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A B S T R A C T

Graphene hydrogenation on Ni(111) in the mbar region has been investigated by combining Near Ambient Pressure X-ray Photoemission Spectroscopy and Density 
Functional Theory calculations. A complete and nearly perfect graphene single layer and an incomplete defective monolayer were exposed to a methanation mixture 
(H2 + CO and H2 + CO2, respectively) with a large excess of H2. The observed behavior is quite different for the two systems. In the former case, the C 1s spectrum of 
the initially strongly interacting graphene shows the appearance of new components corresponding to hydrogenated C atoms and their first nearest neighbors. The 
defective carbon layer, grown in the presence of sulfur contamination and consisting of a mixture of strongly and weakly interacting graphene with a significant 
amount of dissolved C, initially shows the same C species and then evolves with the formation of sp3 carbon and patches of Ni oxide/hydroxide. NiO forms by CO2 
dissociation, while sp3 carbon is indicative of a rumpling of the graphene adlayer induced by hydrogenation. Both species disappear when annealing in H2. 
Dissociation of H2 and graphene hydrogenation is possible thanks to the presence of the Ni substrate which makes the reaction weakly exothermic and significantly 
reduces the barrier for H2 dissociation.

1. Introduction

The graphene/Nickel (G/Ni) system is characterized by a strong 
interaction with the substrate, that causes a modification of the G 
electronic structure and the non-preservation of the Dirac cone at the K 
point [1]. Despite this, the G/Ni interface has been widely studied over 
the past decades; the interest is motivated, e.g., by the possible use of G 
as protective layer [2] as well as for confined chemistry [3,4]. On the 
one hand, the corrosion resistance of G-covered Ni is twenty times 
higher than that of bare Ni, while G-covered Cu is seven times more 
resistant than bare Cu [5]. The former system is a paradigmatic case for 
strong interaction with a reduced C–Ni distance and a significant rehy-
bridization. At the same time, the latter is the most common example of 
weak interaction with a relatively large distance between the G adlayer 
and the Cu substrate.

The G/metal interface determines critically the performance of G 

coatings, and strong chemical G/metal binding has been found to in-
crease the stability and lubricating performance of G for various metal 
substrates [6]. On the other hand, it has been recently shown that the 
confinement of reactants under monolayer cover (such as G or boron 
nitride) can lead to enhanced reactivity [3]. Reactions such as CO 
oxidation may then occur at lower temperature thanks to the reduction 
of the activation barrier due to the energetic cost of the intercalation of 
the reactants under the cover [3,7]. Such cost is expected to be higher for 
strongly interacting G, and, indeed, some of us reported recently CO 
intercalation [8,9] and the occurrence of the Boudouard reaction [4] 
under G cover on Ni(111). Ni is an important catalyst for several in-
dustrial reactions due to its high reactivity and moderate cost [10–12]. 
In particular, in this research, we focus our interest on the energetically 
relevant CO2 methanation reaction, for which intercalation of the re-
actants under G cover is required.

To this purpose, G grown on Ni(111) has been exposed to a H2/CO 
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(or H2/CO2) mixture in strong excess of H2, i.e. under conditions 
mimicking those for which the methanation reaction is performed. CO 
has thereby been delivered on purpose while exposure to CO2 occurred 
due to contamination of H2 in the Near Ambient Pressure experiments.

We compare the behavior of a pure and complete strongly interacting 
G monolayer (GC in the following) to the one of a mixture of strongly and 
weakly interacting G obtained by growing the film in the presence of S 
contamination (GS in the following), where S is a well-known undesired 
poison for the methanation reaction [13–15]. The former condition (GC) 
corresponds to a prototypical investigation of a well-characterized 
model system widely used for studying intercalation and confined re-
actions. The latter (GS) is necessarily less well defined but closer to the 
conditions present in a real catalytic reactor, where it is not unusual to 
have some C in the bulk of the catalyst and traces of S at its surface. The 
amount of C in the bulk severely affects the nature of the carbon species 
at the surface. At the same time S-contamination modifies the activity of 
the catalyst, typically by inhibiting CO adsorption [13] and dissociation 
[16] and thus suppressing the methanation activity of Ni Therefore, S 
contamination is an issue in the use of biofuel, whereby the removal of 
sulfur-containing compounds from biogas is mandatory to avoid catalyst 
deactivation [15,17]. Indeed, the presence of sulfur compounds strongly 
decreases activity by blocking nickel sites, significantly lowering the 
hydrogenation rate and affecting the long-term performance of the 
catalyst [18]. S poisoning of Ni catalysts cannot be avoided in industrial 
CO₂ methanation reactors. As a general understanding, sulfur reduces 
the ability of Nickel to adsorb and dissociate H2, as well as the H spill-
over capacity, which inhibits the complete hydrogenation of CO* and 
the formation of CH₄. Additionally, sulfur strengthens the adsorption of 
the H₃CO* intermediate by accumulating electrons in the bonding re-
gion, which increases the energy barrier for the hydrogenation of H₃CO* 
to CH₄. This favors the production of CO via the decomposition of 
formate species. The strong chemisorption of sulfur on the Ni surface 
prevents further adsorption of reactant molecules.

As outlined a long time ago the effect of S on the interaction between 
Ni and hydrocarbons is quite complex and coverage dependent [19]: for 
low (4–50 ppm) S content, carbon filament growth is favored while 
higher S concentration results in formation of 2D or 3D nickel sulfide 
inhibiting the catalytic activity.

S contamination can also affect graphene growth due to the repulsive 
interaction between S and C as shown for graphene growth on Ni(110) 
[20] and for hydrocarbon decomposition on Ni foils [21]. Recently, it 
has also been shown by theoretical studies that sulfur weakens the 
interaction between graphene and Fe(111) [22] by changing the 
graphene-substrate interaction from a strong to a weaker one with an 
increase in the graphene surface distance and affecting the growth of 
carbon nanotubes (CNT) on Fe.

On the other hand, the adsorption of an ordered S-layer on Ni(110) 
was exploited to control the shape of graphene flakes produced by C 
segregation [23] since the surface sites occupied by S block the growth 
of the graphene domains [22].

