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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 
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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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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 hydrides19 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_ENREF_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 adopt 

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. 
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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) components, assigned to strongly interacting and weakly 

interacting (in correspondence of rotated domains) Gr on Ni(111),24 respectively, and/or to the 

coexistence of top-fcc and bridge-top domains in  Gr/Ni(111), 25 plus a minimal additional 

contribution of Ni carbide26 (C2, 283.27 eV).  

The exposure of Gr to 106 L (1 L=1.33∙10-6 mbar∙s) of water at RT strongly modifies the C 1s line-

shape (Figure 1a, bottom): the intensity of the originally dominant peak C0 decreases, the C1 peak 

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

respectively. C3 and C4 are the spectral features observed after the hydrogenation of Gr/Ni(111), 27  

whereas, as it will be clear below, C5 accounts for the Gr 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 H2O and OH components is strongly 

influenced by the interface configuration. Lacking any information about the arrangement of the 

water molecules below Gr, also in relation to the localization of the OH groups, the estimation of the 

amount of intercalated water and of the percentage of dissociated molecules from the O 1s 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 



4 
 

valence-band Gr-derived states, respectively. 29 The strong hybridization between σ2,3v and π1v states 

and Ni 3d band induces a binding-energy 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.  

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 is 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 1d, 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 sp2 to sp3.35 Accordingly, the DFT 

calculations of core-level shifts for C 1s for Gr decoupled from the Ni substrate by the presence of 
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intercalated species indicate a notable down-shift of ~0.7 eV (see Figure S6 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 

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 C 1s spectrum taken on the sample heated at 470 K (see Figure S5 in 

the SI)   C3 has vanished ; C0 and C1 have recovered most of their initial intensity after complete 

hydrogen desorption; whereas the extra intensity at ~ 284.3 eV 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 Gr 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 C 1s 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 
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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 of 

water between Gr and the metal substrates in agreement with the results reported  for the intercalation 

of atoms37 and molecules38 below Gr. 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  Stone-Wales defects decreases the chemisorption energy and the molecular dissociation 

becomes exothermic. Thus, the role of the Stone-Wales  defects is to increase the chemical reactivity 

of  Gr, as it has been predicted to occurr in  the hydrogenation of free-standing Gr. 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. 
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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-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. Gr/Ni(111) and the bare 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 4, panels a and b). In the case of Gr/Ni(111), the D2O, D2, O2 and O TPR profiles shown in 
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Figure 4a 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 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 in thermal programmed desorption is also in agreement with 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 4a, 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 1.86x1015 atoms/cm2. 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 4a, 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 Ca47 or transition-metal atoms48 

and, moreover, the substitutional doping of Gr by N48 or B49 could further increase the gravimetric 

capacity.  

 

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 

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 
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conditions, we reached a partial water pressure of 10-3 mbar on the sample. We dosed water up to a 

total exposure of 106 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 binding energy 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 

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

performed using the generalized gradient approximation (GGA-PBE) with spin-polarization51 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-potentials53 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 3a). 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 

The Supporting Information (SI) is available free of charge on the ACS Publications website.  

The SI reports additional experiments on real-time growth of Gr on Ni(111), the evaluation of the 

crystalline quality of the grown Gr layer by He-atom scattering (HAS) and of the cticking coefficient 

of water on Gr/Ni(111) at RT. Moreover, it reports vibrational experiments on Ice formation and 

desorption in Gr/metals and more details the analysis of the high-resolution C 1s spectra. The last two 
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sections of SI report calculations of core-level shifts and more details on the  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 the various components is described in 

the main text. (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) interface 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 

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

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

D2 (grey circles), atomic O (pale blue circles) and O2 (dark blue circles) 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.  

 

 

 

 

 


