopy on GR/Ir(111) in a synchrotron-based XPS experiment to show
the effect of thermal annealing on the graphene lattice. In order to es-
timate the effects of temperature on GR, the first-neighbor distance
d was calculated with DFT and was found to increase with temperature i.
e., it shows the usual behavior for a solid, both for free-standing and Ir
supported graphene (Fig. 13a). On the other hand, when the lattice
parameter a is considered, the emerging picture is quite different for the
freestanding and the supported GR case. For freestanding GR a thermal
contraction of a was observed for all simulation cell sizes at lower
temperatures, while for supported graphene DFT calculations showed
that the variation of a with temperature is positive and mainly governed
by the Ir slab.

Experimental validation to these results came by acquiring the C 1s
spectrum on GR/Ir(111) via fast-XPS (acquisition time 150 ms/spec-
trum) while the sample was undergoing a temperature ramp from 300 to
1200 K. Each spectrum was fitted with Doniach-Sunji¢ profiles convo-
luted with a Gaussian which accounts for phonon, inhomogeneous, and
instrumental broadening. The analysis revealed that the single C 1s
component moves to higher BEs and broadens with increasing temper-
ature, as seen in Fig. 13c. In order to obtain information about d, the
bonding/anti-bonding splitting AE in the C 1s core level was measured,
since, in a simple tight-binding picture, this is related to the C-C distance
[62]. In the observed temperature range AE was found to decrease from
44 + 2 to 32 + 2 meV, strongly supporting an increase of C-C, with a
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Reprinted with permission from Ref. [271] © 2011 by the American Physical
Society. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

trend that can be fitted well with an exponential, suggesting a linear
thermal expansion of d in the whole temperature range. Further infor-
mation on the graphene thermodynamic properties can be extracted
from the thermal broadening of the XPS spectra, analyzing the evolution
of the gaussian broadening using the Hedin-Rosengren theory for the
temperature-induced phonon broadening. Such analysis allowed the
determination of the Debye temperature for graphene (1495 + 50 K),
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between the values of diamond (2240 K) and graphite (402 K) [278].
These experiments have shown that the C-C nearest-neighbor distance
increases with temperature for both supported and free-standing gra-
phene, even when the lattice constant contracts. This work provides an
excellent example of the potentiality of combining synchrotron light
with core-level photoelectron spectroscopy, elucidating some very
elusive properties of 2DMs which normally are not directly accessible
with conventional XPS or other techniques.

3. Hexagonal boron nitride

Another important member of the family of 2DMs, both from a
fundamental and technology-oriented point of view, is single layer
hexagonal boron nitride (hBN). The studies on this 2DM at surfaces have
received a considerable attention in the last years, making hBN a very
versatile and promising material in view of a possible use in new-
generation electronics. hBN is indeed an insulator with a wide gap,
formed by B and N atoms arranged in a honeycomb crystalline lattice,
with a geometrical configuration very similar to graphene. The studies
about this material have been indeed often conducted in parallel with
graphene, mostly because of the foreseen potentiality and importance of
graphene/hBN heterostructures. Electronics based on graphene needs
generally a scalable insulator, such as hBN, to deliver their predicted
theoretical potential, which is usually impaired by the presence of de-
fects of the amorphous oxide thin layer onto which graphene is laying
[279]. hBN was early identified as one of the best candidate to be
included in graphene-based devices, due to its large band-gap and its
lack of defects and irregularities. Beside this aspect, hBN has received a
considerable attention also because it constitutes an excellent template
to adsorb atoms, molecules and clusters in ordered arrays [280].

3.1. Growth on metallic substrates

hBN has been synthesized and characterized on a wide set of sub-
strates. The search for an effective and reproducible bottom-up
approach has lead to the investigation of the mechanism of epitaxial
growth of hBN, mostly on transition metal substrates, on which it can be
grown, similarly to graphene CVD, relying on the reactivity of the
metallic surface (kept at a specific temperature) to dissociate precursor
molecule containing both B and N, such as borazine or ammonia borane.
The results obtained in terms of growth have been recently summarized
in some reviews [281-283], which also offered a survey on several as-
pects of hBN properties at surfaces. Multiple experiments with
synchrotron-based high-resolution XPS were realized in this area, and
provided essential knowledge about the mechanism of growth of hBN
and important information about the adsorption configuration of hBN
on the substrates on which it was grown, exploring the electronic
properties of these interface. The growth mechanisms in this case can be
more intricate than for graphene, since two chemical elements are
involved and must be incorporated into the hBN film at a one-to-one
ratio. Although the correct stoichiometry of the final layer should be
ensured by the use of molecules such as borazine, for which the B:N ratio
is 1, the decomposition of the precursor and the pressure used during the
growth can play an important role in driving the final crystalline quality
of hBN.

The growth of hBN on several metallic surfaces (in general single-
crystals) and the electronic structure of these interfaces have been
studied in a series of experiments with synchrotron radiation in the last
20 years [284-294]. Substrates other than metallic ones have been also
explored. Epitaxial graphene was one of them, in the attempt to indi-
viduate a protocol for a direct and scalable growth of hBN-graphene
heterostructures [295-297]. Early works by Nagashima et al.
[298-300] have suggested that the monolayer of hBN on Ni(111), Pd
(111) and Pt(111) is physisorbed, although later works showed that hBN
is actually chemisorbed on Ni(111) [284]. On other surfaces, such as Rh
(111) or Ru(0001), the interaction with the substrate generated
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corrugation in the hBN, with regions closer and pinned to the metallic
substrate. Such outcomes have been confirmed by the analysis of the N
1s and B 1s core level high-resolution spectra, since their spectroscopical
fingerprint can help to shed some light on the differences of interaction
of hBN with the substrate at different regions of the corrugated lattice, in
the same way as it was observed for graphene.

Preobrajenski et al. [286] have extensively addressed this issue by
means of synchrotron-based XPS and have shown that the morphology
of hBN overlayers on lattice-mismatched TM substrates changes grad-
ually as a function of increasing chemical bonding. Peak fit analysis of
the N 1s core level reveals two components N1 and N2 separated by
about 0.7 eV in the case of hBN grown on Pt(111), Ir(111), Rh(111) and
Ru(0001), as shown in Fig. 14a. Interestingly, the intensity ratio of these
components changes gradually: for hBN on Pt(111) the spectrum is
dominated by the low BE component (N1), which is associated with
nitrogen atoms in physisorbed hBN. On the more interacting Ir(111), the
component N2 grows, and this happens even more evidently for hBN on
Rh, for which the high-energy component becomes comparable with N1.
Finally, N2 dominates the spectrum for the most reactive Ru(0001)
substrate. Thus, the authors related the component N2 with nitrogen
atoms in the chemisorbed hBN sites. It is worth noting that the energy
positions of both N1 and N2 are shifting gradually from hBN/Pt towards
hBN/Ru. This is due to the fact that weakly bound hBN is electrically
decoupled from substrates, and the Fermi level of hBN and the metal is
no longer aligned. From this core-level analysis, and with the support of
X-ray absorption spectroscopy (XAS) data, the authors concluded that
the morphology of hBN overlayers is different on each of these sub-
strates, gradually evolving with increasing interfacial chemical inter-
action. In particular, the fraction of the chemisorbed hBN areas
gradually increases at the cost of the physisorbed hBN ones.