In a broader context, the interaction of H2 with graphene is a topic of 
interest by itself [24–26], and the present study fills up the gap between 
fundamental studies employing atomic H or D and more applied con-
ditions where ambient or near ambient H2 pressure is used [27]. In fact, 
while exposure to atomic H promptly leads to G hydrogenation, high 
pressure is required if molecular H2 is used [28,29]. We show here that a 
reactive substrate such as Ni(111) significantly reduces the activation 
barrier for direct G hydrogenation [30]. Moreover, when exposing G/Ni 
to H2 in the mbar regime, both direct hydrogenation of G on the vacuum 
side and intercalation of H2 under G followed by dissociation become 
possible. The former process is due to H2 dissociation, and it is favored 
by the presence of defects.

2. Materials and methods

2.1. Experimental methods

The GC experiment has been performed at the TEMPO beamline of 
the SOLEIL Synchrotron Radiation source (Saint-Aubin, France) [31] 
with the Near Ambient Pressure X-Ray Photoemission Spectroscopy 
(NAPXPS) facility of Sorbonne Université. The experimental setup is 
described in detail in Ref. [31] and in our previous studies [4,32]. The GS 

experiments were performed at the in-situ Spectroscopy beamline of the 
Swiss Light Source (SLS) at the Paul Scherrer Institute (PSI), also hosting 
a NAP-XPS facility [33].

In both cases, the Ni(111) sample is cleaned in the preparation 
chamber by sputtering and annealing cycles following the usual pro-
cedure reported in Ref. [34], while graphene is grown by segregation of 
dissolved carbon (GC) or by exposure to C2H4 following the recipe given 
in Ref. [34] (GS).

In the preparation chamber, the sample can be annealed up to 1270 K 
by electron bombardment while, in the main chamber, it can be heated 
up to 670 K by a ceramic button heater.

High-purity H2 gas (purity >99.99 %) is introduced into the analysis 
chamber through a gas mixer. The pressure in the chamber is read by a 
cold-cathode ion gauge in the high vacuum limit and by a capacitive 
gauge for pressures above 5 × 10− 4 mbar. Depending on the gas used 
and on the photoelectron energy of interest, it is possible to perform 
experiments under NAP at pressures up to 2 mbar. The purity of the 
gases is checked in the second differential pumping stage of the XPS 
analyzer by quadrupole mass spectroscopy. In the GS experiment, 
hydrogen was slightly contaminated by H2O and CO2 impurities (esti-
mated to be ~0.1 % of the H2 partial pressure) during the transit in the 
gas-mixing line.

The photon beam impinges at an angle of 54◦ (GC) or 60◦ (GS) from 
the surface normal and illuminates a spot of approx. 0.3 mm diameter on 
the sample. The photoemitted electrons are collected, respectively, at an 
angle of 0◦ (GC) or 30◦ (GS) from the surface normal through a nozzle 
(0.5 mm) leading to the electron energy analyzer (SPECS for GC and 
Scienta R4000 HiPP-2 for GS). The angle between the direction of the 
impinging photons and the one of the emitted electrons is 54◦ (GC) or 
90◦ (GS). The distance between the sample and the nozzle is obtained by 
optimizing the signal and is typically around 0.6–1.0 mm.

Spectra were recorded at a photon energy hν = 650 eV (C 1s and O 1s 
lines) in the GC experiment and at hν = 742 eV (O 1s, C 1s, S 2p lines) or 
hν = 1065 eV (Ni 2p line) in the GS experiment. The pass energy was set 
to 50 eV when recording the C 1s, O 1s, and S 2p regions and to 20 eV for 
Ni 2p. The energy scale was calibrated on the Fermi edge of the corre-
sponding spectrum. The obtained spectra were normalized on the low 
binding energy side of each region to allow for a straightforward 
comparison.

The spectra are analyzed using the Kol-XPD software [35]. After 
subtracting a Shirley background, a Doniach Sunjic line shape was used 
to fit the C 1s component of graphene, while a Voigt line shape was used 
for all the other C 1s components and the O 1s and S 2p ones. In the fits, 
the position of the peaks was allowed to shift by ±0.1 eV with respect to 
the reference value shown in the figures.

For GS the highest pressure used in the present experiment is ~ 1.5 
mbar of H2 with only sub-percentage traces of CO2 and H2O. The 
attenuation of the C 1s and O 1s lines as a function of H2 pressure was 
determined by plotting the total O1s and C1s area vs increasing H2 
pressure at RT and assuming a linear behavior (See Fig. S1_GS in Sup-
porting information).

2.2. Theoretical methods

Density Functional Theory (DFT) calculations were performed using 
the plane-wave-based Quantum ESPRESSO package (QE) [36,37]. The 
ultrasoft pseudopotentials [38] were adopted to describe the 
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electron-ion interaction with Ni (3d, 4s), C (2s, 2p), and H (1s), treated 
as valence electrons. Energy cutoffs of 46 Ry and 326 Ry (for kinetic 
energy and charge density expansion, respectively) were adopted for all 
calculations. To properly take into account weak interactions, which are 
crucial for an accurate description of the graphene/metal interface 
interaction, the van der Waals density functional vdW-DF2C09x was used 
[39,40] which has been proven to accurately predict the adsorption 
geometries and electronic properties of graphene on metal (111) sur-
faces, in agreement with existing experimental data [39,41]. This 
approach has been successfully applied in several previous works by us 
to model different types of graphene/metal interfaces [42,43] as well as 
other types of interfaces involving other 2D materials/metal surfaces 
[44] or graphene/aromatic molecules [45]. Spin polarization was al-
ways included.

For the simulation of the graphene/Nickel (111) system (G/Ni), we 
used a commensurate model (keeping the Ni lattice parameter) by 
interfacing a (3x3) supercell of G on top of a (3x3) supercell of Ni (111), 
wherein C atoms are placed in both top and fcc positions relative to the 
Ni(111) substrate. This strongly interacting interface model has been 
previously employed by some of us [9,46], yielding good agreement 
when compared to experimental measurements.

