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 A B S T R A C T

The initial stage of the interaction of water molecules with graphene supported on Ni(111) was studied by 
combining electronic, structural and scanning probe microscopy techniques with theoretical calculations. We 
demonstrate the occurrence of dissociative water adsorption at the basal plane of graphene, which renders the 
surface evenly covered by H atoms, whereas the OH counterparts are somehow removed from the graphene 
surface. Density functional theory calculations show that water splitting on Gr/Ni(111) is an endothermic 
process and becomes exothermic when occurs close to pre-adsorbed H atoms or in correspondence of C 
vacancies. However, the dissociation energy barrier for uni-molecular dissociation becomes compatible with a 
reasonable reaction rate at room temperature only when it takes place in correspondence of Ni atoms trapped 
at the C vacancies during Gr growth. On the other hand, due to the limited number of single Ni atoms catalysts 
in the Gr layer, it seems reasonable that collective adsorption processes or autocatalytic dissociative reactions 
are largely responsible for the extensive water dissociation observed experimentally.
1. Introduction

A smart strategy to advance both hydrogen production and storage 
aims at developing dedicated nanomaterials, featuring a wide variety of 
morphological structures in comparison to their bulk counterpart and 
a high specific surface area that expands the storage capacity [1]. Al-
though graphene (Gr) could play a dominant role in this field, actually 
its use is limited by its chemical neutrality, which often makes it neces-
sary to add heteroatoms (B, N, S, and P) and functional groups and/or 
create structural defects [2,3] to tune the local charge distribution 
and induce some reactivity. Such lattice manipulation could enable the 
direct use of graphene as catalyst for water splitting, since the resultant 
areas of unbalanced charges help overcome its intrinsic hydrophobic 
nature. Also the close interaction with a metal support responsible 
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for a strong charge transfer could lead to the formation of a dipole 
layer capable of catalyzing chemical reactions, and, in this respect, 
the Gr/Ni(111) interface has often been reported as one of the most 
reactive Gr/metal systems [4–6]. The Gr-Ni(111) equilibrium distance 
(2.09–2.17 Å) [7–9] on one hand is large enough to maintain sufficient 
flexibility in the Gr layer to bind adsorbates [10] and on the other 
hand is small enough to determine measurable hybridization/charge 
rearrangement [11] due to the electron injection into the graphene 
layer [10].

Recently, it was demonstrated that it is possible to achieve water 
dissociation at room temperature (RT) at the surface of Ni single 
crystals covered by graphene monolayers [12]. If the Gr/Ni(111) in-
terface is exposed to water doses high enough to have intercalation 
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below graphene, a part of the intercalated water molecules dissociate. 
The H atoms remain stored in the system and are released as H2 at 
temperatures of the order of 450 K. It is worth pointing out that on the 
bare Ni(111) surface water adsorbs molecularly at temperature below 
150–170 K, might split in the presence of predosed O or OH or under 
the action of electron beams [13,14], but requires vibrational excitation 
to dissociate when impacting the Ni surface at RT [15]. Therefore, the 
presence of graphene seems to be indispensable to achieve RT water 
splitting. In the experiment reported in Ref. [12], after the exposure to 
water, the Gr layer resulted extensively lifted by both intact molecules 
and their fragments. For this configuration, density functional theory 
(DFT) calculations showed that the dissociation of intercalated water 
is facilitated by the presence of Stone–Wales defects in the Gr lattice, 
which render the molecular dissociation in the space between Gr and 
the Ni support exothermic. However, this study [12], which was fo-
cused on the late reaction stage, did not address the key-question, that 
is whether the Gr/Ni(111) interface itself possesses intrinsic catalytic 
activity towards water splitting.

In this study we combined x-ray photoelectron spectroscopy (XPS), 
thermal programmed desorption (TPD), surface x-ray diffraction and 
scanning tunneling microscopy (STM) measurements to investigate the 
early stage of the interaction between water molecules and Gr/Ni(111). 
Our aim was to achieve a complete definition of the surface reactions 
leading to hydrogen production and a more precise identification of the 
ambient conditions which trigger water dissociation on Ni-supported 
Gr. We experimentally identified the intrinsic activity of the Gr/Ni 
interface by revealing the hydrogenation of the Gr layer, consequent 
to the dissociative water chemisorption. Structural measurements and 
microscopy imaging were used to establish that the splitting reaction 
occurs on the basal plane of the graphene surface. Then, we used DFT 
calculations to determine the adsorption energy of intact water and 
of its fragments on Gr/Ni(111) and the energetics of the dissociation 
reactions of single water molecules in different interface configurations.

2. Methods

2.1. Experimental section

The XPS and TPD experiments were performed at the SuperESCA 
beamline of the synchrotron radiation source Elettra (Trieste, Italy). 
The Ni(111) crystal was mounted on a manipulator capable of pro-
viding a precisely controlled rate of sample heating and cooling. The 
temperature was measured by means of a thermocouple spot-welded on 
the side of the disk-shaped Ni crystal. Surface cleaning was carried out 
by repeated sputtering cycles at 1 keV followed by annealing up to 1020 
K. The sample quality was checked by means of low-energy electron 
diffraction (LEED) and by verifying that the spectral features relative 
to C and O contaminants were absent in the XPS spectra. Graphene 
was grown by dosing ethylene at 5 × 10−7 mbar onto the Ni(111) 
surface kept at 870 K. The growth was monitored on line by fast 
XPS spectroscopy of the C 1s core level. The achievement of complete 
coverage of the Ni substrate by the Gr monolayer was ensured by pro-
longing the exposure to ethylene well beyond the saturation of the C1s 
spectrum intensity, to fill eventual C vacancies not detectable by XPS. 
The Gr/Ni(111) surface was dosed by letting water flow in the ultra-
high vacuum chamber at a pressure of 5 × 10−4 mbar. The samples 
was exposed to water at room temperature up to a total dose 𝑤𝑑 of 
7.3 ML (1 ML = 106 Langmuir = 1.33 mbar s). During sample dosing 
the vacuum gauge was kept off to exclude any eventual contribution of 
the hot filament to water splitting. Adsorbate coverage on graphene is 
given in monolayers, where 1 MLGr = 3.82 × 1015 atoms/cm2, which is 
the atomic surface density of graphene. High resolution O1s, C1s and 
valence band spectra were measured at photon energies of 650, 400 
and 100 eV, respectively. For each spectrum the binding energy (BE) 
was calibrated by measuring the Fermi level position of the Ni crystal. 
XPS measurements were performed with the photon beam impinging 
2 
at grazing incidence (70◦), while photoelectrons were collected at 
normal emission angle (0◦), both angles being considered with respect 
to the normal to the Ni crystal plane. The core level spectra were best 
fitted with Doniach-S̆unjić functions convoluted with Gaussians, and a 
linear background. The TPD data were recorded by a quadrupole mass 
spectrometer equipped with a quartz shield (‘Feulner cup’ [16]) with a 
sample-size opening. Before each measurement, the sample was placed 
in front of the cup, almost in contact with it, and was heated at a rate 
of 2 K/s.

