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We present a short review of the work we have performed over the last decade in the framework of a scientific
program dedicated to characterizing the structure, formation and functionalization of graphene layers grown on
Ni surfaces. To this aim, several surface science experimental tools were complemented by numerical simulations
mainly based on ab initio methods. In a step-by-step process, both the details and the general trends charac-

Scanning tunneling microscopy
Density functional theory
Ab-initio simulations

terizing the investigated systems became progressively clearer, delineating a unique and consistent story.
All together the outcome of this intense effort can be regarded as a good example of the level of understanding

of a complex problem it is possible to reach through a persistent and systematic approach in which state-of-the-

art methods are employed.

Introduction

In 2004, A. Geim and K. Novoselov succeeded in preparing and
identifying single-layer graphite [1], i.e. the two-dimensional arrange-
ment of carbon atoms named graphene by an earlier study [2]. This
breakthrough was recognized by the 2010 Nobel Prize in Physics, and
has attracted an extraordinary and still ongoing interest worldwide by
the research community, leading to an exceptional number of publica-
tions regarding this new material. An idea of the dimensions of this
incredible effort can be deduced by the number of scientific papers
published since 2004 which include the word “graphene” (GR) in their
title, exceeding 170.000 according to Clarivate Web of Science.

Since the very beginning, the surface science community has taken
an important part in this enterprise, for two main reasons. On the one
hand, it became immediately obvious that “graphitic carbon” layers
typically obtained on metal substrates in many earlier surface science
experiments were nothing else but GR [3]; on the other hand, this
community had at its disposal a wealth of sophisticated experimental
and theoretical tools, perfectly adequate for preparing, functionalizing
and characterizing this new material, and was thus ready to join the
race.

At that time, our lab, jointly established by the University of Trieste
and the Italian National Research Council, had reached a recognized
level of competence in using scanning tunneling microscopy (STM) for
characterizing the structure and reactivity of surfaces [4]. Still, our
involvement in this topic took place only few years later, when we were
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asked by some colleagues in Trieste to collaborate with our expertise to
their study concerning the behavior of metal nanoclusters grown on an
epitaxial GR layer [5]. This first work made us fully aware of the po-
tential of STM for this kind of studies, definitively attracting our atten-
tion to the topic and making us ready for the next step.

Soon later, a group from UK, interested in characterizing the for-
mation and evolution of GR layers on Ni substrates - with a specific
attention to possible practical applications - contacted us with the hope
that STM could provide a clearer description of the structure and
mechanisms involved in the GR growth process, whose clarification was
proving much more complex than expected. We got fully involved in the
project, based at the time only on experiments, and succeeded in
providing an extremely detailed representation of the process in a
publication that attracted considerable interest from the scientific
community [6]. Still, the complexity of the phenomena that we observed
in this occasion made it clear to us that, if we wanted to continue our
efforts in this direction, it was necessary: i) to widen the set of experi-
mental techniques to be applied; ii) to compare the experimental results
with ab initio calculations, in order to facilitate their interpretation.

It thus began a long and fruitful journey - still undergoing today - in
which most of our scientific work has focused on the growth and char-
acterization of GR on different metal surfaces.

The purpose of the present paper is not that of providing an
exhaustive review of the immense work that the surface science com-
munity has dedicated to this topic over the last 20 years. A number of
general reviews has already been published on the subject [7,8] and can
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be consulted to this aim. Rather, we want to summarize the main stages
of our personal adventure, which constitutes a small - but in our opinion
significant - piece of the impressive contribution that surface science has
given to the advancement of knowledge in this field. In this sense, even
the list of references we provide is by no means complete, essentially
citing only the works that have a direct relevance to our specific path,
without any intention of disregarding the value (in several cases much
more significant!) of the contributions provided by other groups
worldwide.

1. The first step

In 2012, epitaxial GR grown by CVD on Ni(111) was already a hot
topic in the field, as a prototypical model system for supported GR
strongly interacting with the substrate. Several post-growth character-
ization investigations had already revealed the possible co-existence of
different carbon phases on Ni(111), including surface carbide, aligned
epitaxial graphene (EG) and rotated graphene (RG) domains and even
GR on top of surface carbide [9-15]. Since the beginning it was evident
that the different structures observed were related to the GR formation
pathway, but the growth mechanism inferred from such investigations
was not clear and sometimes contradictory, because a direct view on this
process was missing. Also, the reproducibility of the CVD process was
limited because of the strong effect of many factors not easy to control,
such as the high carbon solubility in Ni and the resulting subsurface
reservoir in the substrate, combined with the vast CVD parameter space
[16,17]. Again, a step forward towards the engineering of reproducible
growth protocols was calling for a direct investigation of the underlying
atomistic mechanisms.

