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ABSTRACT: Graphene has been proposed to be either fully
transparent to van der Waals interactions to the extent of
allowing switching between hydrophobic and hydrophilic
behavior, or partially transparent (translucent), yet there has
been considerable debate on this topic, which is still ongoing.
In a combined experimental and theoretical study we
investigate the effects of different metal substrates on the
adsorption energy of atomic (argon) and molecular (carbon
monoxide) adsorbates on high-quality epitaxial graphene. We
demonstrate that while the adsorption energy is certainly
affected by the chemical composition of the supporting
substrate and by the corrugation of the carbon lattice, the van
der Waals interactions between adsorbates and the metal surfaces are partially screened by graphene. Our results indicate
that the concept of graphene translucency, already introduced in the case of water droplets, is found to hold more
generally also in the case of single polar molecules and atoms, which are apolar.
KEYWORDS: graphene, molecules, atoms, translucency, van der Waals, adsorption energy, physisorption

Besides its interest at a fundamental level, the interaction
of graphene (Gr) with atoms and molecules attracts a
great deal of attention among the scientific community

because of its possible application as a metal-free active phase
in catalysis1−3 or as a cocatalyst in photocatalysis,4,5 as well as
in gas sensing.6 However, in such applications Gr will be used
not in its free-standing state, but rather supported on a
substrate, which is known to modify its physical and chemical
properties.7 The interaction with different substrates can be
rather variable, due to the different degree of substrate−Gr
charge redistribution, which can modify its doping level and
the hybridization of the carbon atoms.8

In this respect, there is an ongoing debate in the scientific
community concerning the role of the supporting substrate on
the adsorption properties of atoms and molecules on Gr. Up to
now, this debate has mainly focused on the case of water, as
this system, besides providing fundamental understanding,

plays a vital role for the possibility of biological applications of
graphene.9,10 By combining contact angle measurements with
molecular dynamics simulations, Rafiee et al. suggested that
graphene could be fully transparent to van der Waals (vdW)
interactions,11 a result that is ascribed to the extreme thinness
of Gr. This is an interesting result as vdW interactions are
known to be generally nonadditive, i.e., the total interaction of
one adsorbate with two adjacent materials is not the sum of the
interactions with each of them. In contrast, Shih et al., on the
basis of classical theory of vdW interactions, reported that the
transparency is only partial; i.e., a layer of Gr does reduce the
interaction with the underlying substrate, yet only to about
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30% of its original value, and would then be more
appropriately described as translucent,12 and other studies
have denied any effect of the substrate on the graphene−water
interaction.13 In addition, two possible mechanisms have been
identified by which the substrate below Gr can contribute to
the adsorption energy of molecules. The first is a purely
dispersive, direct interaction of the molecules with the
substrate below Gr, i.e., a real translucency to vdW forces.
The other is an indirect effect on the interaction between the
molecules and Gr due to the modifications induced by the
substrate on the electronic properties of Gr, which despite
appearing as a form of “translucency”, is more correctly
described as a modification of the adsorption properties of
Gr.12,14,15 Up to now, no general consensus is found on this
topic,16 as further studies have even recently led to
incompatible results, either upholding14,17 or rejecting15,18,19

this real translucency, to various degrees.10,20 In particular, in
the most recent literature, it has been reported15 that the
hydrophilicity of graphene can be intimately connected to the
position of its Fermi level, which affects the interaction
between graphene and water molecules. This was verified by
applying a voltage between −100 V and +100 V to graphene,
showing that this doping effect is capable of modifying the
adsorption configuration of water molecules by adjusting to the
doping state of graphene, but the reason does not appear to be
the vdW interaction. Similar effects of tunable wettability were
obtained also by changing the subsurface metal and explained
in terms of inducing a different graphene doping.19 These
papers, therefore, suggest that the effect of the substrate is
indirect, and not a real translucency. On the other hand, a
combined water contact angle and Density Functional Theory
(DFT) study performed on Gr supported on different
substrates claims that Gr is translucent to both polar and
dispersive interactions alike.10 In this work, we shed light and
deconvolute the role of these two proposed mechanism and
identify the dominant one in determining the interaction of
atoms/molecules with supported Gr.
Chemically inert materials such as graphene, if proven

transparent to electronic transfer and interaction, could be very
promising for the development of passivating films allowing to
employ electrocatalytically active materials in harsh environ-
ments while protecting them from corrosion.21

The intriguing role of the underlying surface in modifying
the Gr−adsorbate interaction is not limited to the specific case
of water molecular adsorption: also in the case of carbon
monoxide, adsorption on supported Gr shows interesting
characteristics. Experimental22 and theoretical23 results have
shown how the adsorption energy of CO on Gr strongly
interacting with a Ni(111) surface is significantly larger than in
the case of CO on free-standing Gr; because of this, this
system has been hailed as a promising metal-free catalyst.24

Beyond the case of adsorbates, this effect also holds for
extended two-dimensional layers grown above Gr. For
example, the very recent results of Kong et al.25 demonstrate
that Coulomb interactions can be transmitted through
graphene to the point of inducing the in-registry growth of
the same material above and below graphene when the
material used has a sufficiently strong polar character (e.g.,
GaAs, GaN, or LiF); however, the same does not happen for
covalently bonded materials (e.g., Si, Ge), due to the short-
range of the covalent bonding interaction.
However, it is very important to remember that the

adsorption energy of atoms and molecules on Gr is known

to be affected by several contributions: the first is the presence
of defects, such as vacancies and domain boundaries, where the
local coordination of the Gr atoms and therefore their
reactivity toward adsorbates is different,26 and contaminants,
which are known to modify the degree of Gr doping. In
addition, the adsorbate−graphene interaction can be influ-
enced by the degree of adhesion of graphene with the
underlying substrate, such as the one introduced by the
physical transfer process from the growth substrate, which can
results in corrugation, wrinkles and nonuniformity of the
sample. However, also in the case of graphene prepared on
cyrstalline surfaces, multiple phases, characterized by different
translational or rotational symmetry, can coexist, leading to a
changeable degree of interaction with the substrate in different
regions.27 Finally, the superposition of the graphene unit cell to
that of the substrate can induce a moire-̀driven buckling of Gr,
leading to a variable Gr−substrate distance on the nanometre
scale.8 This variable distance, besides affecting the electronic
structure of Gr, could significantly influence the vdW
interaction, due to its long-range dependence on the distance
of the adsorbates from the substrate:12 for example, it has been
shown that hydrogen preferentially adsorbs on the convex
regions of buckled graphene/SiC(0001).28

