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ABSTRACT 

By means of a combination of surface-science spectroscopies and theory, we investigate the 

mechanisms ruling the catalytic role of epitaxial graphene (Gr) grown on transition-metal 

substrates for the production of hydrogen from water. Water decomposition at the Gr/metal 

interface at room temperature provides a hydrogenated Gr sheet, which is buckled and decoupled 

from the metal substrate. We evaluate the performance of Gr/metal interface as a hydrogen storage 

medium, with a storage density in the Gr sheet comparable with state-of-the-art materials (1.42 

wt.%). Moreover, thermal programmed reaction experiments show that molecular hydrogen can be 

released upon heating the water-exposed Gr/metal interface above 400 K. The Gr 

hydro/dehydrogenation process might be exploited for an effective and eco-friendly device to 

produce (and store) hydrogen from water, i.e. starting from an almost unlimited source.  

*corresponding authors: DWB (danil@hanyang.ac.kr) and AP (antonio.politano@fis.unical.it). 
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1 Introduction 

Hydrogen represents an alternative eco-friendly and sustainable energy carrier capable of answering 

the increasing global energy demand.
1-5

 The hydrogen economy covers three functional areas: 

production, storage, and usage. Currently, hydrogen is mainly produced from natural gas via steam 

reforming 
6
. Sustainable alternatives include biological 

7
 or catalytic 

8
 degradation of biomass 

9
 and 

electrochemical 
10

 or photochemical water splitting. 
11-14

 However, some of these processes are 

unsustainable, since they require a considerable amount of unrenewable energy consumption. For a 

diffuse usage, energy devices must be compact, 
15

 combining both fuel production/storage and 

conversion of primary energy sources into the energy service. A smart solution could be represented 

by a unique material active for both the production and the storage of hydrogen. Gr is a promising 

solid-state material for hydrogen storage,
16-18

 alternative to metal hydrides
19

 and metal-organic 

frameworks 
20, 21

 designed to overcome the restrictions of state-of-the-art technologies for hydrogen 

storage in tanks.
20

 An important challenge is represented by the eco-friendly, economic and 

effective production of clean H2 fuels from Gr.
16

  

Herein, we elucidate the mechanisms which allow the exploitation of Gr/transition-metal interfaces 

for the production and storage of hydrogen from water. Our model system is Gr/Ni(111) and we 

adopted both advanced spectroscopic tools and density functional theory (DFT) to clarify the 

various reaction steps leading to water dissociation at room temperature (RT), whose mechanism is 

still unclear 
22, 23

, and to the subsequent hydrogen production. 

 

2 Results and Discussion 

The modification of the Gr/Ni(111) interface after the exposure to water at RT has been explored by 

means of high-resolution X-ray photoelectron spectroscopy (XPS) with synchrotron radiation. The 

XPS C1s spectrum measured on pristine Gr on Ni(111) (Figure 1a, top)  reveals a dominating (C0, 

284.84 eV) and a weaker (C1, 284.39  eV) component assigned to strongly interacting and weakly 
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interacting (in correspondence of rotated domains) graphene on Ni(111),
24 

  respectively, and/or to 

the coexistence of top-fcc and bridge-top domains in  graphene/Ni(111),
 25 

plus a minimal additional 

contribution of Ni carbide 
26

 (C2, 283.27 eV).  

The exposure of Gr to 10
6
 L (1 L=1.33∙10

-6
 mbar∙s) of water at RT strongly modifies the C 

1s line-shape (Figure 1a, top): the intensity of the originally dominant peak C0 decreases, the peak 

C1 disappears  and  the new components  C3, C4 and C5 emerges at 284.08 eV, 285.30 and 284.31 

eV respectively. C3 and C4 are the spectral feature observed after the hydrogenation of 

Gr/Ni(111)
27

, whereas, as it will be clear below, C5 accounts for the graphene regions decoupled 

from the substrate by water intercalation. 

Further information on the water dosed-Gr/Ni(111) interface is obtained by the analysis of 

the O 1s core-level spectrum (Figure 1b), which shows a main component at 532.51 (O1) and a 

second feature at 530.54 eV (O2). On the basis of results reported in Ref. 28, we assign the two 

components to undissociated water molecules and to hydroxyl species coming from water 

dissociation, respectively. It is worth noting that the relative intensity of OH and H2O components 

is strongly influenced by the interface configuration. Lacking any information about the 

arrangement of the water molecules below graphene, also in relation to the localization of the OH 

groups, to estimate the amount of intercalated water and the percentage of dissociated molecules 

from the O1s component intensities might be misleading .  

Significant water-induced effects are also evident in the valence-band spectra shown in 

Figure 1c. The pristine Gr/Ni(111) is characterized by three features: the intense peak at 1.35 eV is 

ascribed to Ni 3d bands, while two broad features centered around 6.3 and 9.3 eV are related to σ2,3v 

and π1v valence-band Gr-derived states, respectively. 
29

 The strong hybridization between σ2,3v and 

π1v states and Ni 3d band induces a BE difference of ~2.4 and ~1 eV, respectively, compared to the 

corresponding states in graphite. 
29

 Conversely, the spectrum acquired after water exposure exhibits 

a band associated to the H2O-3a1 state at ~7 eV. 
30

 The attenuated intensity of the valence band in 

the water-exposed Gr/Ni(111) is due to the presence of chemisorbed species.  
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To define the configuration of  the water-dosed interface, it should be noted that the lack in 

the C 1s spectrum of spectral features assignable to C-OH bonds, which should arise at ~ 286.5 

eV
31

 , indicates that the hydroxyl groups are bonded to the Ni substrate. On the other hand, the 

undissociated water molecules, which do not stick to defect-free Gr nor adsorb on the Ni(111) 

surface at RT, could be trapped at Gr defect sites or intercalated underneath the Gr cover. 