The analysis of the core levels can return information about the
thickness of the hBN layer on the surface, as reported in Fig. 14b, which
shows that the Bls spectrum changes with the number of hBN layers
grown on Ni(111) [284]. A single component (B1, BE = 190.47 eV) was
observed for the single layer hBN, while for a double layer structure B1 is
sided by another component at higher binding energy (B2, BE =
190.95). A further increase in the hBN thickness continues the observed
trends, resulting finally in the single and nearly symmetric B 1s and N 1s
lines of the bulk material with (B 1s BE = 191.82 eV and N 1s BE =
399.47 eV). The linewidth analysis of the core levels revealed that, while
the bulk material spectra were not altered by any charging effects,
remarkable differences were observed for the monolayer form, with an
asymmetry parameter a = 0.13 for B 1s and a = 0.06 for N 1s. Specif-
ically, the value of a measured for B 1s is comparable with that one
measured in metals, but it is radically different to the values found in
insulators. Such feature indicates the metallicity of the hBN when in
single-layer form on Ni. Thus, the electronic properties of the first hBN
monolayer on Ni(111) are very different from those of the second and
subsequent monolayers.

The mechanism of growth of a single-layer hBN on metals has been
explored by Orlando et al. by means of X-ray photoelectron spectros-
copy, in order to understand the steps leading to the formation of single-
layer hBN on the surface of Ir(111), using borazine as precursor [301,
302]. The evolution of the B 1s and Ir 4f; /5 core-levels at the different
stages of exposure is shown in Fig. 14c. The authors observed that at low
temperature (T = 170 K) borazine adsorbs on Ir(111) in its preserved
molecular form, with the plane of the ring parallel to the substrate.
Subsequent annealing of the borazine-covered surface resulted in a
continuous dehydrogenation from ca. 250 up to ca. 1000 K, with a
maximum H; desorption rate at 330 K (estimated from
temperature-programmed desorption experiments), and eventually ends
up with the formation of the hBN layer. Above T = 330 K part of the
dehydrogenated molecular rings breakup, leading to the formation of
molecular fragments and atomic species, as revealed by the detection of
atomic boron. Deposition of borazine on the Ir surface kept at high
temperature leads to the formation of an extended hBN layer. In addition
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Fig. 14. (a) N 1s core level of hBN single layer on different metallic substrates. Reprinted from Ref. [286] with permission from Elsevier. (b) B 1s photoelectron lines
for hBN/Ni(111) excited with hv = 320 eV. B1 and B2 stand for the boron chemical species in the first monolayer (B1) and all other layers (B2). Reproduced with
permission from Ref. [284] © 2004 American Physical Society. (c) High-energy resolution B 1s and Ir 4f;,5 core level spectra for the clean surface (bottom) and
B3N3Hg saturated (25 L, T = 330 K) Ir surface (1) and after fast annealing to the listed temperatures. Reproduced with permission from Ref. [301] © 2012 American
Chemical Society. (d) LEED patterns measured at 83 eV for hBN synthesized according to HTG and TPG procedures Insets: zoom-in of the principal spots measured at
55 eV. In the bottom panel, line profile analysis along the colored rings containing the BN spots. (e) XPD patterns stemming from B 1s acquired on hBN sample grown
with HTG and TPG methods, with hy = 305 eV. (f) Two possible adsorption configurations for h-BN on Ir(111). Reprinted with permission from Ref. [302] ©® 2014

American Chemical Society.

to these details on the mechanism of formation of hBN, it was shown that
a single-domain hBN monolayer can be synthesized by a cyclic dose of
high-purity borazine (using the so-called temperature-programmed
growth, TPG) onto the metal substrate at room temperature followed by
annealing at T = 1270 K. The single crystalline orientation was inferred
by comparing LEED diffraction pattern, featuring a 3-fold symmetry
expected for the hBN crystalline lattice with a single orientation
(Fig. 14d), and from X-ray photoelectron diffraction (XPD) experiments
(Fig. 14e). In contrast, high-temperature borazine deposition (labeled
high-temperature growth, HTG, and performed keeping the metallic
substrate at 1070 K) resulted in a hBN monolayer constituted by do-
mains with opposite (mirror) orientation and thus characterized by an
overall 6-fold symmetric diffraction pattern. The compelling evidence of
the single-layer formation was achieved through XPD experiments. The
B 1s derived XPD patterns are reported in Fig. 14e. By comparing the
experimental data (colored sector) with XPD simulated patterns ob-
tained via multiple-scattering calculations [303], it was possible to
identify the best crystalline structure matching the experimental XPD
outcomes via an R-factor analysis [17]. This analysis revealed that,
although the crystalline symmetry of hBN layers is identical to that of
the Ir(111) substrate, 180° misoriented h-BN domains are formed by the
HTG method, corresponding to fcc and hcp configurations, which are
shown in the scheme in Fig. 14f. On the other hand, the TPG preparation
method was found to produce only the fcc phase. The authors
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individuated the thermal energy and the binding energy difference be-
tween fcc and hep hBN seeds as crucial factors controlling the alignment
of the growing hBN clusters during the first stage of the growth.

3.2. Functionalization

After some early studies provided a comprehensive knowledge about
the growth of hBN on metallic surfaces, it was anticipated that the
regular superstructures associated with the moiré of the hBN on the
metal surface could constitute an excellent template to achieve the or-
dered adsorption of atoms, molecules and clusters. The possibility to
have an ordered substrate which does not contain carbon or oxygen has
made hBN an ideal platform for the production of nanocatalysts,
nanomagnets, and functionalized surfaces rich in C and O. The inter-
action of various atomic species with single-layer hBN thus became a
relevant topic, efficiently investigated by means of synchrotron-based
XPS, with the final aim to pinpoint modifications induced in the nano-
mesh by the adsorbed species and, possibly, to modify in a controlled
manner the electronic structure of hBN [281]. The regular nature of the
corrugation of many hBN/metal interfaces makes them ideal candidate
substrates to deposit ordered arrays of clusters [306-309]. The chemical
and electronic nature of hBN could lead to think that it features a
resistance to functionalization. Nevertheless, it was proven that func-
tionalization is achievable and consequent electronic structure
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modifications could be obtained for hBN as well. Several XPS experi-
ments have shown that this task could be accomplished by dosing
non-metallic [304,305,310-312] and metallic [313-316] atoms.