We investigated GR growth on Ni(111) at the nanoscale, by
acquiring time series of STM images at elevated temperature (400-600
°C) while exposing the metal substrate to ethylene at low pressure (up to
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10~% mbar regime) [6]. We spanned wide ranges of CVD parameters and
clarified that several competing mechanisms contribute to the growth
process, with weights that depend not only on external factors, e.g. the
substrate temperature, but also on the level of carbon
pre-contamination, i.e. the amount of carbon atoms already stored in the
metal subsurface before the GR growth. As shown in Fig. 1, and
explained in detail in ref. [6], the overall process can be schematized as
proceeding along three possible main routes: (i) in case of high C
pre-contamination of the substrate, within the whole spanned temper-
ature range, as soon as the growth temperature is reached, GR seeds are
readily formed by C segregation on top of the Ni surface, followed by
extension of the hexagonal network via condensation of additional C
atoms at their edges, with or without ethylene exposure; (ii) for low
carbon pre-contamination, at T < 500 °C a surface carbide layer first
forms and then converts into GR via an in-plane or a two-layer mecha-
nism; (iii) in case of low carbon pre-contamination but at T > 500 °C, C
atoms popping up from the subsurface eject Ni surface atoms, leading to
the formation of GR flakes embedded in the topmost metal layer.
Different mechanisms lead also to different GR phases: Routes (i) and
(ii) result in the formation of GR layers aligned with the closed-packed
lattice directions of the substrate (see Fig. 2a), while route (iii) can
result in the co-existence of EG and RG domains (Fig. 2b). The latter is
characterized in STM images by the appearance of a moiré pattern with
variable periodicity, depending on the rotation angle, and in low energy
electron diffraction (LEED) patterns by the presence of arches of extra-
spots in between the hexagonal distribution of the spots due to the Ni
surface atoms and to C atoms in aligned domains, respectively. Upon
cooling from growth temperature to RT, nothing changes for EG do-
mains. Underneath RG domains, instead, an interfacial surface carbide
layer is formed by the segregation of further carbon atoms from the
metal near-surface layers. In STM images (Fig. 2¢), the RG / surface Ni
carbide / Ni(111) structures can be clearly identified, as previously
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Fig. 1. Graphene growth routes on Ni(111). Reprinted with permission from [6]. Copyright 2013 American Chemical Society.
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Fig. 2. Possible graphene phases on Ni(111): (a) aligned epitaxial graphene — EG; (b) rotated graphene — RG; (c) rotated graphene on top of surface nickel carbide —
RGC. Adapted with permission from [6]. Copyright 2013 American Chemical Society.

nicely demonstrated in ref. [11]. Furthermore, the decoupling from the
Ni substrate does not allow the stress to be accommodated in a planar
configuration, due to the different thermal expansion between GR and
metal, which is rather relaxed through the formation of wrinkles.

A striking feature in our STM images of GR/Ni(111), regardless of the
growth route and of the match with the substrate, is the presence of
randomly distributed bright spots, with the apparent dimension of a
single atom. On the basis of our STM time series, we could relate their
appearance with the growth process and tentatively assign them to
single Ni atoms trapped in the GR mesh. The definite identification of
these features, their atomic configuration and their role is further dis-
cussed in Section 6.

2. Theory sets in

This first work of some of us [6], entirely experimental, provided an
extremely detailed description of the GR growth mechanism on Ni, but,
as already mentioned in the Introduction, the complexity of the picture
that was gradually emerging clearly indicated the need to compare the
experimental data acquired with theoretical calculations from first
principles that would facilitate their interpretation.

The lattice constant of the Ni(111) surface is very close to that of GR,
allowing for epitaxial growth of large domains aligned with the closed-
packed lattice directions of the substrate. Even for those domains, the
atomic structure was not immediately clear, with alternative high-
symmetry configurations previously proposed in the literature as the
most stable ones [12,18-22]: i) bridge-top, with the C—C bond residing
on top of a surface Ni atom like a bridge and the C atoms adsorbed
equivalently off-center; ii) top-fcc (top-hcp) geometry, with one carbon
atom adsorbed at the on-top position and the other on the hollow-fcc
(hollow-hcp) site; iii) hep-fee, with reference to the positions of the
two types of C atoms. Theoretical investigations based on density
functional theory (DFT) did not help immediately to reach a general
consensus about the most stable configuration of epitaxial graphene on
Ni(111). Calculations performed within the local density approximation
(LDA) or using the generalized-gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional with or
without including van der Waals (vdW) interactions gave different re-
sults. Van der Waals (vdW) interactions soon emerged as an essential
ingredient responsible for the binding of GR to Ni: in fact, at variance
with LDA, PBE calculations without vdW correction resulted mostly in
unbound configurations. In 2011 Zhao et al. [12] reported on two
coexisting structures of GR on a Ni(111) surface, namely bridge-top and
top-fcc, almost energetically equivalent but characterized by different
experimental C 1s peaks in the x-ray photoemission spectra (XPS), with
core level shifts of the different carbon atoms well reproduced by DFT.

