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Under near-ambient pressure conditions, carbon monoxide molecules intercalate underneath an epitaxial
graphene monolayer grown on Ni(111), getting trapped into the confined region at the interface. On the basis of
ab-initio density functional theory calculations, we provide here a full investigation of the intercalated CO pat-
tern, highlighting the modifications induced on the graphene electronic structure. For a CO coverage as low as
0.14 monolayer (ML), the graphene layer is spatially decoupled from the metallic substrate, with a significant C
1s core level shift towards lower binding energies. The most relevant signature of the CO intercalation is a clear
switching of the graphene doping state, which changes from n-type, when strongly interacting with the metal
surface, to p-type. The shift of the Dirac cone linearly depends on the CO coverage, reaching about 0.9 eV for
the saturation value of 0.57 ML. Theoretical predictions are compared with the results of scanning tunnelling mi-
croscopy, low-energy electron diffraction and photoemission spectroscopy experiments, which confirm the pro-
posed scenario for the nearly saturated intercalated CO system. This result opens the way to the application of
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the graphene/Ni(111) interface as gas sensor to easily detect and quantify the presence of carbon monoxide.
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1. Introduction

Nickel is an optimal substrate for graphene (Gr) growth via Chemical
Vapor Deposition (CVD), since its excellent lattice match with the car-
bon network ensures the formation of high-quality flakes, with the draw-
back of a strong interaction which leads to the loss of free-standing Gr
features. Intercalation of atoms or molecules can be exploited to modify
at will the electronic properties of Gr and to decouple it from the sub-
strate [1-7]. In this framework, intercalation of carbon monoxide (CO)
is particularly relevant, since CO is one of the simplest and most harmful
molecules in atmosphere, and a system for its trapping can be of poten-
tial application as sensor or catalytic reactor.

The adsorption of CO on bare metal surfaces has been widely stud-
ied by means of different experimental techniques and numerical sim-
ulations. On Ni(111) four different high symmetry adsorption sites are
available, namely top, bridge, hollow hcp and hollow fec. There is con-
sensus that the adsorption on hollow sites is favored at low coverage,
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when the molecule-substrate interaction dominates [8,9], but the situ-
ation is not as clear at higher coverages, where lateral intermolecular
interactions play a relevant role.

A regular pattern with ¢ (4 X 2) periodicity is revealed for a coverage
of 0.5 monolayer (ML) by Low Energy Electron Diffraction (LEED) [10],
Surface-Extended X-Ray Absorption Fine Structure (SEXAFS) [11], LEED
I-V [12], Scanning Tunnelling Microscopy (STM) [13] experiments and
supported by Density Functional Theory (DFT) calculations [14]. This
pattern can also be described by a smaller (2 x \/3) cell where only one

or at most two types of sites are occupied [11,15,16]. The hollow sites
are indicated as the preferred ones by most of the literature, but alterna-
tive suggestions for bridge sites only [17] or a mixture of bridge and top
sites have been put forward from Infrared Reflection Absorption Spec-
troscopy (IRAS), STM [16] and Sum Frequency Generation (SFG) exper-
iments [17] (in the latter work, also for other coverages). Temperature
Programmed Desorption (TPD) and IRAS suggest that the site occupa-
tion depends also on the temperature: whereas hollow sites are prefer-
entially occupied below 100 K, conversion towards the top sites occurs
at higher temperatures [18].

The saturation coverage of 0.57 monolayer (ML), is unanimously de-
scribed using a rhombic (v7 xv7)R19.1° pattern [19-21], for which
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X-ray photoemission spectroscopy (XPS) suggests the occupation of top
and bridge sites [20].

The scenario, already quite complicated, becomes even less clear
when CO is trapped at the Gr/Ni(111) interface, where no direct infor-
mation concerning the adsorption sites is yet available from experimen-
tal investigations. Wei et al. investigated the CO intercalation/de-inter-
calation at the Gr/Ni(111) interface in the mbar regime by XPS [22],
demonstrating that high CO pressure is needed for its adsorption in be-
tween Gr and Ni. Perilli et al. have recently shown that the presence of
N-dopants in Gr highly facilitates the permeation process and proposed a
comprehensive explanation of the intercalation mechanism [23]. How-
ever, a detailed description of the adsorption pattern of the trapped CO
is still lacking, as well as of its effect on the Gr electronic structure.

Here we provide a full characterization of the CO intercalation pat-
tern at the interface between Gr and Ni(111) and a detailed descrip-
tion of the changes induced in the Gr electronic structure by combining
LEED, XPS, STM experiments and DFT calculations. We mainly focus on
high CO coverages, 0.50 ML and 0.57 ML, but we extend the theoretical
investigation also to a coverage as low as 0.14 ML. In the whole investi-
gated range, we find that carbon monoxide spatially decouples graphene
from the substrate, yielding STM images which are undistinguishable
from non-interacting Gr. However, the intercalated CO layer deeply af-
fects the Gr electronic structure, and, in particular, the position of the
restored Dirac cone and the C 1s core level binding energies.