Valuable information about the configuration of surface chemical bonds are provided by 

the investigation of surface vibrations with high-resolution electron energy loss spectroscopy 

(HREELS). The vibrational spectrum of H2O-dosed Gr/Ni(111), shown at the bottom of Figure 1c, 

exhibits the C-H bending and stretching modes at 179 and 367 meV
32

, respectively. The absence of 

C-OH and O-H vibrations at 65-75 and 410-460 meV 
33

, respectively, confirms that the OH groups 

arising from water dissociation are not bound to Gr, which only forms bonds with H atoms. It 

should be noticed that OH-Ni vibrational modes underneath the Gr cover cannot be probed by the 

HREELS technique.
34

 Similarly, the absence in the vibrational spectra of modes coming from 

undissociated water molecules (for H2O vibrational spectrum, see Figure S4 in the Supporting 

Information, SI) demonstrates that the H2O molecules, detected in the O 1s spectrum in Figure 1b, 

have penetrated below Gr.  

Therefore, the scenario emerging from our results is that water molecules interacting with 

the Gr/Ni(111) interface intercalate below Gr and partly dissociate, leading to H atoms bonded to 

Gr and OH groups bonded to the metal substrate. This is expected to result into an increased Gr-Ni 

distance and into the buckling of the Gr sheet (see Figure 3 and its description), as a consequence of 

the hydrogenation-induced modification in the hybridization from sp
2
 to sp

3
.
35

 Accordingly, the 

DFT calculations of core-level shifts for C 1s for Gr decoupled from the Ni substrate by the 

presence of intercalated species indicate a notable down-shift of ~0.7 eV (see Figure S5 in the SI), 

in agreement with the behavior observed in Figure 1a. 

The thermal stability of the water-dosed Gr/Ni(111) interface was probed by monitoring the 

C 1s spectra by means of fast-XPS experiments performed in real time during sample heating. The 
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sequence of C 1s spectra is shown as a 2D plot in Figure 2a, whereas Figure 2b reports the intensity 

of the different C 1s spectral components. Thermal annealing at 350 K starts to convert C3 and C4 

into C0.  In the  high resolution C1s spectrum taken on the sample heated at 470 K (see SI, Fig.S5),   

C3 has vanished and C0 and C1 has recovered most of their  initial intensity after complete 

hydrogen desorption, whereas the extra intensity at ~ 284.3  in correspondence of  C5 still reveals 

the presence of  intercalated water. After  annealing to 770 K the C 1s spectrum has fully recovered 

the line-shape and intensity of the pristine Gr on Ni(111). The C 1s spectra measured on Gr/Ni(111) 

before exposure to water and after sample heating of the water-dosed system are compared in the 

inset of Figure 2b. Their perfect similarity leads us to conclude that the Gr hydro/dehydrogenation 

process does not induce any structural damage of the Gr lattice,  It is worth noting that whereas 

defected Gr/Ru(0001) exposed to water  is dramatically split, defect-free graphene remains intact, 

and Gr/Cu(111) is only occasionally damaged.
36

 Accordingly, our results  demonstrate the stability 

of  Gr/Ni(111) exposed to water and the perfect process reversibility. 

A similar evolution of the water-dosed Gr/Ni(111) interface with the temperature is 

illustrated by HREELS spectra (Figure 2c), which show that above 300 K the intensity of C-H 

vibrations decreases progressively and finally vanishes at ~440 K. In the thermal evolution of the O 

1s spectrum (Figure 2d), the behavior of the intensity of O1 and O2 components (defined in Figure 

1b) indicates a different evolution for the OH and H2O species present at the Gr/Ni(111) interface. 

The progressive decrease of the O1 component, which starts at 400 K and proceeds up to 700 K, in 

parallel with the C5 component of the C1s spectrum, confirms that the H2O molecules are entrapped 

underneath the Gr cover. The increasing temperature allows them to diffuse and desorb, likely 

passing through grain boundaries and defects of the Gr lattice. By contrast, the constant intensity of 

the O2 peak ascribed to OH groups attests the higher thermal stability up to 750 K of the OH-Ni 

bonds.  

The various physicochemical processes involving water intercalated underneath Gr were 

modelled by DFT calculations (Figure 3).. Grain boundaries are the main route for the penetration 
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of water between Gr and the metal substrate in agreement with the results reported  for the 

intercalation of atoms
37

and molecules
38

  below graphene. Water intercalation at RT requires high 

partial pressure (i.e. ~10
-3

 mbar, see Methods), as also found for CO intercalation at RT in 

Gr/metals.
39,40

 The next step of our DFT survey is the modelling of H2O decomposition at the 

Gr/metal interface. We considered the decomposition of two water molecules, which can occur 

through different paths, leading to the following possible configurations: (a) two H atoms adsorbed 

on Gr and two OH groups on the metal substrate (Figure 3b); (b) both OH groups on Gr and both H 

atoms on the metal; (c) one H and one OH on Gr and the same water fragments on the metal; (d) all 