Spath et al. [304] have studied the interaction of H with hBN on Ni
(111). The adsorption of atomic H leads to significant alteration in the B
1s and N 1s core levels (Fig. 15a). For low exposures of 1 and 90 L, the B
1s peak of hBN at 190.5 eV broadens and shifts towards lower BE, while
a more distinct effect is visible for the N 1s core level. Indeed, in addition
to a decrease and slight broadening of the N1s peak of hBN at 398.5 eV, a
pronounced shoulder emerges at 397.9 eV. Higher exposure to atomic H
lead to an even larger broadening of B 1s and a further down shift of the
N 1s with the appearance of a peak at BE = 397.7 eV. More information
about the interaction of H and its thermal stability on hBN were obtained
by measuring the evolution of the N1s core level of hBN with different
levels of hydrogenation upon thermal annealing. For the sample exposed
to 1 L of H, the N 1s remained unaltered up to ca. 600 K. An intermediate
case was found for the sample exposed to 140 L of H, with both
de-intercalation (390 K) and dehydrogenation (550 K) being observed.
Last, for the sample exposed to 600 L only de-intercalation (390 K) took
place, as indicated by the 1.0 eV shift towards higher BE of the N 1s
peak. By combining these results with the outcomes of XAS and TPD, the
authors have thus individuated two competing regimes of interaction of
hydrogen with hBN. The first is a chemical bond formation for low ex-
posures of H, which they describe as hydrogenation of hBN, while the
other regime is intercalation of atomic hydrogen, which lifts the inter-
action of hBN with the substrate, resulting in new features in both XAS
and photoemission spectra. However, in both cases, the interaction with
hydrogen decreases the n-doping effect of hBN, which is compatible
with the observed shift of the core levels. Similar results have been
obtained by Wei et al. for hBN on Pt(111) [312]. By using near ambient
pressure XPS and exposing the sample to 0.1 Torr Hy, they found that
hydrogen intercalation occurs and that the intercalated hydrogen de-
sorbs almost completely at ca. 470 K, while only partial hydrogen
desorption takes place for the bare Pt(111) under the same experimental
conditions. This indicates that the confinement effect of the hBN cover
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weakens the hydrogen-Pt interaction. This process was studied also for
the hBN/Rh(111) system [310].

The effect of atomic oxygen adsorption on the structure and elec-
tronic properties of monolayer hBN on Ir(111) has been studied by
Simonov et al. by combining XPS and NEXAFS [305]. The oxidation
occurs mainly by embedding in the hBN lattice O atoms that replace the
N atoms. This mechanism can be understood by observing the modifi-
cation undergone by the O 1s core level (Fig. 15c¢), with a first compo-
nent (BE = 531.4 eV) assigned to O substituting N in the hBN lattice, and
a second one (BE = 530.1 eV) assigned to O intercalated between hBN
and Ir substrate. The authors showed that in this process B atoms can
occur in four chemically non-equivalent environments, corresponding to
the parent BN3 unit and three oxygen-substituted BN3_,O, (withx =1,2,
3) units. These four different environments are responsible for the four
7* resonances in the B K-edge absorption spectra. It has been shown that
embedding of O atoms leads to a significant deformation of the hBN
overlayer. Annealing of the oxygen-saturated hBN monolayer could not
recover the pristine configuration but leads to the formation of BOs-like
structures and an almost total destruction of the hBN layer.

The deposition of Au atoms on hBN/Ni(111) was found to produce an
intercalated Au layer decoupling hBN from the substrate [317], thus
driving the formation of a layer of quasi-freestanding hBN. Similar re-
sults were obtained also for hBN on Ru(0001) [318]. Such alteration was
clearly visible in the BE shift towards higher BE of 0.7 and 1.1 eV for the
Bls and N1s core levels, respectively. Such modification in the core level
was indicative of an altered valence band structure, as it was observed
from ARPES measurements. This mechanism is very similar to the
decoupling of a graphene layer on Ni(111) described earlier [94]. The
interaction of Au clusters and the formation of an Au intercalated layer
were also studied by Ng et al. for hBN on Rh(111) and compared with
the case of the flatter hBN/Pt(111) [319]. The authors showed that,
while on clean Rh(111) substrate Au starts to grow two-dimensionally,
in the presence of hBN the Au islands are formed from the very begin-
ning. In the case of flat hBN monolayer on Pt(111) the Au islands are
essentially three-dimensional and irregular in size. In contrast, on the
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Fig. 15. (a) B 1s and N 1s core level of hBN on Ni(111) exposed to atomic H at different coverages (reported next to each spectrum). (b) N 1s core level acquired
during thermal ramps of H-functionalized hBN on Ni(111) with different H coverages. Reproduced with permission from Ref. [304] © 2017 IOP Publishing Ltd. (c) O
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reader is referred to the Web version of this article.)
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hBN nanomesh on Rh gold grows initially as regular islands (predomi-
nantly 2D), probably filling the pores of the nanomesh. By monitoring
via XPS and XAS the evolution of these islands upon annealing, the
authors were able to find that the Au atoms diffuse through the hBN
layer and adsorb on the Rh substrate and/or desorb from the surface,
while the hBN nanomesh remains intact.

The quasi-freestanding hBN obtained via Au intercalation of hBN/Ni
(111) was successfully functionalized with alkali-metal atoms such as Li
and K by Fedorov et al. [314]. In this way the authors were able to
considerably alter the electronic structure of hBN monolayers, as indi-
cated by the observed shift of the B 1s and N 1s core levels towards lower
BE. Despite being a process similar to that one observed for graphe-
ne/graphite, the authors claim that these effects are not due to charge
transfer but rather to interfacial electric fields that yield potential dif-
ferences between the substrate and hBN. The different shift for the N 1s
and B 1s core levels was ascribed to a combination of initial- and
final-state effects originating from the charge reorganization at the hBN
plane due to the dopant deposition.

The work by Verbitskiy et al. reports an interesting bottom-up
approach to synthesize atomically precise hBN-Ge interfaces with
GeB3Nj3 stoichiometry [315]. Ge intercalation on hBN/Ni(111) resulted
in well-defined interfaces between the 2D layer and Ge, with recon-
struction observed after intercalation. Using XPS and measuring the Ge
3 d at the various steps of the process the authors were able to follow the
evolution of Ge intercalation, as shown in Fig. 16 The authors have
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shown that this process proceeds very similarly for both GR/Ni(111) and
hBN/Ni(111) interfaces, conducting the two experiments in parallel.
As-deposited Ge shows a broad and weakly resolved Ge 3 d doublet
corresponding to Ge clusters adsorbed on the hBN surface,. During
thermal annealing, the Ge atoms begin to intercalate under the hBN
layer and the Ge 3 d line splits into two doublets corresponding to bulk
and surface components, separated by 0.4 eV. Annealing the samples to
720 K leads to the formation of a fully Ge-intercalated hBN. As a
consequence of the formation of this layer, the N 1s core levels were
shifted by —0.75 eV and B 1s by —0.3 eV towards lower BE. Further
annealing (820 K) leads to the disappearance of the low-energy GeS
related component and is accompanied by shifting of the hBN core levels
back to the initial higher binding energy. The authors have shown,
combining XPS with ARPES and NEXAFS, that this annealing at 820 K
drives the formation of a Ni»Ge alloy supporting the hBN, which looses
its quasi-free standing character.