2. Methods
2.1. Experimental methods

Pristine Gr was prepared in an ultra-high vacuum (UHV) chamber
with a base pressure of ~2 x 10710 mbar. The Ni(111) single crystal
was cleaned by several cycles of Ar* sputtering at 1.5 kV at room tem-
perature (RT) and annealing at 600 °C, for a few minutes. Standard Gr
growth was performed in UHV by low-pressure CVD, using ethylene
(CoHy) as precursor. LEED and STM characterization was performed in
UHV in order to assess the quality and homogeneity of the as-grown Gr
sample.

CO reactivity experiments have been carried out in-situ, in a
home-made high-pressure cell with a base pressure of ~10~8 mbar,
operating in flow mode. For the high-pressure treatments, CO (SIAD,
purity: N3.7) was used without further purification. Pressures in the
high-pressure cell were measured with a commercial pressure gauge
placed inside the cell.

STM measurements were performed in UHV at room temperature
with an Omicron variable-temperature STM. All topographic images
were acquired in constant-current mode. STM images were analyzed
with the Gwyddion software package [24], after applying moderate
noise filtering. Crystallographic orientation of the images was deter-
mined by combining LEED measurements with the analysis of the epi-
taxial structure formed by pristine Gr on the Ni(111) surface, as de-
scribed in Ref. [25].

Photoemission experiments were performed both in-situ and ex-situ
in a dedicated UHV system with a base pressure in the range of
107° mbar. Before the ex-situ measurements, the sample was shortly
flashed to 390 K to remove contaminants. All the spectra were col-
lected at RT in normal emission geometry using a hemispherical elec-
tron energy analyzer, a conventional non monochromatic Mg K, o X-ray
source for XPS (hv = 1253.6 eV) and a He discharge lamp for He II
UPS (hv = 40.8 eV), with an overall experimental energy resolution of
~0.8 eV and ~0.1eV, respectively. All binding energies were calibrated
by measuring the Fermi level. The XPS spectra were analyzed by per-
forming a non-linear least squares fit of the data. We used a Shirley
background and Doniach-Sunjic lineshapes for the C 1s peaks. In the fit-
ting procedure, for the C 1s spectra, we used the four components al-

ready identified in our previous work on the Gr on Ni(111) system [26],
with the addition of two new components related to the presence of in-
tercalated CO. Overall, up to six components were included, correspond-
ing to: i) C atoms in the graphene layer detached from Ni by CO in-
tercalation; ii) C atoms in the graphene layer directly interacting with
Ni(111); iii) C atoms in a free-standing-like graphene layer (non-inter-
acting graphene with Ni(111) due to presence of carbide at the inter-
face); iv) C atoms of CO molecules adsorbed on Ni(111) in bridge and
fce/hep positions (as discussed later); v) C atoms of CO molecules ad-
sorbed on Ni(111) in top position; and vi) C atoms in nickel carbide
[22,26]. In the fitting procedure we fixed the binding energies of iii)
and vi) to literature values, i.e. 284.4 eV and 283.2 eV, respectively
[22,26]. All the other binding energies were allowed to vary within en-
ergy ranges not overlapping to each other, starting from the values pre-
dicted by DFT calculations. Because of the limited energy resolution, the
C 1s peaks corresponding to CO in bridge and fcc/hep position, which
are expected to lie very close to each other, were merged into a single
peak (component iv). The asymmetry parameter was fixed to 0.12 for all
the graphene related C 1s components, to 0.09 for carbide and to zero
for all the CO-related components [26]. All the Lorentzian widths were
fixed to 0.25 eV [26], while all the intensities and Gaussian widths were
free fittings parameters. The O 1s spectrum after in situ CO intercalation
was analyzed using two symmetric components, corresponding to CO in
top and bridge position, in agreement with literature [22].

2.2. DFT simulations

Most of the DFT calculations were performed with Quantum
ESPRESSO (QE) code [27], using plane-wave basis set and the Gener-
alized Gradient Approximation for the exchange-correlation functional
in the Perdew-Burke-Ernzerhof parametrization (GGA-PBE) [28]. Ultra-
soft, scalar-relativistic pseudopotentials with non-linear core corrections
from the QE website have been used [29]. In order to describe the
graphene/Ni(111) interaction, semi-empirical corrections accounting for
the van der Waals interactions were included with the DFT-D2 approach
[30]. The results discussed in the main text, including those concerning
CO adsorption on Ni in the absence of Gr capping, always make use of
this correction. Convergence tests suggested a kinetic energy cutoff of 30
Ry for the plane-wave basis set. The equilibrium lattice parameters char-
acterizing the clean Ni(111) surface and the free-standing Gr are 2.49 A
and 2.46 A respectively, equal to the experimental values. We have kept
the lattice parameter of Ni to simulate the slab and accommodated the
Gr overlayer accordingly.