H and OH on Gr or (e) all H and OH on the substrate. Our calculations indicate that the 

configurations (d) and (e), where all fragments are on Gr or on Ni, are less energetically favorable 

by about 1.5 eV than the first reaction path leading to hydrogenation of Gr and OH chemisorption 

on the Ni surface. Moreover, the (b) and (c) configurations are less favorable than the (a), although 

only by 0.2 eV. Thus, our DFT calculations confirm that the most energetically favorable reaction 

path for the decomposition of two water molecules intercalated below Gr/Ni(111) will provide 

hydrogenated Gr and hydroxyl groups bonded to the substrate. As shown in Figure 3, for defect-free 

Gr this process is endothermic,. However  the presence of  SW defects decreases the chemisorption 

energy and the molecular dissociation becomes exhothermic. Then the  role of the Stone Wales  

defects is to  increase the chemical reactivity of  graphene as it has been predicted to happen in  the 

hydrogenation of free standing graphene. 
41

  

Then, we have evaluated the stability of the H atoms on Gr with respect to the migration to 

the underlying metal substrate by modelling a two-stage process: desorption of first (Figure 3c) and, 

successively, of the second (Figure 3d) H atom. For defect-free Gr or for Gr with a low density of 

Stone-Wales defects, the migration to the substrate of even a single hydrogen atom is exothermic. 

This result is somehow unexpected, since the presence of an odd number of monovalent species 

chemisorbed on Gr should be energetically unfavorable with respect to the presence of an even 

number of monovalent species.
42

 The destabilization in the chemical bond consequent to single-
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atom desorption is compensated through the occurrence of charge transfer from the substrate
43

, 

which makes the H migration to the metal substrate energetically convenient.  When increasing the 

density of Stone-Wales defects at the surface, the permanence of both H atoms on Gr becomes 

definitely favorable, because of the stabilizing effect of chemisorbed species, which is proportional 

to the number of defects. 

 Desorption of the second H atom from Gr (Figure 3d) is energetically favorable uniquely 

for defect-free Gr and only in this case the H2 molecule spontaneously forms in the space between 

Gr and substrate. In the presence of defects, the migration of both hydrogen atoms to the substrate 

has an energy cost and, thus, the formation of H dimers on the metal substrate is unfavorable 

without providing external energy. 

Thus, DFT calculations demonstrate that, close to the Gr grain boundaries, water molecules 

decompose to hydrogen and hydroxyl groups and stable hydrogenation of Gr occurs. The amount of 

hydrogenated Gr and the configuration of the hydrogenated patterns strongly depend on the atomic 

structure of Gr defects at the grain boundaries. However, the Ni substrate reduces the barrier for 

water decomposition by more than 0.5 eV with respect to pristine free-standing, defect-free Gr.  

After the elucidation of the reaction scenario, it is mandatory to evaluate the amount of 

hydrogen which is possible to store at the Gr/Ni(111) interface. To this aim, we probed the species 

evolving from the water-dosed Gr/Ni(111) interface upon thermal annealing by temperature 

programmed reaction (TPR). The primary role of Gr in the H2O dissociation was evidenced by 

carrying out also a parallel experiment on the bare Ni(111) surface. To avoid any possible 

contribution due to the H2 background in the ultra-high vacuum (UHV) chamber, we have 

conducted this experiment by dosing D2O. Bare Ni(111) and Gr/Ni(111) surfaces were exposed to 

saturation doses of D2O at RT and the TPR curves were measured while heating the samples at rate 

of 2 K/s (Figure 4a,b). In the case of Gr/Ni(111), the D2O, D2, O2 and O TPR profiles shown in 

Figure 4b indicate that D2 is the unique desorbing species.. The D2 desorption peak from Gr/Ni(111) 

centered at 442 K, corresponding to an activation energy of ~1.0 eV, is followed by a secondary 
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peak at 643 K, corresponding to an activation energy of ~1.6 eV. These results are in fair agreement 

with thermal programmed desorption experiments carried out on H-dosed Gr/Ni(111).
44

 

We want to point out that it is not possible to observe the desorption of D2O during thermal 

annealing of D2O-dosed Gr/ Ni(111) since the very high background signal of D2O, arising from 

the large dose, makes D2O desorption hardly discernible. On the other hand, the absence of a well-

distinct desorption peak for D2O is also in agreement with the XPS measurements reported in 

Figure 2d, where the O1 component of the O 1s core level only gradually decreases above 400 K as 

a function of temperature. 

By contrast, D2 production from the D2O-dosed Ni(111) is not an effective process, as 

demonstrated by the vanishing D2 TPR curve shown in Figure 4b.To further prove the occurrence 

of water dissociation at the Gr/Ni(111) surface at RT, we have also conducted TPR experiments 

with H2O/D2O mixtures. In this case, the observation of HD molecules, resulting from the 

recombination of H and D fragments, demonstrates the RT dissociation of both H2O and D2O at the 

Gr/Ni(111) interface.  