Surface x-ray diffraction experiments were carried out in the UHV 
station of the SIXS beamline at the SOLEIL synchrotron radiation 
facility, Paris Saclay, using a photon energy of 18 keV. Sample cleaning, 
graphene growth and water dosing were carried out by following the 
same procedures described above. The surface chemical composition 
was determined by Auger electron spectroscopy. As reference system 
for the x-ray measurements we used the hexagonal surface cell of the 
Ni(111) face. Crystal Truncation Rods (CTRs) were measured along 
the surface normal direction L in units of c⋆ = 2𝜋/c, |𝑐| = 6.10 Å. 
Structure refinements were conducted using the ROD program based 
on a least–squares method.

STM measurements were carried out at the CoSMoS facility at 
Elettra Sincrotrone Trieste. Also in this case sample cleaning, graphene 
growth and water dosing were carried out by following the same proce-
dures described above. The images were acquired at room temperature 
with a SPECS STM 150 Aarhus instrument equipped with a W tip.

2.2. Computational methods

Calculations were carried out using spin polarized DFT as imple-
mented in the VASP code [17]. The systems were modeled with a 
slab with 5 layers of Ni in a 4 × 4 hexagonal supercell and a layer 
of 4 × 4 unit cells of graphene placed on top. The bottom three 
layers of Ni were kept frozen at their bulk geometry, with a lattice 
parameter of 2.492 Å. The rest of the system was fully relaxed using 
the rev–vdw–DF2 functional [18] until the largest residual force was 
less than 0.0015 eV/Å. We employed the projector augmented method 
(PAW) [19] using PBE [20] potentials. The plane wave cut-off was 
set to 400 eV, and the relaxations were performed by sampling the 
Brillouin zone using 2 × 2 × 1 k-point grids. Energy barriers were 
calculated using the nudget elastic band method [21] and 7 images. For 
the calculation we considered the Gr layer in the top-fcc configuration 
on Ni(111). The adsorption energy 𝐸𝑎 of a species 𝑋 (𝑋 = H, OH, H2O) 
adsorbed on Gr/Ni(111) is defined as
𝐸𝑎 = 𝐸𝑋∕Gr∕Ni − 𝐸Gr∕Ni − 𝐸𝑋

where E𝑋∕Gr∕Ni is the total energy of the relaxed 𝑋/Gr/Ni(111) system 
and EGr∕Ni and E𝑋 are the energies of the Gr/Ni(111) substrate and of 
the isolated 𝑋 species in the gas phase, respectively. Analogously, in 
the case of water dissociation, also in the presence of 𝑛 pre-adsorbed H 
atoms, the adsorption energy is defined as:
𝐸𝑎 = 𝐸𝑛H+(H+OH) − 𝐸Gr∕Ni −

𝑛
2
𝐸H2

− 𝐸H2O

3. Results and discussion

3.1. Characterization of Gr/Ni(111) exposed to water

Fig.  1a and b show the C1s and O1s spectra measured on the clean 
Gr/Ni(111) surface and after the exposure to increasing doses of H2O 
molecules at RT. The C1s spectrum taken on the clean sample (curve 
A in Fig.  1a) consists of a main component C0 at 284.82 eV, arising 
from the graphene layer strongly interacting with the Ni substrate, 
with the C atoms occupying predominantly three-fold (fcc but also hcp) 
and top sites on the Ni(111) surface [22]. The little shoulder S on 
the low BE side (284.44 eV) originates from a limited fraction of Gr 
regions where the interaction with the substrate is much weaker. This 
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Fig. 1. (a) C1s and (b) O1s core level spectra measured for the clean Gr/Ni(111) surface (curves A) and after the exposure to increasing quantities of water (curves B-G); (c) 
survey spectra measured after the heaviest water doses, namely 𝑤𝑑 = 6.0 ML (curve F) and 𝑤𝑑 = 7.3 ML (curve G). Note that H atoms are not detected by XPS; (d) valence 
band spectra measured on the clean Gr/Ni(111) surface and after 𝑤𝑑 = 0.02 ML; (e) Experimental curve (black dots), best fit curve (red line) and spectral components of the C1s 
spectrum measured for the Gr/Ni(111) surface dosed with 0.02 ML of water (see curve B in Fig.  1a). (A colour version of this figure can be viewed online.)
happens in regions rotated with respect to the (111) orientation of the 
Ni lattice [23,24] and/or lying on Ni carbide islands rather than on the 
crystal surface [25].

