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Abstract 

Graphane offers a safe and high capacity hydrogen storage. Unfortunately, production of graphane 

directly from its parent material graphene requires breaking the extended π bond, implying either harsh 

chemical environments or highly energetic plasmas. In here, we propose to use graphene oxide (GO) to 

initially have the lattice irregularities and local curvature conferring to some of the carbons a favorable 

partial negative charge or a sp3 hybridization suitable for C-H bond formation. When GO covers the 

cathode of a water splitting cell powered at 1.7 volts, we demonstrate an effective hydrogen 

chemisorption exhibiting a logarithmic growth with time. Such GO undergoes a dynamic evolution, 

combining a continuous change in the local corrugation and partial charge distribution with 

deoxygenation, opening additional sites for hydrogen chemisorption. Using density functional theory 

combined with the experimental parameters we can monitor the H atom gravimetric density increase as 

the water splitting experiment takes place. 

 

1. Introduction 

A renewable-energy based electricity generation is largely unpredictable, and does not always offer a 

good match with electricity consumption patterns. Yet, as renewable energy takes a large piece in the 

energy source pie, fully reliable, safe and large-capacity energy storage technologies become 

indispensable to ensure an optimal operation of energy production and distribution. Given the high 

energetic power of the hydrogen molecule and the capability to obtain it from a simple water splitting 

reaction, hydrogen storage has always been considered as one of the main candidates in developing new 

energy-storage systems. Graphane[1] or fully hydrogenated graphene - as well as other carbon–based 

metal free materials[2,3] - offers a safe and high hydrogen storage capacity[4]. Unfortunately, neither 

the chemical binding of hydrogen to the carbon backbone or its release have been obtained yet from a 

simple, effective and energetically efficient route. Several procedures to chemisorb hydrogen on 

graphene have been explored, both theoretically and experimentally. On the theoretical side, density 

functional theory (DFT) showed tunability of the hydrogen binding energy with respect to the graphene 

local radius of curvature[5]. Additionally, electrostatic fields and substitutional doping were suggested 

to have a catalytic effect for dissociative chemisorption[6]. From the experimental side, a number of 

routes have been also reported. Wet-chemistry via the Birch reduction reaction[7,8] and the use of 

hydrogen plasma at different pressures[9–12] are two examples. Whereas the bottleneck of the former 

process is the handling of liquid ammonia and the use of metals as reducing agents in order to boost the 

hydrogen storage capacity, the latter approach requires highly specialized and energy-consuming 

equipment, which make the hydrogenation process hardly up-scalable and not energetically efficient. A 



third method, called hydrogen spillover, is based on molecular hydrogen dissociation on a metal catalyst 

and its subsequent spillover on the graphene sheets. Yet, the underlying chemical mechanism has not 

been fully clarified[13], even if experimentally demonstrated[14]. To date, graphane production in a 

mild chemical environment with a low-energy demand has remained elusive, as binding the hydrogen 

to the graphene lattice requires breaking an extended 𝜋𝜋 bond. 

In here, we propose to use graphene oxide (GO) to trigger the hydrogenation process, as GO has the 

initially needed local curvature and irregularities able to favour the C-H bond formation, by inducing a 

sp2-to-sp3 lattice transition[15]. In addition, we propose an original GO hydrogenation, based on 

anchoring the protons produced in a water splitting reaction instead of breaking the hydrogen molecule, 

before its binding on the carbon lattice. Protons, as hydronium species H3O+ in solution, may approach 

the electrode guided by the cathodic excess charge and be chemisorbed on GO, due to the combined 

effect of the local polarization of the carbon electronic density and a favorable sp3 local lattice 

conformation. This process would soon saturate if the GO lattice did not go through an unpredicted 

dynamic evolution towards a reduced GO (rGO), with an evident graphane-like character.  

 

2. Material and Methods  

2.1. Material synthesis and deposition 

GO was synthetized following the modified Hummer’s method[16]. Graphite flakes, as well as all 

chemicals used in the synthesis were purchased from Sigma Aldrich. GO samples were deposited on 

copper foil by electrophoresis deposition (EPD).  