The geometry relaxation was performed with a 6 × 6 × 1 Monkhorst- 
Pack [47] k-points mesh. The Ni(111) surface was modeled by a 
three-layer slab with a bottom layer fixed to the bulk positions during 
the geometry relaxation to mimic a semi-infinite solid. To avoid in-
teractions between adjacent periodic images, a vacuum space of about 
20 Å in the direction perpendicular to the surface was used, together 
with a dipole correction. Ball-and-stick models were rendered with 
VESTA software [48]. Atomic charges were computed using the Bader 
scheme [49].

The H adsorption energies (ΔEH), as normalized by the number of H 
atoms (n), were calculated as follows: 

ΔEH =
EnH/system − n

2*EH2 − Esystem

n 

where EnH/system is the total energy of the hydrogenated system with n 
adsorbed H atoms, EH2 is the total energy of an isolated H2 molecule in 
the gas phase, and Esystem is the total energy of the optimized system 
without any adsorbed H atom.

The Climbing Image− Nudged Elastic Band (CI− NEB) method [50] 
was employed to simulate the H2 dissociation process on free-standing G 
or Ni(111) supported G, generating the minimum energy path of the 
reaction step and an evaluation of the energy barrier.

The XPS spectra of hydrogenated G/Ni systems were calculated using 
the ΔSCF approach [51]. This method uses a pseudopotential generated 
with a full core hole for each ionized inequivalent carbon atom and 
employs the calculation of relative changes of binding energies, the 
so-called core-level shifts (CLSs). To enable comparison between CLSs of 
different configurations (i.e. number and position of H atoms), which are 
inserted into separated supercells, we have included into each system a 
single CH4 molecule, at a distance of 20 Å from the surface, which 
minimizes their mutual interaction, to act as a reference. This method-
ology has proven successful in our prior works for calculating XPS 
spectra [9,46].

3. Results

3.1. Experimental results

The outcome of the experiment performed on a complete G mono-
layer grown on Ni(111) by C segregation from the bulk (GC experiment) 
is reported in Fig. 1. The C 1s spectrum of the as-grown sample (spec-
trum I – right panel) is characterized by a main peak at 284.7 eV and a 
low intensity one at 283.4 eV. They are assigned to strongly interacting 
G and to Ni2C, respectively.

Fig. 1. GC experiment at Soleil: Hydrogenation of a closed single layer graphene by H2 exposure. C 1s (right panel) and O 1s (left panel) spectra. Spectrum I 
corresponds to the condition before exposure to H2 under UHV; spectra II, III and IV were recorded while exposing the sample to the (9:1) H2/CO mixture at a total 
pressure of 1 mbar at 322 K, 388 K, and 457 K, respectively. Spectrum II started after 15 min exposure to the reaction mixture at 322 K; at the end of spectrum II, the 
temperature is increased while exposing for further 20 min and spectrum III was started when the sample reached 388 K. At the end of spectrum III temperature was 
raised to 457 K while recording spectra (not shown). Spectrum IV was recorded once the final temperature was reached. Each spectrum requires about 5 min to be 
recorded during which time the temperature has been kept constant.
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Upon exposure of the sample to a H2:CO = 9:1 mixture at 1 mbar and 
322 K, the C 1s main feature broadens (spectrum II) due to the 
appearance of critical additional components at 285.3 eV and 284.3 eV. 
Their weight increases when annealing to 388 K (spectrum III) and 457 
K (spectrum IV) while exposing the sample to the same mixture. The 
284.3 eV peak is usually assigned to weakly interacting G (also 
addressed as free G): it corresponds to G above surface carbide [9], but it 
forms also upon CO intercalation in the absence of carbide [52]. Some of 
us suggested that it might be due to C atoms at the edges of graphene 
bubbles [4] since a close BE value was previously reported for G above 
Ar bubbles [53]. Although we postpone the assignment of the different C 
1s components to the discussion section, we can already rule out a 
detachment of G caused by CO intercalation, since deintercalation of this 
gas is expected around 353 K [52]. Moreover, if CO molecules were 
present, a correlation would be expected between the intensities of the 
additional carbon peaks and the O 1s component at 532 eV, contrary to 
experimental evidence. Considering that at hν = 650 eV the photo-
emission cross section is about 2.5 times larger for O1s than for C 1s 
electrons, we can safely conclude that the total amount of oxygen is only 
~5 % of the G carbon atoms, while the additional peak at 284.3 eV 
corresponds approximatively to one-third of the G layer (see spectra IV).

The outcome of the analogous experiment performed on the S- 
contaminated sample (GS experiment) is shown in Fig. 2. The bare Ni 
(111) surface was exposed to 1.7 × 10− 5 mbar of C2H4 for 600 s at 823 K 
as described in Refs. [32,34]. However, due to a S contamination (see 
Fig. 2 right panel) originating from the rest vacuum, the G layer exhibits 
a mixture of G forms in agreement with previous reports [22,54]. The C 
1s spectrum recorded immediately after growth (central panel, spectrum 
I) shows three main features at 283.2 eV, 283.8 eV and 284.3 eV, cor-
responding to Nickel carbide, dissolved carbon [54] and weakly inter-
acting G [4,32,54], respectively. An additional component due to 
top-bridge graphene (284.7 eV) is also present. After exposure to C2H4 
the sample is almost oxygen-free, as apparent from the O 1s spectrum I 

in the left panel.
Upon exposing the sample to 1 mbar of H2 (spectra II and III) with 

traces of CO2 and water (each of them <0.1 %), the C 1s and the O 1s 
spectra change; now, the O 1s region shows a feature at 529.3 eV, 
indicative of the formation of NiO, and a further moiety around 531 eV. 
The latter peak was attributed to OH by Salmeron et al. [12] and by 
Dedkov et al. [55], who also considered that it could be due to defects in 
the NiO patches. Therefore, it is reasonable that part of the Ni surface is 
not covered by graphene and gets hydroxylated, while the presence of 
carbonate on NiO is ruled out by the absence of a corresponding C1s 
signal around 289 eV.

The O 1s spectra II and III are quite similar to those observed after 
exposure of Ni(111) to CO2 [12] in the mbar range, so that the formation 
of NiO is most likely caused by this gas. The peak at 531.2 eV is indeed 
explained by oxygen at defects according to Ref. [56]. For this reason 
even if H2O is present in amount comparable with CO2, we address the 
GS experiment as performed in H2 and CO2.

