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Direct incorporation of Ni adatoms during graphene growth on Ni(111) is evidenced by scanning tunneling
microscopy. The structure and energetics of the observed defects is thoroughly characterized at the
atomic level on the basis of density functional theory calculations. Our results show the feasibility of a
simple scalable method, which could be potentially used for the realization of macroscopic practical
devices, to dope graphene with a transition metal. The method exploits the kinetics of the growth process
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Introduction

Future applications of graphene-based devices rely on the
capability of tailoring its electronic, magnetic and chemical
properties in a controllable way. For a similar aim, defect-
engineering is a widely exploited approach in the semi-
conductor industry, allowing control over the carrier type and
density. Following this strategy, recent studies revealed the
actual possibility of introducing doping defects in graphene to
tune its properties.' For example, by adding an appropriate
gaseous precursor during the Chemical Vapor Deposition
(CVD) process” or by means of low-energy ion implantation,”®
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for the incorporation of Ni adatoms in the graphene network.

substitutional nitrogen atoms can be trapped inside carbon
vacancies, strongly modifying the graphene electronic struc-
ture.” New functionalities are predicted to arise when tran-
sition metal dopants are introduced. In particular, it is
possible to induce a magnetic moment® and to add chemical
activity,”'® enhancing the catalytic behavior of the layer with
respect to small gaseous molecules of environmental impor-
tance.'! For example, as shown by Qiu et al., single Ni atoms
trapped in graphene exhibit an unusual catalytic performance
in the hydrogen evolution reaction.'> However, despite these
appealing potential properties, only few experimental realiz-
ations have been achieved so far,"”*™® and an approach to
obtain metal-doped graphene in a single growth step has not
yet been reported. In principle, a single step process usable for
the preparation of macroscopic graphene flakes, without
requiring the preliminary formation of graphene vacancies,
would be simpler and more likely to offer the possibility of
fine controlling the doping level of the resulting layer.

In this work, we show that graphene doping can be
obtained by direct incorporation of individual nickel
(Ni) atoms during the formation of epitaxial graphene layers
by CVD on a Ni(111) surface. The atomic configuration of
different defects was determined by a combination of high-
resolution scanning tunneling microscopy (STM) and density-
functional theory (DFT) calculations. The stability and the
bonding configuration of the observed Ni-doping defects are
discussed in light of the calculated charge distribution.

Results and discussion

A typical STM image of an epitaxial graphene (EG) layer grown
on Ni(111) at 400 °C, using ethylene as carbon source,'” is
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Fig. 1 Defective epitaxial graphene on Ni(111). Inset: Zoom-in on a
defect structure. The white grid intersects on top sites; a primitive unit
cell of the Ni(111) surface is marked in red, with the position of the
carbon atoms of the epitaxial graphene layer indicated by dots. The
vertical scale bar shows the apparent height. Image size: 8 x 8 nm?
Vpias = 0.1V, [ = 2 nA.

shown in Fig. 1. Under these conditions, surface carbide, if
present, readily converts to graphene and it is possible to
obtain extended graphene domains (up to few hundreds of nm
wide)'® with a low concentration of domain boundaries."”
However, at this low growth temperature, the layer is not
perfect: a sizable number (about 1% of graphene C atoms) of
point-like bright defects are created, both as isolated features
and short chain structures. The formation of these defects is
independent of the growth mechanism (via carbide conversion
or direct graphene growth); once formed, these defects appear
to be stable up to graphene dissolution temperatures. The
exact concentration of these bright defects depends on the
growth temperature, with larger defect densities obtained
at lower temperatures (350-400 °C) and no point-defects
detected above 600 °C (see Fig. S1 in ESIt). Their apparent
height ranges from about 0.5 to 1.5 A, strongly depending on
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the tunneling current,
(see Fig. S2 in ESIf).