Our first joint experimental-theoretical contribution came at this
point, when, despite these advances and some consensus reached on the
high symmetry structures as the lowest energy ones, their stability and
ordering in energy were still under debate. Moreover, a direct micro-
scopic experimental evidence for the coexistence of all proposed struc-
tures and an atomic level description of their transition regions were still
missing. To clarify the overall picture of the different configurations of
EG coexisting on a Ni(111) single crystal we used STM and DFT-GGA
calculations including vdW correction, a level of theory that proved
adequate and that we then always used in subsequent studies. We
confirmed that top-fcc, top-hcp, and top-bridge are all stable chem-
isorbed structures with comparable adsorption energies [23]. Further-
more, we proved, for the first time, that the three structures could be
unambiguously distinguished on the basis of their different appearance
in high-resolution STM images, both experimental and simulated using
the Tersoff-Hamann approximation (Fig. 3). Remarkably, the relative
order of the calculated adsorption energies followed that of the observed
coverage of the different configuration domains: the stronger adsorption
configuration (top-fcc) was indeed the most abundant, although other
factors and not just thermodynamics could influence the different reg-
istry of the epitaxially grown carbon network.

3. New insight by improving STM capability

The first steps, described above, in our STM investigations of the GR
layers grown on Ni(111) were accomplished by using an almost standard
commercial instrument, capable of routinely acquiring one or two im-
ages per minute. This limit strongly affected the possibility of charac-
terizing dynamical processes in real time, and specifically the growth
process itself, typically occurring on a much faster time scale. The sit-
uation drastically changed after we started using for these studies the
“Fast STM” module, an Add-on unit for driving commercial scanning
probe microscopes at Video Rate and beyond we had just developed
[24]. In particular, by comparing Fast STM images, acquired in 250 ms
each by means of this new instrument, with corresponding simulated
images based on DFT calculations, we could clearly show that two
different kinds of GR edges exist on Ni(111), identified as zig-zag and
Klein [25]. For both edges, at 470 °C the terminating C atoms are
directly passivated by the metal substrate, through the formation of
covalent C—Ni bonds (Fig. 4), at variance with what happens at RT,
where the C edge atoms, most likely hydrogenated from the residual
background gas, are fully detached from the substrate. This remarkable
difference in the behavior observed at different temperatures indicates
that care has in general to be taken when assuming that postgrowth
analysis yields the real structure adopted by the GR flake during the
growth process.
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Fig. 3. Different high-symmetry configurations of GR/Ni(111). DFT optimized stick-and-ball models: top-view (a) and side-view (b) with indication of the corre-
sponding adsorption energies. Ni atoms are progressively darker in deeper layers from the surface. Simulated (c) and experimental (d) STM images. The adhesion
energy of GR on the substrate, referred to one C atom, is also reported. Adapted with permission from [23]. Copyright 2014 American Chemical Society.
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Fig. 4. Atomic structure of surface passivated (a) zig-zag and (b) Klein GR edges on Ni(111) at 470 °C. From left to right: FAST STM images, DFT-simulated images,
stick-and-ball models of the DFT-optimized geometries. Red balls and dots are C atoms; gray balls are Ni atoms, darker for deeper layers from the surface. Adapted

with permission from [25]. Copyright 2015 American Chemical Society.