We used periodically repeated supercells with slab geometries, with
3 Ni layers and Gr adsorbed on one side and a vacuum spacing of about
24 A between Gr and the parallel consecutive Ni(111) surface. We al-
ways consider epitaxial graphene, i.e., aligned with respect to the sub-
strate, and in particular in the top-fcc registry as initial configuration,
motivated by the higher abundance of such domains as experimentally
detected [31]. The periodic cells have different shapes and sizes in the
plane to cope with the different CO coverages and accommodate differ-
ent ordered patterns both for adsorption on clean Ni, in the absence of
Gr capping (Figs. S1, S2, S3), and for intercalation at the Gr/Ni inter-
face (Figs. S4, S5, S6). Specifically, we use a rhombic (v7x+v7)R19.1°
cell for 0.14 ML and 0.57 ML (Figs. S1, S3, S4, S6), rectangular

(2 X \/3) and parallelogrammatic ¢ (4 X2) cell for 0.50 ML (Figs. S2

and S4). All the atomic positions are optimized, apart from the bottom
metallic layer, minimizing the forces acting on each atom. The interca-
lated molecules are initially slightly displaced from perfectly symmetric
geometries (high symmetry adsorption sites and orientation perpendic-
ular to the surface) in order to ease the search for global minima and to
avoid trapping of the system in metastable configurations.
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Concerning the Brillouin zone sampling, Monkhorst-Pack k-point
meshes [32] with similar density for the different cells have been
used, namely: 6 X 6 x 1 for the (vV7x+v7)R19.1° cell, 9 X 9 x 1 for

the c(4x2) cell and 6 x 6 x 1 for the (2>< \/5) cell for the struc-

tural optimization and self-consistent calculations; 48 x 48 x 1 and
72 X 72 x 1 for the (v7 x+/7)R19.1° cell and for the ¢ (4 X 2) cell, respec-
tively, for the non-self-consistent calculations for the projected density
of states (PDOS). The Methfessel-Paxton smearing technique with an en-
ergy broadening of 0.01 Ry has been adopted [33].

CO vibrational modes were calculated by diagonalizing the dynami-
cal matrix at I’ point only and treating all CO degrees of freedom within
the harmonic oscillator approximation.

Absolute values of the core-level binding energies (BE) are not ac-
cessible in the pseudopotential formalism, where only their differences
(i.e., core level shifts, CLS) are meaningful [34,35]. To this purpose,
we used the final state approximation. A 1s core-excited pseudopotential
was generated for C, substituting in the simulation cell one C atom at
the time. For calculations with core-excited atoms, the plane-wave en-
ergy cutoff was increased to 50 Ry for the wavefunctions and 350 Ry for
the charge density. The CLS between two configurations i and j with a
different core-excited C atom is given by:

CLS(j—i)=E,, (J*) —Ei (l*) - [Etot G) = By (i)]

where E,, (i*), E,, (") are the ground state total energies of the configu-
rations i* and j* with one core-exited C atom, and E,; (1), Eo, (/) are the
ground state total energies of the configurations i and j with no core-ex-
cited atoms, respectively. If the CLS is calculated for two different po-
sitions of the core-excited atom in the same configuration, the total en-
ergy of the ground state configuration before excitation is the same, and
the term in square brackets vanishes. In order to avoid interactions be-
tween repeated images of core-excited atoms, we have used the same
large simulation cells used for the CO intercalation also for core-excited
calculations of an individual C atom in free standing Gr or Gr/Ni system
without CO capping. For comparison with the experimental data, all the
calculated CLS have been referred to the free-standing Gr, aligning the
experimental and calculated binding energies.

Stick-and-ball models and charge transfer plots were rendered with
the XCrysDen [36] and VMD [37] software.

STM simulations (shown in Fig. S10 in Supplementary Data) were
performed using the Tersoff-Hamann approach [38], according to which
the tunnelling current is proportional to the Integrated Local Density of
States (ILDOS). The energy integration was performed in an energy win-
dow corresponding to the bias voltage used in the experiments. The IL-
DOS was plotted on a plane parallel to Gr to simulate the constant height
mode. STM images were drawn with the Gwyddion software [24].

3. Results and discussion
3.1. Experimental results

Graphene was grown by low-pressure CVD on a clean Ni(111) sub-
strate, keeping the sample at 600°C and dosing C,Hs at
p = 2 X 1077 mbar, typically for 60 min. LEED and STM measure-
ments, performed in-situ under UHV conditions, indicate the formation
of high-quality epitaxial Gr, typically adopting the most common top-fcc
registry with the substrate [31]. As previously reported [23], after dos-
ing CO with a pressure in the 500 mTorr-10 Torr range for at least one
hour, large areas of graphene, showing the full hexagon characteristic of
decoupled flakes, are imaged by STM (Fig. 1a; comparison with a sim-
ulated STM image in Fig. S10). LEED shows new additional spots, be-
side those related to Ni and Gr, which are compatible with the co-exis-
tence of ¢(4 x 2) and (\/ 7 X \/7)R19.1° CO domains, with a local cov-
erage of 0.5 ML and 0.57 ML respectively, in line with previous results
obtained in the absence of Gr capping [19-21]. In particular, Fig. 1b
presents the LEED pattern of an intercalated sample where c(4 X 2) do-
mains predominate. In summary, STM and LEED provide information
about the periodicity of the intercalated CO pattern, but no indication
about the specific adsorption sites. In order to clarify the latter issue,
we performed XPS experiments ex situ from the same layer used for
STM and LEED experiments (Fig. 2, bottom spectrum). Several com-
ponents, listed in Table S2, contribute to the observed C 1s lineshape.
Three of them are the well-known components previously observed in
the Gr on Ni(111) system: strongly interacting graphene at 284.8 eV
(green), non-interacting graphene at 284.4 eV (violet), accompanied by