In the C 1s spectra, the centroid of the photoemitted lines shifts to 
higher BE. Spectrum II can be still described by including the same 
components used to fit the GC sample while spectrum III requires an 
additional component at 285.4 eV (thin red line in the central panel), 
that persists after pumping H2 away (spectrum IV).

After recording spectrum IV, the sample was kept in vacuum for 
several hours at RT and was eventually annealed in H2 pressure (with 
traces of CO2 and H2O). The resulting spectra are reported in Fig. 3.

Almost no changes occur in the O 1s and C 1s spectra until T~400 K 
(spectra I and II). Above this temperature, NiO (529.5 eV line) is 
promptly reduced (spectrum III) and disappears around 450 K (spectrum 
IV). In the corresponding C 1s spectra, the additional component at 
285.4 eV converts gradually into a mixture of strongly and weakly 
interacting graphene. The system can be described with the same com-
ponents used to describe the GC experiment (285.3 eV and the three 
times larger component at 284.3 eV) only above T = 400 K.

Fig. 2. GS experiment at SLS: Transformation of G upon exposure to slightly contaminated H2. XPS spectra of the O 1s (left), C 1s (center), and S 2p (right) 
regions recorded after G growth (spectrum I), during gas exposure (spectra II and III) and after evacuating the chamber (spectrum IV). Spectrum II started after 4 min 
exposure to H2 and lasted ≈11 min. The sample was kept under H2 for further 15 min and spectrum III was recorded eventually. 15 min later the chamber was 
evacuated, and spectrum IV was acquired. The data are shown in red while the black trace results from the fitting procedure. The data are normalized on the 
background at low BE for the different regions and upshifted for sake of clarity. Note the ten times magnification of the intensity of all S 2p spectra. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Further information can be obtained from the analysis of the Ni 2p 
region, which will be presented in the discussion section.

3.2. Theoretical results

To clarify the observed evolution of the C 1s spectra in both GC and 
GS experiments and to accurately assign the different C species identified 
during the fitting procedure, we performed DFT calculations on model 
systems representing the hydrogenated G/Ni interface.

In the GC scenario, two types of carbon atoms, C fcc and C top, can 

undergo hydrogenation. Our calculations show that C fcc is energetically 
favored by ≈ 0.7 eV. When hydrogenated (Fig. 4a - 1Hfcc/G/Ni), the C 
atom bonded to H undergoes pyramidalization, indicating a change in 
hybridization from sp2 to sp3. This explains why C fcc atoms are more 
prone to hydrogenation, since they exhibit weaker interaction with the 
underlying Ni atoms. Conversely, rehybridization of C top atoms is less 
favorable, as it would decrease their interaction with the metal.

When adding a second H atom (2Hfcc/G/Ni), we find no difference in 
energy whether the two atoms are close together or far apart, as long as 
they occupy the same sublattice (i.e. fcc). Then, we increased the 

Fig. 3. GS experiment: Reduction of NiO by H2. XPS spectra (I-IV) are recorded under the same conditions as for the experiments of Fig. 2 for the O 1s (left) and C 
1s (right) lines. Spectrum I was recorded after 6 min exposure while raising the pressure to 0.2 mbar; spectrum II started 12 min after the end of spectrum I; spectrum 
III started after further 12 min and spectrum IV after further 21 min. The initial and the final temperature while recording each spectrum is shown.

Fig. 4. Ball-and-stick model of DFT optimized structures (top and side view) of hydrogenated models of G/Ni. H adsorption on a-b) G, c) Ni, and d) interstitial 
octahedral sites within Ni. Non-equivalent C atoms, which are considered for the CLS values reported in Table 1, are highlighted with colored circles, as detailed in 
the legend below. Color coding: Ni atoms are rendered in grey; C atoms in black; H atoms in white. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.)
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coverage up to 9 H atoms, which corresponds to a full hydrogenation of 
the fcc sublattice given the size of our supercell model. In terms of en-
ergetics, the adsorption energies per H atom (ΔEH, defined in the 
Computational Detail Section 2.2) are − 0.04, − 0.04, − 0.03, and +0.16 
eV for one, two, three, and nine H atoms, respectively. Considering the 
entropic cost associated with H2 dissociation and adsorption, these re-
sults indicate that achieving high coverages is highly unlikely. Conse-
quently, we expect that hydrogenation will primarily lead to the 
formation of isolated C–H bonds involving C atoms in the fcc position.

Based on these model structures, we computed the CLSs of the 
various carbon atoms, as shown in Table 1.

CLS values for hydrogenated systems are referenced to the carbon 
atoms of the G/Ni system (set as 0) in corresponding position (i.e. top or 
fcc).

The simulations show that at low H coverage (1Hfcc/G/Ni) the core 
level shift is positive (+0.49 eV) for the fcc C bound to H (C fcc-H, 
highlighted in green in Fig. 4a, addressed as G hyd in the following) while 
it is negative for the first neighbor C atom (Ctop, highlighted in red in 
Fig. 4a, addressed as G hyd 1st in the following). The effect of hydroge-
nation appears to be predominantly local, as evidenced by the absence of 
change in the CLS value when considering the second neighbor C atom 
(Cfcc, highlighted in orange in Fig. 4a, referred to as Ghyd 2nd hereafter).

As the hydrogen coverage increases, the core level shift of G hyd, 
initially positive, decreases (2Hfcc/G/Ni in Fig. 4b), nearly vanishes for 
3Hfcc/Gr/Ni, and eventually turns negative at higher hydrogen coverage 
(9Hfcc/Gr/Ni).

The core-level shift of the neighboring non-hydrogenated C top atom 
(Ghyd 1st) becomes slightly more negative while the core-level shift of the 
Ctop atom between two hydrogenated C atoms (Ghyd 1st_2H, highlighted in 
yellow in Fig. 4b, present only at higher coverage) becomes more and 
more negative as the H coverage increases.

Such theoretical predictions are in very good agreement with 
experimental findings obtained by using atomic H [27] and can thus be 
safely used for the assignment of the experimental spectra of the present 
experiment.