4. Transition-metal dichalcogenides

As we have seen in the previous sections, the research conducted on
graphene and hBN has developed a wide series of strategies to synthesize
and functionalize these two important compounds on surfaces, setting
the pace and a roadmap for further developments of other 2DMs. The
research effort on single-layer transition metal dichalcogendies
(TMDCs) has moved from such a wealth of knowledge, with the purpose
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Fig. 16. (a) Evolution of Ge 3 d core-level spectrum during annealing after Ge deposition, with structural model showing the corresponding steps of Ge intercalation.
(b) Bls and N1s core-level photoemission spectra before and after Ge intercalation. Reproduced from Ref. [315]. © 2015, The Authors.
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to explore the properties of this class of materials in reason of the broad
number of potential applications in electronics, optoelectronics and
catalysis [320-325]. TMDCs constitute a wide family of compounds
formed by a transition metal atom (e.g., Mo, W, Ta, V, Re, Pt) and a
chalcogen atom (S, Se or Te). They exist in several structural phases
resulting from different coordination spheres of the transition metal
atoms. The two more common structural geometries are characterized
by either trigonal prismatic (2H) or octahedral (1T) coordination of
metal atoms [326,327]. Similarly to graphene, also for these family of
materials the bulk parent compound has properties which can be radi-
cally different from those of the single layer counterpart. One of most
striking examples of these modifications is the transition from indirect
bandgap to direct bandgap semiconductor that MoS, undergoes when
downscaling it from the bulk to the single layer form, with the emer-
gence of a strong photoluminescence observed only for the monolayer
[328].

The contributions given from a surface science perspective to the
knowledge about these materials are certainly very broad, as shown in a
recent review by Lasek et al. [329], which offers a wide and compre-
hensive overview about the investigations on electronic and structural
properties of TMDCs at surfaces. For the scopes of our review, we will
provide some remarkable examples underlining how core-level photo-
electron spectroscopy was able to address some elusive issues concern-
ing the growth and characterization of TMDCs at surfaces.

4.1. Growth mechanism

SL TMDCs are a class of compounds that can be obtained via me-
chanic exfoliation, owing to the van der Waals nature of the forces be-
tween the various layers of the bulk materials. However, since such
approach is certainly neither scalable nor suitable for technological
applications, considerable efforts have been devoted to the under-
standing of the mechanism of direct growth of TMDCs at surfaces and to
clarify the role played by the chosen substrate in determining the fea-
tures of the final layer. Hence the growth through bottom-up protocols
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such as physical vapor deposition (PVD), molecular beam epitaxy (MBE)
and chemical vapor deposition [330,331] have gained more space with
respect to the mechanical exfoliation. A wide set of the studies aiming to
understand fundamental aspects of TMDCs were carried out by growing
them directly on non-metallic substrates (e.g. graphene, hBN, but also
sapphire, silicon oxide) [330] and on noble metal single crystals, with a
preponderance of studies using the Au(111) surface. While the first set of
substrates was chosen in view of their potentiality in assembling van der
Waals heterostructures, Au(111) is often the best substrate since it is
generally inert to the chalcogenide precursor molecules used in the
synthesis process. This choice was successful and allowed the prepara-
tion of a large set of SL TMDCs directly on surfaces [332-348].

For the most relevant and studied of the TMDCs, i.e. MoS,, core-level
photoemission was instrumental to understand the mechanism of
growth of the single layer on several ordered substrates, and highlighted
the importance of the TMDC-substrate interaction and its effect on the
properties of the final layer. The deposition of Mo atoms in a HyS at-
mosphere in UHV at RT was proven to be a viable way to grow single
layer MoS; on Au(111). It was observed that uniform MoS; single layers
could be achieved by a cycle-based approach [340,342,349-351], with a
preliminary deposition of Mo in a HpS atmosphere in UHV, followed by a
thermal annealing always in sulfur-rich atmosphere. The relevant core
level measured showed a wealth of information about the electronic
features of the grown systems.

Sorensen et al. [349] and Bruix et al. [350] were among the first to
measure the core levels of the MoS; layers on Au(111) and observed that
the Mo 3d and S 2p BE positions were lower than those observed for bulk
MoS(0001) crystals, hinting at some interaction effects due to the Au
substrate (Fig. 17a and b). Bruix et al. [350] also explored the activity of
the edges of the MoS; islands grown in situ on Au(111) and were able to
find the contributions given by the different atoms in a MoS; nanoisland
to the spectral lineshape of Mo 3d and S 2p core levels (Fig. 17 c-f).
Combining spectra acquired on the partially-sulfided Mo-S compounds
with DFT calculations of the core levels (Fig. 17c and e) the authors were
able to show that the Mo 3ds,» core level has several core-level shifts
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that belong to Mo atoms located in different positions of the MoSy
triangular islands. In addition, it was observed that the interaction be-
tween MoS; and the Au substrate splits each of the peaks of the S 2p
doublet into two components, one at higher BE, related to the bottom S
layer atoms in contact with Au(111), and a lower BE peak, originating
from the upper S layer.

The shift toward larger BE for those S atoms in contact with Au was
interpreted as due to the formation of S-Au bonds. Moreover, moni-
toring the evolution of Mo 3d during the exposure of these islands to
high-pressure Hy provided some important information about of the
transitions involved in desorption of S and adsorption of H. Remarkably,
the edge reduction process, with the S coverage going from 100% to
50%, leads to a shift toward higher BE of the Mo 3d core level, a feature
assigned to variations in the metallic character of the Mo edge. Infor-
mation about the activity of the MoS, edges could also be obtained on
samples grown ex-situ, identifying the XPS fingerprint of the structural
defects in CVD grown MoS; and demonstrating that when thermal
annealing causes sulfur to desorb from the basal plane of MoS, vacancies
with more than one missing sulfur atom are created [352]. It was also
proven that MoS, can be efficiently grown by sulfidation of MoO3 on
surfaces, with an approach used often for CVD growth of TMDCs [330]
Using well-defined oxidation states of Mo-oxide precursors, Salazar et al.
[351] combined synchrotron-based XPS and STM to determine the role
of morphology and oxidation state of the Mo oxide precursor in the
formation of MoS; single-layer structures on Au(111).