AT
I....:

Ni+Epitaxial Gr

Fig. 1. (a) STM image of graphene/Ni(111) after CO intercalation [I = 1 nA, V}, = 0.2 V; inset: 1.5 X 1.5nm? I = 1 nA, V;, = 0.4 V]. (b) LEED pattern at 100 eV of graphene/Ni(111)
after CO intercalation (10 min @ 10 Torr). (A colour version of this figure can be viewed online.)
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Fig. 2. Comparison of the experimental XPS spectrum and the calculated binding ener-
gies of C 1s core level for Gr/CO/Ni (bottom panel: ex situ; upper panel: in situ) and for
epitaxial Gr/Ni (middle panel). The experimental spectrum of Gr/CO/Ni detected ex situ
(same sample as in Fig. 1(b)) has been deconvoluted with six components. Only three of
them contribute to the intercalated layer prepared in situ. The DFT calculated values cor-
respond to the configuration with 0.50 ML of CO (which is the coverage characterizing the
experimental sample), except for the values for CO in bridge and in top positions which
are shown as a reference and are calculated in an artificial configuration at 0.14 ML with
constraints on the in-plane position of CO. See Table S2 and Fig. S7 for details. (A colour
version of this figure can be viewed online.)

the fingerprint of the underlying surface carbide at 283.2 eV (dark blue).
In addition, intercalation brings in three new components: the main
peak at 283.8 eV (yellow), a peak at 285.3 eV (red/blue) and a very
small feature at 285.9 eV (black).

In order to achieve a safe identification of the peaks, considering the
complexity of the spectrum, it is crucial to rule out possible artefacts
introduced by ex-situ contamination. We thus repeated the XPS mea-
surements on a new intercalated layer prepared in-situ. This time the
starting Gr layer was purely epitaxial (middle spectrum in Fig. 2), with
a single peak (green) at 284.8 eV, corresponding to strongly interact-
ing graphene. The structure of the XPS spectrum after intercalation (top
curve in Fig. 2) is much simpler. First of all, since there are no rotated
Gr domains with carbide underneath, the violet and blue components
are missing. Furthermore, as the intercalation was carried out in situ, no
loss of interfacial CO took place, so that the strongly interacting compo-
nent (green) is absent too. The three remaining components are in ex-
cellent agreement with the corresponding ones in the ex situ spectrum,
supporting their correlation to intercalated CO. In particular, the main
yellow peak can be safely attributed to Gr decoupled from the Ni surface
by the intercalated CO layer.

The presence of CO on the Ni surface is confirmed also by the O 1s
spectrum measured from the same in situ preparation (Fig. S11), very
similar to corresponding spectra for CO on Ni(111) [26].

By analysing the peaks’ intensity, taking into account also the attenu-
ation due to the presence of the Gr layer [25,26], it is possible to deduce
the CO coverage in the different preparations, obtaining an estimated
coverage of 0.6 = 0.1 ML. This is consistent, within uncertainties, with
both the coverages expected for the c(4 x 2) and (\/ 7 X \/ 7)R19.1° CO
domains, respectively 0.5 ML and 0.57 ML.

Finally, in order to obtain information about the electronic structure
of the intercalated layers close to the Fermi level, we measured the va-
lence band photoemission spectra, which are shown in Fig. S12.

3.2. DFT simulations

In order to rationalize the specific CO intercalation pattern and the
observed effects on the electronic structure, we performed a systematic
density functional theory investigation of Gr/CO/Ni(111) for the experi-
mentally observed CO concentrations of 0.57 ML and 0.50 ML, as well as
for 0.14 ML. For the sake of comparison and validation of our results, it
is useful to shortly examine first the CO adsorption patterns on Ni(111),
in the absence of Gr capping and for the same coverages, although al-
ready studied in literature.

3.2.1. CO/Ni(111)

In all cases, the optimized structures are characterized by CO mole-
cules almost perpendicular to the surface, with the C end down (Figs.
S1, S2, S3). We calculated the adsorption energy as:

1
Eqas co = Neo (Ecosni — Exi — Nco * Eco)

where Ecoyniis the total energy of the CO/Ni(111), Ex; is the energy of
the corresponding clean Ni slab, Eco is the energy of a gas-phase CO
molecule and N¢o is the number of CO molecules adsorbed on the slab.

At low coverage (0 = 0.14 ML), hollow (fcc, hcp) adsorption sites
are favored, but also bridge, and, to a lesser extent, top sites are stable,
with adsorption energies per CO molecule ranging from —2.24 eV (hol-
low hcp) to —1.86 eV (top) (Fig. S1 and Table S1).