The appearance of these bright objects is clearly different
from that of the single carbon vacancies and Stone-Wales
(SW) defects previously reported for CVD graphene grown on
Ni(111).”° Based on their width and height, and on the well-
known presence of mobile adatoms on metal surfaces at these
temperatures, we previously tentatively assigned the point-like
defects to substitutional Ni atoms trapped in the carbon
network during the growth process."” This identification was
also in line with previous first-principles calculations, indicat-
ing that the formation energy of vacancy structures is greatly
reduced compared to free-standing graphene when the dan-
gling bonds are passivated either by metal surface atoms or
adatoms.>’ More recently, by combining direct STM imaging at
the millisecond time scale with DFT and molecular dynamics
simulations, we clearly identified individual Ni adatoms cata-
lyzing the graphene growth on the Ni substrate, by temporarily
attaching at kink sites along the edges of growing graphene
flakes.”” Fig. 2 shows selected frames of a high-speed movie
(frame rate 60 Hz) acquired during graphene growth at 440 °C:
the synthesis proceeds with the same mechanisms elucidated
in our previous work but in this case two Ni atoms remain
trapped into the network. In more details, starting from an
atomically straight Klein (k) edge (at 0 ms), after 33 ms a kink
site can be observed in the middle of the image, as well as a Ni
adatom (imaged as a bright protrusion), catalyzing the C
addition process.””> Detachment of the Ni adatom from the
kink site (66 ms) interrupts the growth along the edge. A
counter-propagating growing front, carrying an opposite kink,
comes from the top of the frame, thanks to the action of
another Ni adatom, which gets stably trapped (132 ms) against
the preexisting kink, due to the higher coordination. As the
growth progresses (19 156 ms), a second Ni adatom is stably
incorporated close to the first one in the carbon network (see
below). This definitely proves that the observed point-like
bright defects are Ni doping centers in the graphene layer.

A closer inspection of Fig. 1 allows distinguishing various
configurations of Ni-dopants, characterized by different
appearances. Our high-resolution STM images indicate a top-
fce registry of graphene with respect to the Ni(111) surface,"
which in turn allows the position and the orientation of

i.e. from the tip-sample distance

Fig. 2 Selected frames of a high-speed STM sequence acquired at 440 °C in quasi-constant height mode at the k edge of a growing graphene
flake. White arrows and circles indicate the position of the kink sites along the growing direction of the graphene edge and of the Ni adatom(s),

respectively [Vpiass = 0.02 V; | = 7 nA; frame rate = 60 Hz].
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different Ni doping configurations to be identified with
respect to the graphene lattice, as shown for one of the
observed defects in the zoomed region of the figure. On the
basis of the experimental findings, we simulated, using a
density functional theory approach, several Ni doping con-
figurations, characterized by a variable number of missing
carbon atoms (from 1 to 5) and containing 1 or 2 trapped Ni
adatoms (Fig. 3; see also Fig. S3 and S4 in ESI¥). The dangling
bonds in the graphene network are passivated by the substrate
and by the trapped Ni adatom(s), which leads in all cases to a
localized bright feature in simulated STM images. We classify
the observed defects according to the number () and position
(top or hollow-fce, hereafter shortly indicated as fcc) with
respect to the Ni lattice of the carbon vacancies (V) and the
number (m) of the Ni-doping atoms. Thus, for example,
2Ni@4V(2top + 2fcc) indicates a defect with 2 Ni-doping atoms
trapped in a cluster of 4 vacancies, where 2 top and 2 hollow-
fcc carbon atoms are missing. The remarkable agreement
between the simulated (middle panel) and experimental
(bottom panel) STM images allows safe identification of the

INi@1V
(1top)

INi@2V
(1top+1fcc)

INi@3V

(2top+1fcc)
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main Ni doping configurations observed in our measurements
with the optimized atomic structures obtained by DFT (upper
panel). The different defect configurations described above
always coexist in the layer, in concentrations that vary with the
growth parameters. However, 1Ni@2V, 1Ni@3V(1top + 2fcc)
and, to a lesser extent, 1INi@3V(2top + 1fcc) typically dominate.
A systematic investigation of the influence of each growth para-
meter was beyond the scope of the present work.