2.2. Electrocatalytic characterization 

GO was used as working electrode during the electrolytic WS, while a Pt mash and an Ag/AgCl in 1M 

KCl solution were used as counter and reference electrodes, respectively.  All experiments were realized 

at room temperature, atmospheric pressure, basic pH and in a (1.7-1.8) Volt range. The electrocatalytic 

activity of GO-based cathode was tested in N2-saturated phosphate buffered alkaline solution (0.01M 

KOH), with 10mV/s scan rate. The data were recorded using a CHI 600D potentiostat (CH Instruments). 

All potentials were referenced to a reverse hydrogen electrode (RHE). 

2.3. Structural and elemental characterization 

Information about the morphology and elemental composition was collected with a SEM-EDX (Thermo 

Fischer Inspect F). Fourier Transform Infrared (FTIR) spectroscopy was performed with a Cary 600 

series Spectrometer, using both transmission and reflection modes. Measurements were realized on dried 

samples at ambient conditions. Raman spectroscopy was performed with an InVia Renishaw Raman 



spectroscope, using a 50x objective and a 514 nm (2.33 eV) argon ion laser. The laser power was set in 

order to avoid any sample heating/damage. Curve fitting was carried out using the standard fitting 

functions within the Origin Pro 8 package. Both Lorentz fitting function and a Pseudo Voigt fitting 

function were used, with similar results. All fits had R2 > 0.985. X-ray photoelectron spectroscopy (XPS) 

was carried out on a SPECS system equipped with an Al anode XR50 source operating at 150 mW and 

a Phoibos MCD-9 detector. The pressure in the chamber was always below 10−7 Pa. Data processing 

was performed with the CasaXPS software (Casa Software Ltd., UK) using the Au 4f peaks from a gold 

sample as a reference, while the background was subtracted using Shirley’s method[17]. Atomic 

fractions were calculated using peak areas normalized on the basis of acquisition parameters after 

background subtraction, experimental sensitivity factors and transmission factors provided by the 

manufacturer.   

2.4. Model systems 

Reduced graphene oxide rGO was modeled starting from the a 4√3𝑥𝑥4√3𝑥𝑥30 graphene supercell 

consisting of 96 carbon atoms[18]. rGO models were constructed by positioning 8 epoxy and 12 

hydroxyl groups in front of randomly chosen carbon atoms, and then minimized. The amount of total 

oxygen in weight was 25%, whereas the ratio between hydroxyl and epoxy groups was 0.67, typical of 

a GO lattice and in agreement with our experimental data. Two random models, i.e. model A (MA) and 

model B (MB), were built in order to characterize the proton chemisorption, and to evaluate the stability 

due to the C-H presence. The two models differed for the specific random location of their functional 

groups. Starting from MA and placing the most stable H atom in the lattice proximity, a prototype model 

for a hydrogenated system was created. The hydrogenated system derived from MA (H-MA) showing 

the most favorable interactions counted six hydrogen atoms bounded to the carbon atoms. After 

minimization, MA and H-MA were subject to free molecular dynamics (MD). MD simulations were 

performed in the NVT ensamble (T= 300 K) employing canonical-sampling-through-velocity-rescaling 

(CSVR) thermostat[19] with a time constant of 60 fs. A single integration time step of 0.2 fs was used. 

MD simulations were carried out for 12 ns. Vibrational spectra were obtained by calculating the Fourier 

transform of the atoms velocity auto-correlation function (VACF) of the atoms taken from the last 10 ns 

of MD trajectory of the simulated systems[20]. 

2.5. Computational scheme and setup 

All calculations were performed with the CP2K program[21] at the DFT level of theory, using the 

Perdew-Burke-Ernzerhof  (PBE) exchange and correlation functional[22], including Grimme’s third-

generation dispersion corrections (D3)[23]. Goedecker-Teter-Hutter (GTH) pseudopotentials[24] 

together with double-zeta quality basis sets (DZVP) were used. The Gaussian-and-Plane-Waves method 

with an auxiliary plane-wave basis with a 400 Ry cutoff were used to describe the wave function and 



the electronic density[25]. The wavefunction convergence criterion was set to 10-6 Hartree. Geometry 

optimization of the systems was perfomed by using Broyden-Fletcher-Goldfarb-Shanno (BFGS) 

algorithm, by setting a root mean square (RMS) value of Hartree/Bohr for the force and a Bohr value 

for the geometry, as convergence criteria. All systems were considered periodic and no corrections were 

taken into account to decouple long-range interactions due to periodicity. However, all energy 

calculations were performed with respect to an appropriate reference system, therefore any spurious 

term, where present, cancelled out. The carbon atoms affinity towards protons was characterized by 

evaluating the Restrained Electrostatic Potential (RESP) charges[26] for periodic systems, using 

REPEAT methods[27] as implemented in CP2K[28]. The slight red shift shown in the vibrational 

frequencies calculated with DFT is as expected and fairly typical, and it is due to the differences in the 

periodic boundary conditions applied, as well as in the underlying electronic structure model[18].  

