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1. Gr/Ni(111) exposed to high water doses
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Fig.S 1. (a) Cls and (b) Ols spectra measured on Gr/Ni(111) exposed to 6.0 and 7.3 ML of water
at RT. As reported in the main text, the component C; of the Cls spectrum represents the C
atoms detached from the Ni substrate after the intercalation of water molecules or their fragments
below graphene. In the Ols spectra, the O; and O components represent HoO molecules in
different adsorption configurations, whereas O3 is due to OH fragments [1, 2| ; (c) Integrated areas
of the Cls components measured while heating the Gr/Ni(111) sample dosed with 6.0 ML of water.
Hydrogen atoms localized below Gr recombine and desorb as they do in the case of Gr/Ni(111)
heavily hydrogenated with H atoms, when H intercalation occurs [3]. Hydrogen atoms chemisorbed
on Gr desorb around 600 K as it happens for sample dosed with much lower water dose (see Fig.2
of the main text).



2. XPS characterization of Gr/Ni(111) exposed to water molecules and to H atoms
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Fig.S 2. Comparison between the Cls spectra measured for the Gr/Ni(111) surface exposed (a) to
a low dose of H atoms and (b) to 0.02 ML of water. In the first case the spectral components were
assigned on the basis of DFT calculations [3] (see schemes at the bottom) to non-hydrogenated C
atoms (Cg 284.71 eV; dark grey atoms), C—H bonds in H monomers/dimers (Ag 285.43 eV; orange
atoms) and trimers/larger clusters (A; 285.05 eV; red atoms), and to C atoms, which are first
neighbors of one/two (B; 284.32 eV; light cyan atoms) or three (B2 283.88 eV, dark cyan atoms)
C-H bonds.
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Fig.S 3. left Valence band and right Cls spectra measasured for the Gr/Ni(111) surface exposed
to top 0.02 ML of water and bottom 0.7 kL of H atoms.|3] In each case the black (colored) curves

were acquired on the clean (dosed) surface.



3. C-H bonds in hydrogenated Gr/Ni(111)

After the exposure to water, the formation of C-H bonds shifts out of the Gr plane the
C atoms directly involved in the bonding, which assume the sp® geometry, whereas the
surrounding C-Ni bonds get reinforced and the Gr-Ni distance is somewhat reduced.

Figure S4 the shows the Gr/Ni(111) surface bonded to 0.25 MLg, of H atoms, which is the
coverage estimated by XPS for the sample exposed to 0.2 ML of water. In the graphene layer,
the C atoms directly bonded to H (white color) and those first neighbors of two (Cs, yellow
color), one (Cy, green color) and zero (Cy, grey color) C-H bonds are differently displaced
from their original positions. In comparison to the C-Ni distance of 2.13 A calculated for
the clean Gr/Ni(111) interface, in the presence of chemisorbed H atoms the C-Ni distance
becomes of 2.46 A for the C atoms bonded to H, and of 1.96, 2.05 and 2.01 A for Co, C;
and Cy, respectively. Therefore, the average Gr-Ni distance, which is the value measured by

x-ray surface diffraction, is 2.12 A, i.e. similar to that of the clean interface.
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Fig.S 4. H atoms chemisorbed on Gr/Ni(111) at a coverage of 0.25 MLg,. The Ni and H atoms are
represented with light blue and red colors, respectively. The C atoms involved in the C-H bonds are
plotted in white, whereas the C atoms first neighbors of zero, one or two C-H bonds are indicated
by grey, green and yellows colors, respectively.



4. STM characterization of the Gr/Ni(111) surface exposed to water.

Fig.S 5. STM characterization of the Gr/Ni(111) surface exposed to (a) wg = 4.5 x 107 and (b)
wg = 9.0x 1073 ML of water [(a) 0.68 V, 0.28 nA; (b) 2.15 V, 0.09 nA]. The graphene layer is evenly
covered by H atoms. The H coverage is directly proportional to the water dose which doubles from
(a) to (b).



5. Water dissociation on an incomplete Gr layer on Ni(111)

In order to verify the role of Gr defects in the dissociation of water, we have exposed
to increasing water doses an incomplete Gr monolayer, obtained by stopping the growth on
Ni(111) slightly before the saturation of the Cls signal intensity, and, therefore having a

small percentage of C vacancies (see Fig.S6).
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Fig.S 6. Cls spectra measured after the growth of an incomplete (red curve; coverage 0.92 MLg,)
and complete (black curve; coverage 1 MLg,) Gr layer on Ni(111)

Figure S7a shows that even in the presence of lattice defects the Cls line shape evolves
with the water dose as it does for complete Gr (Fig.1a of the main text). In particular, the
spectrum measured on the sample dosed with 0.2 ML of water indicates H chemisorption on
Gr, as it was found for the complete Gr layer after comparable water doses. However, for
incomplete Gr, even after such a moderate water dose, the O1s region does not appear flat, as
it does when the Gr layer is complete, but shows the presence of four spectral components,
namely O; (533.92 eV) and Oy (532.70 eV), attributed to water molecules adsorbed in
different interface configurations and sites, and O3 (531.14 eV) and O, (530.1 eV) assigned
to OH and O fragments, respectively [1, 2, 4]. Accordingly, the Cls spectrum shows some
extra-intensity around 284 eV, that hints at anticipated intercalation in comparison to what
happens at the complete Gr layer, where intercalation occurs after much higher water doses.