The exposure to a water dose 𝑤𝑑 = 0.022 ML determines strong 
modifications in the C1s line shape (curve B in Fig.  1a), with some 
spectral intensity appearing on the low and high BE sides of the main 
peak, which is itself significantly attenuated and shifted by −100 meV. 
Interestingly, the corresponding spectrum measured in the O1s region 
(curve B in Fig.  1b) does not show any signal due to chemisorbed water 
or its O-containing fragments. Much higher water doses are necessary 
to observe additional spectroscopic changes. Starting from 𝑤𝑑 = 1.9 ML 
the C1s spectrum shows the appearance of the peak C1 at ∼284.2 eV, a 
BE position typical for Gr detached from the Ni substrate [12,26–28]. 
Then, the component C1 can be taken as a fingerprint for the occurrence 
of adsorbate intercalation below Gr. Differently, in the O1s region some 
intensity above the background curve is revealed only after 𝑤𝑑 = 3.3 
ML (curve E in Fig.  1b). Upon heavier exposure to water, the growth 
of the O1s peak is accompanied by the increase of the C1 component 
intensity in the C1s spectrum, due to the formation of larger Gr regions 
decoupled from the substrate. However, even after the highest water 
dose of 7.3 ML, in the wide XPS spectra (ℎ𝜈 = 650 eV) the O1s 
intensity remains definitely negligible (see Fig.  1c) in comparison with 
the dramatic modification of graphene revealed by the C1s line shape. 
Note that at a photon energy of 650 eV the ratio between the O1s and 
C1s photoionization cross sections is higher than 2 [29,30].

The case of Gr/Ni(111) extensively lifted after water dosing was 
discussed in detail in Ref. [12] together with the trend followed during 
thermal annealing. This late stage, whose results were thoroughly 
confirmed in this experiment (see Figure S1), will not be discussed 
further.

It is intriguing to note that the C1s line shape measured for the 
sample exposed to a low water dose (curve B and C in Fig.  1a) is 
identical to that measured for the Gr/Ni(111) surface exposed to a low 
dose of H atoms at RT [27,31]. The spectrum reported in Ref. [27] is 
shown in Figure S2. The same strong similarity is observed between the 
corresponding valence band spectra: Fig.  1d shows that the interaction 
with H O leaves the Ni3d band almost unmodified but attenuates, 
2
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broadens and slightly down-shifts the 𝜎1 and 𝜋 bands of graphene, as it 
happens after the chemisorption of H atoms on Gr/Ni(111) (Figure S3). 
Hence, both C1s and valence band spectra indicate that the interaction 
between the Gr/Ni(111) interface and H2O molecules results in the 
bonding of H atoms to graphene, which implies the occurrence of water 
splitting. In light of these observations, as it is shown in Fig.  1e, the C1s 
spectrum measured for the sample exposed to 𝑤𝑑 = 0.02 ML (curve B in 
Fig.  1a) is best-fitted by using the same components identified for the 
H/Gr/Ni(111) surface (Figure S2) and attributed by DFT calculations to 
C atoms directly bonded to H atoms and to their first neighbors [27], 
in satisfactory agreement with the assignment reported in Ref. [31]. 
Therefore, C atoms directly bonded to H contribute to A2 (285.43 eV) 
(H monomers and dimers) and to A1 (285.05 eV) (H trimers or larger 
clusters), whereas graphene sites neighboring C–H bonds originate the 
B1 (284.32 eV) (neighbors of one and two C–H bonds) and the B2
(283.88 eV) (neighbors of three C–H bonds) components. As in the case 
of the clean Gr/Ni(111), non-hydrogenated C atoms are represented by 
the component C0 (284.71 eV), which, however, both for the sample 
exposed to atomic H and to water, is shifted by about −100 meV 
with respect to the pristine position, as a consequence of the charge 
redistribution in the whole Gr layer caused by hydrogenation [27]. As it 
has been noted above, the C1s line shape measured after 𝑤𝑑 = 0.02 ML 
remains stable when the dose is more than doubled, and then evolves 
with the appearance of the component C1, which subtracts intensity 
from all other components. Hence, the coverage of chemisorbed H 
saturates at the value reached after the first water dose, which, from 
the cumulative spectral weight of the components A1 and A2 (Fig.  1e) 
both due to C–H bonds, can be estimated to be ∼0.25 MLGr . Likely, 
once the maximal coverage of H chemisorbed on Gr/Ni(111) is reached, 
the impinging water molecules react with the functionalized surface 
leaving the average number of H atoms bonded to Gr unaltered.

The occurrence of Gr hydrogenation is further proved by the evolu-
tion of the C1s spectrum measured while heating the sample and by the 
corresponding TPD curves, shown in Fig.  2a and b, respectively. Fig.  2a 
displays the integrated intensity of the C1s components as a function 
of the sample temperature.
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Fig. 2. Thermal evolution of the Gr/Ni(111) surface exposed to a water dose 𝑤𝑑 =
0.02 ML: (a) integrated areas of the C1s components (see Fig.  1e) and (b) TPD curves 
as a function of the annealing temperature.

It comes out that the A1 and B1 peaks start to convert into C0 around 
580 K, which is the typical temperature at which the H2 molecules, 
formed after the recombination of two H adatoms, desorb both from the 
hydrogenated graphite [32] and graphene/Ni [27]. Accordingly, the 
TPD curve shown in Fig.  2b indicates that the release of H2 molecules 
in the gas phase initiates around 580 K [27]. As for the trend shown 
by the partial pressure of water in the TPD curve (Fig.  2b), only a 
smooth decay of the background signal is observed, which excludes 
any measurable specific desorption of water molecules from the sample 
surface, in agreement with their low adsorption energy on Gr/Ni(111), 
which will be discussed below.