All of these factors can affect the molecular adsorption
properties of Gr at the local scale. This makes their
experimental study challenging as the adsorption energy is
typically probed by measuring the wetting angle of water
droplets, i.e., a macroscopic quantity, which is known not to be
a precise approach to probe the transparency of graphene.25

Defect-free Gr is chemically rather inert; it therefore follows
that the interaction with adsorbates can be expected to be
dominated by dispersion forces, although there is some
evidence of hybridization with some adsorbates such as
ammonia.29 This poses a significant challenge for the
theoretical study of Gr−adsorbate interactions; indeed,
dispersion forces are difficult to account for within density-
functional theory calculations, the methodology of choice
when addressing systems as large as the ones considered here.
Several approaches exist to do so, but their relative merits in
terms of accuracy are still to be established and need to be
tested in each particular case.
To reduce and control the degrees of freedom affecting the

adsorption dynamics of atoms/molecules on Gr, in order to
understand and quantify their different effects on the atomic
and molecular adsorption on Gr, we have employed a
combined experimental and theoretical approach. In particular,
our strategy is based on the comparison of the adsorption
energy of CO molecules and Ar atoms deposited in different
concentrations on two different interfaces, namely Gr/Ir(111),
where Gr is considered almost fully decoupled from this
substrate,30,31 and Gr/Co/Ir(111). In addition, in our
experiments, we obtained a direct measurement of the
adsorption energy of our species by employing the Temper-
ature-Programmed-XPS (TP-XPS) technique.32 This techni-
que, described in detail in the Methods, allows us to probe
variations in the adsorption sites, configurations, and adsorbate
electronic properties as a function of the temperature and
residual molecular/atomic coverage and, therefore, to account
for any contribution due to local defects.
The great advantage of our approach is that the intercalation

of cobalt atoms below an extended and high-quality Gr
monolayer epitaxially grown by means of chemical vapor
deposition on Ir results in the formation of a corrugated
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structure with regions of the carbon network close to (about
1.88 Å) and far from (about 3.15 Å) the metal substrate while
preserving the orientation and the lattice mismatch of Gr with
respect to the substrate underneath and the resulting moire,̀
without affecting the defects density significantly.33,34 This
strategy allows us to not only determine the adsorption energy
at different adsorbate−metal distances, but also to probe the
effects of the graphene corrugation.
The most important results of our study show clearly that,

for the very different systems we studied, regardless of
substrate composition, adsorbate−metal distance and specific
adsorption sites (convex or concave regions of the carbon
lattice), graphene allows about 50% of the vdW interaction to
pass through. Our findings show that dispersion interactions,
which are also of a longer range than covalent bonding, can be
transmitted, although partially screened, through a graphene
monolayer, thus suggesting that the concept of graphene
translucency, which has been put forward in the case of water,
can be applied also in the case of single molecules and atoms,
which show a net dipole moment or not.

RESULTS AND DISCUSSION

Experimental Results. Carbon Monoxide Desorption
from Graphene/Ir(111). The adsorption of carbon monoxide,
which is reported in detail in the Supporting Information, was
performed at 38 K: this temperature was chosen as it is the
highest at which CO can adsorb in order to ensure that the
molecules have some mobility to diffuse to their equilibrium
adsorption configuration and is high enough to avoid a
multilayer formation, which takes place below 30 K. The

photoemission spectrum of adsorbed CO shows a single C 1s
component (V), initially centered at 289.9 eV and shifted by
5.8 eV with respect to the C 1s component of graphene
(284.12 eV), for the whole coverage range we investigated (see
Figure 1a, which shows selected spectra corresponding to a
coverage of 0.08 monolayer (ML) (bottom) and 0.30 ML
(top)). The photoemission peak shows a slightly asymmetric
line shape, which is due to the vibrational fine structure of the
molecule, as explained in the Supporting Information.
TP-XPS measurements were then taken for different

exposures of CO on Gr/Ir(111), as shown in Figure 1b for
an initial CO coverage of θ = 0.14 ML: the C 1s photoemission
intensity is plotted as a function of the annealing temperature,
using a gray scale density plot ranging from low (white) to
high intensities (black). The coverage evolution as a function
of temperature during this experiment is shown in Figure 1c,
together with the curves obtained for other different initial
coverages.
Each desorption curve can be well described by a first-order

process (Figure 1c). However, it is evident that the
temperature at which desorption takes place is not the same
but moves toward higher temperatures for increasing initial
coverage. This cannot be described by a simple first-order
process, unless we assume that the desorption energy is
dependent on coverage.
The desorption energy Edes of the adsorbates (which in the

case of physisorption, such as in the systems we investigated,
corresponds to the adsorption energy) was obtained by fitting
the desorption curves to the Arrhenius equation, as reported in
detail in the Methods and in the Supporting Information. The

Figure 1. CO desorption from Gr/Ir(111). (a) C 1s spectra corresponding to different CO initial coverages (θCO = 0.08 ML (bottom) and
0.30 ML (top)), measured prior to the temperature ramp. (b) TP-XPS C 1s core level spectra showing its evolution during thermal
desorption of CO from Gr/Ir(111). (c) Comparison of CO coverage evolution as a function of temperature for selected CO initial
coverages. CO desorption from Gr/Co/Ir(111) (d) Selected spectra of the uptake corresponding to a coverage of 0.08 ML (bottom) and to
saturation (top). (e) TP-XPS spectra acquired during a linear temperature ramp (the photoemission intensity is in gray scale) and (f)
temperature evolution of V (valley) and H (hills) C 1s photoemission components of a 0.23 ML CO dose as a function of temperature.
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analysis of all curves starting from different initial coverages,
performed with two unconstrained parameters, yielded a
desorption attempt frequency ν of 1017±3 s−1; however, the
desorption energies, which are reported in Table 1, were
different depending on coverage, ranging between about 146
and 162 meV.