The higher intercalation yield favored by the incomplete Gr coverage is confirmed by

the faster growth rate of the C; intensity with increasing water dose in comparison with
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Fig.S 7. (a) Cls and (b) Ols spectra measured for incomplete Gr/Ni(111) (Gr coverage 0.92 MLgR)
exposed to increasing water doses. The Ols components O (533.5-534.0 V) and Oy (532.67 eV)
are assigned to water in different configurations at the interface whereas O3 (531.16-531.30 eV) and
Oy4 (531.12 €V) are attributed to OH and O adsorbates, respectively. The arrow in (a) indicates
the appearance of the C; component (see Figure 1 of the main text). (c) Integrated intensities of
the Ols components measured while heating the sample dosed with 0.2 ML of water. It is evident
that water molecules are the least stable adsorbates, whereas OH and O adsorbates start to desorb
around 350 K and 400 K, respectively.

Fig.1la. Hence, the presence of Gr edges opens additional dissociation routes occurring at the
dangling bonds terminating the graphene borders. It must be noted that in regions exposing
the bare Ni(111) surface, RT dissociation is highly unlikely for water molecules which are not
vibrationally excited [5] and therefore possible Gr-free regions are not expected to contribute
to water splitting. Prolonged exposure to water tends to remove water fragments from the
sample (Figure S7b). For doses of the order of 1.8 ML, O atoms disappear at first, and then
also hydroxyl groups tend to vanish, leading to a Ols line shape where the component O,
arising from adsorbed HyO molecules prevails. The shifts of O; and O3 by 0.5 and -0.3 eV,
respectively, with water dose increasing from 0.22 L to 3.6 ML, are likely due to different
adsorption sites and/or interaction with the surroundings. The evidence that O and OH
fragments tend to be removed from the interface with increasing water dose hints at the
predominant localization of -O and -OH species at the sample surface rather than below

graphene, where the direct interaction with impinging water molecules would be shielded.



6. Adsorption energy and diffusion barrier of OH on Gr/Ni(111)
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Fig.S 8. (left) The most stable configuration of OH adsorbed on Gr/Ni(111) is with the C-O bond
nearly perpendicular to the Gr plane and the H atom pointing towards the center of the hexagon.
The adsorption energies are -2.05 eV for OHy,, and -2.56 eV for OHy... The C atom bonded to
OH .. (OHyp) is lifted up by 0.48 A (0.37 A) with respect to the Gr plane and the C-O bond length
is 1.47 A (1.54 A). The top and bottom rows in the figure show in order the side and top view of
the diffusion from the (OHy,), to the (OH .. configurations. C, H and O atoms are represented with
grey, blue and red colors, respectively. Ni atoms in the first, second and third crystal layer from
the top appear in order light blue, light grey and dark grey. In order to allow a better visualization
of the graphene buckling, the Ni crystal has been removed from the images in the top row. (right)
OH diffusion barriers: the activation energy needed to move from the top to the fcc site is 0.67 eV
and raises to 1.17 eV in the opposite direction.



7.

Adsorption energies of dissociated water on Gr/Ni(111)

OHtop_Hfcc_ORTHO

OHtop_Htop_META

F

OHtop_chc_PARA

ol

00000 ©0 00O
E.=1.20 eV
E.=0.88 eV
e f
000000 O_ O 00 »L—o&oo-o
E.=1.30 eV E:=0.77 eV 0000O0
E.=0.82 eV
h i
0O 00O
(+)
0000 E.=0.77 eV ?gg) evo °
E.=-0.07 eV a=d.
_Hfcc META k top_Hfcc ORTHO L
T

E.=-1.18 eV

00000

Ea=-1.60 eV

{

F

0 00O
Ea=-4.95 eV

Fig.S 9. Adsorption configurations of a dissociated water molecule on the Gr/Ni(111) surface shown

with the calculated adsorption energies. In each case the label at the top-left corner indicates the

initial configuration before relaxation. The presence of an extra-Hy.. atom (bottom row) renders

the water dissociation exothermic. By contrast, two pre-adsorbed Hy.. atoms in the same hexagon

prevent the dissociation of the water molecule, which remains stably physisorbed in a configuration
close to the up geometry (Figure S91). This means that when the H coverage reaches the occupation

of two atoms per hexagon, water dissociation gets inhibited.
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