Bana et al. [333] pointed out that a very important parameter gov-
erning the growth of SL MoS; on surfaces, is the growth rate, which may
affect critically the final crystalline structure. By following the growth in
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real time by means of fast-XPS, the authors were able to grow single
layer MoS; directly on the Au(111) at high temperature, tuning the Mo
and S deposition rate to achieve only the desired species. Exceptionally
sharp Mo 3d core levels with a single component were observed and
assigned to MoSs, in agreement with the results of Sorensen [349]. Also
in this case, a clearly distinguishable contribution from bottom and top S
atoms in the S 2p core level was observed. The single layer grown with
this protocol showed very high degree of long-range ordering, as testi-
fied by STM images acquired on the sample (Fig. 18b), with MoS,
covering the atomic terraces and steps of the surface. The average do-
mains size was estimated to be of the order of 100 nm estimated using
spot-profile-analysis (SPA)-LEED. Moreover, in the same works, the
authors explored the structural features of the grown layer by means of
photoelectron diffraction from the Mo 3d and S 2p core levels. The re-
sults confirmed that MoS; on Au(111) assumes the 1H polytype. It was
possible to determine the adsorption configuration of the single layer
and, most notably, to prove that the layer had a single crystalline
orientation. The latter is a feature extremely desirable for the exploita-
tion of the valley and spin-orbit degrees of freedom in TMDCs, which
relies on the absence of mirror domains and thus the lack of inversion
symmetry in the Brillouin zone [353]. Such feature resulted in a out-of
plane spin polarization of the electronic states in the valence band of 86
=+ 14%, opposite for states at the K and -K points of the Brillouin zone.

Epitaxially grown SL WSy on Au(111), first realized with a cycle-
growth protocol [336,338], was also obtained in a single-layer with a
single crystalline orientation, following the direct growth approach
developed for MoS; [335]. Once more, the very sharp W 4f and S 2p core
levels were indicative of the presence of WS, only on the Au substrate

Fig. 18. (a) Mo 3d and S 2p core levels acquired on
single-layer MoS, on Au(111). At the bottom, evolu-
tion of the Mo 3ds,, component measured during the
growth of SL MoS, on Au. (b) STM images acquired
ad different magnification levels on SL MoS; on Au
(111), showing the characteristic moiré pattern.
Reprinted and adapted with permission from
Ref. [333]. © 2018 IOP Publishing LTD. (c¢) W 4f and
S 2p core levels for SL WS, on Au(111). (d) LEEM
image acquired on the sample with pLEED measured
in correspondence of the yellow circle. Reprinted
with permission from Ref. [335] © 2019 by the
American Physical Society. (For interpretation of the
references to color in this figure legend, the reader is
referred to the Web version of this article.)
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(Fig. 18-c), for which it was again possible to discriminate top and
bottom S atoms in the TMDC sandwiched structure. These observations
were combined with XPD measurements and p-LEED measurements
(Fig. 18-d), indicating the formation of large, singly-oriented crystalline
domains. The subsequent investigations of the spin structure of valence
and conduction bands (via angle-resolved photoemission and inverse
photoemission) confirmed the (expected) out-of-plane spin polarization
of electronic states in the vicinity of the Fermi level, with
spin-dependent energy splitting [334,339].

The acquisition of high-resolution core-level spectra was also crucial
in understanding the growth mechanism and features of MoS, on other
noble metal faces such as Ag(111) [354] and Ag(110) [355]. In the case
of the growth on Ag(110), the deposition process had additional pa-
rameters to consider, such as the stronger TMDC-substrate interaction
with respect to the Au(111) case and the possible chemical reactivity of
the metallic substrate with the S-carrying precursor (HzS), which could
lead to the formation of Ag-S bonds. Unlike the case of Au(111) it was
not possible to grow a singly-oriented MoS; layer, despite the stronger
interaction of MoS; with the substrate. Also, a consistently different
two-step growth had to be adopted to prevent the formation of
randomly-oriented MoS; crystalline domains. However also in this case,
even if the crystalline symmetry of the MoS; and the Ag(110) is
completely different, MoS; single layers can be grown displaying only
two mirror orientations. These examples indicate that the growth of
TMDCs is governed by variables which cannot be easily predicted but
can be specific of each couple TMDC-substrate considered.

In this framework, important examples of this variability can be
found when attempting a direct growth of ordered MoS; and WS, layers
on van der Waals substrates, which is a crucial requirement in view of
building graphene-TMDCs heterostructures with a scalable, bottom-up
approach. As highlighted earlier, the growth on van der Waals sub-
strates has the drawback to yield TMDCs layers which are generally
having a large azimuthal disorder, as proven by the experiments to grow
MoS; on sapphire [356,357], graphene [342,358,359] and silicon oxide
[360]. The direct growth of TMDCs on graphene is certainly in the
spotlight because of interests in exploiting the electronic and catalytic
effects of this interface. Such heterostructure has been prepared suc-
cessfully, with different degrees of ordering in the TMDC layer. Hall and
co-authors [361] have highlighted the importance of the substrate
temperature and of the HyS pressure in the different stages of growth of
MoS,, WS, and TaS; on epitaxial graphene on Ir(111), identifying the
best conditions to obtain ordered layers limiting the presence of
randomly-oriented crystalline domains. Moreover, Loi et al. have more
specifically investigated the growth of MoS, on epitaxial graphene
through synchrotron-based XPS and have confirmed the primary role
played by the substrate temperature during the growth in driving the
formation of MoS; and investigated the thermal stability of the interface
[362]. They have also highlighted that during the growth the temper-
ature promotes efficient sulfur intercalation under graphene, with the
subsequent dissolution of sulfur in the Ir bulk. Specifically, the S inter-
calation under graphene was found to be a process in direct competition
with the MoS; formation, thus potentially disrupting the formation of an
ordered interface.

4.2. Stoichiometry and structural modifications

As shown by the experiments investigating the growth mechanism of
the widely-investigated MoS; and WSy, the preparation of these mate-
rials on surfaces may be intricate and not entirely straightforward, with
a considerable number of variables governing the growth and affecting
deeply the features of the final layer.

The case of the growth of VS, on Au(111) constitutes a remarkable
example of this complexity [332]. This TMDC is quite challenging to
obtain experimentally since it has the quite unusual characteristics of
having no thermodynamically stable bulk polymorph, with a 1 T
structure that tends towards S-deficient structures and V intercalation
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between the sulfur layers [364]. Combining high-resolution core-level
spectra with photoelectron diffraction, STM and LEED measurements
was crucial to unravel the novel crystalline phases formed by VS,
epitaxially grown on Au(111), which formed an impressive series of
crystalline (1 T) phases. Each one of these three phases showed clear
differences both for the S 2p and V 3p core levels, as shown in Fig. 19
(a)-(f). In the S 2p spectra, the green peaks originate from S atoms at the
top of the layer, orange and red from S atoms at the bottom of the SL and
the blue peaks are unordered sulphide species. One of the phases (phase
) is of the type 1 T-VS, and has a bulk analogue, even though the
stoichiometric bulk VS, is metastable. Such compound could be
extremely interesting to probe in terms of magnetic properties. Heating
the VS, layer in vacuum showed the formation of a S-depleted structure
with an increased in-plane lattice constant (phase I'). Last, a new other
2D form of V7,,S,, called ‘phase II’, is in many ways even more inter-
esting, as it does not have a bulk analogue, thus paving the way to
further investigations on its properties. These results were capital to
determine the correct crystalline structure of this compound for each of
the different phases observed (and sketched in Fig. 19g-i). The colored
spheres in the upper-right- hand corners of the data panels indicate the
atoms corresponding to the XPS components with same color. It is worth
noting in these schematics the blue and red spheres in panel (i), which
indicate down-modulated atoms and up-modulated top-S atoms,
respectively.