At a coverage of 0.50 ML, almost uniformly equispaced CO mole-

cules can be arranged in both (2 x13 ) and ¢ (4 X 2) patterns. The most

stable pattern (2 X \/5 ) involves CO molecules alternatively in hollow

fec and hep sites (configuration A in Fig. S2), with an average adsorp-
tion energy of —2.26 eV per molecule. The ¢ (4 X 2) cell (configuration B
in Fig. S2) involves instead top sites and “hybrid” sites, which are inter-
mediate between fcc and bridge, and between hcp and bridge. For this
configuration, the average adsorption energy is —1.98 eV, lower than in
configuration A, as expected since the top site is the least favored.

A coverage of 0.57 ML cannot be accommodated in a commensu-
rate pattern of regularly distributed perfectly high-symmetry sites. Three
different stable configurations, shown in Fig. S3, are found, all involv-
ing CO molecules mainly in hollow sites (both fcc and hep), but slightly
displaced from high symmetry positions towards top and bridge sites.
The average adsorption energy is very similar, between —2.15 eV and
—2.16 eV. Two of these configurations are similar to those proposed in
Ref. [14].

To summarize, we find a variation of about 0.4 eV, at most, for
the average CO adsorption energy within the explored coverage range;
larger differences are related to the occupation of less favored adsorp-
tion sites rather than to repulsive intermolecular interaction. Our results
are in agreement with the literature, taking into account the different
details of the calculations.
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3.2.2. Gr/CO/Ni(111)

3.2.2.1. Structures In the study of CO intercalated at the Gr/Ni(111)
interface, we consider Gr initially aligned in the top-fcc registry with
respect to the underlying Ni(111) surface, and allow the structures to
fully relax. Remarkably, even for the smallest coverage (0.14 ML), the
Gr layer is well detached from the Ni surface, increasing its original dis-
tance (2.12 A without CO) to 5.52 A, while maintaining the top-fec reg-
istry. In the optimized structures, the CO molecules are almost perpen-
dicular to the surface, as in the absence of Gr capping. For 0.14 ML, only
hollow (fcc, hep) sites are stable CO adsorption sites (Fig. S4). For com-
parison, the intercalation energy for top and bridge sites has been cal-
culated by constraining the in-plane position of CO. Gr capping clearly
puts a constraint for the adsorbed CO pattern also at higher coverage:
at 0.50 ML, only one pattern is found, with the occupation of fcc and
hep sites (Fig. S5), corresponding to configuration A of Fig. S2, with-
out Gr. The scenario for 0.57 ML is very rich. Three different adsorp-
tion patterns are found, characterized mostly by the occupancy of hol-
low sites with CO molecules slightly displaced towards top and bridge
sites, similarly to the case without Gr capping (Fig. S6). Out of the 4
CO molecules included in the (\/7 X \/7) R19.1° simulation cell, one
configuration shows 1 CO close to hep and 3 close to fec sites; a second
configuration is somehow complementary, with 1 CO close to fcc and 3
close to hcp sites; a third configuration shows 2 CO close to hcp and 2
close to fcc sites. In summary, for CO intercalated at Gr/Ni(111), we did
not find stable configurations including top sites, at variance with what
we found in the absence of Gr capping for 0.14 ML and 0.50 ML and
proposed in Ref. [14] also for other coverages, but always without Gr.
The CO intercalated molecules occupy mainly positions between hollow
and bridge sites, and the Gr cover inhibits the occupation of top sites, as
suggested in Ref. [22].

3.3. Energetics

Insights about the mutual interaction between Gr, CO molecules
and Ni substrate can be inferred from the energetics. The total energy
EGjcosni of the Gr/CO/Ni(111) system can be split into different con-
tributions. In particular, we can gain information about the stability of
the system from the binding energy of intercalated CO at Gr/Ni interface
per CO molecule, defined as:

1
Eintere co = Neo (Egrycomi = Ecryni = Neo
* ECO)

where EGr/ni is the total energy of the corresponding system in absence
of intercalated CO, £co is the total energy of the CO molecule in the gas
phase, and Nc¢o the number of intercalated CO molecules. Although it
is simply a global energy balance, obtained by comparing different sys-
tems and with no information about kinetics barriers, it is interesting to
compare Ejyere co with the corresponding energy quantity without Gr
capping, i.e. £44s co. As reported in Table S1, for the most stable config-
urations we found Einerc co = —0.34 eV, —1.78 eV, —1.76 eVand Eu4s co
= —2.24 eV, —2.26 €V, —2.15 €V at 0.14 ML, 0.50 ML, and 0.57 ML,
respectively. The large variation obtained in between the low and high
coverage cannot be attributed to a major difference in the CO-Ni bind-
ing, but rather to the different balance between the energy necessary to
detach Gr from Ni, which is always the same per C atom, and the energy
gained when binding the intercalated CO to the Ni surface, which de-
pends on the coverage [23]. Remarkably, the CO intercalation is always
energetically convenient in the coverage range explored.