 

3. Results and discussion 

3.1. GO initial lattice  

As starting material to trigger the H chemisorption, we used pristine GO deposited on a Cu electrode. 

The initial GO morphology is shown in Figure 1a: the top structure appears wrinkled and exfoliated, 

with well-interlinked three-dimensional graphene sheets. Such arrangement exhibits a micro-scale 

porous network able to offer a high enough active surface for the electrode catalytic activity, as well as 

an adequate surface-to-volume ratio for subsequent hydrogen storage (Note S1).  

The corresponding Raman spectrum (Figure 1b and Note S2) exhibits a D peak associated to the partial 

disruption of its sp2 carbon bonds, caused by the presence of oxidative functional groups in pristine GO. 

This spectrum differs significantly from perfectly graphitic graphene[29], where only the characteristic 

G and 2D bands appear.  

We used ab-initio molecular modelling to build different models for pristine GO. Although the treatment 

of all the possible types of corrugations/functionalization is computationally impossible, two models 

with different random distributions of functional groups were elaborated in order to resemble 

experimental morphology and surface chemistry features[18]. As seen in Figure 1c (only one model 

shown), local corrugations in the carbon lattice are clearly visible and would explain the D peak presence 

observed in Raman measurements. 

After structural optimization, the two configurations appear similarly corrugated on average, with the 

local corrugation depending on the random disposition of hydroxyl- and epoxy- groups. Results coming 

from the two models proved to be independent of the initial random distribution of functional groups 

(Figures S9-S10 and Figures S12-S14).    



At atomistic level, hydrogen chemisorption occurs at the scale of the angstrom. Therefore, a 

micrometered sheet can be well approximated by a periodic (infinite) corrugated and randomly 

functionalized single layer of graphene.  

 

Figure 1 - Characterization of the initial GO lattice. (a) Scanning Electron Microscope (SEM) top 

view image of the pristine GO morphology.  The overall GO structure can be described as packs of large 

graphene layers of the order of the micrometer, arranged into 3D “scaffolds”. (b) deconvoluted Raman 

spectrum of pristine GO, showing contribution from the three main modes D, G and D’. (c) DFT Ab-

Initio based model for pristine GO. Yellow: Oxygen, black: Carbon, green: Hydrogen.  

3.2. C-H bond formation 

GO deposited on Cu was used as the cathode in water splitting (WS) experiments. During WS, while a 

large portion of protons will be released in the form of H2 gas via either the Tafel or the Heyrovsky steps, 

H* adsorption on the electrode, leading to chemisorption, is also possible. The latter would occur when 

favorable working conditions of pH and/or voltage are used, and the local morphology of the pristine 

material exhibits a partial sp3 hybridization over the sp2 configuration. Indeed, a basic pH environment 

may make the H2 release via Heyrovsky reaction unlikely or slow-down, whereas the H2 release via Tafel 

reaction may be hindered due to adsorption instability induced by local atomistic features of GO. Fourier 

Transform Infrared (FTIR) spectra, taken at several times during the WS experiment, are a clear 

confirmation of the carbon hydrogenation process undergone by the GO lattice. Indeed, as seen in Figure 

2a (full FTIR spectrum in Figure S7), the characteristic sp3 stretching C-H modes[30,31] in the range 

(2800-3000) cm-1 grow with the WS timespan. The C-H bands intensity is proportional to the WS 

experiment duration, exhibiting a logarithmic growth over time. The minor C-H presence in the pristine 

material results from the specific aqueous-based GO fabrication process used (Methods and Note S3).  

In agreement with the experimental C-H bond evidence are the power spectra of hydrogenated GO[20], 

obtained from ab-initio MD simulations (Figure 2b) in the (2000−4000) cm-1 domain. 