The demonstration that water molecules are efficiently dissociated 
at RT without the need to get in direct contact with the Ni surface by 
intercalating below Gr is provided by x-ray diffraction measurements. 
The structural modification occurring in the Gr/Ni(111) interface ex-
posed to water molecules was determined by comparing the specular 
crystal truncation rods (CTRs) measured on the clean Ni crystal and 
on the Gr/Ni(111) substrate before and after the exposure to 𝑤𝑑 =
0.2 ML. The experimental CTRs plotted in Fig.  3 show the structure 
factor (SF) as a function of L, the momentum transfer perpendicular to 
the surface expressed in reciprocal lattice units (r.l.u.). The simulated 
curves obtained in each case are also shown. For the Ni crystal, the 
experimental data were fitted according to a 111-oriented fcc structure 
(a = b = 2.4890 Å, c = 6.1037 Å, 𝛼 = 𝛽 = 90◦, 𝛾 = 120◦) with 
a small outward relaxation in the top layer of 0.03 Å. The Gr layer 
grown epitaxially on the Ni crystal modifies the shape of the specular 
rod and shifts the minimum to L = 1.3. After the water dose, the 
distinctive CTR shape observed for the clean Gr/Ni(111) is smoothed 
and slightly shifted to higher L values. These curves were best-fitted 
by assuming the Gr layer in the top-fcc configuration on Ni(111). For 
plain Gr/Ni(111), the model that best reproduced the experimental 
CRT consists of a Gr layer lying at an average distance 𝑑 = 2.24 Å 
from the topmost Ni layer. After exposure to water, the CRT analysis 
4 
Fig. 3. Structure Factor (SF) as a function of L along the (00L) specular rod for clean 
Ni (111) (ottom curve), Gr/Ni (111) (middle curve), and Gr/Ni (111) exposed to 0.2 
ML of water (top curve). Continuous lines represent the corresponding simulated curves 
for each system.

reveals that Gr slightly approaches the substrate reducing the average 
Gr-Ni separation to 2.12 Å. In this case, the more rounded CRT shape 
indicates some structural disorder in the interface. The 𝑑 value we 
found for clean Gr/Ni(111), which is higher than the distance cal-
culated (2.09–2.17 Å) [7,8] for top-fcc Gr on Ni(111) and measured 
(2.088 Å) in Ref. [9], is likely due to the presence of domains differently 
orientated with respect to the top-fcc configuration, and therefore lying 
at larger distance from the substrate [11,33] and/or to the presence 
of subsurface interstitial carbon in the Ni substrate [34]. After the 
exposure to water, the formation of C–H bonds shifts the C atoms 
directly involved in the bonding out of the Gr plane, which assume 
the 𝑠𝑝3 geometry, whereas the surrounding C–Ni bonds get reinforced 
and the Gr–Ni distance is somewhat reduced. For top-fcc Gr/Ni(111) 
covered by 0.25 MLGr of H, which is the saturation coverage estimated 
by XPS, the 𝑑 value found by DFT calculations remains basically 
unchanged with respect to clean Gr (see Figure S4 and Ref. [35]). The 
CTRs in Fig.  3 indicate that 𝑑 changes by −0.12 Å in the water dosed 
sample, which can be explained by considering that, in the presence of 
differently oriented Gr domains, the structure relaxation following the 
formation of C–H bonds impacts on the Gr-Ni distance [36]. Relevant 
in this context is that the exposure of Gr/Ni(111) to water shifts the 
CTR minimum towards lower L values, which undoubtedly excludes 
that Gr moves away from the substrate, as it would be in the case of 
intercalation. Hence, this further demonstrates that water dissociation 
initiates at Gr and not below Gr, in agreement with the insight provided 
by the C1s spectra.

Additional information about the dissociation route is provided 
by STM. Fig.  4 shows the images acquired on the clean Gr/Ni(111) 
surface and after the exposure to water at RT. Fig.  4a shows the 
hexagonal lattice of Gr grown on Ni(111). The dispersed adatoms, 
distributed irregularly on the surface, are assumed to be Ni single atoms 
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Fig. 4. STM characterization of the Gr/Ni(111) surface before and after exposure to water. (a) Image of the Gr honeycomb lattice with a few nanostructures, likely Ni adatoms 
trapped at C vacancies (0.08 V, 0.9 nA); (b–d) images of the Gr layer covered by H atoms after the exposure to 𝑤𝑑 = 4.5 × 10−3 ML of water [(b) 0.46 V, 1.74 nA, inset: 0.46 
V, 2.1 nA; (c) 0.44 V, 0.18 nA, (d) (f) 0.68 V, 0.28 nA, inset: 0.68 V, 0.7 nA]. The graphene layer is evenly covered by H atoms in the vicinity of (c) a step edge and (d) a Gr 
wrinkle, which remains H-free.
trapped in correspondence of C vacancies [37], which, as it will be 
discussed below, might play an important role in the dissociation of 
water molecules. The images displayed in Figures 4b-d were acquired 
after the exposure to 𝑤𝑑 = 4.5 × 10−3 ML of water and show the 
continuous Gr layer evenly covered by H atoms, whose surface density 
increases with water dose (see Figure S5). The H distribution remains 
fully homogeneous even in the proximity of the step edge (Fig.  4c) 
or in the vicinity of a Gr wrinkle (Fig.  4d), which strongly hints that 
water dissociation occurs on the basal plane of Gr/Ni(111). In the 
images shown in Fig.  4 and Figure S5, the presence of brighter and 
slightly larger nanostructures, usually accompanied by dimmer features 
and of dark spots in the surroundings of the H atoms can be noted. 
We tentatively identify the bright protrusions as trapped Ni adatoms 
neighbored by H atoms. As for the dark spots the attribution is unclear. 
On the one hand they could be interpreted as OH groups residing close 
to their H counterparts. Even if hydroxyls are not detected in the XPS 
spectra of the sample dosed with 0.02 ML of water, as discussed below, 
we cannot exclude their presence on the surface exposed to lower water 
doses. On the other hand, as it can be seen in Fig.  4a, there are dark 
spots also in the pristine sample, before water dosing, which would 
indicate that they are not necessarily related to the water dissociation. 
In this second interpretation, since the Gr lattice appears to be intact, 
defects could be located in the underlying Ni surface, resulting in a 
variation in the local density of states, which is probed by STM.

The movie in the Supporting Information demonstrates the manip-
ulation of H atoms by the STM tip. A voltage pulse from −1.2 to 1.5 V 
5 
was applied while scanning the tip over the bright features, successfully 
moving those marked by the blue cross. However, the atom highlighted 
by the green square remained fixed in its position. This suggests that, 
despite the similar appearance, it may belong to a different species. 
The most probable explanation is that the movable bright features are 
hydrogen atoms, while the one which does not move is a Ni atom 
trapped in the Gr layer.