While the absolute errors associated with both ν and Edes
(see Table 1) are comparable to the differences we are
measuring, the confidence regions of the fitted curves do not
overlap (see the Supporting Information), and therefore, even
though the absolute values on the fit parameters are affected by
an error of about 25 meV, their differences as a function of
coverage can be determined with an accuracy of ±5 meV. This
allows us to conclude that the desorption energy displays a
significant dependence on coverage.
The value obtained for the pre-exponential ν is relatively

high, as values typically used to fit the desorption curves are
usually centered around 1013 s−1. However, it has been shown
that this value can vary by several orders of magnitude
depending on the system, especially when the surface is not a
metalas is the case of graphene.35 CO, besides, is
characterized by a relatively high ν (around 1014 to 1016 s−1)
when adsorbed on different metal surfaces.36

The value found for the adsorption energy is a clear
indication that CO is very weakly interacting with the
substrate. The adsorption energy increases with coverage by
about 20 meV, from the lowest coverage investigated,
corresponding to 0.04 ML, to 0.3 ML. This dependence on
coverage of the adsorption energy, which is due to
intermolecular interactions, is discussed in more detail in the
Supporting Information.
Carbon Monoxide Desorption from Graphene/Cobalt/

Ir(111). The time-resolved spectra acquired during CO
adsorption on Gr/Co/Ir(111) at T = 38 K are reported in
the Supporting Information. Selected C 1s spectra acquired
during the uptake of CO are shown in Figure 1d. At low
coverage (Figure 1d, bottom), a single component (V) is
visible, which has an asymmetric shape due to the vibrational
excitation in the final state, as was the case for CO/Gr/Ir (see
the Supporting Information). The line shape which best fits the
low coverage data has a Lorentzian fwhm L = 310 ± 20 meV
and a Gaussian fwhm G = 240 ± 20 meV, not significantly
different from the Gr/Ir case.
The C 1s spectrum of a saturated CO monolayer is shown in

Figure 1d (top). This spectrum can no longer be fitted with
just a single component, but a second one (H) has to be
included at lower BE. Component V presents the same line
shape as in the low coverage spectrum. Component H can be
fitted with the same vibrational quantum and Franck−Condon
factor as component V; however, the line shape is
characterized by a larger Gaussian broadening G = 0.76 ±

0.12 meV, indicating a higher degree of disorder in the system.
The BE of the V component in the C 1s spectrum of CO at
saturation coverage is 290.47 eV, which is significantly larger
than for CO/Gr/Ir(111) (289.74 eV), by about 730 meV. The
BE of component H is 290.12 eV, lower than V by about 350
meV. Still, both components V and H lie at a higher BE than
those of CO/Gr/Ir(111). This C 1s BE shift is actually similar
to that of the C 1s core level of Gr, which displays two
photoemission components when it is supported on Co/
Ir(111), both at higher BE with respect to Gr/Ir(111).34 We
can therefore attribute the different C 1s BE of the CO
molecules in the two systems to the fact that they are
influenced by the doping or the different geometries of the
underlying Gr layer. At saturation, the photoemission intensity
of component V is about 1.6 times that of component H, with
the H coverage (0.095 ML) which corresponds to 39% of the
overall CO population.
Also for the Gr/Co/Ir(111) interface, TP-XPS measure-

ments were taken for different initial coverages of CO. Figure
1e shows a selected TP-XPS experiment, corresponding to an
initial coverage of 0.24 ML CO: the photoemission intensity is
plotted in gray scale, as a function of the sample temperature.
In this case, at the beginning of the temperature ramp, both the
V and H photoemission components are present. The
evolution of coverage of both components as a function of
temperature during this experiment is shown in Figure 1f. It is
evident that the temperature dependence of the desorption
process is quite different for the V and H components. The
desorption of component H starts first, just above 40 K;
however, this process is slow and this component only vanishes
completely just below 50 K. The wide temperature range over
which component H desorbs cannot be described by
parameters similar to those of component V. A factor that
can account for the broad temperature range of the desorption
process is a significant decrease of the adsorption energy with
coverage, which is the opposite behavior as observed for
component V. On the other hand, the V component follows a
first order desorption process, starting at 48 K, when
component H has almost completely disappeared. Compared
to the desorption from Gr/Ir(111), the temperature at which
the desorption process occurs for component V is significantly
higher, by about 8 K.
The fit of the desorption curves of component V yields a

pre-exponential factor ν = 1017±2 s−1, the same which was
found for CO/Gr/Ir, yet the adsorption energy in this system
is higher, as reported in Table 2.
This comparison shows that the adsorption energy of CO on

Gr, at least up to a coverage of about 0.15 ML, is increased by
about 35 meV for the case of Gr on the Co-terminated Ir(111)
surface. This substrate-induced increase in adsorption energy

Table 1. Desorption Energy Edes Obtained from the Fit of
the Desorption Curves of CO from Gr/Ir(111) for Different
initial CO Coverage θi: Absolute Values and Relative Shifts
with Respect to the Lowest Coverage Measured

θi (ML) Edes (meV) ΔEdes (meV)

0.04 ± 0.02 146 ± 25 0
0.06 ± 0.02 149 ± 25 3 ± 5
0.14 ± 0.02 157 ± 20 11 ± 5
0.28 ± 0.02 162 ± 25 16 ± 5

Table 2. CO Desorption Energy Edes, As Obtained from the
Fit of the Desorption Curves of CO from Gr/Ir(111) and
Gr/Co/Ir(111), for Selected initial CO Coverage θa

Edes (meV) ΔEdes (meV)