The amount of D2 evolving from the Gr/Ni(111) interface saturated at RT with water 

molecules was evaluated by calibrating the D2 TPR curve, shown in Figure 4b, with the H2 yield 

from the Ni(111) surface hydrogenated at 150 K up to a H saturation coverage of 0.5 MLNi. We 

remind that 1 MLNi corresponds to a surface atomic density of 1.86x10
15

 atoms/cm
2
. The thermal 

programmed desorption H2 curve, obtained from the H/Ni(111) surface and reported in Figure 4c, 

shows the β2 desorption peak at 367 K and a second peak at 320 K related to the β1 states.
45

 By 

using the integrated intensities of this curve to normalize the D2 TPR curve of Figure 4b, it results 

that the amount of D2 evolving from water-saturated Gr/Ni(111) corresponds to 0.17 MLGr 

(1MLGr=2MLNi).  

From the quantitative analysis of the TPR data, we can thus assert that the gravimetric density of the 

hydrogenated Gr reachable in water-dosed Gr/Ni(111) interfaces is 1.42 wt.% at RT and in UHV 
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conditions. As a comparison, LaNi5, a typical metal alloy forming hydrides, shows a gravimetric 

density of 1.37 wt. % 
46

 at RT. It is expected that decoration of Gr by Ca
47

 or transition-metal 

atoms
48

 and, moreover, the substitutional doping of Gr by N
48

 or B
49

 could further increase the 

gravimetric capacity.  

 

3 Conclusions 

By means of a combination of advanced spectroscopic techniques and theory, we have elucidated 

the mechanism leading to water decomposition at the Gr/metal interfaces at RT, resulting in 

hydrogenated Gr, with a gravimetric density competitive with current technology for H storage. 

Molecular hydrogen is produced by heating above 400 K. Our results represent a crucial milestone 

in the technological road map for the use of Gr/metal interfaces  in catalysis and in energy-related 

applications. 

 

 

Methods 

Sample growth 

The sample was a Ni(111) single crystal. The substrate was cleaned by repeated cycles of ion 

sputtering and annealing at 1050 K. Gr growth was carried out by dosing ethylene with the sample 

kept at 790 K, while monitoring in real time the C 1s line-shape (SI, Figure S1). The Gr overlayer 

quality is good, as indicated by the intense spots recorded in the He-atom diffraction pattern (SI, 

Figure S2).  

Spectroscopic investigations were performed in four different UHV chambers in Trieste, Padova, 

Rende, and Madrid. 

Exposure to water 
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Water was dosed at RT on a Gr/Ni(111) surface through a doser. The doser is a Mo tube with 

diameter 6 mm, placed almost in contact with the sample in order to enhance the local pressure. In 

these conditions, we reached a partial water pressure of 10
-3

 mbar on the sample. We dosed water 

up to a total exposure of 10
6
 L. Such a high dose is motivated by the low sticking coefficient of 

water molecules at RT on Gr/Ni(111) (see SI, section S3) 

X-ray photoelectron spectroscopy (XPS) 

High-resolution XPS experiments were performed in the UHV chamber of the SuperESCA beam 

line of the synchrotron radiation source Elettra (Trieste, Italy). High-resolution C 1s and O 1s core-

level spectra were measured at a photon energy of 400 and 650 eV, respectively, with an overall 

energy resolution ranging from 40 to 150 meV. Valence-band spectra were acquired with a photon 

energy of 135 eV. For each spectrum, the BE was calibrated with the Fermi level position of the Ni 

substrate. The measurements were performed with the photon beam impinging at grazing incidence 

(70°), while photoelectrons were collected at normal emission angle. The core-level spectra were 

best fitted with Doniach-Šunjić functions convoluted with Gaussians, and a linear background. 

High-resolution electron energy loss spectroscopy (HREELS) 

HREELS experiments were performed by using an electron energy loss spectrometer (Delta 0.5, 

SPECS) at University of Calabria, Rende (CS), Italy. The energy resolution of the spectrometer is 5 

meV. The primary electron beam energy is 4 eV. Each spectrum was normalized to the intensity of 

the elastic peak. HREELS spectra were acquired in specular conditions, with incident and scattering 

angles of 55° with respect to the surface normal. 

Temperature-programmed reaction (TPR) 

TPR was measured with a HIDEN HAL 301 PIC quadrupole mass spectrometer with an electron 

multiplier detector at University of Padova, Italy. To analyze the desorption species coming only 

from the sample surface, the quadrupole filter, covered by a quartz shield holding a 8 mm hole in 

correspondence to the sample, was placed at 5 mm from the Ni(111) single crystal, which was 
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mounted on two tantalum wires. A linear heating ramp of 2 K/s was used. The base pressure during 

the experiments was better than 6∙10
-10

 mbar.  

DFT calculations 

We used DFT, as implemented in the pseudopotential code SIESTA.
50

 All calculations were 

performed using the generalized gradient approximation (GGA-PBE) with spin-polarization
51

 and 

implementation of the correction of van der Waals forces.
52

 All calculations were carried out with 

an energy mesh cut-off of 360 Ry and a k-point mesh of 8×6×2 in the Monkhorst-Pack scheme.
53

 

We used a rectangular supercell of 48 carbon atoms over metallic slab containing four layers (24 Ni 

atoms in each layer). During the optimization, the ion cores were described by norm-conserving 

non-relativistic pseudo-potentials
53

 with cut-off radii 1.14, 1.45, 1.25, 2.15 a.u. for C, O, H and Ni, 

respectively, and the wave-functions were expanded with localized orbitals and double-ζ basis set 

for hydrogen and a double-ζ plus polarization basis set for other species. Full optimization of the 

atomic positions was performed. Optimization of the force and total energy was carried out with an 

accuracy of 0.04 eV/Å and 1 meV, respectively.  