The experimental results can be summarized by concluding that 
the initial stage of the interaction of water with Gr/Ni(111) pro-
ceeds through dissociative chemisorption occurring on the Gr basal 
plane, which renders Gr evenly covered by H atoms, whereas the OH 
counterparts are somehow removed from the Gr surface. However, 
for completeness it is worth pointing out that a different behavior is 
observed for an incomplete Gr layer, where the terraces are surrounded 
by bare substrate areas and the C atoms at the margin of the Gr 
domains are bound to the Ni atoms. In this case (see Figure S6), after a 
water dose of only 0.2 ML (see Figure S7) the O1s spectrum shows the 
presence of OH and O fragments, likely trapped at the dangling bonds 
terminating the terraces, whereas the C1s spectrum, in addition to the 
spectral features due to hydrogenation, shows a little C1 component, 
indicative of the initial decoupling of Gr from the substrate. Likely, 
the island edges act as favorable dissociation sites and once terminated 
by water fragments, might allow the facile diffusion of intact water 
molecules below graphene [23,38], where they decompose [12].
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Fig. 5. Adsorption configurations of a water molecule on the Gr/Ni(111) surface shown 
with the calculated adsorption energies. From top to bottom: 0-𝑙𝑒𝑔: water molecule 
located over the center of a Gr hexagon with the two H pointing away from graphene; 
1-𝑙𝑒𝑔: one OH bond nearly perpendicular to the surface (in this case over a C atom in 
the 𝑡𝑜𝑝 site), with the other H atom pointing up towards the center of the hexagon; 
2-𝑙𝑒𝑔: water molecule located over the center of a hexagon with the two H pointing 
down, equidistant from C atoms; 𝑢𝑝: one OH bond nearly vertical over the center of 
the hexagon and the other H atom pointing down towards a C atom in 𝑓𝑐𝑐 or 𝑡𝑜𝑝
site. C, H and O atoms are represented with gray, blue and red colors, respectively. 
Ni atoms in the first, second and third crystal layer from the top appear in order light 
blue, light gray and dark gray. (A colour version of this figure can be viewed online.)

3.2. Energetics of single water molecule dissociation

In the following we evaluate the energetics of the adsorption and 
dissociation of water molecules on Gr/Ni(111) by DFT calculations. 
The configurations taken into account for the adsorption of the water 
molecule are the same usually considered in the case of free standing 
Gr, i.e. the 0-𝑙𝑒𝑔, 1-𝑙𝑒𝑔, 2-𝑙𝑒𝑔 and 𝑢𝑝 geometries that are illustrated 
and defined in Fig.  5. For H2O/Gr the adsorption energy 𝐸𝑎 reported 
in the literature for the different configurations are quite similar and 
range between −70 and −99 meV [39–41], with a slight preference 
for the 2-𝑙𝑒𝑔 geometry, or, as it has been reported more recently [42], 
between −110 and −130 meV, with the 𝑢𝑝 configuration being the most 
favorable.
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The presence of the Ni substrate stabilizes to some extent the water 
molecules adsorbed in the 2-𝑙𝑒𝑔 configuration (𝐸𝑎 = −0.19 eV) or in 
the 1-𝑙𝑒𝑔 configuration with the OH bond on the C atom in the 𝑡𝑜𝑝 site 
(𝐸𝑎 = −0.18 eV). The 𝑢𝑝 configuration turns out to be energetically 
slightly less favorable (𝐸𝑎 = −0.10 eV) both with the O-H bond pointing 
towards the C atom in the fcc site and in the top site. The 0-𝑙𝑒𝑔
configuration (𝐸𝑎 = −0.07 eV) remains the most weakly bonded even 
in the presence of the Ni substrate. Therefore, the metal substrate 
mitigates the hydrophobicity of Gr, that tends to become polarized 
due to the transfer of the Ni charge (0.08 Mulliken charge per C 
atom [43]) and then interacts with water through dispersive as well as 
polar forces. However, the calculated adsorption energies indicate that 
even if the supporting Ni substrate provides some water wettability, it 
is not effective in rendering the isolated water molecule stably adsorbed 
on Gr at room temperature.

Before moving to the dissociative water adsorption, we calculated 
the adsorption energies of H and OH fragments on Gr/Ni(111). In 
the following H and OH bonded to the C atoms sitting on Ni in 
𝑓𝑐𝑐 and 𝑡𝑜𝑝 sites are indicated in order as H𝑓𝑐𝑐 , OH𝑓𝑐𝑐 , H𝑡𝑜𝑝 and 
OH𝑡𝑜𝑝. The adsorption energies of −2.42 and −1.83 eV calculated in 
Ref. [28] for H𝑓𝑐𝑐 and H𝑡𝑜𝑝, respectively, are much lower than 𝐸𝑎
on free standing graphene (∼−0.8 eV [44,45]). Also for OH, 𝐸𝑎 on 
Gr/Ni(111) results much more energetically convenient than on plain 
Gr, decreasing from ∼−0.5 eV calculated for OH/Gr [46,47] to −2.56 
and −2.05 eV for OH𝑓𝑐𝑐 and OH𝑡𝑜𝑝 on Gr/Ni(111), respectively (see 
Figure S8). As on bare graphene, [46–48] even in the presence of the Ni 
substrate the most stable OH configuration is with the C–O bond nearly 
perpendicular to the Gr plane and the H atom pointing towards the 
center of the hexagon (see Figure S8). For both H and OH adsorbates 
the out–of–plane buckling results in a change from the sp2 to the sp3
hybridization for the bonding C atom. With respect to plain Gr, in both 
cases the charge available in the Ni 𝑑-band compensates the unpaired 
electron produced when bonding individual H or OH adsorbates, which 
then turn out to be stabilized [10].