The adhesion energy of graphene to the CO interlayer can be ob-
tained as:

1
Eaan rycomn = Ng, (Egrscomvi = Ecomi = Ear)
T

where £coyni is the energy of the corresponding system without Gr cap-
ping, £ is the energy of the free-standing Gr layer and Ng,is the num-
ber of C atoms of Gr. Since £udn G-/(co/ni) evaluates the interaction of Gr
with the substrate, mediated by CO, it is instructive to compare it with
the adhesion energy of Gr to the Ni surface without intercalated CO:

1
Eadh Gr/Ni — NG ( Gr/{Ni — ENi - EGr)
T

where Eg,/ni is the total energy of the system and Ey; is the energy of
the Ni(111) slab. We found Euan Gr/(co/ny = —0.05 eV and Eaan Gr/ni =
—0.16 eV for all CO coverages, indicating that Gr is less bound to CO/Ni
than to the clean Ni surface.

In summary, these energy values suggest that at all investigated cov-
erages CO intercalation facilitates the detachment of Gr from Ni.

3.4. Electronic properties

3.4.1. Core-level shifts

We calculated the core-level shifts (CLSs) of the C 1s level (both for
C atoms in Gr and in the intercalated CO molecules) for all the config-
urations considered here, comparing them with those computed for free
standing Gr and for Gr directly supported on Ni(111) (Fig. 2). In the
latter case, we obtained an average CLS of about 0.4 eV towards higher
binding energies (BE) with respect to free standing Gr, with the CLS of
C 1s in top and fcc sites differing by about 0.1 eV, well beyond the nu-
merical accuracy of the method (smaller CLS for C in fcc). The effect of
the CO intercalation on the C 1s of Gr is strongly dependent on cover-
age: small for 6 = 0.14 ML with respect to free standing Gr, but large
for 8 = 0.50 ML (with a CLS of about 0.55 eV towards lower BE with
respect to free standing Gr) and 6 = 0.57 ML (CLS of 0.35 eV), notwith-
standing the extremely weak interaction between Gr and CO (see Fig.
S7 and Table S2 for details).

As mentioned above, through DFT calculations, we have also access
to the CLSs of the C atoms belonging to the intercalated CO molecules.
In all cases, those C 1s levels are shifted toward higher BE with respect
to what computed for free standing Gr, with CLSs comparable or even
larger than those obtained for Gr directly interacting with Ni.

In details, CO molecules forced at 0.14 ML in high symmetry top
and bridge sites show the largest C 1s CLSs, namely 1.3 eV in top and
0.75 eV in bridge with respect to free standing Gr. In all the other cases,
and for the entire range of investigated coverages, when the CO mol-
ecules are precisely in highly symmetric hollow sites (for 0.14 ML) or
slightly displaced towards “hybrid” hollow-bridge positions (for 0.50
and 0.57 ML), the CLSs are almost identical and displaced by about
0.55 eV with respect to free standing Gr, i.e. only about 0.1 eV larger
than Gr directly interacting with Ni. For comparison, we have calculated
also the CLS for CO molecules adsorbed on the bare Ni surface without
Gr capping, noticing that in general the presence of Gr does not affect
the CO C 1s binding energies.

Fig. 2 reports the calculated CLSs together with the experimental
spectra. Since the ex situ spectrum was acquired from a region mainly
occupied by the 0.50 ML CO structure, with few co-existing 0.57 ML do-
mains, we used the values calculated for 0.50 ML, although those for
0.57 ML are very similar (Fig. S7). For completeness, in Table S2 we
also report the values calculated for CO kept fixed in top and in bridge
positions at 0.14 ML. First, we observe a good agreement between the
theoretical values and the attribution of the experimental peaks con-
cerning the C 1s level of Gr in the different configurations considered
(free standing, directly interacting with Ni, detached from Ni by CO in-
tercalation) indicated respectively with violet, green and orange bars.



6 S. Del Puppo et al. / Carbon xxx (xxxx) 1-9

Moving to the high BE region, the XPS broad component at 285.3 eV
(red/blue component in Fig. 2) well matches the calculated values for
CO in hollow - both fcc and hep - and bridge sites (light blue and red
bars, respectively). At even higher binding energies, the top site CO
peak, predicted to be present at 285.7 eV on the clean Ni surface and
absent under the Gr capping at high CO coverage, is almost negligible
(black component at ~285.9 eV), with a small residual intensity likely
due to defect sites. We include also the calculated C 1s peak of carbide:
since the C atoms in the carbide layer on Ni(111) occupy different in-
equivalent positions, two different values are predicted, one of which is
0.4 eV higher than the one closer to the experimentally attributed value.
Further details concerning the DFT calculations for carbide can be found
in Ref. [40].