We also calculated the dissociation barrier for H2 on free standing 
and Ni(111) supported G. As shown in Fig. 5, dissociation of H2 on free 
standing G is largely endothermic (by +1.81 eV), with a dissociation 
barrier of 4.27 eV (blue line); vice versa, dissociation of H2 on G/Ni(111) 
is slightly exothermic (− 0.04 eV) and the barrier is reduced to 1.96 eV 
(red line).

Note that the lowest energy hydrogenation products differ between 
the free-standing and Ni(111)-supported cases. In the free-standing case, 
hydrogenation occurs on two adjacent C atoms from different C sub-
lattices. In contrast, in the Ni(111)-supported case, hydrogenation in-
volves two neighboring C atoms within the same fcc sublattice.

4. Discussion

Following the outcome of the DFT calculations, we fitted the C 1s 
spectra of Fig. 1 with the Ni2C (283.4 eV) and strongly interacting 
graphene (284.7 eV) components and with two additional contributions 
at 285.3 eV and 284.3 eV in 1:3 intensity ratio. These last components 
consider the presence of hydrogenated graphene in the low H coverage 
limit, according to the calculated CLS, and allow to obtain a good fit. We 
can therefore safely assign the peak at 285.3 eV to hydrogenated G at fcc 
sites (Ghyd) and the peak at 284.3 eV to graphene atoms in the 1st 
neighboring sites of hydrogenated C (Ghyd 1st). The area of the Ghyd peak 
is 0.06 of the total G area, indicating that 6 % of the C atoms in the G 
layer are hydrogenated and confirming the validity of our computa-
tional model.

The alternative assignment of the peak at 285.3 eV to intercalated CO 
is excluded because: i) CO should de-intercalate upon annealing to 353 K 
[52] while the intensity of the feature at 285.3 eV increases at least up to 
457 K (Fig. 1); ii) the O 1s spectrum shows only a minor increase in 
intensity at the expected BE for bridge and on-top CO (531.0 eV and 
532.2 eV [4,52]– see also Fig. S2 and relative discussion in the SI).

We can therefore safely conclude that the full monolayer G on Ni 
(111) is partly hydrogenated.

Based on XPS data, we cannot rule out either that some H ends 
subsurface, since this would not lead to a detectable change in the CLS, 
or that some H2 intercalation occurs. This latter effect must be small but 
present. In fact, significant intercalation would cause some detachment 
of the G adlayer, corresponding to the appearance of a C 1s component 
with a negative CLS of around − 0.7.eV (see Table 2 below), contrary to 
experimental evidence. On the other hand (Fig. S3), the normalized 
intensities of the components assigned to hydrogenated G and to its first 
neighbor increase after evacuation of the H2/CO mixture at 457 K. This 
probably indicates that some H adsorbed on Ni(111) under G detaches 
from Ni and hydrogenates G. Therefore, our data suggest that interca-
lation of H2 and dissociation at Ni sites is not the dominant path for H2 
molecules, although it must be present in small amount.

Upon annealing to 823 K (Fig. S3) the H coverage decreases, as 
previously reported in experiments where hydrogenation was per-
formed with atomic H [27].

Pozzo et al. previously estimated the adsorption energy ΔEH to be 
approximately − 2.4 eV for a single H atom on G and approximately 
− 2.1 eV for H on Ni(111) under G [57]. Such values are compatible with 
ours considering that our calculations are referenced to gas-phase H2 
(dissociation energy of 4.52 eV) and not to atomic H. Therefore, hy-
drogenation of G on the vacuum side is slightly exothermic while 
dissociation under G is slightly endothermic. Consequently, it is ener-
getically possible for H2 to intercalate, dissociate at the Ni(111) surface 
and then hydrogenate G. However, our study shows that, although 
present, this is not the main path for reacting H2.

We demonstrate here that direct dissociation of H2 at G is also 
possible.

The large reduction of the activation barrier for H2 dissociation on G 
supported on Ni(111) (from 4.27 eV for freestanding G to 1.97 eV - see 
Fig. 5) indicates that the presence of the Ni substrate can significantly 
affect the reactivity of the graphene layer. Our NAP experiment in the 
mbar pressure range is in the middle of the gap between UHV studies 
(for which no hydrogenation was observed after several thousands 
Langmuir of H2 exposure [58] and high-pressure studies (some hydro-
genation was observed for exfoliated G upon exposure at a pressure of 
24 bar [28]). Coherently, the value of the reduced barrier (1.97 eV) is 
high enough to explain previous experimental results both in UHV and 
in catalytic conditions. However, an even lower barrier for H2 dissoci-
ation of the order of ≈1 eV would be necessary to account for the 
attained coverage on a perfect G/Ni(111) layer. This discrepancy is 
easily justified considering that in a real experiments supported G is not 
exactly flat (as in DFT simulations) but can present bended areas (e.g. 
above steps on the substrate), edges of domains and point defects where 

Table 1 
Theoretically calculated core level shifts (ΔCLSs) with respect to strongly 
interacting G (G/Ni) for different H coverage on graphene (nHfcc/Gr/Ni). CLS 
values for all systems have been calculated with respect to a non-interacting CH4 
molecule added to each system (as described in the Method section).

ΔCLS (eV)

G/Ni C top 0
C fcc 0

1Hfcc/G/Ni G hyd +0.49
G hyd 1st − 0.47
G hyd 2nd − 0.02

2Hfcc/G/Ni G hyd +0.36
G hyd 1st − 0.53
G hyd 1st_2H − 0.91

3Hfcc/G/Ni G hyd +0.09
G hyd 1st − 0.57
G hyd 1st_2H − 0.95

9Hfcc/G/Ni G hyd − 1.14
G hyd 1st_3H − 1.97
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the dissociation barrier can be lower than 1.97 eV. Moreover, the larger 
H coverage attained at the same H2 pressure for the GS experiment (see 
the following - presenting NiO patches and different kinds of G, hence 
having an overall higher defectivity) and the fact that graphene grown 
by CVD is more effectively hydrogenated than exfoliated one [28] are 
well explained in this frame.