Other examples that show how the complicated stoichiometry and
the effects of the growth parameters on it can be accurately sorted out by
XPS are offered by the studies about the mechanism of growth of other
TMDCs such as selenides [363,365-368]. Bonilla et al. have studied for
VSes on MoS; the effects of the de-selenization induced by thermal
annealing in vacuum and linked the changes in stochiometry to modi-
fications in the structural configuration [363]. Such changes are
signaled by the radically-different core-level shapes observed for Se 3d
at various photon energies and at different stages of the annealing
(Fig. 19j-1). The as-grown sample clearly shows the spin-orbit splitting
of 0.9 eV and can be fit with a single doublet, with the Se 3ds/, at BE =
53.4 eV (Sel, red). The Se 3d core level exhibits two distinct components
Sel and Se2 for an annealed vanadium selenide sample, while no
appreciable differences were observed for the V 2p spectrum. Such large
modification in the Se 3d were attributed to a loss of selenium in vacuum
and a conversion of single layer TMDCs into bilayer materials, due to the
intercalation of the metallic atoms that lost a Se atom in between two
layers of the TMDCs, as shown in the schematic on the right-hand side of
the panel. Such behavior was observed both for VSe; and TiSes.

Similar investigations focused on the growth and electronic structure
of tellurides, another sub-family of the TMDCs group, which usually is
synthesized on surfaces via MBE in UHV [365,369-374]. For these
materials, effects and behavior similar to those observed for VS, and
VSe, were reported and throughly investigated by means of
high-resolution XPS. Lasek et al. [375] have studied the effect of tem-
perature annealing on the growth of Ti, Cr, V tellurides on HOPG or
MoS; single crystals. They observed that such annealing leads to the
coexistence  of telluride layers with adventitious, but
periodically-ordered, metallic layers, which are formed by the
transition-metal atoms of the grown TMDC and covalently bound to the
TMDC layer. Moreover, these metallic layers show a crystalline structure
very similar to TMDC itself, a feature that can easily lead to misinter-
pretation of ultra-thin films grown by MBE. However, the authors
showed that these few-layer intercalation compounds, terminated by
TMDC layers, are essentially constituting a new van der Waals material
and can be useful building-blocks for MBE-grown van der Waals heter-
ostructures. Such mechanism was observed also by means of STM, for
other TMDCs, namely MoSe; and MoTey [376]. Other important insight
into the intricate stoichiometry in the formation of Pt tellurides [377]
have been obtained, pointing out, also for these compounds, the role
played by post-growth annealing in vacuum, with the consequent loss of
chalcogen atoms that drives the formation of new crystalline
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Fig. 19. XPS spectra of the three phases of single layer Vi ,,S2. (a)-(c) XPS spectra for S 2p core-level states (hv = 260 eV). (d)-(f) XPS spectra for the V 3p state. The
schematics on the right hand side—(g), (h), (i)- report the structures used for the interpretation of the XPD data. Reprinted with permission from Ref. [332], © 2018
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Verlag GmbH & Co. KGaA, Weinheim. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

arrangements with a different stoichiometry with respect to the
as-deposited compounds.

4.3. Functionalization and Janus TMDCs

The possibility to remove chalcogen atoms from the top layer of the
TMDC sandwich stimulated the researchers to try to understand the
functionalization of TMDCs on surfaces. XPS has played an important
role in the preparation and characterization of the so-called Janus
TMDCs, i.e. TMDC layers with different surface atoms on the two sides of
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the TMDC sandwich. These materials have been extensively studied
from a theoretical point of view due to the unique properties induced by
symmetry breaking, and promising applications in energy conversion.
However, despite the large amount of theoretical studies conducted,
only few experimental works, and only very recently, have reported
reliable methods to prepare Janus SL on surfaces [378,379].

The synthesis of a SL MoSSe was reported by Lu et al. [380], who
grew, in the first place, single crystalline MoS; monolayers on c-plane
sapphire substrates using CVD. Subsequently the top-layer sulfur atoms
were stripped off and replaced with hydrogen atoms using a remote
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hydrogen plasma. Last they exposed the sample to Se to substitute H and
form the MoSSe structure. In this context, the authors used
synchrotron-based energy-dependent XPS to probe the asymmetric
structure of the MoSSe monolayers, by changing the incoming photon
energy from 250 to 1150 eV. The core level doublets from S 2p and Se 3p
levels for a MoSSe monolayer appeared at around (162.4; 163.6) eV and
(161.3; 167.1) eV, respectively. To verify the Janus structure, the au-
thors compared these results with several MoS,Se, monolayer samples
with a randomized S and Se distribution, that is without a precise stoi-
chiometry, revealing considerable differences. The authors argued that
the percentage of Se derived from the XPS peak intensity and corrected
by a relative sensitivity factor, should be independent on the emission
angle if the sample is vertically homogeneous in composition. On the
contrary, the intensity measured was strongly dependent from the
emission angle, indicating an inhomogeneous composition in the verti-
cal direction, i.e. perpendicular to the TMDC layer.

Zhang and co-authors [381] have synthesized a Janus MoSSe via a
controlled sulfurization process of MoSes. The authors have conducted a
comprehensive characterization of the system, using both Raman map-
ping and time-of-flight secondary-ion mass spectroscopy (TOF-SIMS)
element mapping, combined with XPS profile analysis, showing that the
monolayer is uniformly sulfurized and the asymmetric structure dis-
tributes all over the Janus monolayer. Sant et al. [382] have epitaxially
grown a SPtSe layer using a single-layer of PtSe; on Pt(111) as starting
point with exposure to HyS atmosphere, revealing through grazing
incidence synchrotron X-ray diffraction the steps of formation of the
Janus compound. The authors have cast light on the layer-by-layer
chemical composition, using angle-resolved X-ray photoelectron spec-
troscopy and they have proved that the replacement of the Se atoms by S
atoms occurs selectively only in the topmost layer of chalcogen atoms.