An even more striking result was obtained few years later, when, by
using the very same approach of comparing experimental Fast STM and
DFT simulated images, we could reveal for the same system the crucial
catalytic role played by highly mobile individual Ni atoms crossing the
surface, being attracted by the kinks of the GR flake and temporarily
attaching there, where they get directly involved in the growth process
[26]. To capture this elusive phenomenon the STM frame acquisition
time had to be pushed down to the millisecond scale and a thorough DFT
analysis of several possible growth pathways had to be performed;
furthermore, molecular dynamics simulations were used to prove the
attraction of the diffusing Ni adatoms by the GR kink sites. Two short

lived Ni adatom configurations were clearly identified, both experi-
mentally and theoretically (Fig. 5), with DFT simulations showing that
the presence of these individual Ni atoms reduces by about 35 % the
height of the energy barriers involved in the GR growth process, so that
they can be regarded as “single atom catalysts” [27]. Notably, during the
catalytic process these wandering single Ni adatoms may remain trap-
ped in the growing GR mesh, constituting the imaged bright spots dis-
cussed in Section 1 and 6.
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Fig. 5. Two instantaneous configurations (A-D and E-H) of Ni adatoms at the GR k-edge kinks; from left to right: selected frames from a FAST STM movie; their
Laplace-filtered version with superimposed ball models; STM simulated images based on the DFT-optimized geometries. Red balls are C atoms; white and gray balls
are Ni atoms, darker for deeper layers from the surface. Adapted with permission from [26]. Copyright 2018 AAAS.

4. Extending the set of experimental techniques

After having clarified the growth mechanism and the atomic struc-
ture of GR on Ni(111), we investigated the electronic structure of the
different phases. To this aim, we exploited the combination of structure-
sensitive low energy electron microscopy (LEEM), microprobe low en-
ergy electron diffraction (u-LEED), energy-filtered x-ray photoemission
electron microscopy (XPEEM) and microprobe angle-resolved photo-
emission spectroscopy (u-ARPES) [28]. Following this approach, we
were able to distinguish and investigate domains of all the three possible
GR phases on Ni(111) in the same experiment, unambiguously charac-
terizing each of them. We first of all evidenced that EG and RG, which
can be clearly distinguished in LEEM, are identified in XPS by a C Is peak
at the same binding energy BE=284.8 eV, indicating a similar interac-
tion with the substrate regardless of the specific adsorption site. RG on a
surface Ni carbide layer (labeled RGC) exhibits instead a different
fingerprint in C 1s spectra: now (i) the graphene peak is found at 284.4
eV, while (ii) a small carbide component at BE=283.2 eV confirms the
presence of the interfacial layer underneath. The fact that the energy
position of the RGC main peak corresponds to that of highly oriented
pyrolytic graphite, already suggests a weak interaction of this GR phase
with the Ni substrate. This decoupling effect in RGC was nicely
confirmed by p-ARPES measurements. As shown in Fig. 6a, in EG and RG
regions the Dirac cone is shifted to 2.66 and 2.20 eV below the Fermi
energy, respectively, hindering the unique electron transport properties
of GR. When surface carbide is present underneath, instead, the Dirac
cone at the Fermi level, and thus the semi-metal nature of GR, is
restored.

As explained in Section 1, our STM experiments clearly demon-
strated that GR always grows on the bare metallic Ni surface and RGC
domains are just the result of additional carbon segregation underneath
RG. LEEM measurements performed while heating/cooling the sample
revealed that surface carbide nucleates in a well-defined temperature
range, i.e. between 220° and 320 °C, and its formation is reversible.
Indeed, the series of LEEM images in Fig. 6b, where darker regions are
RGC, shows that temperature cycling results in regular alternation of
carbon segregation to the surface (conversion of RG into RGC) and
dissolution into the subsurface (which converts RGC back into RG). In
turn, this is accompanied by a reversible shift in the position of the Dirac
cone in p-ARPES momentum distribution curves. By simply changing the
temperature, it is thus possible to induce in GR a reversible switching
between semi-metal and metal behavior. The lateral extent of the
maximum switchable area corresponds to the size of the RG domain,
which could span over several microns. Within this limit, the actual

switched extent can be controlled by the time spent in the carbide for-
mation/dissolution temperature window.

After the experimental investigation, we used DFT for a complete
characterization of the system and to elucidate the mechanism of car-
bide formation, supposed to occur only underneath RG and not EG [29].
We thus built a DFT structural model for RGC with a coincidence cell
between three lattices different for orientation or symmetry (Fig. 7a).
For comparison, we also simulated the heterostructure with carbide
grown at the interface between EG and the substrate (labelled EGC). We
got a fair agreement between the calculated C Is core-level shift of
different carbon species in RGC heterostructure and the corresponding
experimental values. The density of states projected on the C atoms of
GR, shown in Fig. 7b, proved the restoring of a Dirac cone in GR when
carbide is formed, irrespectively on the GR orientation, and the simu-
lated STM images in both cases resembled those of a free-standing GR
layer.