Alternatively, the dissociation barrier can be significantly lower for 
vibrationally excited molecules [59]: in our conditions we can estimate 
that at 457 K the probability to have vibrationally excited H2 molecules 
in the υ = 1 state is of the order of ≈10− 6 so that at a pressure of 1 mbar 
each atom is hit every second by one vibrationally excited molecule.

In the presence of S contamination and, hence, of an incomplete and 
defective G layer (Fig. 2), the situation is more complex. The layer 
consists now of different C species, reasonably arranged in relatively 
small domains. The C 1s spectra of Fig. 2 can be fitted neither with the 
same fitting parameters used for the GC sample nor with components 
corresponding to the predicted CLS for higher hydrogen coverage (see 
Table 1). Therefore, the additional component at 285.4 eV (red 
component in Figs. 2 and 3) cannot be assigned to hydrogenated non- 
defective G.

On nano porous graphene [60], a contribution at around 285.3 eV in 
the C 1s spectrum becomes prominent after exposure to atomic deute-
rium, and it is assigned to sp3-like distorted bonds. C 1s maps show an 

increase in the high energy tail (and thus an increased sp3 intensity) 
close to pores [61]. Our spectra could therefore indicate the presence of 
hydrogenated C atoms at G defects. Such an assignment would also 
agree with previous experiments on carbon nanotubes, for which hy-
drogenation leads to the appearance of a broad contribution between 
285 and 286 eV in the C 1s region [62].

As possible alternative assignments, we considered the formation of. 

a) Top-hcp graphene domains on hydrogenated Ni atoms;
b) Graphone or graphane;
c) Isolated CHx species;
d) CO, methoxy or other O containing species;

However, all these hypotheses are discarded since. 

a) We performed DFT calculations to investigate the hydrogenation of 
both surface and subsurface Ni. Starting with the top-fcc registry and 
gradually increasing the coverage up to 9 H atoms, we identified the 
preferential adsorption sites to be the fcc hollow for hydrogenation 
on top of Ni and the octahedral interstitial sites for hydrogenation in 
the Ni subsurface region. In the former case (Fig. 4c), G decouples 
from Ni due to the intercalated H atoms, while in the latter case 
(Fig. 4d), the G-Ni vertical distance remains unchanged. This dif-
ference in the geometrical structure reflects a change in the inter-
action between G and Ni. Indeed, when H chemisorbs on the Ni 
surface, it becomes negatively charged, taking electron charge den-
sity from the Ni (see Fig. S4a). Consequently, this results in the lifting 
of the graphene layer (from 2.1 Å to 3.7 Å), shifting its doping level 
from n-doped (G/Ni) to neutral (G/nH/Ni). As a result of this 
decoupling, carbon (C) atoms of the graphene layer situated above 
the hydrogenated Ni experience a negative core-level shift (CLS) 
compared to G/Ni (Table 2), which is incompatible with the exper-
imental binding energy (BE) of 285.4 eV, corresponding to a positive 
core-level shift. 

When hydrogen occupies octahedral sites in the Ni subsurface 
layer, the interaction between G and Ni remains almost unaffected 
(as evidenced by the unchanged atomic charge on G in Fig. S4b). As a 
result, the core-level shift (CLS) values do not change compared to 
the pristine case (as shown in Table 2). Therefore, this possibility 

Fig. 5. Side views: Configurations for the initial state (H2, phys), the transition state (TS), and final state (2 H ads) configurations for H2 dissociation on top of (a) free- 
standing G and (c) G/Ni(111). (right). The corresponding energy profile of the three states (as obtained through a CI-NEB calculation) for H2 dissociation is reported 
in panel (b). The free-standing graphene and Ni(111)-supported graphene cases are shown in blue and red, respectively. Color coding: Ni atoms in grey, C atoms in 
black, H atoms in white. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 2 
Theoretically calculated core level shifts for G on hydrogenated Ni (ΔCLSs) with 
respect to the strongly interacting G (G/Ni) system for different H coverage on 
graphene (Gr/nH/Ni). CLS values for all systems have been calculated with 
respect to a non-interacting CH4 molecule added to each system (as described in 
the Method section). The two values reported for each configuration refer to the 
C atom in the fcc and top positions, respectively.

ΔCLS (eV)

G/Ni 0/0
Fcc G/2H/Ni − 0.73/-0.59

G/3H/Ni − 0.75/-0.61
G/9H/Ni − 0.76/-0.65

Int G/2H/Ni − 0.02/-0.01
G/3H/Ni − 0.02/-0.07
G/9H/Ni − 0.14/-0.14
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must also be excluded. We also considered that hydrogenation may 
change the G-Ni registry from top-fcc to top-hcp. However, the sit-
uation remains unchanged both qualitatively and quantitatively, 
with the CLSs being in perfect line with the values computed for the 
top-fcc system.

b) At variance with the outcome of our experiment, graphone has a C 1s 
peak at 284.3 eV [63] and graphane has two C 1s peaks of compa-
rable intensity at 284.7 eV and 285.3 eV [27,64].

c) The peak at 285.4 eV cannot be assigned to isolated CHx species since 
they were identified with peaks at lower BE (~285.0 eV for CHx and 
284.3 eV to CH) by Degerman et al. [65]. Moreover, these species 
were produced at a ~100 times higher pressure than in the present 
experiment, i.e. under conditions for which methanation is definitely 
more likely to occur. Finally, Ceyer and coworkers [66] demon-
strated that CH3 dissociates on Ni(111) below room temperature in 
UHV, leading to CH formation. On the contrary, the species with BE 
285.2–285.4 eV persists after evacuating the chamber (spectrum IV 
in Fig. 2, central panel) and even increases while remaining in vac-
uum (spectrum I in Fig. 3) with the sample at RT.

d) Finally, the peak at 285.4 eV cannot be ascribed to CO or other ox-
ygen containing species such as methoxy or graphene oxide, since its 
increase is not correlated to any O 1s component (see Fig. 2 and left 
panel of Fig. S5 in SI). Indeed, CO at bridge or multi-coordinate 
positions [12] is characterized by an O1s component around 531 
eV, while on-top CO presents an O 1s line at 532 eV. If the 285.4 eV 
peak were related to this last species, the 532 eV intensity would be 
expected to be much larger, considering the cross sections for O 1s 
and C 1s photoemission at hν = 742 eV. Indeed, the O 1s spectrum is 
almost unaffected by the formation of the 285.4 eV moiety, except 
for the appearance of minor peaks at 531.9 eV and 533 eV (see 
spectrum IV in Fig. 3), that we assign to traces of carbonates [67] and 
water, respectively. The alternative possible assignment of the peak 
at 531.9 eV to CO at on-top sites (with a partner C 1s line at 285.8 eV, 
that could be present in the tail of the main C 1s line) is less 
convincing since CO adsorption on Ni is expected to be poisoned by 
the S-contamination (see right panel of Fig. 2).