3.4.2. Electronic structure analysis

In Fig. 3a-d we report the band structures projected on the Gr layer
for Gr/Ni(111) and for the three investigated Gr/CO/Ni(111) systems
(corresponding to 0.14 ML, 0.50 ML and 0.57 ML CO coverages, respec-
tively), whose ball-and-stick representations are shown in Fig. 3e-h.
The band structure has been evaluated along the ' - M - K - T
and T - X - S > Y — T high-symmetry paths for the (1/7 x 1/7)
R19.1° and (2>< \/§> cell models, respectively (see Fig. S8 for the

paths). Only for the 0.14 ML case, the Gr band structure appears to
be just slightly hybridized with the Ni metal underneath, in the energy
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range between —6/-7 eV. For the other two CO coverages, the decou-
pling from the metal substrate is complete. However, in all three cases
we can observe a clear shift of the Dirac cone above the Fermi level,
suggesting a net p-type doping effect that increases with the increas-
ing number of intercalated CO molecules. We recall that Gr/Ni(111) is
a n-type system, as clearly visible from Fig. 3a and Fig. S13, where,
notwithstanding the strong hybridization with the d Ni states, a main
feature resembling a linear dispersion crossing can be recognized at
about 4 eV below the Fermi level for the spin up C states (Fig. 3a) and
at about 3.3 eV for the spin down C states, in reasonable agreement with
the feature experimentally detected at 2.66 eV [26]. Therefore, the pres-
ence of intercalated CO molecules has a strong and opposite effect on
the Gr doping.

The modification of the band structure due to doping affects also the
UPS spectra shown in Fig. S12, where the strong shift observed in the
n resonance, which moves from about —10 eV to about —7 €V, can be
associated to the bands present between 7 eV and 6 eV below Fermi in
the calculated bands at I' (Fig. 3b-d), shifting towards Fermi when the
CO coverage increases from 0.14 to 0.57 ML and likely originating from
the band at —10 eV before CO intercalation (Fig. 3a).

We further investigated the doping effect by analysing the density
of states (DOS) projected on the C atoms of the Gr layer for the three
different coverages discussed above: 0.14 ML (blue), 0.50 ML (green),
0.57 ML (red), in Fig. 4a. The zero of the energy scale is set to the
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Fig. 3. First row: Gr-projected band structure along the high symmetry path for (a) Gr/Ni and for Gr/CO/Ni at different CO coverages: (b) 0.14 ML, (c) 0.50 ML, and (d) 0.57 ML. The
I'-M—-K-T and '-X—S—Y— I high symmetry paths were used for hexagonal (b and d) and orthorhombic cells (c), respectively (see Fig. S8). The colour scale refers to the value
(states (eV)) of the projected DOS. All energies are referred to the corresponding Fermi energy of each system, as indicated by a dashed white line. Second row: Top and side views of
representative optimized models for (e) Gr/Ni and for Gr/CO/Ni at different CO coverages: (f) 0.14 ML, (g) 0.50 ML, and (h) 0.57 ML; the side views are taken in a bottom-up direction
with respect to the top view panels. Oxygen: red; Carbon: black (wireframe for Gr, spheres in CO); Ni: grey, from light to dark according to the depth from the surface. To simplify the
pictures, only the band structure of the majority spin channel for Gr/Ni is reported here. A complete description can be found in Fig. S13. (A colour version of this figure can be viewed

online.)
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Fig. 4. (a) Projected density of states (PDOS) onto the supported-graphene C p, states for
the optimized models of Gr/CO/Ni(111) at different CO coverages (0.14 ML, 0.50 ML, and
0.57 ML). The C p, PDOS of free-standing graphene and of Gr on Ni without intercalated
CO is shown for comparison. The PDOS value for each system is normalized to one C atom
of graphene. All energies are referred to the corresponding Fermi energy of each system,
as indicated by a dotted black line. (b) Linear relationship of the shift of the Dirac cone
with respect to the Fermi energy for Gr/CO/Ni(111) (in eV) vs. the CO coverage. (A colour
version of this figure can be viewed online.)

Fermi energy of the free standing case. The plot clearly shows that the
DOS of Gr, detached from the substrate by intercalated CO, recovers its
free-standing typical shape, but with a rigid shift towards higher ener-
gies, in perfect agreement with the projected band structures shown in
Fig. 3. The result, irrespective of the particular CO adsorption sites, is
a sizeable p-doping effect, monotonically and linearly increasing with
the CO coverage up to 0.86 eV at the saturation value (see Fig. 4b).
Similar results have been obtained by Grénis et al. [7] for Ir(111)-sup-
ported Gr: also in that case the CO intercalation (Gr/CO/Ir(111)) makes
the Gr electronic properties very similar to free standing Gr but with
a sizeable p-doping effect (a Fermi energy shift of about 0.6 eV). How-
ever, there is an important difference between the two substrates. Even
in the absence of CO intercalation, Ir(111)-supported Gr (Gr/Ir(111))
is a weakly interacting system and shows a slight p-doping. At vari-
ance, Gr directly supported on Ni(111) (Gr/Ni(111)) is a strongly in-
teracting n-type system, whereas even low amounts of intercalated CO
molecules (0.14 ML) turn Gr/CO/Ni(111) into a p-type system. We
thus conclude that a clear inversion in the doping of the Ni(111) sup-
ported Gr layer is observed before and after CO intercalation. The more
the intercalated CO molecules, the stronger the p-type doping effect.
We expect that the electron density lost by Gr has been transferred to

the underlying CO molecules, which are strong Lewis acids and, thus,
excellent electron acceptors. This will be verified in the next section on
the basis of differential electron density maps and of CO molecular de-
scriptors, such as CO bond length and stretching frequency.