   

 
Figure 2 - Evidences of C-H bond formation during WS. (a) Experimental Fourier Transform Infra-

Red (FTIR) spectra of GO undergoing different WS times up to 4 hours, delimited to the C-H stretching 

region (2800-3000) cm-1. (b) DFT Power spectra of reduced GO (rGO) and hydrogenated rGO (H-rGO), 

where the differences arise from the presence/absence of C-H spectral features. The C-H frequencies 

appear as the result of a stable bond formation on GO (H-rGO, red line). 

 

To confirm the H2O electrolysis-induced hydrogen chemisorption on carbon, X-ray photoelectron 

spectroscopy (XPS) was used to explore the carbon chemical states at the GO surface (Figure 3a-c). One 

observes that the sp3 hybridized C-C/C-H bond state increases, as for the pristine material the 

corresponding peak only contributes to roughly 16% of the total C1s area; after 30-min WS its 

contribution reaches 30%, while for a 4-hour long WS process, it reaches nearly 35% of the total (Table 

1).  

Together with the C-H bond formation, the carbon lattice undergoes a dynamic evolution that changes 

its local morphology and introduces sp3 hybridization, everything encompassed by a GO reduction. 

Indeed, from Figure 3a-c one may see that both the C=C and C-H related contributions increase over 

time, due to the combined effect of the material’s reduction and hydrogenation. A similar combined 

mechanism was also reported for graphene oxide hydrogenated via spillover effect[32]. XPS calculations 

(Table 1) reveal that the C=C atomic concentration goes from 20.79% to 52.05% (∼2.5x increase), while 

the C-H concentration goes from 15.64% to 34.86% (∼2.2x increase). Combined elemental analysis 

from SEM/EDX (Figure S4) and XPS (Table S1) indicate an increase in the relative (C:O) atomic ratio, 

from (1.35:1) at the experiment start, to (3.5:1) after a 4-hour WS. This behavior is in accordance to a 

GO deoxygenation as consequence of the application of a potential[6].    

 



 

Figure 3 - Deconvoluted high-resolution C1s XPS spectra of GO with increasing WS time. (a) 0 

min – (b) 30 min – (c) 240 min. The carbon peak of different samples was deconvoluted into five 

functional groups: sp2 carbon (C=C, ∼284.5eV), sp3 carbon (C–C/C–H, ∼285.5 eV), epoxy/hydroxyls 

(C-O, ∼286.5 eV), carbonyl (C=O, ∼288.0 eV) and carboxylates (O-C=O, ∼289 eV).   

Such reduction process upon WS is confirmed by the percentage decrease of all oxygen-containing 

groups, combined with a parallel sp2 carbon peak increase (Table 1 and Figure S6)[33]. The increased 

C=C related peak percentage also indicates a partial restoration of a long-range conjugated carbon 

structures, typical of a more reduced material[34]. Table 1 also reveals a binding energy (BE) shift in 

the C-H/C-C peak, evolving from ~285,8 eV for pristine GO to ~285,15 eV, and finally to ~285,55 eV 

with increasing water splitting times. A shift to lower BE has been associated to the a GO evolution 

towards a more restored sp2 character of the material[35]. 

 

Table 1 - C1s High Resolution XPS analysis (including position, FWHM and atomic concentration 

percentage) of the peaks deconvolution. Measurements realized at different WS times.  

 C=C C–C/C–H C-O C=O -COOH 

WS time 

(min) 

0 30 240 0 30 240 0 30 240 0 30 240 0 30 240 

Position 
(eV) 

284.73 284.59 284.11 285.79 285.15 285.55 286.61 286.67 287.01 288.16 287.54 288.02 290.18 288.7 288.7 

FWHM  
(eV) 

1.88 1.59 1.96 1.78 1.45 1.87 1.44 1.45 1.34 1.81 1.52 1.43 1.58 1.51 1.47 

At. Conc.  
(%) 

20.79 47.8 52.05 15.64 30.92 34.86 15.55 11.65 8.96 39.1 7.35 2.22 3.93 2.28 1.92 