H at G defects would not show up in our DFT simulations based on a 
well-ordered single layer of G, while the surface in the GS experiment 
has coexisting G and Ni oxide/hydroxide patches and presents, at least 
initially, a S contamination.

We further note that. 

1) since the dominant peak in spectrum IV of Fig. 2 is above 285 eV, 
oxidized Ni is not covered by G; the C 1s BE of G on NiO should be 
indeed the one of weakly interacting G [55], contrary to experi-
mental evidence;

2) strongly interacting G/Ni(111) coexists with the 285.2–285.4 eV 
moiety.

We can thus conclude that, during exposure to H2 (spectra II and III), 
our surface consists of patches of strongly interacting graphene and of Ni 
oxide and/or hydroxide. Our tentative picture is that the G edges close to 
NiO are easily hydrogenated and give rise to the sp3 peak. The decrease 
of the 285.4 eV species when NiO starts to be reduced (Fig. 3) supports 
this explanation.

Finally, we assign the peak at 533 eV to water contamination. The 
alternative assignment to physisorbed CO2 under the G sheet is excluded 
since no companion feature at 291 eV is present (see Fig. 2) and since the 
peak persists upon evacuation of the experimental chamber with the 
sample at room temperature (RT), at variance with the behavior previ-
ously observed in Refs. [4,32].

Inspection of the S 2p region shows that initially (Fig. 2, spectrum I) 
some Ni sulfide (BE at 161.2 eV and 162.8 eV [68]) is present. When 
graphene starts to form, a second, weaker doublet appears at higher BE 
(blue line in the same panel), compatible with the one reported for S 

doped G (S 2p3/2 line at 163.9 eV [69]). Therefore, we assign it to traces 
of S bound to C, indicating a slight S-doping of the graphene layer.

The presence of S favors the formation of less strongly interacting G 
(see spectrum I in Fig. 2) with respect to strongly interacting one, in 
qualitative agreement with recent findings that indicate a weakening of 
graphene-substrate interaction in presence of S [22].

We believe, however, that the higher H coverage attained starting 
with the initially S contaminated sample is due to the presence of NiO 
and not directly to sulfur for the following reasons. 

a) as apparent from Fig. 2 when the amount of sp3 is largest (spectrum 
III) sulfur has already decreased due to interaction with H2;

b) NiO has a larger lattice spacing than Ni(111) [70] so that coexisting 
G patches are expected to be corrugated and thus more conducive to 
H2 dissociation [71] than unstrained G.

To gain a more quantitative understanding of the experiment, we 
report in Fig. 6 the coverage of the different components while 
annealing the GS sample in H2. To allow for a straightforward com-
parison of the data, the areas obtained by the fits were corrected for the 
different attenuation of the C 1s and O 1s intensities at hν = 742 eV (see 
Fig. S1) and divided by the expected excitation cross section [72]. This 
analysis indicates that the total amount of carbon initially present at the 
surface is about twice the total amount of oxygen.

The transmission function of the photoelectron analyzer is close to 
constant in the measured kinetic energy range, with a possible error of at 
most ±20 % between the C 1s and O 1s signals.

An absolute calibration of the coverage as done in Ref. [32] is not 
feasible in the present case since G is not likely to cover the whole 
surface.

Analysis of the O 1s components (left panel of Fig. 6) indicates that 
both NiO and carbonates disappear around 423 K. OH decreases in the 
same temperature range, but it does not vanish. This observation is in 
line with the one of Salmeron and coworkers [12], who studied the 
reduction of NiO on bare Ni(111) by CO2 under NAP conditions.

The right panel in Fig. 6 reports the thermal evolution of the C 1s 
components. It shows that the disappearance of the sp3 carbon is clearly 
correlated with the removal of the NiO and with the reduction of NiOH 
patches. This leaves space for the growth of G and carbide. Hydroge-
nation of these new G areas contributes to the increase of Ghyd. The 20 % 
decrease of the total C intensity at high T can be due, at least partially, to 
the slight increase of carbide, which has a lower carbon density than 
graphene; however, it is reasonable that such a decrease is over-
estimated, since the coverage is obtained from the areas without cor-
recting for the change in the position of the sample or the flux.

The fraction of the surface covered by G and by oxidized/hydroxi-
lated Ni can be estimated from the analysis of the Ni 2p line recorded 
before and after reduction with H2 (see Fig. 7). We fitted the spectra by 
using the three major components both for Ni and for NiO, as reported in 
Ref. [73], and fixing the BE and the spin-orbit split according to litera-
ture values. Table 3 shows the resulting areas (normalized to the back-
ground at the low BE side of the spectra) for the different components 
before and after reduction.

In principle, also contributions from Ni hydroxide could be present. 
However, the main lines of Ni(OH)2, NiOOH and NiO are very close in 
BE (at BE = 855.3 eV, 855.8 eV and 854.7 eV, respectively [74]) and 
hardly resolvable in our spectra. Therefore, we consider that the NiO 
envelope is representative of both Ni oxide and hydroxide species. The 
validity of this approximation is supported by the results reported by 
Marcus et al. [70], who exposed a NiO/Ni(111) film at 300 K to 150 L of 
water vapor. Almost no change in the Ni 2p spectrum is observed after 
exposure, despite an evident increase of the OH-related line at BE =
531.4 eV in the O 1s region.