Finally, we summarize and compare all our DFT results, as a function
of the CO coverage, for: i) the position of the Gr = band bottom at T
ii) the Gr doping, measured in terms of the shift of the Dirac cone from
the Fermi energy of free Gr, and iii) Gr C 1s CLS. We found a strong
correlation between the calculated quantities, in particular between the
shifts of the Gr = band bottom at I" and of the Dirac cone, as can be seen
in Fig. S14 (the zero level corresponds to the free Gr). Similar findings
have been reported in Ref. [41] although for a rather different system
(defected Gr doped with nitrogen substitutional to carbon atoms or with
pyridinic nitrogen at vacancies edges). Our results show that p-doping
corresponds to negative C 1s CLS, in line with a rigid band model and
the results for intercalated structures of Gr on Ir(111) [42,43]. The cor-
relation between the Gr doping and the C 1s CLS, however, shows devi-
ations from that simple model. In Ref. [43] similar deviations have been
attributed to charge transfer effects.

3.4.3. Electronic charge transfer analysis and molecular descriptors

Similarly to what done for the energy, we can split the electron den-
sity into different contributions and then plot their difference with re-
spect to the electron distribution of the whole system, Gr/CO/Ni. Fig.
S9 shows the contour plots of the differential electron density calculated
in two different ways:

Any (r) = ng,coni () = ng, (r) = nco (r) = ny; (r)

and

Any (r) = ngrscomi (1) = g, (1) = ncoyni ()

The first plot highlights the large polarization of the CO molecules
due to the adsorption on Ni. In the second plot, the interaction between
Gr and the intercalated CO is magnified, and a very small electron trans-
fer from Gr to CO is visible. The latter can be quantified calculating the
Lowdin charges [39]: C atoms of Gr give on average to the intercalated
CO 0.004, 0.018 and 0.022 electrons for coverage of 0.14 ML, 0.50 ML
and 0.57 ML, respectively, following an almost linear trend. We notice
that this electron transfer, although very small, has a direction compati-
ble with the p-doping effect found in the projected DOS analysis.

In order to establish whether the electron density loss of the Gr layer
observed upon CO intercalation is due to an electronic charge transfer to
the underlying adsorbed CO molecules, we have investigated two mole-
cular descriptors, which are the CO bond length and the CO stretching
frequency, as reported in detail in Tables S3, S4 and S5 of the Sup-
plementary Data for CO coverages of 0.14 ML, 0.50 ML and 0.57 ML,
respectively. First of all, we observe that, at all three CO coverages, the
presence of the Gr layer over the CO molecules adsorbed on the Ni(111)
surface causes an elongation of the CO bond length (by 0.1 A) and a
corresponding decrease of the CO stretching frequency. These descrip-
tors indicate that electron density is transferred to the CO n* states. This
electron density comes probably not only from Gr but partly also from
the Ni surface. We may notice that CO molecules on different adsorption
sites (fcc or hep) behave differently. When comparing the behaviour at
different coverages, we notice that the CO stretching frequency shift is
a more sensitive descriptor than the bond length, with a stronger varia-
tion observed for the higher coverages (0.50 and 0.57 ML) with respect
to the case of low coverage (0.14 ML).

4. Conclusions
In summary, performing a joint experimental/theoretical investiga-

tion of the Gr/Ni(111) with intercalated CO at the interface, we have
shown that CO exposures in the mbar regime lead to Gr delamination,
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with the CO molecules forming an ordered array at the Gr/Ni(111) in-
terface. We found that for CO coverages >0.14 ML Gr is decoupled from
the substrate and recovers the main peculiar electronic features of the
free-standing case, both in the simulated STM images and in the shape
of the DOS. DFT simulations provide atomic-scale adsorption patterns,
which for high coverages (0.50 ML and 0.57 ML) are characterized by
molecules mainly in hollow fcc and hep sites, but slightly displaced to-
wards bridge positions. This is compatible with a deconvolution of the
C 1s XPS signal into the corresponding components, with BE in a range
close to that characteristic of Gr interacting with Ni. However, the major
effect of the CO intercalation on the C 1s XPS signal is a large contribu-
tion towards smaller BE of the decoupled Gr, clearly confirmed also by
DFT.

Although Gr weakly interacts with the underlying CO/Ni support,
losing a very small fraction of electrons (the amount is roughly propor-
tional to the CO coverage and at most equal to a couple of hundredths of
electrons per C atom), this originates a sizeable p-doping effect, with a
shift of the Fermi level roughly proportional to the coverage, as large as
0.86 eV for 0.57 ML of intercalated CO. Such a high sensitivity of the Gr
doped state to the presence of intercalated CO molecules opens the way
to the design of new sensors based on the Graphene/Ni(111) interface
to easily detect and quantify the presence of this harmful gas.
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