DFT allowed shedding light on the C segregation process under EG
and RG, yielding an estimate of the corresponding energy cost. It turned
out that C enrichment of Ni outermost layers is progressively more
difficult under EG: the rather strong GR/Ni interaction completely locks
the nickel surface, hindering its reconstruction and thus preventing the
NipC formation. When GR cover is rotated with respect to the Ni(111)
surface, the C binding picture changes and the density of subsurface
carbon can increase up to a critical concentration which enables the
structural transition of the C-enriched Ni(111) layer into a NipC
monolayer.

5. Exploring different Ni substrates: (100) and polycrystalline
foils

5.1. Structure of the s-moiré and n-moiré GR patterns

Initially, most of the effort of the surface science community was
devoted to GR grown by CVD on 3-fold close-packed surfaces of tran-
sition metal single crystals. With the aim of exploring cheaper and more
common substrates, our attention progressively moved also to other
surface orientations, focusing in particular on the (100), as one of the
most common exposed facets of polycrystalline Ni foils and, as such, of
potential interest for the scalable production and applications of GR. On
the single crystal Ni(100) surface, the symmetry-mismatch between GR
and the substrate (hexagonal versus square lattice) leads to different
moiré superstructures according to the misorientation angle 6 between
the two lattices, defined as the smallest angle between one zig-zag di-
rection of GR and the shortest primitive lattice vectors of the Ni(100)
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Fig. 6. Reversible decoupling from the Ni substrate: (a) Momentum distribution curves for RGC (left) and EG or RG (right); (b) effect of temperature cycling on RG
domains, with the dissolution/formation of a surface Ni carbide (dark regions) underneath graphene. Adapted from [28].

surface, i.e. either the [011] or [011] direction (Fig. 8a) [30]. LEED and
atomically-resolved STM allowed to precisely characterize the moiré
structures, which were accompanied by a modulation of the interaction
of GR with the substrate and consequently of its electronic and chemical
properties.

Interestingly, we observed that one of the most common patterns
corresponded to 6=0°. This can be explained by the fact that the
matching between the lattice parameter of the square Ni(100) surface
(afqliOO)=2.49 A) and the GR lattice parameter (ag;=2.46 A)is excellent,
allowing a 1D striped moiré (s-moiré) pattern with stripes parallel to the
zig-zag direction and modulation along the armchair direction of GR
with a period of about 15.8 A (Fig. 8b). DFT calculations predicted a GR-
substrate distance varying between 1.95 and 2.95 A in “valleys” and
“ridges”, alternatively. Different misorientation angles gave rise to

rhombic-network morphology moiré (n-moiré) patterns with different
periodicity. For example, for the case of =11.3° DFT predicted a dis-
tance from the substrate ranging from 1.95 to 2.15 A (Fig. 8c). Notably,
the height of the lowest GR regions in both s-moiré and n-moiré is
comparable with that on Ni(111) [23], indicative of rather strong
interfacial coupling (chemisorption), whereas in the ridges of s-moiré
the GR-substrate interaction is rather weak (physisorption).

A remarkable result is that we observed the very same behavior
described above to occur both on a single crystal Ni(100) surface and on
polished polycrystalline Ni foils, where the predominant flat grains of Ni
(100) orientations were revealed by atomically resolved images.

These GR moiré patterns were further rationalized on the basis of a
simple geometric model assuming the existence of coincidence lattices.
For a generic misorientation angle, a perfect commensurability between
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Fig. 7. GR-projected density of states (DOS) in EGC and RGC structures and in
free-standing GR for comparison. Fermi levels of the corresponding structures
are aligned to zero of the energy scale. In the inset: stick-and-ball model of RGC
structure. Adapted with permission from [29]. Copyright 2021 American
Physical Society.

the periodicity of substrate and overlayer is lacking. In order to describe
a generic n-moiré with coincidence cells of reasonable size, one has to
consider an approximate commensurability and a GR hexagonal lattice
anisotropically slightly strained. This can be achieved either starting
from the experimental observation of moiré patterns supercells [31], or
by fixing the misorientation angle and predicting the smallest common
supercell, within desired tolerance and size, to allow for DFT calcula-
tions with a manageable number of atoms [32]. The procedure proposed
in [32] was formulated in a very general way, so that it can be applied
not only to GR on Ni(100) but also to any pair of interfacing 2D lattices,
such as RG on Ni(111).