In the present experiment, 75 % of the probed Ni atoms are in the 
form of Ni oxide/hydroxide before reduction, while such percentage 
reduces to 21 % after reduction. Inspection of the O 1s spectrum 
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indicates that about 40 % of this amount is due to NiO and the remaining 
60 % is due to hydroxylated Ni. Furthermore, the former spectrum looks 
intermediate between those reported in literature for 0.7 ML and 1.5 ML 
NiO thin films grown on Ag(100) [75], indicating that NiO covers a 
significant fraction of the surface. However, it was demonstrated that 
during oxidation of Ni(111) fast nucleation with lateral growth of 2 ML 
thick NiO patches occurs [76], so that we expect that initially less than 
75 % of the surface is covered by Ni oxide/hydroxide.

On the other hand, from Fig. 6 the estimated C/O ratio is 2.3 before 

reduction. The actual amount of carbon can be obtained by comparing 
the C 1s intensity in the GS and GC experiments. For the GC experiment, 
it is possible to estimate that G covers ≈80 % of the surface and Ni2C 
covers 20 % [4], corresponding to a G coverage of the order of ≈1.6 ML 
(in ML of Ni(111)). Scaling the corresponding normalized intensity and 
correcting for the different cross sections in the GC and GS experiment 
(which is 1.5 times larger at 650 eV than at 742 eV [72]), we estimate 
the C coverage to be ~ 0.8 ML (spectrum I in Fig. 2) after C2H4 exposure 
and to increase to 1.14 ML (spectrum I in Fig. 3) before reduction with 
H2. As apparent from Fig. 6, before reduction ≈0.04 ML of C is in the 
form of Ni2C while the remaining ≈1.1 ML is in the form of clean or 
hydrogenated G or of sp3-hybridized C. Recalling that in the Ni2C 
patches there is one C atom every two Ni atoms while in graphene the 
ratio is 2:1, it is reasonable to conclude that Ni2C covers at most 8 % of 
the surface and that ~55 % of the surface is covered by G in its different 
forms. The remaining 37 % of the surface consists of Ni oxide/hydr-
oxide. Considering the experimental errors in the fitting procedure, this 
coverage is compatible both with the C/O ratio estimated in Fig. 6 and 

Fig. 6. Temperature dependence of the coverage during the reduction of the GS sample. Left panel: O 1s components; right panel: C 1s components. The 
coverage is reported in arbitrary units since a reliable absolute calibration is not feasible (see text).

Fig. 7. Ni 2p line before (lower spectrum) and after (upper spectrum) reduc-
tion. Spectra are recorded with hν = 1065 eV. The green line indicates the 
metallic contribution while the three blue ones indicate the NiO components 
according to Ref. [73]. The data are normalized on the low BE side of the 
spectrum. An additional peak at 866.3 eV was necessary to properly fit the 
spectrum after reduction. Its assignment is not obvious but its intensity amounts 
to only 2 % of the total Ni 2p intensity and thus does not affect our conclusions. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.)

Table 3 
Areas of metallic Ni components and oxidized Ni components as resulting from 
the fitting of Fig. 7. The lower total intensity of the Ni 2p before reduction most 
likely arises from changes in the position of the sample.

Binding 
energy (eV)

Normalized intensity 
before reduction

Normalized intensity 
after reduction

Metallic Ni 852.7 2.35ˑ105 9.93 ˑ105

856.2 0.17 ˑ105 7.20 ˑ105

858.6 0.45 ˑ105 1.87 ˑ105

Oxidized Ni 853.6 1.26 ˑ105 0.77 ˑ105

855.3 3.97 ˑ105 2.41 ˑ105

860.8 3.06 ˑ105 1.85 ˑ105

866.4 0.35 ˑ105 0.19 ˑ105

864.1 0.31 ˑ105 0.18 ˑ105

866.3 0 0.52ˑ105

Total 
metallic Ni

 2.97 ˑ105 19.77 ˑ105

Total NiO  8.95 ˑ105 5.4 ˑ105

NiO fraction  0.75 0.21
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with the information derived from Ni 2p spectra that 75 % of the probed 
Ni atoms are in the form of Ni oxide/hydroxide, admitting that most of it 
is organized in bilayer islands.

By comparing the area of the S 2p and of the C 1s peaks, it is also 
possible to estimate the initial coverage of S, which is about 4 % of the C 
coverage present at the surface.

5. Conclusions

We have investigated the hydrogenation of G following exposure to 
methanation mixtures (CO or CO2 + H2O in large excess of H2) at a total 
pressure of 1 mbar by Near Ambient Pressure XPS.

The different components of the C1s line have been assigned by using 
core-level shifts obtained with ab-initio methods for hydrogenated 
graphene.

For a full and non-defective G monolayer, a relatively low H 
coverage is attained, in good agreement with previous results obtained 
using atomic H [27] and with our DFT calculations. The presence of the 
Ni substrate makes H2 dissociation at G slightly exothermic and reduces 
the H2 dissociation barrier to 1.97 eV. Further reduction is probable for 
G carbon atoms at bent sites on Ni steps.

In the presence of sulfur contamination, on the contrary, the C layer 
consists of a mixture of nickel carbide, dissolved carbon and weakly 
interacting G. Exposing such a surface to H2 with traces of CO2 an 
incomplete G layer mixed with NiO–NiO–H patches is obtained.

The attained H coverage is then significantly larger than for a full, 
non-defective G monolayer, as indicated by the presence of a strong sp3 

component around 285.4 eV in the C 1s spectrum. The higher H 
coverage on G attained in the presence of NiO patches can be explained 
by the lower adsorption energy of H at Ni–NiO interfaces, which makes 
adsorption at G energetically viable [77], and/or by the higher defec-
tivity of the G layer, which might further reduce the activation barrier 
for H2 dissociation.
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E. Zupanič, S. Fiori, L.L. Patera, M. Panighel, S. Bhardwaj, Z. Zou, G. Comelli, 
C. Africh, C. Cepek, C. Di Valentin, M. Peressi, Tuning graphene doping by carbon 
monoxide intercalation at the Ni(111) interface, Carbon N Y 176 (2021) 253–261, 
https://doi.org/10.1016/j.carbon.2021.01.120.
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