For modelling grain boundaries between Gr domains, we used Gr with different amount of Stone-

Wales defects (see Fig 4a). The intercalation energy was calculated by: 

Eintercalation = Esystem+2H2O – (Esystem + 2EH2O)/m  

where Esystem and Esystem+2H2O are the total energy of Gr on metallic substrate before and after the 

intercalation of two water molecules, respectively; EH2O is the total energy of water molecule and m 

is the number of carbon atoms in the supercell. 

The optimized distance between the metal substrate and Gr obtained in our calculations agrees with 

experimental values in literature (see discussion in Ref. 54). 

 

 Associated content 

This material is available free of charge via the Internet at http:// pubs.acs.org. 
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1) Real-time growth of Gr on Ni(111); 

2) Evaluation of the crystalline quality of the grown Gr layer by He-atom scattering (HAS); 

3) Sticking coefficient of water on Gr/Ni(111) at RT; 

4) Ice formation and desorption in Gr/metals; 

5) Calculations of core-level shifts; 

6) DFT model on water dissociation at RT in Gr/metals. 
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Figure 1. XPS and vibrational investigation of pristine and water-exposed Gr. (a) C 1s core-

level spectra in pristine Gr/Ni(111) (top panel) and H2O-exposed Gr/Ni(111) (bottom panel), 

measured with photon energy of 400 eV. The assignment of C0, C1, C3 and C4 peaks is described in 

the main text. By contrast, C2 is a residual carbide species.
54

 (b) O 1s core-level spectrum in H2O-

exposed Gr/Ni(111). The photon energy is 650 eV. (c) Valence-band spectra in pristine (black 

curve) and H2O-expoxed Gr/Ni(111) (blue curve). Spectra have been shifted for clarity. The photon 

energy is 135 eV. (d) Vibrational spectrum, measured by HREELS in specular scattering conditions 

for pristine (black curve) and H2O-expoxed Gr/Ni(111) (blue curve). The primary electron beam 

energy is 4 eV. 
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Figure 2. Desorption of water fragments from Gr. (a) Real-time evolution of the C 1s signal in H2O-

exposed Gr/Ni(111) during the heating at a rate of 0.4 K/s. (b) Intensity of the various components of the C 

1s core-level spectrum. Each peak has been labeled as in Figure 1a. The inset shows the C 1s signal recorded 

for Gr/Ni(111) (grey circles), H2O-dosed Gr/Ni(111) (red curve) and after heating to 442 K (blue curve). (c) 

Vibrational spectrum measured by HREELS for the H2O-modified Gr/Ni(111) surface, annealed to different 

values of temperature. The bottom axis reports vibrational energies in meV, while the corresponding values 

in cm
-1

 are shown in the top axis. (d) Intensity of the O1 and O2 components (see Figure 1b) in O 1s spectra 

recorded in real time during the heating of the water-exposed Gr/Ni(111) from 300 up to 750 K. The 

intensities have been obtained by fitting the O 1s spectra with two Voigt line-shapes after background 

subtraction.  
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Figure 3. DFT model on water-induced hydrogenation of Gr/metals. Optimized atomic 

structures of Gr without (left column) and with various amount of defects (central and right 

columns) for: (a) Gr/Ni(111); (b) intercalation of two water molecules, which decompose into 

hydroxyl groups bonded to the Ni substrate and hydrogen atoms covalently bonded to Gr; migration 
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of one (c) and two (d) hydrogen atoms from Gr to the metal substrate. Numbers correspond to the 

energetic values (in eV) of the various processes.  

 

 

 

 

 

 

 

Figure 4. D2 production from D2O. TPR spectra acquired for the D2O-exposed Ni(111) and 

Gr/Ni(111) surfaces are reported in panels (a) and (b), respectively. The evolution of D2O (red 

curve), D2 (black curve), atomic O (green curve) and O2 (blue curve) has been recorded. The weak 

D2 desorption peak from Ni(111) is caused by residual deuterium in the water flask. (c) Thermal 

programmed desorption spectra of the H2-dosed Ni(111) surface acquired using a 2 K/s heating rate.  
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S1. Real-time growth of Gr/ Ni(111) 

 

Figure S1 (panels a and b) shows the real-time evolution of the C 1s core level during the growth of 

Gr on Ni(111) by dissociation of ethylene at 790 K. For low ethylene dose, the C 1s signal appears 

at 283.0 eV and is due to a carbide phase, as in Ref. 1. At higher exposure, the Gr phase appears, as 

evidenced by the emergence of a peak at 284.84 eV, whose intensity becomes predominant while 

the residual component of carbide species nearly disappears (see C2 peak in Figure 1a of the main 

text).  



 

Figure S1. Real-time growth of Gr on Ni(111). Evolution of the C 1s signal during the exposure 

of the Ni(111) surface to ethylene at 790 K . The photon energy is 400 eV. 