Although the formation of Janus TMDCs can be considered as a sort
of functionalization, more specific attempts have been carried out trying
to functionalize TMDCs at surfaces, following the methodologies already
individuated by investigations on graphene and hBN. Examples of the
application of this strategy have been reported for some TMDCs, with
examples of intercalation [383-385], doping with metals [386], and
molecular functionalization [387-389]. Adsorption of single atoms, for
example, has been investigated for the case of Co atoms on 1T-MoS;
[390]. Qi et al. have proven that the transformation from 2H to
distorted-1T, induced by strain from lattice mismatch and formation of
Co-S covalent bond between Co and MoS, during the assembly, is
essential to form the highly active single-atom array catalyst, with a
Pt-like activity toward the hydrogen evolution reaction and high
long-term stability. These results are very promising and we believe a
comprehensive investigation of the properties of functionalized TMDCs
will be certainly pursued in the next years, with high-resolution XPS
playing a central role in elucidating the mechanism of functionalization
and guiding scientists towards a comprehensive understanding of the
formation mechanism of TMDCs.

5. Borophene

Borophene, the 2D allotrope of boron, constitutes one of the last
individuated and most promising 2DMs with very suprising properties,
such as highly anisotropic electronic structure, ultrahigh thermal
conductance, mechanical compliance, phonon-mediated superconduc-
tivity and optical transparency [391-393]. Boron, similarly to carbon, is
able to form fullerenes and nanotubes [394,395], although, as seen for Si
and Ge, this is not automatically ensuring the possibility of having a 2D
stable structure. Theoretical calculations however, have predicted the
existence of a 2D boron allotrope. Nevertheless, unlike graphene and
hBN, which can be prepared both in supported and in free-standing
form, borophene can be stabilized only on a substrate, although some
works have been recently shown the possibility to prepare unsupported
borophene [396]. Although theoretical efforts have guided the experi-
mentalists, borophene sheets have been synthesized experimentally only
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on a few substrates, with the first successful attempt reported in 2015
[397]. Nevertheless, extensive literature describes the formation of
planar B clusters on surfaces [398].

Moreover, despite the simpler chemical nature if compared, e.g., to
many TMDCs, the geometrical configuration assumed by borophene can
change radically depending on the growth conditions and on the surface
on which it is synthesized, a significant difference with graphene and
hBN, which show instead unique and distinctive crystalline configura-
tions with a well-defined crystalline symmetry. This reflects the wealth
and complexity of the possible crystalline structures that boron can as-
sume in the bulk form, with many different polymorfs predicted, but
only four have been successfully synthesized [399,400]. To a simplified
extent, borophene can be seen as a triangular lattice of B atoms with
either buckling or periodic vacancies in different motifs and concen-
trations, with buckling being less energetically favorable than vacancies.
Penev et al. have provided a comprehensive overview of this poly-
morphism and structural anisotropy, evaluating from a theoretical point
of view the structural stability of the various layers [401].

To date, borophene structures have been succesfully grown on Ag
(111) [397,404,405], Ag(110) [406], Au(111) [407], Cu(111) [408], Ir
(111) [403,409,410] and Al(111) [411,412]. Despite this set of studies,
a systematic investigation of the core levels of these different interfaces
is still lacking, with the majority of the works reported focusing on
determining the structural configuration assumed by borophene, mainly
by STM and LEED experiments. However, it has been shown that a
wealth of details on the structure and conformation assumed by bor-
ophene on surfaces can be obtained through high-resolution XPS.

5.1. MBE growth of borophene

From an experimental point of view, the strategy generally adopted
to grow borophene is based on MBE evaporation of B onto a metallic
substrate, generally a single crystal, kept at a specific temperature,
although this method may produce borophene layers with some poly-
morphy. In this respect, the conditions of growth and the chosen sub-
strate can significantly impact on the final borophene crystalline
structure. As reported by Feng [404] and Mannix [397,413], the MBE
growth on Ag(111) generates two radically different crystalline ar-
rangements depending on the substrate temperature during the growth.
STM experiments [404] have shown that with substrate temperature
below 400 °C the f;2 was formed, while above that temperature the
formation of y3 structure was favored. These two structures (shown in
Fig. 20a) are radically different in terms of crystalline arrangement,
electronic structure, B vacancies and non-equivalent B atoms. The ;2
has a 2:2:1 ratio of 4-fold, 5-fold, and 6-fold coordinated B atoms while
the y3 shows a 1:1 ratio of 4-fold and 5-fold coordinated B atoms. Dif-
ferences in the coordination numbers of the non equivalent B atoms in
the borophene lattice on Ag(111) can be resolved by means of
synchrotron-based high-resolution XPS. Campbell et al. [402] have
shown that non equivalent B atoms, i.e. atoms with a specific coordi-
nation number in the borophene layer, yield significantly different core
level shifts in the B 1s spectrum. In Fig. 20 we show the B 1s core level
measured on the layers grown below and above the critical temperature
of 400 °C, thus showcasing the spectral signature of the two different
crystalline structures. For the 515 (R) phase, the three different spectral
components (in blue) are symptomatic of three different non-equivalent
boron atoms, with BE assigned to the peak decreasing with the coordi-
nation number. Likewise, for the layer grown above the critical tem-
perature only two components were observed, which reflects the
presence of only 5-fold and 4-fold coordinated B atoms in the y3 (D)
phase. Interestingly, the authors were not able to synthesize borophene
layers with a single phase, but rather had a mixture of the two, with the
temperature of growth that seemed to play a crucial role in determining
the relative abundances of the two phases. Kiraly et al. [407] have
shown that, unlike growth on Ag substrates, boron diffuses into Au at
elevated temperatures and segregates to the surface to form borophene
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islands as the substrate cools. Moreover, the formation of borophene
induces modifications of surface reconstruction of the Au(111) sub-
strate, resulting in a trigonal network that templates growth at low
coverage. On Au(111) borophene has a metallic character.

5.2. Growth from molecular precursors

Beside using MBE evaporation of B, it has been recently proven that
exploiting B-rich molecules can lead to the formation of a borophene
layer without the polymorphs variability observed using growth via
MBE. Omambac et al. [410] have shown through x-ray photoelectron
spectroscopy that dosing borazine at 1100 °C on Ir(111) yields a
boron-rich surface without traces of nitrogen, the first step towards the
formation of a borophene layer. At high temperatures, the borazine
thermally decomposes, nitrogen desorbs, and boron diffuses into the
substrate. By means of time-of-flight secondary ion-mass spectrometry,
the authors showed that the subsurface boron segregates back to the
surface, forming borophene. Cuxart et al. [403] have shown the possi-
bility to grow layers of metallic borophene on Cu(111) and Ir(111)
single crystals, by exposing the surface to diborane and borazine. In
addition to this result, the authors were able to form atomically precise
lateral borophene-hBN interfaces or vertical van der Waals hetero-
structures on the Ir(111) surface. The latter play a very important role in
protecting the borophene layer from oxidation, one of the major draw-
backs in attempting to include borophene in devices. The XPS B 1s
spectrum of the vertical heterostructure (Fig. 20c) has a highly asym-
metric peak shape that can be decomposed in contributions from bor-
ophene (B4 and B5) and hBN (B0 and B1). The dominant intensity of the
hBN low-energy component BO over B1 (ratio 10:1), is typical of weakly
interacting hBN layers with low degree of corrugation. This is consistent
with the rotational domains and flat hBN observed by STM and LEED.
The N 1s spectrum shows accordingly two main components NO over N1,
with the same intensity ratio of 10:1. To verify the alignment of the
vertical heterostructure, angle-dependent XPS of B 1s was carried out,
reported in the bottom panels of Fig. 20c. The spectra were fitted to
extract the intensity of the various components vs the emission angles at
which they were acquired. Borophene components (normalized by those
of hBN) were observed to decrease while @ increases. This is attributed to
the attenuation effect of the hBN cover, as the intensity drop is well
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described by the Beer-Lambert law, and the same effect is not observed
in the case of the lateral heterostructure. The protective effect of the
vertical structure on the borophene layer can be seen by comparing the
spectra of the vertical heterostructure vs. the uncovered borophene
(Fig. 20d). In the latter, the B 1s core level is drastically altered by Oq
exposure, with the appearance of a component at higher BE, assigned to
oxidized boron, while the hBN covered borophene remains identical.