θi (ML) CO/Gr/Ir CO/Gr/Co CO/Gr/Co−CO/Gr/Ir
0.04 ± 0.02 146 ± 25 180 ± 20 34 ± 5
0.14 ± 0.02 157 ± 20 190 ± 20 33 ± 5

aFor the case of CO on Gr/Co/Ir(111), only component V was
present at these coverage values. The absolute values and the
differences between the two systems are reported.
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accounts for 20% of the total adsorption energy of CO in this
system, therefore demonstrating that the substrate below Gr
plays an important role in determining the overall CO
interaction strength. The different behavior which is observed
at higher coverages in this system could be instead attributed
to the very different geometry (different Gr corrugation)
between Gr on Co/Ir(111) and on Ir(111), as will be shown in
the next sections.
Argon Desorption from Graphene/Ir(111). In order to

probe the interaction of a different adsorbate, we studied the
desorption of different coverages of Ar, which was dosed on
Gr/Ir(111) at 25 K. Time-resolved spectra acquired during the
uptake are reported in the Supporting Information. Selected Ar
2p3/2 spectra, corresponding to a coverage of 0.31 and 0.44
ML, are shown in Figure 2a. While a main component (V), at a
BE of 242.32 eV, dominates the spectral distribution, with a
fwhm narrower than 300 meV, a broader low intensity peak
(D), centered at about 242 eV, with a fwhm of about 500 meV,
has to be included to correctly fit the spectrum. After the initial
growth the latter component remains constant throughout the
whole uptake and its spectral weight is significantly lower than
that of V. Both V and D components are characterized by a
symmetric line shape, as is expected for the case of nonmetals
such as noble gases. The small spectral weight of component D
(few percent with respect to the saturated layer) and the fact
that it remains constant throughout the uptake suggests that it
could be originated by Ar atoms adsorbed on Gr defect sites.
The V component is instead attributed to Ar adsorbed on the
intact epitaxial Gr layer.

The most important step in the characterization of the Ar/
Gr/Ir(111) system was the determination of the adsorption
energy of Ar by measuring desorption curves for several initial
Ar coverages, i.e., using the same strategy adopted for CO.
Figure 2b shows a selected Ar 2p3/2 TP-XPS experiment,
corresponding to an initial Ar coverage of 0.44 ML. The
desorption process starts just below 40 K and proceeds with a
higher rate, until the peak vanishes completely above 43 K.
The same analysis which was done to determine the
desorption energy of CO was performed also for all the
desorption curves of Ar measured for different initial Ar doses,
namely 0.05, 0.15, and 0.44 ML, which are shown in Figure 2c.
This analysis yields the same value for both the pre-exponential
factor, ν = 1014.8±0.5 s−1, and for the desorption energy EDES =
136 ± 4 meV, indicating that the lateral interatomic
interactions are negligible, unlike the case of CO. This also
explains why the fit provides a significantly better description
of the experimental data, which is also the reason why the
errors associated with the parameters are significantly lower
than for the case of CO adsorption.

Argon Desorption from Graphene/Cobalt/Ir(111). Se-
lected core level spectra corresponding to different Ar
coverages on Gr/Co/Ir(111) are shown in Figure 2d. As for
the previous experiments the spectra have been acquired
during the Ar uptake experiment, which is discussed in the
Supporting Information. Also in this case, two components are
found at low coverage (Figure 2d, below), one behaving like
the D component described above, at about 242.8 eV, the
other behaving like the V component, increasing linearly with
the Ar dose. However, in this system, the BE of the V

Figure 2. Ar desorption from Gr/Ir(111). (a) Selected Ar 2p3/2 spectra corresponding to θi = 0.31 ML (bottom) and to saturation, 0.44 ML
(top). (b) TP-XPS Ar 2p3/2 core level spectra showing its evolution during thermal desorption of Ar from Gr/Ir(111) (the photoemission
intensity is in gray scale) and (c) comparison of Ar coverage evolution as a function of temperature for different initial Ar coverages. Ar
desorption from Gr/Co/Ir(111). (d) Selected Ar 2p3/2 spectra (hν = 400 eV) corresponding to a coverage of 0.21 ML (bottom) and to
saturation (top). (e) TP-XPS spectra acquired during a linear temperature ramp (the photoemission intensity is in gray scale) and (f)
temperature evolution of V (valley) and H (hills) C 1s photoemission components of a 0.14 ML Ar dose as a function of temperature.
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component is not constant, but decreases by about 100 meV
for increasing coverage. At saturation, its core level BE is
243.14 eV. A third component (H) appears in the second part
of the uptake (Figure 2d, above), with a BE of about 242.98 eV
and shifted from the V component by 160 meV, as was the
case for CO adsorption on the same system.
Finally, desorption curves were measured for different initial

coverages of Ar. The desorption curves of the H and V
components for a saturated Ar layer are shown in Figure 2f.
The H component desorbs first, with a broad edge starting at
about 43 K, and completely desorbs at about 49 K; as for the
case of CO desorption from Gr/Ir, this curve cannot be
analyzed quantitatively. The desorption of the V component,
on the other hand, starts below 50 K and is complete just
above 52 K. The fit yields a pre-exponential factor of ν =
1014.8±0.5s−1 and a desorption energy EDES = 167 ± 10 meV. As
for the case of Ar/Gr/Ir, the temperature of the desorption
process is independent of coverage, and also the low-coverage
desorption curves yield a desorption energy of 164 ± 5 meV,
comparable to the high-coverage case within the error bar.
Theoretical Results. The experimental results obtained for

CO and Ar desorption from the two different systems were
used as benchmark for our DFT investigations, which were
performed using different vdW functionals. For all config-
urations, the best agreement with the experimentally
determined values was found in the case of the DF2 approach.
Structure of Graphene/Ir(111) and Graphene/Co/Ir(111).