When moving on to the dissociative adsorption of water on
Gr/Ni(111), the energetics strongly depends on the stability of the 
final configuration adopted by OH and H fragments (see Figure S9). 
It comes out that the configurations with OH and H in ortho geometry 
(see scheme at the right-top corner in Fig.  6) are the least stable, with 
the same 𝐸𝑎 = 1.3 eV regardless of the fcc or top site occupied by 
each fragment, whereas the meta and para geometries are more stable 
with OH𝑓𝑐𝑐 . The most stable configuration with 𝐸𝑎 = 0.77 eV has 
H𝑓𝑐𝑐 and OH𝑓𝑐𝑐 in meta geometry (see Fig.  6), with the axis of the 
OH group slightly rotated away from the C–H bond, and the two C 
atoms bonded to H and OH lifted by 0.50 Å above the Gr plane. On 
free-standing Gr the most thermodynamically favorable configuration 
with both H and OH on the same surface side has the adsorbates 
in ortho position and 𝐸𝑎 = 2.57 eV [49]. Then, the presence of the 
Ni substrate somehow stabilizes the final dissociative state. However, 
the dissociative adsorption of an isolated water molecule remains an 
endothermic process incompatible with the prominent water splitting 
yield observed experimentally.

In the following we explore the possibility that the dissociation 
of a single water molecule on Gr/Ni(111) could be made easier by 
the presence of adsorbates, lattice defects or structural discontinuities. 
On bare graphene water dissociation is reported to be facilitated by 
pre-adsorbed H or OH species. A pre-adsorbed H atom was calculated 
to lower the dissociative adsorption energy by nearly 1 eV [49] and, 
accordingly, it was found that the dissociation energy barrier of water 
on graphene, calculated to be of the order of 3.64 eV, [3] is lowered 
to 3.34 eV in the presence of a pre-adsorbed OH [50]. Then, also 
for the dissociation on Gr/Ni(111) we calculated how pre-adsorbed H 
atoms affect the energetics of specific final configurations. For the most 
stable H𝑓𝑐𝑐–OH𝑓𝑐𝑐 configuration in 𝑚𝑒𝑡𝑎 geometry identified above, 
one pre-adsorbed H𝑓𝑐𝑐 atom decreases 𝐸𝑎 from 0.77 eV to −1.60 eV 
(Fig.  6). The pre-adsorbed H induces a sp3 character in the flat Gr 
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Fig. 6. Top and side view of a dissociated water molecule on Gr/Ni(111), with both 
H and OH fragments bonded to C atoms in fcc sites. The configuration with a pre-
adsorbed H𝑓𝑐𝑐 atom is shown in the bottom panels. C, H and O atoms are represented 
with gray, blue and red colors, respectively. Ni atoms in the first, second and third 
crystal layer from the top appear in order light blue, light gray and dark gray. For a 
better visualization of the graphene buckling, in the right column images the Ni crystal 
has been removed and the C atoms bonded to O and H are colored in light pink and 
light blue, respectively. The scheme in the right-top corner shows the ortho (1), meta
(2) and para (3) positions with respect to the vertex marked by the red dot. (A colour 
version of this figure can be viewed online.)

layer enhancing the local reactivity, as it has been observed in the case 
of h-BN [51]. Analogously, for the H𝑓𝑐𝑐–OH𝑡𝑜𝑝 configuration in ortho
geometry, which is the most favorable for water dissociation on plain 
Gr, a single pre-adsorbed H𝑓𝑐𝑐 atom lowers 𝐸𝑎 from 1.27 to −1.18 
eV (Figures S7a and S7j). Hence, having a H atom pre-adsorbed on 
Gr renders the water dissociation exothermic. However, it turns out 
that the H2O molecule approaching the Gr surface with a pre-adsorbed 
H𝑓𝑐𝑐 atom must overcome an energy barrier 𝐸𝑏 of 2.27 eV to dissociate 
(first row of Fig.  7 and Fig.  8). In the final state H and OH chemisorb 
at two adjacent sites forming a OH𝑡𝑜𝑝𝐻𝑓𝑐𝑐 ortho configuration. This 
reaction path is by far more energetically favorable than reaching the 
slightly more exothermic OH𝑓𝑐𝑐𝐻𝑓𝑐𝑐 meta configuration, because of the 
shorter distance between the H and OH adsorption sites. Anyhow, the 
calculated high 𝐸𝑏 value prevents the occurrence of spontaneous water 
splitting at RT, even in the presence of pre-adsorbed H atoms in the 
surrounding. Even if the final state is energetically convenient it cannot 
be reached without the support of external energy.

A further possibility to assist the molecule dissociation could be 
provided by lattice defects. For bare graphene, water splitting appears 
substantially easier in correspondence of vacancy sites, where disso-
ciative chemisorption is calculated to occur with an energy barrier of 
only 0.4 −0.7 eV [42,50,52] or even less [3]. In order to explore this 
possibility also in the case of Gr/Ni(111), one C atom was removed 
from the Gr layer producing a mono-vacancy in fcc (V𝑓𝑐𝑐) or in top
(V𝑡𝑜𝑝) sites. Among the possible final states with H and OH saturating 
two of the three C dangling bonds surrounding the vacancy, the most 
stable configuration (𝐸𝑎 = −2.6 eV) resulted V𝑡𝑜𝑝 with H and OH 
bonded to two fcc C atoms facing the empty C site (Fig.  7h). This final 
state is slightly endothermic in comparison to the initial state, where 
the water molecule is physisorbed in the vicinity of the defect (𝐸𝑎 =
−2.93 eV; Fig.  7e), and can be reached after overcoming an energy 
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barrier of 1.5 eV (see middle row in Fig.  7 and Fig.  8), which, however, 
is still too high to allow spontaneous water splitting at RT.

A stronger substrate reactivity is obtained when the C vacancy is 
filled with a Ni atom. For Gr/Ni(111) it has been shown that, during 
the CVD growth, Ni atoms can be trapped in correspondence of C 
mono-vacancies or larger defects sites [37], where they might behave 
as active sites for catalytic reactions [53–55]. Interestingly, the barrier 
for water dissociation on bare Gr has been calculated to decrease from 
5.13 to 1.52 eV (0.58–1.09 eV) by Ni (Zn, Cu, Fe, Co) [50] single atom 
catalysts (SACs) in the Gr lattice [56]. Even if a systematic analysis of 
all possible geometries for Ni atoms trapped at multi-atom vacancies is 
beyond the scope of this study, we have considered whether a Ni atom 
saturating the three C dangling bonds of a C mono-vacancy in the top
(Ni@V𝑡𝑜𝑝) or in the fcc site (Ni@V𝑓𝑐𝑐) could effectively catalyze water 
splitting. In the two geometries Ni stays 0.8 Å above [37] or 0.6 Å 
below (see Fig.  7i) the Gr plane, respectively.