For the 1Ni@1V(1top) and 1Ni@2V(1top + 1fcc) configur-
ations, DFT calculations show that the dangling bonds (DBs)
left behind by the missing C atom(s) are all passivated by the
trapped Ni adatom. For the 1Ni@2V(1top + 1fcc) case, this
implies that the shape of the Ni adatom appears asymmetric,
with two protrusions towards the closest hollow-fcc C atoms at
the defect edge. Due to the symmetry of this defect, three equi-
valent orientations, rotated by 120°, are expected and indeed
experimentally observed (Fig. S3 in ESIt).

The Ni adatom sits in the graphene plane for all the
observed defects, with the exception of 1INi@1V(1 top), where,
due to steric effect, it is placed at about 0.9 A above the carbon

INi@3V
(ltop+2fcc)

2Ni@4V
(2top+2fcc)

2Ni@5V
(3top+2fcc)

Side
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Fig. 3 Ni dopant configurations in graphene on Ni(111). Top panel: stick-and-ball model of DFT relaxed structures. Formation energies are indicated
below each structure. Bottom panels: DFT simulated and experimental STM images. Image size: 1.2 x 1.2 nm?. The different structures are classified
depending on the number of embedded Ni adatoms, and on the number and position of C vacancies (V). Computational parameters: Vyi;s = —0.3 V;
ILDOS iso-surface lying ~ 2 A above graphene and with ILDOS value of 5 x 1073|e|/ao>. Experimental parameters: INi@1V(1top) [Viias = —0.1V; I =
1 nA], INi@2V(1top + 1fcc) [Vpias = —0.1V; [ = 1 nA], INi@3V_(2top + 1fcc) [Viias = —0.3 V; | = 2 nA], INi@3V (1top + 2fcc) [Viias = —0.3 V; | = 2 nA],
2Ni@4V _(2top + 2fcc) [Vpias = —0.3 V; | = 1 nA] and 2Ni@5V_(3top + 2fcc) [Viias = 0.3 V; | = 1 nAl.
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layer. This result is at slight variance with a previous report for
EG on Cu(111), where the Cu adatom in comparable defects
lies in between the surface and the graphene plane.”’ The
different equilibrium configuration of the embedded adatoms
can be rationalized in terms of the different structural match-
ing of EG with Cu(111) vs. Ni(111) on the one side, and of the
different strength of the C-Cu vs. C-Ni interaction on the
other.

An asymmetry in the appearance of the defect characterizes
also the 3Vs. Here a single embedded Ni adatom cannot satu-
rate all the DBs, yet there is not enough space for two Ni
atoms. The remaining DBs are thus passivated by the sub-
strate, which for 1Ni@3V(2 top + 1 fcc) leads to a surface Ni
atom partially lifted above the outermost metallic plane.

We calculated the formation energy of the mNi@n_V defects
with respect to a perfect epitaxial graphene layer and the reser-
voir of C atoms in graphene and Ni atoms in the bulk:*'

Eform = Edef /ni 71 Ec 6 — Eg/ni — M Eni bulk

where Eger g/ni 1S the total energy of the defective system
(Ni(111) substrate + defected graphene with possible trapped
adatoms), Eg/y; is the total energy of the corresponding perfect
system (pristine graphene on Ni(111) substrate, with the same
dimensions of the defected one), E¢ ¢ is the total energy of
one C atom in the free standing graphene, and Ey; pui is the
total energy of a Ni atom in bulk. Using this definition, the
defect formation energy is positive; the larger its value, the
higher its formation cost in the otherwise perfect system.
Resulting energy values for the observed defects are reported
below the stick-and-ball models in Fig. 3. Our values are in
line with those obtained by Wang et al for comparable
defects.”® The higher the number of carbon vacancies, the
higher the defect formation energy.

It has to be noted that the energetics of the different con-
figurations cannot be directly linked to the abundance of the
formed defects. Indeed, the energies reported here refer to the
removal of C atoms from a perfect graphene layer
accompanied by the addition of Ni atoms in the vacancies.
These energies are all very high, implying that Ni-doping start-
ing from a perfect graphene layer is extremely difficult to
obtain in real systems. Production of a Ni-doped graphene
layer becomes much easier by introducing Ni-doping atoms
directly during the graphene growth, exploiting the kinetics of
the growth process. In turn, this also affects the relative abun-
dance of the different defect configurations.