5.2. GR growth mechanism on flat and stepped (100) surfaces

We applied our in-situ and in-operando approach to characterize the
growth mechanisms of the layers described in the previous sub-section.
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Typically, upon annealing of bare Ni substrates, carbon atoms segregate
to the surface from the bulk, forming a Ni,C structure. GR grows at the
one-dimensional boundary with surface Ni,C at elevated temperatures
(400-550 °C), with an orientation determined during the expansion
stage by the strain at the 1D in-plane interface. Strain release appears to
be the main factor governing morphology, with the interplay of two
simultaneous driving forces: on the one side the need to obtain two-
dimensional best registry with the substrate, via formation of moiré
patterns, on the other side the requirement of optimal one-dimensional
in-plane matching with the transforming Ni,C layer, achieved by local
rotation of the growing GR flake [33].

A peculiar effect was observed for the GR growth mechanism at the
edges of (100) stepped surfaces of polycrystalline Ni grains [34]. When a
s-moiré GR flake reaches a terrace edge of the substrate, it covers the
step following a mechanism strongly dependent on its height. In
particular, at step bunches, a ‘staircase formation’ behavior occurs,
where, under the overgrowing GR, substrate terraces of equal width
form (Fig. 9). This behavior was rationalized by DFT simulations,
pointing to the co-existence of two competing mechanisms, related to
bonding and stress: on the one side, the GR network tries to keep an
optimal registry with the substrate, maximizing the number of bonds; on
the other hand, this process induces in GR a progressive negative stress.
On a flat surface, the balance between these opposite factors results in
the corrugation of the s-stripe moiré discussed above. On a stepped
(100) surface, instead, DFT predicts a minimal energy configuration
formed by a series of terraces of equal width of ~2.37 nm, i.e. about 1.5
times the period of s-moiré on flat surfaces, perfectly matching the
experimental observations.

5.3. Templating effect of s-moiré GR patterns: confined adsorption and
GR pseudo-ribbons

GR s-moiré on Ni(100) constitutes a peculiar nanostructured 1D
template on a 2D layer, confining in regularly arranged straight trails
single metal atoms and few atoms clusters [35], an intriguing example of
the general template role typically displayed by GR moiré on other
substrates such as on Ir(111) [36,37] and Rh(111) [38]. DFT calcula-
tions showed that confined adsorption on s-moiré on Ni(100) is selective
and highly dependent on the atomic species, with some species, such as
Cobalt, which we investigated extensively, preferring to adsorb on

s-moiré e n-moiré
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9000000000000 0000 0«
100000000000000000
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Fig. 8. Moiré patterns of GR on Ni(100). (a) Stick-and-ball models of Ni(100) surface and GR with their primitive lattice vectors (a;,a;) and (b;, by) respectively,
separately and superimposed with a misorientation angle 6. Light grey/red spheres for surface Ni and C atoms, respectively. (b-d) stripe moiré with 6=0°, (e-g)
network moiré with 6=11.3°. DFT simulations (b,e) Side (upper) and top (lower) views of DFT-optimized stick-and-ball models of the two selected moiré patterns.
The supercells for DFT simulation are highlighted in the top views. The color bar denotes the height of C atoms relative to the Ni surface. (c,d,f,g) Experimental (c,f)
and simulated (d,g) STM images. Adapted with permission from [30]. Copyright 2018 Elsevier.
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Fig. 9. GR growing at a Ni(100) step bunch: (a,b) STM images before (a) and after (b) the “staircase” formation, i.e., a series of consecutive constant-width terraces
separated by monoatomic step edges. (c) Schematic models qualitatively illustrating the process (side view) along the red dashed lines in (a) and (b). The vertical
direction in panels a and b corresponds to a GR misorientation angle 6=0°. Reprinted with permission from [34]. Copyright 2020 Elsevier.

ridges and others showing preference for valleys. The selectivity is not
limited to the adsorption process only, but persists as adsorbates start
diffusing, resulting in unidirectional mass transport on a continuous 2D
support. No intercalation, i.e. mass transport in the “vertical” direction,
was observed for this system, indicating that the GR layer protects the
adsorbed atoms from dissolving into the metal substrate, similarly to the
effect exerted by Ni,C in stabilizing Co clusters on the same surface [39].

GR s-moiré constitutes also a perfect template for the formation of
long, regular, ribbon-like GR structures, which we have observed and
described in details [40]. By comparing micro-
scopy/spectroscopy/diffraction experiments with numerical simula-
tions, we explained the existence of such structures as related to the
detachment of the GR layer from the substrate across two adjacent
ridges of the s-moiré, as a consequence of additional C segregation. More
specifically, controlled cooling of the system lead to the formation of
nickel carbide underneath GR in the area delimitated by subsequent
ridges, including the valley in between. The resulting structures were
about 1.4 nm wide GR “pseudo-ribbons” (GPRs) with zig-zag edges,
hundreds of nanometers long, embedded in the carbon mesh. Even
though seamlessly incorporated in a matrix of strongly interacting GR,
these GPRs exhibited electronic properties closely resembling those of
noninteracting, quasi-freestanding 1D zig-zag nanoribbons. DFT simu-
lations indicated that the GR-Ni distance increases from 1.9 to 3.3 A in
the central region of the GPR, being even larger than at the moiré ridges.
The band structure projected in this region was impressively close to
that of freestanding GR, specifically displaying a Dirac cone character-
ized by the same Fermi velocity (Fig. 10).