Prior to studying the energetics of the adsorbate systems, we
investigated the structure of the graphene/Ir(111) and the
graphene/Co/Ir(111) interfaces. The relaxation of the Gr/
Ir(111) structure in the absence of any adsorbate results in a
configuration that is characterized by an average separation
between the Gr layer and the Ir topmost layer of 3.43 Å, close
to the interlayer separation in graphite (3.35 Å), and in good
agreement with the reported average height of 3.38 ± 0.04 Å
determined by X-ray standing wave experiments.37 The Gr
layer is observed to exhibit a small corrugation that ranges
from a minimum separation of 3.27 Å to a maximum of 3.68 Å
from the substrate. The highest separation occurs around a Gr
hexagonal ring centered on top of a substrate Ir atom; in what
follows we will refer to this region as the “hill” region. In
contrast, the minimum separation occurs for a C atom located
directly above an Ir one, in a region denoted as the “valley”

region (V). Within the (10 separation occurs for a C atom
located × separation occurs for a C atom located 10) Gr
supercell there is one hill (H) and one valley (V) region. Our
relaxed structure is in good agreement with the experimentally
observed moire ̀ pattern characteristic of this system, showing
an overall lattice mismatch of about 1%.
We also studied the Gr structure when a layer of Co atoms is

added on top of the Ir slab, to simulate the Gr/Co/Ir(111)
interface. In agreement with previous findings,34 our
calculations show that the moire-́driven corrugation is largely
increased with respect to the Gr/Ir(111) case. The C to
substrate distance amounts to 3.15 Å and 1.88 Å in the hills
and valley regions, respectively.

Carbon Monoxide on Gr/Ir(111) and Gr/Co/Ir(111). We
first consider the adsorption of isolated CO molecules on Gr/
Ir(111), as shown in Figure 3a. Given the corrugation of the
Gr layer on the Ir substrate, it is to be expected that there may
be small variations of adsorption of CO in the hill and valley
regions. This expectation is indeed proven by our results; in
fact, the most stable configuration we have found occurs in the
valley region and is illustrated in Figure 3b: the CO molecule
lies approximately flat on the surface, with the oxygen atom
located above the center of a Gr hexagon, while the carbon
atom is located over a bridge site of the Gr honeycomb. The
center of the CO molecule is at a distance of 3.56 Åabove the
Gr layer with the molecular axis lying almost flat on the
surface.
The adsorption energy calculated by using the DF2

approach is 146 ± 2 meV, which is in much better agreement
with the experimental result (146 meV) than the value
calculated using the D3 functional (194 meV). In total, we
have have considered and relaxed more than 20 initial
configurations of the adsorbate, distributed over the (10 ×
10) Gr supercell. We find that binding tends to be slightly
stronger in the valley region, as happens in the case of atomic
clusters,38 with an average binding energy which is about 5
meV larger than in the hill region; even if small, this difference
is systematic. We also studied initial configurations in which
the adsorbate was placed with its axis perpendicular to the
surface, with either the oxygen or carbon atom pointing toward
the surface. These initial configurations also resulted in stable
relaxed structures retaining the verticality of the adsorbate, but
these were less strongly bound to the substrate, typically by 40

Figure 3. (a) Side and top views of the of the most stable CO adsorption configuration as found in our calculations. Gray atoms represent the
Ir(111) surface; carbon atoms are displayed in red, and the oxygen atom is shown in blue. Valley and Hill regions are colored in the top
view. (b) Local configuration of the CO molecule, with the O atom sitting above the center of a Gr hexagon and the C atom located in a
bridge site. (c) Top and side views of the minimum energy CO adsorption configurations on the hill and valley of the Gr moire ̀ unit cell on
Co/Ir(111). Cobalt atoms are shown in yellow. (d, e) Local configuration of the adsorption configuration of CO in both valley (d) and hill
(e) regions on Gr/Co/Ir(111).
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meV. In all the absorbed configurations, the CO bond distance
is 1.145 Å, essentially unchanged from the gas-phase value,
obtained by performing a calculation for the isolated CO
molecule in the same simulation box, without the substrate.
An interesting issue to consider is the role of dispersion-type

interactions. To address this point, we simply performed
relaxation calculations of the adsorbate on the substrate, as
before, but without including the dispersion interactions. The
Gr and metal substrate atoms were constrained to remain at
their previously relaxed positions, and only the adsorbate was
allowed to relax. As expected, without van der Waals
interactions the binding of the CO adsorbate to the surface
becomes negligible (approximately 20 meV). The distance of
the molecule to the surface increases by 0.3−0.4 Å; the oxygen
atom moves further away.
Up to this point, we have considered the adsorption of single

CO molecules, but the polar nature of the adsorbate leads one
to expect that the binding energy may have a noticeable
dependence on coverage, as is the case for example for CO
adsorption on graphite(0001).39,40 To investigate this issue, we
have performed relaxation calculations on adsorbed clusters of
CO molecules of various sizes, which confirmed that the
adsorption energy slightly increases with coverage, as reported
in the Supporting Information.
Compared to the adsorption on Gr/Ir(111), the preferred

adsorption site of CO on Gr/Co/Ir(111) is almost unaltered,
in a valley region (see Figure 3c). While the molecule moves
slightly toward the center of the Gr hexagon, its center of mass
remains inside a Gr hexagon, with the CO molecular axis
parallel to the surface. The adsorption energy is 168 meV, a
value higher by about 30 meV with respect to that on Gr/
Ir(111). On the other hand, the adsorption energy in the hill
region is 123 meV. This difference of about 45 meV is clearly
larger than the one between the hills and valleys of Gr/Ir(111),
which was only about 5 meV, which suggest a possible
combined contribution due to the closer distance to the
substrate and the effect of the graphene corrugation. In this
respect, it is interesting to note that the CO to graphene
distance for the isolated molecules best adsorption config-
urations in the hills and in the valleys is almost the same, being
3.22 and 3.28 Å, respectively. As for CO, also for the Ar
adsorption energy the agreement with the experimental values
in the valley (180 meV) is in better agreement with respect to
the value determined by using the D3 functional (203 meV).
Based on our benchmarks, all the values reported in the next
paragraph have been calculated using the DF2 functional.
Argon on Gr/Ir(111) and Gr/Co/Ir(111). The corrugated Gr

layer plays an important role also for values of the Ar
adsorption energy. Calculated adsorption energies of Ar atoms
in the valleys of Gr/Co/Ir(111) (159 meV) are 40 meV larger
than in the case of the hills (120 meV), showing a difference
which is comparable to the one found for CO in the same
system. The agreement between experiment and theory is very
good also in the case of Ar adsorption in the valleys of Gr/Co/
Ir(111), the difference being only 5 meV.
As for the case of CO adsorption, for Ar on Gr/Ir(111), the

very large adsorbate−metal (7.46 Å) and adsorbate−graphene
(4.02 Å) distance is reflected in a reduced adsorption energy
(106 meV), which differs from the experimental value by about
30 meV.
Interaction of CO and Ar with Gr or the Metal Substrate