Preobrajensky et al. [412] have studied the borophene-Al(111)
interface by means of a combination of core-level synchrotron-based
spectroscopies, STM, LEED, and large-scale DFT calculations. The au-
thors showed that, unlike graphene on lattice-mismatched metal sur-
faces, honeycomb boron grows not as a quasi-freestanding monolayer
and does not carpet the Al(111) surface, but rather induces recon-
struction of the top metal layer. Borophene on this metallic substrate is
bound and lattice-matched to the top Al layer, forming a stoichiometric
one-layer AlB,, which is instead lattice-matched. This difference is due
to strong chemical bonding between the boron layer and the supporting
Al layer. With increasing B coverage, thicker AlB, films were formed,
with intercalation of B atoms under the already formed AlB, layers and
embedding into the bulk of an Al crystal. The intrinsic complexity of the
multiple borophene structures, which derives from the very rich stoi-
chiometry of bulk B [399], and their dependency on the substrate on
which it grows are certainly making more complicated to directly syn-
thesize this material on more substrates, including insulating ones, or
finding a feasible way to lift and transfer it to other substrates. More-
over, many features about the functionalized form of borophene and of
its properties such as doping and defects are not well-understood. XPS
with synchrotron light will be able to address these issues, following the
strategies implemented for many other 2DMs [414].

6. Summary and outlook

In this review, we have showcased several studies with the purpose
of highlighting the importance of synchrotron-based high-resolution
XPS in the investigation of 2DMs and showed the invaluable contribu-
tion given by this technique in unveiling and understanding many fea-
tures of this class of materials. The publications that we have selected
represent the potentialities of XPS performed with synchrotron radiation
to elucidate complicated and intricate aspects relative to the growth
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mechanism and to the specific features of pristine and functionalized
2DMs at surface. In this sense, an important contribution to this success
was given by the possibility to acquire fast-XPS spectra with synchrotron
radiation, owing to the high photon brilliance available at synchrotrons
and to the development of electron detectors with increased efficiency
and reduced acquisition times. Specifically, we believe that the knowl-
edge about the properties of graphene- and hBN-based interfaces has
reached a considerable maturity point. As we have shown in Section 2
and 3, countless possibilities due to different substrates for synthesis and
due to vast choice of functionalizing species have shown a clear way to
fine-tune and control the properties of the pristine graphene and hBN on
surfaces. These outcomes, together with the investigations carried out
by means of ARPES and STM, have given to the scientific community a
comprehensive overview on the properties of these materials, which will
constitute pillar knowledge for their implementation in technological
applications.

Such a vast research effort on graphene and hBN has set a course to
develop investigation methodologies and strategies to fully characterize
the vast family of TMDCs. We have shown in section 4 that a large set of
TMDCs has been synthesized on surfaces to date and their properties
have been studied and compared with their bulk parent compounds,
revealing significant differences. However, the higher degree of
complexity of these materials, due to the more complicated stoichiom-
etry and crystalline structure, requires extra care in devising effective
synthesis strategies, which have to take into account the effects of
several growth parameters on the final layer. The capability of XPS of
individuating the differences in stoichiometry and oxidation state in a
compound is thus central to address the issue of controlled growth, and
can lead to the ultimate goal of controlling the properties of TMDCs
adjusting the growth conditions. In this sense, there are still many
possibilities open, especially when referring to the functionalization of
TMDCs, with a vast set of properties to be investigated and elucidated in
details. On the other hand, the knowledge about the growth of bor-
ophene is still at the early stages, as it is complicated by the possible
different polymorphs that can be produced in the MBE growth, as shown
in Section 5, although the individuation of apt molecular precursors to
achieve the borophene layer on some metallic surfaces has address
efficiently this issue.

Besides the materials mentioned specifically herein, we believe there
is still plenty of room for the development and isolation of other new
2DMs. As an example, we quote the recent paper by Mounet et al. [415],
in which the authors have built a database of exfoliable compounds by
systematically analyzing and screening the experimental structures
extracted from structural databases, developing a geometrical algorithm
to select potentially layered materials, from which 2DMs can be easily
synthesized. In this way, the authors have formed a subset of easily (1,
036) or potentially (789) easily exfoliable compounds, highlighting how
the fraction of 2DMs explored so far is considerably small with respect to
the possibilities given in nature. The authors state that materials with
reduced symmetry or involving more than two atomic species but still
with relatively simple structures are certainly of interest and they sug-
gest that the identification of the most common prototypes could also
allow to further expand the list of 2D materials by chemical substitutions
and alternative site decorations. In this respect, XPS will play an
essential role in individuating the best ways to synthesize these new
materials. At the present stage, an important part of the efforts in this
field are concerning the study of 2D metallic oxides [416-419] and of
MXenes [420,421], which constitute two important families of materials
and whose importance will rise due to their wide spectrum of properties
and possible applications. A very important task for the scientific com-
munity in the next years is certainly the realization and investigation of
the properties of heterostructures and hybrid materials based on pristine
and functionalized 2DMs, and the possibility to combine these archi-
tectures with single atoms, atomic clusters and nanoparticles, with the
aim to produced tailor-made nanoarchitectures designed for a specific
task or process. Beside standard, in vacuo XPS, it is important to mention
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the recent developments of near-ambient pressure (NAP) XPS. This
technique allows the acquisition of spectra in near-ambient pressure
conditions i.e. few tens of mbar pressure. In this way XPS can be per-
formed in conditions comparable to those of typical catalytic reactors in
the chemical industry, to access directly the dynamics of many relevant
reactions [422-426]. We believe that this technique can provide another
significant boost to the knowledge about 2DMs and especially about
their possible inclusion in applications oriented towards chemistry
technology.

In summary, we strongly believe that the output of core-level
photoelectron spectroscopy experiments with synchrotron radiation
will be able to continue to stimulate the research efforts of the vast
scientific community interested in 2DMs, offering guidance in scouting
and synthesize new combinations of materials with outstanding prop-
erties and to ease the realization and characterization of them.
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