 

S2. Evaluation of the crystalline quality of the grown Gr layer by HAS 

HAS is a surface sensitive technique, which provides information about surface structure, as well as 

on dynamic processes, such as phonons and thin-film growth. Because of the low energies em-

ployed (10-100 meV), neutral He atoms probe the topmost surface layer of any material in an inert, 

completely nondestructive manner.2 In particular, HAS is characterized by high sensitivity to sur-

face defects, which allows detection of very low adsorbate coverages, down to 0.001 ML.3 There-

fore, it is an incomparable tool to evaluate the crystalline quality of overlayers.2 

The HAS experiments were performed in Madrid (Spain) with a high-resolution time-of-flight spec-

trometer, described in detail elsewhere.4 The He-atom beam is produced in a high-pressure free-jet 

expansion through a 10 µm nozzle. Measurements reported here were performed with a source 

pressure P0 = 70 bar behind the nozzle and at a nozzle temperature of 300 K. The velocity spread of 

the He beam was estimated to be 3% under these conditions. The base pressure in the scattering 



chamber was typically 2x10-10 mbar, reaching 2x10-8 mbar with the He beam on. The helium atoms 

scattered from the sample, after travelling through three differentially pumped stages along the 

1.7m long drift tube, are detected by means of a home-made mass sensitive detector. The angle be-

tween incident and scattered beam, in a planar geometry, is fixed at a total angle Θ =105.4º. The 

angular distributions are measured by rotating the crystal by an angle Θi around a normal to the 

plane, defined by the incident and the outgoing beams.  

Figure S2 shows a high-resolution HAS pattern measured from a Gr/Ni(111) sample. The specular 

peak is very sharp, with a FWHM= 0.15º. This corresponds roughly to the angular resolution of the 

instrument, revealing the good surface quality of the grown Gr layer. Very intense diffraction peaks 

due to the (1x1) Gr overlayer can be observed. The actual diffraction grating is the periodic modula-

tion of the repulsive part of the He-Gr potential at the energy of the incoming He atoms.  

 

Figure S2. Diffraction pattern of He atoms taken for Gr/Ni(111). Angular distributions of He 

scattering from the Gr/Ni(111) surface along the ΓM direction. The incident beam energy is 65 

meV and the surface temperature is 110 K. 

 

 



S3. Sticking coefficient of water on Gr/Ni(111) at RT 

We have also investigated by means of HAS the adsorption of water on Ni(111) and Gr/Ni(111) at 

RT. Figure S3 shows the evolution of the specular He intensity as a function of time, measured 

while dosing water from the background at p=4x10-7 mbar. The initial slope of a reflectivity curve 

(after the beginning of the exposure) is, to first approximation, proportional to the initial sticking 

coefficient of water molecules.3 We can estimate a sticking coefficient of ~2·10-4 for H2O/Ni(111) in 

our experimental conditions. Our HAS data are consistent with the value of the sticking coefficient 

determined in Ref. 5. Whereas sticking on clean Ni(111) is revealed by a clear decrease of intensity, 

a nearly flat curve is measured for Gr/Ni(111). This allows concluding that the initial sticking coef-

ficient of water on Gr/Ni(111) is very low (below 10-6), which provides a clue to understand the 

very large doses needed to observe the effects reported in the main text of our work. Such a low 

sticking coefficient cannot be measured by HAS. 

 

Figure S3. Sticking coefficient of water at RT on Ni(111) and Gr/Ni(111). Intensity of the 

specularly reflected He beam versus time while dosing water at RT on clean Ni(111) (black curve) 

and Gr/Ni(111) (red curve). The vertical dashed line indicates the opening of the water leak-valve. 

The decrease of the reflected He intensity for water-dosed Ni(111) is related to the sticking coeffi-

cient of water at RT. 



S4. Ice formation and desorption in Gr/metals 

At a low coverage of water (less than θ=0.03 ML), a singleton-like monomer water molecules have 

been reported on Ni(111) at 20 K.6 At higher water coverage (0.03<θ<0.33 ML), ring hexamer like 

water cluster molecules grew on the surface at wide coverage ranges. 

Water clustering on metals begins for T>40 K and becomes extensive above 60 K.7, 8 Likewise, wa-

ter clustering has been reported to occur also for Gr epitaxially grown on metals.9 

The formation of ice on Gr/metals in the temperature range between ~80 and ~130 K has been re-

ported by many groups.9-13 Ice formation on epitaxial Gr is particularly interesting for the occur-

rence of metastable hydrophobic wetting two-layer ice.9 Unlike hexagonal ice, composed by stacks 

of puckered hexagonal "bilayers", such a novel ice polymorph consists of two flat hexagonal sheets 

of water molecules in which the hexagons in each sheet are stacked directly on top of each other. 

Vibrational spectroscopy is a powerful tool for studying adsorption at surfaces.14 In particular, the 

analysis of the vibrational modes of chemisorbed species is not only a fingerprint of the adsorbed 

chemical species but it also provides information on surface chemical bonds15 and, moreover, on 

adsorption geometry.16 

The vibrational spectrum of ice grown on epitaxial Gr (Figure S4a, red curve) may be divided into 

four major regions (see Ref. 17 for a review): frustrated translations around 30 meV; frustrated rota-

tions, i.e. librations at 100-110 meV; H2O deformations, i.e. the scissoring band centered around 

200 meV; and O-H stretching modes around 400-460 meV. Instead, the vibrational band around 

500 meV should be assigned to a combination mode of the O-H stretching and the libration modes. 