Only. Finally, we have investigated the causes and mechanisms
of this substrate-induced difference in adsorption energy. In

fact, as already reported, this effect could be explained either by
a direct interaction of CO with the metal below graphene
(direct interaction), which would imply that graphene is
translucent or transparent to vdW forces,11,12 or to an indirect
mechanism.14 This, in turn, could be related either to the
altered geometry and bond length of graphene when it is
corrugated or to the charge transfer and redistribution induced
by the interaction with the substrate,8,34,41 which is known to
induce doping and changes to the work function and potential
energy surface not only of Gr, but also of its substrate.42−44

To decouple these different contributions and identify the
mechanisms by which the substrate influences the adsorption
properties of graphene, we have performed further theoretical
calculations, in addition to the ones performed on the systems
experimentally investigated (i.e., 1A, B, and C), as shown in
Figure 4 and in the Supporting Information. These calculations

were performed by keeping all distances (adsorbate−Gr and
adsorbate−substrate) fixed to the value found for the
corresponding real systems, i.e., the distance of flat Gr was
fixed to the one it has from Ir(111) and that of corrugated Gr
to the one it has from Co/Ir(111).
In particular, to investigate the role of graphene in screening

the direct interactions between the adsorbates and the
substrate, we separately calculated the adsorption energy for
each adsorbate placed either on a graphene sheet with the
substrate removed, or on the substrate alone, without
graphene, for both the flat Gr on Ir and corrugated Gr layer
on Co. The results are shown in Figure 4 for the case of both
CO molecules (red values) and Ar atoms (green values).
The results show that the adsorption energy between the

adsorbates and the isolated Gr layer (2) vary between about

Figure 4. Interaction of CO (red value, on the left) and Ar (green
value, on the right) adsorbates for three different adsorption
configurations (A: on flat graphene; B and C: in the valleys and
hills (respectively) of corrugated graphene) with the Gr/metal
system (1) and with the graphene (2) and metal (3) alone.
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100 to 140 eV in all systems, with the lowest values found for
the hills and the highest ones for the valleys of the corrugated
layer, while the flat layer shows an intermediate behavior. The
direct interaction of the adsorbates with the substrate is
significantly lower, between about 20 and 55 eV, which is due
to the much larger separation between the atoms or molecules
and the substrate, in the geometry analyzed.

DISCUSSION
The adsorption energy of both CO and Ar/Gr, calculated with
the vdW-DF2 functional, shows a very good agreement with
the experimental results. The theoretically calculated models
show that the preferred adsorption site for a single CO
molecule and Ar atom is in the valley of the Gr/Co/Ir(111)
supercell, while the hills are only populated at high coverage. In
this respect, the presence of two C 1s and Ar 2p3/2
photoemission components which have been observed for
both, CO and Ar adsorbed on Gr/Co/Ir respectively(Figure
2a−c) are attributed to molecules adsorbed in the valleys (V
component) and hills (H component) of the corrugation.
It is interesting to compare these results to the adsorption of

Ar on the Gr/Ru(0001) surface.45 In that case, the BE
reported for the V and H components is 243.16 and 242.86 eV
respectively. These values and the shift between them are very
close to the ones obtained in our experiment, showing that the
effects of the interaction of Ru and Co with Gr is quite similar.
Furthermore, the higher C 1s BE of the V component with
respect to the H component reflects the higher C 1s BE of the
graphene atoms closest to the surface in Gr/Co/Ir(111).34

This similarly explains the overall higher BEs of both the C 1s
from CO and Ar 2p3/2, in the former system, where the C 1s
BE of graphene is higher by more than 500 meV than in Gr/
Ir(111). It is also interesting to note that if we take as a
threshold the value of 2.2 Å(maximum height of the C atoms
in the flat region (valley) of the Gr layer on Co/Ir(111)
interface), 61% of the Gr unit cell is in the flat region. This
nicely compares with the populations of the CO molecules or
Ar atoms in the valleys as found by quantitative analysis for the
CO saturated layer on Gr/Co/Ir(111) (as mentioned in the
experimental results). Following these considerations, the
broad desorption edge of the H component is due to the
wide distribution of adsorption sites on the hill regions where
the distance of the C atoms of Gr from the substrate varies
strongly due to the enhanced corrugation of Gr after
intercalation. This leads to a broad distribution of the
adsorption energy of molecules and atoms in these non-
equivalent sites observed in the desorption curve of the H
component. This behavior has been observed also for Xe
adsorption on corrugated Gr.46

Although the Gr layer displays valley and hill regions when
deposited on both the Ir(111) and Co/Ir(111) substrates, it is
obvious from Figure 3 that the level of Gr corrugation is
significantly larger in the latter case. This is reflected by the fact
that only one C 1s component from CO and Ar 2p3/2 from Ar
adsorbed on Gr/Ir(111) is observed (Figures 1 and 2), even at
high coverage, while two are present in the case of CO on Gr/
Co/Ir(111).
It is evident from our results that a significant difference in

the adsorption energy of both CO and Ar is observed between
a flat and a corrugated, free-standing Gr layer, i.e., in the
absence of the metal substrate (see Figure 4). However, this
does not account alone for the experimental observations as
the calculated adsorption energy on the isolated layer is

significantly lower than the one measured on the metal-
supported Gr. This indicates that there is indeed an effect of
the metal substrate on the adsorption properties of Gr.
To verify whether the model of transparency or translucency

originally proposed for water adsorption can also hold for the
adsorption of CO and Ar, we expressed the total interaction I
of the adsorbates with the Gr/metal system as