We found that the most favorable configuration for the dissociated 
water is obtained with the Ni@V𝑓𝑐𝑐 structure. In this case, in the final 
state H and OH are bonded to two C atoms neighboring the Ni dopant 
(Fig.  7l) and is exothermic by −0.8 eV with respect to having the 
intact molecule far from the substrate (Fig.  7i). The energy barrier 
encountered by the water molecule to undergo dissociation is 0.8 eV, 
with the transition state corresponding to the molecule almost parallel 
to the surface (bottom row in Fig.  7 and Fig.  8). This value, much lower 
than 𝐸𝑏 = 1.52 eV calculated for the analogous system without the Ni 
substrate [50], can be compatible with RT dissociation at a reasonable 
rate for water molecules impinging on Gr/Ni(111). Further DFT studies 
may find out whether Ni SACs trapped at different defect sites such 
as double C vacancies [37] or Stone–Wales-like defects would catalyze 
the water splitting reaction more effectively. For Ni@V𝑓𝑐𝑐 , the energy 
gained in the reaction can be used by the H and OH fragments to 
diffuse away from the defect site, that then remains free to catalyze 
new dissociation reactions. Hence, even if the Ni substrate below Gr 
cannot induce the dissociation of isolated water molecules on the Gr 
basal plane, the reaction can anyhow occur in correspondence of Ni 
trapped at C vacancies. The limited surface density (∼0.01 ML𝐺𝑟) of 
these defects, which decreases with the Gr growth temperature [37], 
might not account for the H coverage of ∼0.25 ML𝐺𝑟 observed by XPS, 
but the capability of the Ni SACs to initiate the splitting reaction locally, 
might be fundamental in the overall process.

Actually, on several metal and non-metal substrates the adsorp-
tion energy of water molecules is lowered and the dissociation rate 
enhanced when they bind to surface hydroxyls. It has been proposed 
that these autocatalytic reactions [57–60] are triggered by the H-bond 
which forms in the OH-H2O complex and might modify adsorption, 
desorption and dissociation kinetics. Near ambient pressure experi-
ments [57–59] have shown that surface OH groups capable of trapping 
H2O molecules govern the surface chemistry by increasing residence 
time and promoting autocatalytic dissociation of water molecules. By 
analogy, we can suppose that also at the dosing pressure used in this 
experiment, similar autocatalytic reactions, triggered by the OH groups 
initially produced by the Ni SACs, could contribute to achieve the 
observed water dissociation yield. For this reaction to occur, it would be 
necessary to have contiguous free C sites, available for the adsorption 
of H and OH. Our DFT calculations found that water dissociation is 
inhibited in the presence of two H atoms occupying two C𝑓𝑐𝑐 sites of the 
same lattice hexagon where the H2O fragments are going to chemisorb 
(see Figure S9l), which would set the H coverage of ∼0.25 ML as the 
limit beyond which dissociation becomes unfavorable. More important, 
in this study we have considered the energetics of single water molecule 
dissociation leaving out the impact of cooperative effects, that can 
lower the dissociation energy barrier of water molecules adsorbing as 
dimers or larger clusters [61–63].
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Fig. 7. Dissociative chemisorption of water on the Gr/Ni(111) surface in the presence of (a–d) a pre-adsorbed H𝑓𝑐𝑐 atom, (e–h) a C vacancy in the 𝑡𝑜𝑝 site (V𝑡𝑜𝑝) and (i–l) a C 
vacancy in the 𝑓𝑐𝑐 site filled by a Ni atom (Ni@V𝑓𝑐𝑐 ). The side and top view of the different interface configurations during water dissociation are illustrated in each case. In 
each panel C, H, O atoms and Ni SACs are represented with gray, blue, red and yellow colors, respectively. Ni atoms in the first, second and third crystal layer from the top 
appear light blue, light gray and dark gray, respectively. (A colour version of this figure can be viewed online.)
3.3. Hydroxyl desorption

The other aspect worth discussing is the lack of
O-containing species on the Gr surface at low water doses. As noted 
above (see Fig.  1), when exposing the Gr/Ni(111) surface to wa-
ter doses up to 1.9 ML, whereas H atoms appear stably bonded to 
graphene, in the O1s spectra there is no evident trace of hydroxyl OH 
groups (nor of O atoms) bonded to the Gr/Ni(111) interface. A similar 
absence of hydroxyl groups has been reported for the splitting of water 
molecules on the Fe3O4(0001) magnetite surface [64].

We attribute the lack of OH species to the occurrence of reac-
tions either between hydroxyls bonded to graphene and/or following 
the interaction with impinging H2O molecules. A first possible reac-
tion pathway is the recombination of two hydroxyls into a hydrogen 
peroxide H2O2 molecule [65] 
OH𝑎𝑑𝑠 + OH𝑎𝑑𝑠 → H2O2 ↑ (1)

or even into H2 and O2 molecules [64] 
OH + OH → H ↑ +O ↑ (2)
𝑎𝑑𝑠 𝑎𝑑𝑠 2 2
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However, in both cases the reactions would require the diffusion 
of at least one hydroxyl group on graphene. In this respect it is 
important to notice that, whereas OH can diffuse quite freely on plain 
graphene with an energy barrier of ∼0.3 eV [47], we calculated that on 
Gr/Ni(111) the 𝐸𝑏 for the shift from OH𝑡𝑜𝑝 to OH𝑓𝑐𝑐 site is 0.67 eV, and 
that the inverse path requires to overcome an energy barrier of 1.17 eV 
(see Figure S8). Hence, although single OH𝑡𝑜𝑝 → OH𝑓𝑐𝑐 displacements 
are possible, longer path are unfeasible at RT without the support of 
extra energy. Consequently, the reactions between adsorbed hydroxyls 
appear quite unfavorable. However, the formation of H bonds between 
surface OH and adsorbing H2O molecules could effectively weaken the 
OH-substrate bonds decreasing the OH diffusion barrier [66]. Further-
more, H2O molecules interacting with surface hydroxyls could originate 
desorbing hydrogen peroxide molecules leaving H atoms bonded to Gr 