By heating the sample to 180 K, ice completely desorbed from Gr, as indicated by the featureless 

vibrational spectrum (Figure S4a, black curve). Correspondingly, the thermal programmed desorp-

tion (TPD) spectrum acquired upon heating ice/Gr/Ni(111) (Figure S4b) shows a desorption peak at 

174 K. 



 

Figure S4. Ice formation and desorption on epitaxial Gr. (a) HREELS spectra for ice grown on 

epitaxial Gr, before (red curve) and after heating at 180 K (black curve). Both water exposures and 

HREELS experiments were carried out with the sample kept at 100 K. (b) TPD spectra acquired for 

Gr/Ni(111) exposed to water at 100 K. The ice desorption peak has a maximum at 174 K. 

 

The observation of ice at RT is possible only under very particular situations, as for water locked 

between two Gr sheets. High-resolution electron microscopy has imaged water sandwiched between 

two Gr sheets, forming 'square ice', a phase with hydrogen bonding geometry very dissimilar from 

other water phases.18 We point out that our experimental conditions are very different. 

  

S5. Analysis of the high-resolution C 1s spectra. 

 

Figure S5 shows the high-resolution C 1s spectra measured on the H2O-dosed Gr/Ni(111) contain-

ing chemisorbed H and intercalated water and  on the sample annealed at 470 K and at 750 K. The 

latter spectrum overlaps completely that measured on the pristine Gr/Ni(111).  

In addition to the content of the main text, here we discuss the spectrum measured after the partial 

annealing at 470 K. According to the XPS, HREELS and TPD results shown in Figures 2 and 4, the 

sample has completely released H2 but still contains most of the intercalated  water molecules. 

Thus, the modification of the C1s spectrum taken on this sample with respect to the spectra meas-



ured on the pristine Gr/Ni(111) provides the effect of  the intercalated water on Gr. This spectrum is 

best-fitted with the C0 and C1 components  at 284.80 and 284.39  eV, as in the pristine Gr, and an 

additional component (C5)  at 284.31 eV, which, hence, has to be assigned to Gr domains lifted by 

the intercalated water. The broader line shape of the C0 component in the presence of intercalated 

water is an indication of disorder in whole Gr layer. Therefore, we can conclude that the H chemi-

sorption originates the components C3 and C4 and shifts C0 by -0.1 eV, whereas the intercalated wa-

ter lifts Gr from the substrate and the decoupled domains contribute to the C5 component.  

 

 

Figure S5. Deconvolution of the C1s spectra taken on the H2O-dosed Gr/Ni(111) at 300 K and  on 

the sample annealed at 470 K and at 750 K. The spectra are compared at the top of the figure. 

 



 

S6. Calculations of core-level shifts (cls) 

 

The calculations of C 1s cls were performed by DFT, as implemented in the QUANTUM-

ESPRESSO package,19 using ultrasoft pseudopotentials20 and the generalized gradient Perdew-

Burke-Ernzerhof (PBE)21 approximation for the exchange-correlation energy functional. A 

semiempirical dispersion correction22 was added to improve the description of the interaction 

between the Gr overlayer and the metallic substrate. The system was modelled using an in-plane 

4x6 supercell with the Gr adsorbed on one side of a 5-layers Ni(111) slab. A vacuum region 1.2 nm 

wide was used to decouple the slab from its periodic replica. The electronic wave functions were 

expanded in plane waves up to a 45 Ry energy cut-off and a 500 Ry charge density cut-off. The 

integration over the Brillouin zone was performed using a shifted 8x6x2 Monkhorst-Pack mesh.23 A 

Gaussian smearing of 0.02 Ry was used to deal with the metallic character of the system. Atomic 

positions were relaxed until the forces were below a 1·10-3 a.u. threshold. Cls were calculated in the 

final-state approximation24 within the pseudopotential formalism describing the excited atom by a 

pseudopotential generated in the core excited configuration.  

In Figure S6 the C1s cls are reported for a) an ideal (1x1) top-fcc Gr overlayer on Ni(111), b) a 

defective Gr with four heptagons per 48 atoms on Ni(111) and c) a defective Gr with the same 

configuration of b) but with two dissociated water molecules intercalated between the Gr and the 

substrate with one hydrogen and the two -OH groups bound to the substrate and the remaining 

hydrogen bound to the Gr layer. This latter structure, corresponding to Figure 3c, middle column, of 

the main text, is reported in the inset of Figure S6c. 

Cls are calculated with respect to a free-standing Gr sheet (dashed green line in Figure S6). For the 

case of an ideal (1x1) top-fcc Gr overlayer on Ni(111), cls are in excellent agreement with previous 

experimental and theoretical results 25 and, moreover, with our own measurements for the C 1s in 

pristine Gr/Ni(111) (C0 and C1 peaks in the top panel of Figure 1a of the main text).  



Note that the bridge-top configuration is also present on the surface, but it has been demonstrated25 

by DFT calculations that the two Gr structures (bridge-top and top-fcc, respectively) show very 

similar C 1s binding energies. 

Results of cls calculations for water-modified Gr/Ni(111) qualitatively indicate a notable red-shift 

of the binding energies for most of the C atoms, mainly as a consequence of the decoupling between 

the Gr and the Ni substrate. Experimental results for the C 1s in water-dosed Gr/Ni(111) (C3 peak in 

the bottom panel of Figure 1a of the main text) are well reproduced by this model. 

 

Figure S6. Ab initio C 1s cls. Cls with respect to free-standing Gr for (a) ideal (1x1) top-fcc Gr 

overlayer on Ni(111), (b) a defective Gr with four heptagons per 48 atoms on Ni(111) and (c) a 

defective Gr with the same configuration of (b) with two dissociated water molecules intercalated 

between the Gr and the substrate, where one hydrogen atom and the two -OH groups are bound to 

the substrate and the remaining hydrogen is bound to the Gr layer. The structure is sketched in the 

inset. 