For the sake of completeness, we simulated also the struc-
ture and appearance of empty graphene vacancies. In particu-
lar, we investigated 1V(1 top), 2V, and 3V(2top + 1fcc), corres-
ponding to the three leftmost defects in Fig. 3 without the Ni
adatoms (see Fig. S6 in ESIf). Remarkably, in all cases the
simulated images of the bare defects (without Ni adatoms
inside) do not show a bright feature but rather a dark appear-
ance. Most of the terminal carbon atoms in fcc sites delimiting
the defects are bent toward the metal, as already reported for
substrate passivated graphene edges.>® Furthermore, the simu-
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lations rule out the possibility that the Ni-doping adatoms are
substrate atoms lifted by the defect: the surface Ni atom under-
neath is slightly lifted with respect to the surface but not
enough to lie in the graphene plane, thus the appearance of
the empty vacancy remains dark. Since in the STM images of
our samples we only very rarely observe defects with dark
appearance, the results of our simulations strongly support the
presence of Ni-doping adatoms in the defects we describe.

Although in our calculations we do not mimic the dynamics
of the adatom trapping process, nor have access to realistic
barrier formation, we can make reference to the empty
vacancies in order to estimate the stability of the trapped Ni
adatom. Focusing on the defects including only one Ni
adatom, which are the most common, we subtract, from the
total energy of the defective structure as a whole (vacancy with
the adatom, Eger g/ni(INi@nV)), the sum of the total energies
of the empty vacancy passivated by the substrate Egcr g/ni (72V)
and of an isolated Ni atom (Ey; is)- The energy difference is
always negative, indicating a strong binding of the adatom
with the vacancy. More specifically, we obtain —4.08 eV, —5.61
eV and —5.72 eV for 1INi@1V(1top), 1INi@2V(1top + 1fcc), and
1INi@3V(2top + 1fce), respectively. These values represent the
energy gained by an optimized passivation of the DBs at the
graphene vacancy by the trapped Ni adatom. They are compar-
able, in absolute value, with the cohesion energy of Ni bulk
(4.87 eV per atom calculated in this work), and therefore stron-
ger than the binding energy of a Ni adatom on the clean
Ni(111) surface.

Electron density difference plots provide further indications
of the binding of the adatom with the vacancy. The electron
density difference is calculated by subtracting from the elec-
tron density distribution of the whole defective structure, the
one of the structure with the empty vacancy and the one of the
trapped adatom, both kept in the frozen geometry that they
have in the defective structure filled by Ni. The plots, reported
in Fig. 4, show that the most pronounced electron density
rearrangement occurs between the trapped Ni atom and the
borders of the graphene vacancy rather than with the sub-
strate. Indeed, if we increase the isosurface value, the modified
charge regions between the Ni adatom and the substrate
vanish, while they are still present at the borders of the
vacancy. The electron density distribution thus indicates that
the Ni adatom is more strongly bound to graphene than to the
substrate, suggesting the remarkable possibility of maintain-
ing the Ni-doping even after decoupling the graphene layer
from the Ni substrate, to transfer it elsewhere.

As a final point, we briefly address the electronic and mag-
netic properties of the Ni-doping centers. DFT simulations indi-
cate that the single trapped Ni adatom carries a small magnetic
moment (¢ = 0.03-0.12uz, see Fig. S7 in ESI}), similarly to the
findings reported for a Ni atom embedded in 1V and 2V in free-
standing graphene.® Differential conductance (dI/dV) measure-
ments performed at 4.2 K with a commercial Omicron LT-STM
show a marked zero-bias peak (ZBP) only for the 1INi@2V
defects (see Fig. S8 in ESIf). As discussed in the ESI,f such
feature can be potentially related to a Kondo resonance.