= +I G kS
where G is the interaction with the free-standing Gr layer, S is
the interaction with the metal substrate in absence of Gr, but at
the same distance (see Figure 4), and 0 ≤ k ≤ 1 accounts for
the screening of the vdW interactions by Gr. The case k = 0
would correspond to a complete blocking of the vdW
interactions by Gr, while k = 1 to a total transparency of Gr
to vdW interactions.
In Figure 5, we show the contributions of Gr and of the

substrate as a function of the translucency parameter k, for

both CO and Ar on flat Gr and on the hills and valleys of
corrugated Gr. The adsorption energy of all the systems is
described with high accuracy with translucency k of 0.507 ±
0.034. This number can be compared with the value of about
0.30 which was found in the case of water-substrate interaction
using the contact angle approach.12 It is important to underline
that our approach to measure the adsorption energies is based
on a direct method which overcomes all the problems inherent
to the contact angle approach, which is typically used to probe
the adsorption energy of water on Gr.
Finally, to further prove that the translucency we observe is

indeed due to vdW forces (and therefore a ”real” trans-
lucency), we exchanged the first layer metal composition (Co
instead of Ir and Ir instead of Co), while the Gr, the metal
substrate atoms and carbon monoxide were constrained to
remain at their previously relaxed positions (see the
Supporting Information). In this way, we verified that the
effect of the different degree of charge transfer between Gr and
its substrate, which is known to change because of the different
chemical identity of the supporting substrate, is negligible
when compared to the direct dispersive contribution from the
substrate, which is related to the adsorbate-graphene and
adsorbate−metal distances as it is based on the vdW
interactions. In fact, the results show that the adsorption

Figure 5. Adsorption energy dependence on adsorbate−metal
distance for carbon monoxide molecules (red) and argon atoms
(green) in the different configurations discussed in Figure 4, i.e.,
on flat Gr and on the hills and valleys of corrugated Gr. Blue ticks
indicate the results of best fit using the equation I = G + kS, where
k is the factor accounting for the screening of the vdW interactions
by Gr. Vertical bars correspond to the values of complete blocking
(black region) and total transparency (white region) of Gr.
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energy is approximately the same and does not change because
of the modification of the chemical composition of the
substrate, while it has a strong dependence on the distance:
this is a further proof that the role of the substrate on the
adsorption energy is due to a direct vdW coupling.
The translucency of Gr to vdW interactions, obtained in our

investigation, follows from the fact that dispersion forces are
known to be nonadditive. Transparency would imply a value k
= 1 in the above equation, while our results clearly show that
the actual value obtained is closer to 0.5. Our results show that
this value applies to two different metal substrates and two
different adsorbates, including noble gas atoms and a molecule
having polar nature.

CONCLUSIONS
We described a combined experimental and theoretical
investigation of the adsorption energy of carbon monoxide
and argon on high-quality epitaxial graphene supported by
different metal substrates. By comparing two systems
characterized by a different chemical composition of the
substrate, we have proved that the adsorption energy of CO
and Ar on graphene is significantly increased (by about 20%)
when graphene is strongly interacting with the substrate, with
respect to a weakly interacting case. We have investigated the
mechanisms leading to the enhancement in the molecular and
atomic adsorption energy by decoupling the different effects of
the substrate and of graphene. In addition, we have shown that
the corrugation of graphene plays an important role being the
hills adsorption region of graphene the one where the
desorption energy is larger.
Our results show that the molecule/atom adsorption energy

is dominated by the interaction with the graphene layer, which
is closer to the adsorbates, but it is also influenced directly by
the long-range interaction with the metal substrate. In this
respect graphene acts as a translucent medium which is capable
to produce a 50% screening of the van der Waals forces. Our
findings provide fundamental informations on the interaction
of graphene with adsorbates and on the effect of the substrate
supporting graphene and can be used to optimize its properties
for applications, especially in the field of sensoristics and metal-
free catalysis.

METHODS
Experimental Details. We have characterized different coverages

of CO and Ar adsorbed on Gr by high energy-resolution X-ray
photoelectron spectroscopy (XPS), near edge X-ray absorption fine
structure spectroscopy (NEXAFS) and low energy electron diffraction
(LEED). All experiments were performed at the SuperESCA
beamline47 of the Elettra synchrotron radiation facility in Trieste,
Italy, in an experimental chamber with a residual background pressure
always in the low 10−10 mbar range. The Ir(111) single crystal was
mounted on a manipulator with 4 degrees of freedom. The sample
was heated either by direct irradiation or by electron bombardment
from three tungsten filaments mounted behind it. The sample was
cooled using a liquid-helium filled cryostat: the temperature was
measured using two K-type thermocouples directly spot-welded to the
crystal. The temperature was calibrated using two methods: by fitting
the shape of the Fermi edge photoemission spectrum to the Fermi−
Dirac function−convoluted with a Gaussian taking into account the
experimental contribution−and by measuring the temperature of the
desorption onset of Ar gas multilayers, which is known to start at 25
K.48 The overall temperature calibration is affected by an error of ±1
K.
The Gr/Ir(111) and Gr/Co/Ir(111) interfaces were prepared

using well-established procedures, reported in the Supporting

Information. The quality of graphene was tested by means of high-
resolution Spot Profile Analysis-LEED which show the typical moire ̀
pattern and a full width at half-maximum of the diffraction spots
which indicates that graphene flakes are as large on average as 300 Å
× 300 Å, which would indicate that domain boundaries account for at
most 1% of the total carbon atoms. In addition, we can safely rule out
the formation of a high density of graphene defects such as single-
vacancies or Stone−Wales defects. Based on DFT calculations
performed on both highly oriented pyrolitic graphite49 and
graphene,50 the presence of this kind of defects in a concentration
higher than 1% would clearly show up in our high-resolution core
level spectra in the form of lower binding energy components.