S7. DFT model on water dissociation at RT in Gr/metals 

 

During the optimization, the ion cores were described by norm-conserving non-relativistic pseudo-

potentials26 with cut-off radii 1.14, 1.45, 1.25, 2.15 a.u. for C, O, H and Ni, respectively, and the 

wave-functions were expanded with localized orbitals and double-ζ basis set for hydrogen and a 

double-ζ plus polarization basis set for other species. Full optimization of the atomic positions was 

performed. Optimization of the force and total energy was carried out with an accuracy of 0.04 

eV/Å and 1 meV, respectively.  

All calculations were carried out with an energy mesh cut-off of 360 Ry and a k-point mesh of 

8×6×2 in the Monkhorst-Pack scheme.26 The optimized distance between the metal substrate and Gr 

obtained in our calculations agrees with experimental values in literature (see discussion in Ref. 27). 

The first step of our DFT modeling is the check of energetics of intercalation process. For 

the case of pure Gr on nickel substrate, the energy cost of water intercalation is almost the same as 

the energy cost of desorption of Gr from metallic substrates.27 This fact evidences the absence of 

any energy gain from water intercalation between Gr and metallic substrate. The intercalation pro-

cess is related to Gr delamination energy, which can be estimated by considering the charge transfer 

from the metallic substrate to Gr (see table S1).  

Larger number of Stone-Wales defects provides higher number of carbon atoms located over 

the outermost layer of the metallic substrate, which affords increasing number of bonds between Gr 

and substrate. For the estimation of the possible effect of the edges, we performed calculations for 

the case of Gr nanoribbons over metallic slab but the energy cost of intercalation shows only a 

slight decrease. Thus, from theoretical results, we can speculate that the main routes for penetration 

of water between Gr and metals are grain boundaries and defects in the metal substrate, where 

enough space for migration of water molecules exists and, thus, intercalation start from these areas. 

 



Table S1 Charge transfer from Ni substrate (e-/C) as a function of defects concentration 

Perfect (defect-free) 4 heptagons per 48 
carbon atoms 

6 heptagons per 48 
carbon atoms 

0.035 0.042 0.055 

 

Next step of our survey is the modeling of the decomposition of water molecules between 

the Gr cover and the metal substrate. There are five possible opportunities for decomposition of two 

water molecules: (1) two hydrogen atoms adsorbed on Gr and two hydroxyl groups adsorbed on the 

metal substrate (Figure 3b of the main text), (2) hydroxyl groups on Gr and hydrogen on metal, (3) 

one hydrogen and one hydroxyl group on Gr and same combination on the metallic surface, (4) all 

hydrogens and hydroxyl groups on Gr or (5) all on the substrate. Our calculations indicate that the 

energy cost of 4th and 5th combinations is less energetically favorable by about 1.5 eV that the first. 

Moreover, the 2nd and 3rd combinations are less favorable than the 1st in order of 0.2 eV. This ener-

gy difference is weak (about 10% of magnitude) and it depends on the substrate and on the amount 

of defects. Consequently, the formation of OH-Ni bonds is strongly favored with respect to that of 

H-Ni bonds. Thus, we can conclude that decomposition of water between Gr and metallic substrate 

will always provide hydrogenation of Gr. For the case of defect-free Gr, this process is endothermic 

but, similarly to the case of hydrogenation of free-standing Gr with defects,28 in this case also 

Stone-Wales defects make this process exothermic.  

Final step of our modeling is the check of stability of hydrogen atoms on Gr. We model two stages 

of this process: desorption of first (Figure 3c of the main text) and second (Figure 3d of the main 

text) hydrogen atoms. For the case of pure Gr and lower amount of Stone-Wales defects, the migra-

tion of a single hydrogen atom toward the substrate is also exothermic. This result seems rather un-

usual because the presence of odd number of monovalent species chemisorbed on Gr is much less 

energetically favorable that even.29 However, in the case of Gr on metallic substrates, charge trans-

fer from the substrate decreases the energy difference between chemisorption of even and odd num-



ber of monovalent species.30 For the case of higher amount of Stone-Wales defects, the stable 

chemisorption of both hydrogen atoms on Gr is more energetically favorable, because the energy 

gain from chemisorption is proportional to the amount of defects. Desorption of second hydrogen 

atom from Gr (Figure 3d of main text) is energetically favorable uniquely for defect-free Gr be-

cause only in this case the H2 molecule spontaneously forms in the space between Gr and substrate. 

For the case of Gr with defects, the migration of both hydrogen atoms to the substrate has an energy 

cost and, therefore, the formation of H dimers on the metal substrate underneath the Gr cover is un-

favorable without providing external energy. 

Thus, from results of DFT modeling, we can conclude that, in the vicinity of grain boundaries of Gr 

on metallic substrate, water molecules will be decomposed to hydrogen and hydroxyl groups and 

stable hydrogenation of Gr will occur. The amount of hydrogen on Gr and configuration of hydro-

genated patterns strongly depends on atomic structure of defects on Gr grain boundaries. The sub-

strate influences the amount of water confined in the space between Gr and the substrate. Converse-

ly, the substrate plays only minor role for the energetics of water decomposition and stability of hy-

drogen on Gr. 
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