3.3. rGO with a graphane character lattice 

As H binds onto the carbon lattice, such lattice dynamically evolves from GO to a reduced GO (rGO) 

with a strong graphane character. In Figure 4a, the Raman spectrum of the carbon lattice resulting from 



a 4hour-long WS experiment is compared to the initial GO lattice.  WS induces boundary-like, vacancy-

like and sp3-hybridization defects, which justify the Id/Ig increase[36] (Figure 4b). Such ratio is inversely 

proportional to the average size of sp2 clusters and is commonly considered a measure of defects present 

in the material[37–39] (Note S2). The higher defect density for the rGO after a 4-h long WS is also 

confirmed by the downshift of the G band position (Figure 4c), which has been reported to be due to an 

increased local lattice strain[31,40]. Increasing the defects concentration by raising the hydrogen intake 

was also shown to lower the mechanical features of other two-dimensional materials, like molybdenum 

disulphide[41]. At the same time, as the WS takes place both the G and D’ bands broaden (Figure 4d 

and Figure 4e), indicating that the material is getting more and more defect-rich over time[39,42]. The 

weak and broad raising band at around 1150 cm−1 (Figure 4a) has been also reported to arise from 

hydrogenated carbon traces associated with a bond stretching mode of the sp3 sites[31,43].  

Finally, the enhanced rGO sp3 character is supported by the large I(d)/I(d′) intensity ratio, measured to 

be approximately 6.5 after a 4-hour long WS (Figure 4f). Indeed, empirical models showed that 

monitoring the I(d)/I(d′) evolution is a good strategy to assess the type of defects present the carbon 

lattice. Our result is similar to the one found by Eckmann et al.[44], who related the I(d)/I(d′) value to 

the presence of sp3-related defects. A detailed analysis of the peaks evolution over time upon 

hydrogenation is reported in Table  S2 of Supporting Information.

 

 

Figure 4 - Raman analysis of pristine and hydrogenated GO. (a) Detail of Raman scans for pristine 

GO and GO material after 4 hour WS, where distinctive C-H associated feature appear at ∼1150cm-1. 

(b) Id/Ig ratio plotted for pristine GO and GO material after 4 hour WS. (c) Averaged G band frequencies, 



together with their corresponding standard deviation, plotted for pristine GO and GO material subject to 

increasing WS times, up to 240min, (d – f) Averaged FWHM of the G band frequency (d), averaged 

FWHM of the D’ band frequency (e) and Id/Id` ratio for pristine GO and GO material after 4 hour WS 

(f). 

The time evolution of the integrated area of FTIR sp3 C-H-bands, the Raman (Id/Ig) intensity ratio and 

the integrated area of XPS sp3 C-C/C-H peaks manifest similar logarithmic growth trends (Figure 5), 

suggesting a relationship between these new defects and the increased presence of sp3-hybridized C-H 

bonds proceeding from the H uptake, alongside other types of distortions also present in the lattice. The 

Raman Id/Ig intensity seems to exhibit a slightly slower growth relative to the evolution obtained using 

other techniques. In fact, Raman is able to probe rather deep (about a micron) inside the carbonaceous 

material[45], and its scattering cross section is much higher for C=C sp2 bonds than for other defective 

carbon bonding. This is why Raman spectra are dominated by the sp2 content, and they can estimate less 

accurately different defect types and concentrations. On the other hand, XPS and FTIR are extremely 

sensitive to surface chemical states and to any type of defect capable of altering the hexagonal carbon 

lattice. 

 

 
Figure 5 - Integrated FTIR peak area in the 2800-3000 cm-1 (C-H stretch mode) frequency region, 

integrated XPS peak area corresponding to the C–C/C–H bond, and Id/Ig ratio extrapolated from Raman 

analysis, against WS time. Each dataset is normalized to its initial data point value.

  

3.4. The C-H bond stability is modulated by the atomistic features of GO  

In order to simulate our electrode-electrolyte interface, we used a conveniently simplified model 

consisting of a rGO sheet in vacuum with a given charge excess (Note S4). These charged models were 

characterized by evaluating the restrained electrostatic potential (RESP) derived partial carbon 



charges[26] (Figure 6a and Figure 6b). We found that the highest positive charge values are localized in 

the sp3 carbons linked to hydroxyl groups (Figure 6a and Figure S8). Valence electrons tend to localize 

over the more electronegative O, which in turn assume a partial negative charge and leave the sp3 carbon 

atoms  partially positive[46]. The affected sp3 neighbors display alternating negative and positive partial 

charges, with gradual lower intensities at longer distances. The polarization strength of epoxy groups is 

somewhat smaller (Figure 6b), but it still influences the surrounding carbons. Overall, the 

positive/negative charge pattern is not regular but depends on the random position of the hydroxyl 

groups, with a global effect modulated by the additional presence of the epoxy groups. 