OH𝑎𝑑𝑠 + H2O𝑔𝑎𝑠 → H2O2 ↑ +H𝑎𝑑𝑠 (3)

whereas a different pathway suggested in Ref. [10] would include the 
full dissociation of a first water molecule, the subsequent reaction of 
the adsorbed epoxide oxygen with a second water molecule to produce 
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Fig. 8. Calculated energy barriers for the three routes of water dissociation on 
Gr/Ni(111) illustrated in Fig.  7, namely in the presence of (gray curve) a pre-adsorbed 
H𝑓𝑐𝑐 atom, (blue curve) a C vacancy in the 𝑡𝑜𝑝 site (V𝑡𝑜𝑝) and (cyan curve) a C vacancy 
in the 𝑓𝑐𝑐 site filled by a Ni atom (Ni@V𝑓𝑐𝑐 ). (A colour version of this figure can be 
viewed online.)

a proton and a peroxide group OOH, which then desorbs as O2 leaving 
a new H atom on Gr: 

H2O𝑔𝑎𝑠 → O𝑎𝑑𝑠 + 2H𝑎𝑑𝑠 (4)

O𝑎𝑑𝑠 + H2O𝑔𝑎𝑠 → OOH𝑎𝑑𝑠 + H𝑎𝑑𝑠 → O2 ↑ +2H𝑎𝑑𝑠 (5)

These reactions, which could be energetically unfavorable if consid-
ered as isolated events, can be facilitated by the presence of nearby 
adsorbates and/or the participation of multiple water molecules, that 
can change the charge configuration at the reaction site modifying 
dissociation and recombination rates [67,68].

As reported above, when exposing the incomplete Gr layer on 
Ni(111) to water, there are O and OH species detected by XPS after a 
water dose of 0.2 ML (see Figure S7). The TPD curves shown in Figure 
S7c indicate desorption temperatures of 350 and 400 K for OH and O 
fragments [69], i.e. adsorption energies as low as ∼1 eV [70]. More-
over, both fragments progressively disappear after higher water doses, 
most likely being removed through the interaction with incoming water 
molecules. For complete Gr, where the density of defects anchoring the 
hydroxyls is by far lower, the analogous OH removal is expected to be 
more effective and, possibly, already completed during the lowest water 
exposure we tested and therefore undetected by XPS. Likely, in the very 
first stage of the water interaction with Gr/Ni(111), when the molecules 
start to impact on the clean graphene surface, dissociation at the 
trapped Ni SACs and possibly autocatalytic or cooperatively supported 
dissociation reactions are the main reaction channels, which yield both 
H and OH fragments bound to Gr. Then, after prolonged exposure 
to water, the low availability of surface sites renders the dissociation 
reaction less competitive, while reactions (3–5) turn predominant and 
hydroxyl groups become fewer and fewer on the surface. Notably, 
adsorbed H atoms, which have much less probability to be removed by 
the incoming H2O molecule, tend to permanently occupy the surface 
sites and progressively outnumber the OH adsorbates. The hypotheses 
described here can be confirmed or refuted by further, well-planned 
experiments. By systematically varying sample temperature and water 
dosing pressure in appropriate ranges, it should be possible to obtain 
conclusive information on the role of the temperature in the dissoci-
ation reaction and establish the real importance of collective effects. 
Furthermore, once the hydroxyls are revealed, a proper modulation 
of the experimental parameters would certainly allow to identify the 
mechanism that determines their disappearance.
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4. Conclusion

The first stage of water adsorption on Gr/Ni(111) at room tem-
perature was experimentally investigated by combining XPS, TPD, 
surface diffraction and STM. The results indicate the occurrence of Gr 
hydrogenation while no O-containing species were detected by XPS. 
The combination of chemical, structural and microscopy measurements 
demonstrate that initially the dissociation occurs on the basal plane of 
graphene, without the need for water molecules to intercalate below 
to get in contact with the metal substrate. When heating the sample 
dosed with water, H2 molecules are released at a temperature of 
approximately 600 K. The energetics of the dissociation of a single 
water molecule on the clean Gr/Ni(111) surface, and in the presence 
of pre-adsorbed H atoms or of Gr lattice defects, were evaluated by 
DFT calculations. In comparison to bare graphene, the presence of 
the Ni substrate limits the Gr hydrophobicity, slightly increases the 
stability of physisorbed water molecules and decreases the adsorption 
energy of dissociated molecules, which however remains positive. In 
the presence of pre-adsorbed H atoms and C mono-vacancy defects, 
water dissociation becomes exothermic, but the energy barriers remain 
too high to be afforded at RT without the support of external energy. 
On the contrary, Ni atoms trapped at C vacancies catalyze the dis-
sociation reaction rendering the activation energy compatible with a 
reasonable reaction rate at RT. In this case, the energy released in 
the reaction can ease fragment diffusion, leaving the surrounding of 
the Ni catalyst available for new splitting events. However, due to the 
limited number of single Ni atoms catalysts in the Gr layer, collective 
adsorption processes or autocatalytic dissociative reactions seem to be 
largely responsible for the extensive water dissociation occurring at 
RT. The interaction of water molecules with H and OH adsorbates 
primarily remove surface hydroxyls leaving only H atoms bonded to Gr. 
Following the surface reactions for water doses much lower than those 
used here can shed light on the kinetics of formation and removal of 
adsorbed hydroxyls. Additional experiments carried out as a function 
of dosing pressure and temperature could better elucidate the water 
dissociation mechanism and allow the optimization of the experimental 
parameters which maximize hydrogen production.
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