5.4. Simple method to characterize the GR-substrate interaction strength

Exploiting GR on Ni(100) as a prototypical system where regions
with different grades of interaction with the substrate coexist, we
demonstrated that I(z) spectroscopy and field emission resonance (FER)
can be used as simple methods to quantitatively describe the interaction
strength between graphene and a metal substrate [41]. Indeed, the
tunneling current decay with tip-sample distance undergoes substantial
changes when measured over a strongly or weakly interacting GR re-
gion: its exponential decay constant decreases as the GR/substrate
interaction strengthens, and can range from a value close to that
calculated for free standing GR (1.79 A’l) to about 1.1-1.2 A™! for
chemisorbed GR. DFT simulations allowed to rule out purely morpho-
logical effects due to the GR corrugation (i.e., curvature) and to connect
this variability to the changes in the bond strength. The latter was also
related to changes in the GR work function, experimentally evidenced by
FER spectroscopy and calculated by DFT for the different interaction
regimes.

6. GR doping and functionalization
6.1. Direct incorporation of nickel adatoms

In Section 1, reporting our seminal investigation on the growth
process, we mentioned the appearance in the images of randomly
distributed bright spots, tentatively assigned to single Ni atoms trapped
in the GR mesh. The possible contamination of the growing GR layer by
substrate atoms affects its quality; however, a controlled incorporation
of Ni or other atoms in the GR mesh can be exploited as a doping method
to tailor its electronic, magnetic and chemical properties. A thorough
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Fig. 10. GR “pseudoribbon” (GPR) on Ni(100). (a,b) STM images of a GR sheet grown on Ni(100) after cooling to room temperature, characterized by a s-moiré
pattern and embedded GPR ((a): large scale image; (b): atomically-resolved zoom with a superimposed GR pattern and an intensity profile plot along the GPR zig-zag
edge showing a double periodicity). (c¢) DFT simulated image. (d,e) Side and top view of the model structure of the GPR with a ¢(2 x 2) “clock” reconstruction of Ni
surface underneath and formation of nickel carbide (Ni»C). (f) Calculated band structures of the central atoms of the GPR (left) and free-standing GR (right) in the
same supercell to facilitate the comparison. Adapted with permission from [40]. Copyright 2021 Wiley.

characterization of the observed bright spots was therefore performed.

A detailed comparison between high-resolution experimental STM
images and DFT simulations of different possible structures of the
defective GR on Ni(111) allowed us to precisely identify the atomic-scale
configuration at the doping sites (Fig. 11), revealing that a single Ni
adatom trapped into a double vacancy is the most common defect.
Analysis of the electron density distribution showed that the Ni adatom
is always more strongly bound to the GR layer than to the underlying
substrate, thus suggesting the intriguing possibility to maintain the
doping also after decoupling the layer from the substrate [42], as
recently experimentally demonstrated [43].

The Ni atoms trapped in GR exhibit extremely interesting properties.
First of all, their presence is observed also in GR grown on other Ni
substrates, e.g. (100) and polycrystalline foils. Furthermore, they can act
as anchors for adsorbed cobalt nanoaggregates, with a strong stabiliza-
tion effect that prevents sintering, thus improving their efficiency for
catalysis (Fig. 12) [44].

6.2. Tuning GR doping by intercalation

Tailoring of GR properties can be achieved not only by trapping
single atoms in the GR mesh, as described in the previous section, but
also through intercalation of atoms and molecules at the GR/substrate
interface. As an example, we studied the effect of carbon monoxide
molecules intercalated underneath a GR monolayer grown on Ni(111),
showing that a CO coverage as low as 0.14 monolayer (ML) is sufficient
to spatially decouple the GR mesh from the metallic substrate. The most
relevant signature of the CO intercalation is a clear switch of the GR
doping state, which changes from n-type in the configuration strongly
interacting with the metal surface to p-type in presence of intercalated
CO. The shift of the Dirac cone depends linearly on the CO coverage,
reaching about 0.9 eV for the saturation value of 0.57 ML (Fig. 13). DFT
predictions were compared with the results of STM, LEED and XPS,
which confirmed the proposed scenario for the nearly saturated inter-
calated CO system. This result can open the way to the application of the
GR/Ni(111) interface as gas sensor to easily detect and quantify the
presence of carbon monoxide [45].
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Graphene/Ni(111)