Each gas was dosed onto the sample from a leak valve at a constant
pressure of 5 × 10−9 mbar, as obtained after correction for the base
pressure and gauge-specific sensitivity factor. The coverage was
measured in monolayers (1 ML = number of adsorbed CO molecules
or Ar atoms per graphene unit cell): based on this definition, for
example, a saturated layer of CO, which forms a ( ×3 3 )R30°
structure with one molecule every three Gr unit cells, corresponds to a
1/3 ML coverage, i.e., 6.36 × 1014 molecules/cm2. The coverage was
estimated based on the ideal coverage associated with the ordered
structures formed by each adsorbate, either CO or Ar, on graphene, as
probed by LEED (see the Supporting Information). Even if this
method cannot provide an accurate estimate, this is not relevant for
this study as the desorption dynamics for both species were found to
follow a first-order process, which is independent of coverage. In
addition, for the case of CO, the coverage was verified by comparing
the area of the background-subtracted C 1s photoemission peaks of
clean graphene (whose C atoms density corresponds to that of 2 ML
CO) and of each CO exposure, based on the fact that as long as the
coverage is lower than a full layer, the photoemission signal is to a first
approximation linearly proportional to coverage. The labels V and H
will be used to indicate the atomic/molecular adsorption in the valleys
and in the hills of the corrugated graphene unit cell.

Fast X-ray photoemission spectra were measured either in snapshot
mode51 or in scanning-mode during the uptake (up to different
coverages) and desorption experiments, with a data acquisition time
down to 500 ms/spectrum, depending on the specific core level. High
energy-resolution spectra were taken in scanning mode, with a longer
dwell time and smaller electron binding energy (BE) steps, after each
gas exposure. The C 1s and Ar 2p3/2 spectra were measured using a
photon energy of 325 and 400 eV respectively, in normal emission
conditions, with an overall experimental resolution of 50 meV. The
BE scale was calibrated with respect to the Fermi level. The exposure
in the experiments was measured in Langmuir, being 1 L= 10−6 Torr
× 1 s.

Possible photon-beam induced desorption effects were carefully
investigated by moving the Ir crystal by a distance larger than the
photon beam size at the sample (vertical dimension 5 μm) after
dosing a full layer of both CO and Ar: even though such an effect
could be detected, especially for the case of CO (0.5% of ML
undergoes photon-induced desorption after 1000 s X-ray exposure at
hν = 325 eV), it was only relevant on a time scale which was much
larger than our data acquisition time per spectrum. An even slower
process was observed for Ar. Therefore, all photoemission spectra of
both CO and Ar were measured while moving the crystal in steps of
30 μm (i.e., about 6 times the size of the beam) perpendicularly to the
beam every 30 s.

All photoemission spectra were fitted to a sum of Donjach−Šunjic ́
(DS) lineshapes,52 characterized by a Lorentzian full width at half-
maximum (fwhm) L, which takes into account the effect of finite core-
hole lifetime, and by the asymmetry index α, which describes the low-
energy electron hole pair excitations near the Fermi level
convoluted with a Gaussian distribution (fwhm G)which takes
into account phonon, instrumental and inhomogeneous broadening.
The inelastic contribution was modeled using a Shirley back-
ground.53,54

In order to measure the adsorbates’ desorption energy, a TP-XPS
experiment was then performed for each dose, by measuring in real
time the photoemission spectrum during a linear temperature ramp

ACS Nano Article

DOI: 10.1021/acsnano.9b07277
ACS Nano 2019, 13, 12230−12241

12238

http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b07277/suppl_file/nn9b07277_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b07277/suppl_file/nn9b07277_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b07277/suppl_file/nn9b07277_si_001.pdf
http://dx.doi.org/10.1021/acsnano.9b07277


(2.5 K/min). This technique allows to probe variations in the
adsorption sites, configurations and adsorbate electronic properties as
a function of the temperature and residual molecular/atomic
coverage.32 The desorption energy was obtained by fitting the
coverage curves to the Arrhenius equation, as explained in the
Supporting Information. It is important to underline that since there
is no adsorption barrier in physiadsorbed systems the measured
desorption energy corresponds to the calculated adsorption energy.
Theoretical. In order to shed light on the experimental results, we

have performed theoretical calculations on a series of structural
models of CO or Ar adsorbed on Gr/Ir(111) and Gr/Co/Ir(111).
We have used density functional theory55,56 to model the system as
implemented in the VASP code.57 We employed the projector-
augmented wave (PAW) method58,59 to account for the core
electrons; we included 9 electrons (5d7, 6s2) per Ir, 9 electrons
(3d7, 4s2) per Co, 4 per C and 6 per O atom explicitly in the valence.
Exchange-correlation effects were incorporated with the revPBE
generalized-gradient functional.60,61 Because in the adsorption of CO
and Ar on the Gr/Ir(111) and Gr/Co/Ir(111) substrates we expect
dispersion forces to play a key role, we used three different
functionals, as implemented in the framework of D3,62 Langreth63−65

and DF266 formalisms.
In fact, the measured adsorption energies have been used as

benchmark to understand which vdW functional was the most
accurate to describe the experimental findings. Kohn−Sham orbitals
were represented by means of plane-waves up to a kinetic energy
cutoff of 400 eV. Brillouin zone sampling was limited to the Γ point.
We used a slab geometry consisting of four layers of (9 × 9)

Ir(111) cells, with the bottom two layers held fixed at the equilibrium
bulk positions. On the free surface side of the slab we placed a (10 ×
10) supercell graphene layer, which results in a supercell size very
close to its experimental value.37 In total, the resulting slab contains
524 atoms (324 Ir + 200 C). The size of the cell in the direction
perpendicular to the substrate plane was set to 24.4 Å. For the Gr/
Co/Ir(111) system, additional (9 × 9) cells of Co atoms were placed
in between the Ir and Gr. On the resulting slabs, we placed a single
CO molecule or Ar atom. All structures were fully relaxed using the
conjugate gradients method, until forces on all atoms were smaller
than 0.01 eV/Å.
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