This journal is © The Royal Society of Chemistry 2019
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INi@2V
(1top+1fcc)
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Fig. 4 Electron density difference due to the filling of 2V(1top + 1fcc),
3V(2top + 1fcc) and 3V(1ltop + 2fcc) in graphene with one Ni adatom,
obtained by subtracting to the electron density distribution of the whole
defective structure the one of the structure with the empty vacancy and
the one of the trapped adatom, both kept in the frozen geometry that
they have in the defective structure filled by Ni. Plots of the top views
(left panels) and side views along the [110] direction (right panels) are
shown for 1INi@2V(1ltop + 1fcc), INi@3V(2top + 1fcc) and 1INi@3V(ltop +
2fcc) structures. Red/blue indicates abundance/depletion of electrons.
The electron density difference isosurfaces are plotted at +/—0.007|e|/ao®
for 1INi@2V(1top + 1fcc), and at +/-0.01le|/ap® for 1INi@3V(ltop + 2fcc)
and 1Ni@3V(2top + 1fcc).

Experimental and computational methods

The experiments were performed in a UHV system (base
pressure = 1 x 107'° mbar) equipped with standard sample
preparation facilities and with an Omicron variable tempera-
ture STM. After several cycles of Ar™ sputtering and annealing
(600 °C), epitaxial graphene was prepared on Ni(111) by ethyl-
ene exposure (p = 1 x 1077 mbar), or C segregation from the
bulk, between 350 and 600 °C. Imaging was performed in con-
stant-current mode at room temperature.

DFT calculations were performed through the Quantum
ESPRESSO code,”* using plane-wave-basis set and employing
the Generalized Gradient Approximation for the exchange-cor-
relation functional in the Perdew-Burke-Ernzerhof parametri-
zation (GGA-PBE).>® Spin-polarized calculations have been per-

This journal is © The Royal Society of Chemistry 2019
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formed. In order to correctly describe the graphene/Ni(111)
interaction,***® semiempirical corrections accounting for the
van der Waals interactions were included with the DFT-D
approach.”® More refined functionals such as RPBE*° have not
been considered in the present work, since previous investi-
gations proved that the choice of the PBE functional, together
with the DFT-D approach, provides an accurate description of
the graphene/Ni(111) interaction.

All the calculations were performed using a periodically
repeated supercell containing in plane 6 x 6 graphene unit
cells combined with a 3-layer Ni slab with (111) surface: the
parallel slab repeated images were separated by 15 A of
vacuum. The supercell size allowed to avoid interactions
between the replicas of the defects. Concerning the Brillouin
zone sampling, we adopted the Methfessel-Paxton smearing
technique,®" the Monkhorst-Pack k-point mesh®* with a 2 x
2 x 1 k-point grid centered on the Gamma point for the self-
consistent cycles. Convergence tests suggested to adopt a
kinetic energy cutoff of 30 Ry for the plane waves basis set and
an energy broadening of 0.01 Ry. The theoretical equilibrium
lattice parameters of graphene and Ni(111) surface were found
to be 2.46 A and 2.49 A respectively, in excellent agreement
with the experimental values. STM simulations were done
using the Tersoff-Hamann approach,*® according to which the
tunneling current is proportional to the energy-Integrated
Local Density of States (ILDOS). Constant-current and voltage
values Vy;,s for the STM simulations have been chosen to
match the experimental values. Stick-and-ball-model were ren-
dered with the VMD software.**

Conclusions

In summary, we demonstrated the possibility to induce Ni
doping into graphene during the CVD process on a Ni(111)
surface. The detailed comparison between high-resolution
experimental STM images and simulated images of different
possible structures allowed precise identification of the
atomic-scale configuration at the doping sites. Analysis of the
electron density distribution shows that the Ni adatom is
always more strongly bound to the graphene layer than to the
underlying substrate, thus suggesting the possibility to main-
tain the doping also after decoupling from the substrate.

Our results reveal the incorporation of individual Ni atoms
in epitaxial graphene layers during growth, showing the feasi-
bility of doping with a transition metal by an easily scalable
process, which could be applied for the doping of macroscopic
graphene layers in conventional CVD plants typically used for
the industrial production of graphene based devices.
Moreover, we showed that in our method the growth tempera-
ture can be used as the control parameter to establish the
density of doping atoms. This result paves the way to a
number of new relevant applications, from spintronics to
catalysis and can stimulate further studies aiming at verifying
the applicability of this doping strategy to other transition
metals.
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