Fig. 11. Defective epitaxial graphene on Ni(111) with zoom-in on two different
defects, identified as a double (highlighted by red lines) and triple (highlighted
by green lines) vacancy with an individual Ni atom trapped inside. Corre-
sponding DFT-optimized structures are shown. Adapted from [42].
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An intriguing issue is the intercalation mechanism, as CO molecules
would not be able to get through a perfect GR layer, which is known to
be impermeable to any atomic and molecular species, except hydrogen.
Regarding this point, we found that the presence of defects plays a
crucial role: by means of combined experimental (STM, XPS, and LEED)
and DFT simulations, we were able to elucidate in a specific case how CO
molecules succeed in permeating the GR layer and get into the confined
zone between GR and the Ni(111) surface. In particular, we described
the role of the multiatomic vacancies passivated and stabilized by N
atoms presented in the following sub-section [46].

6.3. Nitrogen doping

In recent years, nitrogen-doped GR layers have attracted the interest
of the surface science community, with many papers dedicated to
growth methods and characterization investigations [47,48]. We pro-
posed a new, simple method to produce a flat, wide, continuous
nitrogen-doped GR layer: it can be easily obtained from a nickel sub-
strate pre-contaminated by nitrogen and then exposed to
carbon-containing precursors, so that nitrogen atoms, segregating to the
surface, remain trapped in the growing GR network [49]. A detailed
morphological and chemical characterization was performed by
combining STM and XPS measurements with DFT calculations,
providing specific structural models for the various possible configura-
tions around the nitrogen dopants.

7. Conclusions and future perspectives

The extensive and continuous work dedicated by our group to the

Fig. 12. Evidence of cluster adsorption site by STM manipulation. (a,d) Schematic representation of the Co clusters manipulation process. (b) STM images of Co
clusters (encircled) on G/Ni(111) and (c) G/Ni(100) before manipulation. STM images of the same areas in (e,f) show the surfaces after removal of Co clusters and the
respective adsorption sites, encircled and contrast adjusted in (f) for the sake of visibility of the Ni atoms. (h,i) Superposition of the STM images before and after
manipulation to highlight the exact position of the removed clusters, as illustrated in scheme (g). Reprinted from [44].
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Fig. 13. Effect of CO intercalation at the GR/Ni(111) interface. (a,b) GR-projected band structure for (a) GR/Ni and (b) GR/CO/Ni (CO coverage: 0.57 monolayer),
referred to the corresponding Fermi energy. For the sake of simplicity only the majority spin channel is shown. The intensity of the lines refers to the value (states
(eV)) of the projected DOS. (c,d) Top (upper panels) and side (lower panels) views of the corresponding DFT-optimized models for (¢) GR/Ni and (d) Gr/CO/Ni.
Oxygen: red; Carbon: black (wireframe for Gr, spheres in CO); Ni: grey, darker for atoms deeper from the surface. Adapted with permission from [45]. Copyright

2020 Elsevier.

study of GR layers on Ni surfaces in more than ten years, following a
systematic approach based on surface science techniques and theoretical
methods, has led to a significant advancement in their characterization
and comprehension. This effort has generated an overall consistent
picture of the structures and mechanisms involved, providing a number

and level of details which were beyond our initial expectations. It con-
stitutes a clear example of the power that the surface science approach
still has in solving complicated scientific puzzles when state of the art
methods are used.

Our “journey” has not yet come to its end. Some of the strategies we



C. Africh et al.

have developed in specific cases, in a series of new ongoing in-
vestigations are presently being readily extended to other systems,
showing therefore a wider validity. In particular, on the one hand the
“inside-out” method we proposed for N-doping is currently applied with
success to other elements like B [50]; on the other end, the exploitation
of the catalytic effect of single transition metal atoms for GR growth,
which we first revealed for nickel, is now found to work also for cobalt,
leading to Ni and Co co-doped GR layer [43] and opening the way to GR
doping by many other transition metal atoms.

The large variety of novel GR based systems generated by these
methods offers the opportunity to start a vast and stimulating program,
aimed at characterizing in terms of chemical activity and electronic
structure these new materials, with many significant prospective ap-
plications in several fields. There is little doubt that in the coming years
this program will keep our attention and that of several other research
groups focused.
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