Charged (rGO-2) and neutral (rGO) systems show similar charge distribution maps (Figure S9), because 

the charge excess per atom in the charged system is lower than carbon polarization induced by the 

presence of functional groups (Figure S10). However, the comparison of charged and neutral models 

shows that applying an electrical potential actually induces a charge redistribution on the atoms.  

By numerically evaluating the total energy of the chemical species involved in the Volmer reaction (Note 

S5), we could estimate the relative stability of the C-H bond formed during WS on a charged GO, i.e. 

ΔEC-H, charged (Note S6.1). The rGO-2 model represented in Figure 1c (MA) was used to estimate the C-H 

chemisorption energy (i.e. ΔEC-H, charged) of a single H+ atom placed on the up/down sides of the C lattice 

(Figure S11).  A second model (MB), differing by the random distribution of chemical groups, was also 

used to determine the reproducibility of our results. For each carbon there are two minimized 

conformations (one for each model), thus two correspondent ΔEC-H, charged. The lowest energy values for 

all carbon atoms and for each model are reported in Figure 6c, against the RESP charges. On average, 

the total chemisorption energy ΔEC-H, charged is (-12.7 ±0.7) eV, and more than 25% of C-H show a relative 

energy value lower than the average bound to a carbon atom with negative partial charge. Interestingly, 

protons preferentially attached the locally convex sites of the lattice (Figure S12 and Figure S13). 

For both models, a linear correlation is found between the RESP charges and the lowest energies 

obtained, even if with a non-negligible level of scatter (Figure 6c). The scatter arises from the structural 

lattice rearrangement, occurring after the proton bonding to the carbon. The average conformational 

energy ΔEConf (see Methods and Note S7) is (0.88 ±0.41) eV, hence energetically unfavorable to the C-

H formation (Figure S14). Consequently, we observe a wide level of energy scatter due to local effects 

induced by the proton chemisorption onto the carbon matrix. Indeed, our models MA/MB are the result 

of a complex 3D-based architecture, with a corrugation dependent on the random disposition of hydroxyl 

and epoxy groups. Such corrugation, as well as the H+ addition on the lattice, has relevant effects on the 

local charge distribution and the conformational/energetic rearrangement of the matrix, which in turn 

may alter locally the C-H bond stability and induce a higher level of haze. Surprisingly, the conformation 



corresponding to the lowest C-H energy (squared data point in Figure 6c, Figure S12 and Figure S14) 

results from a severe lattice rearrangement after H+ chemisorption (Figure S15). 

After the potential release, the electrostatic contribution is no more present and the C-H stability mainly 

relies on the “chemical” contribution, i.e. on the stability of the covalent C-H bond (Note S6.2). We find 

that ΔEC-H on rGO, with an average value of (-1.9 ±0.6) eV, is more favorable than the ΔEC-H evaluated 

for pristine graphene, being the latter value more than +1 eV[15]. The difference between ΔEC-H and 

ΔEC-H, charged is almost constant and equal to about 10 eV (Figure S16), therefore the chemical C-H 

stability of the charged system is mainly maintained even after the potential release. Remarkably, such 

difference mainly comes from the electrostatic interaction between the proton and the cathodic charge 

excess. Both the hydrogenated system derived from MA (Figure S17) and the power spectra calculated 

(Figure S18) prove that upon hydrogenation, the lattice undergoes various conformational 

rearrangements dictated by its electronic/morphological surrounding environment.  

 

Figure 6 - Influence of GO local charge distribution on H chemisorption. Distribution of the RESP 

derived partial atomic charges reported as a color gradient for the atoms in the systems MA (a) and MB 

(b). RESP derived atomic charges are able to map the electrostatic properties of a complex molecular 

system by using simple point charges. By describing the atoms’ electrostatic features, RESP derived 

charges define the charge distribution of the system and evaluate the chemical tendency of sp2 carbon 

atoms to adsorb and eventually bond a proton. The range of the charges in the carbon lattice spans from 

0.8e to -0.9e. The positive charges are represented in blue, neutral values are in grey/white, whereas 

negative charges are red. Oxygen atoms belonging to -OH and -O- groups are yellow, Hydrogens are 

green.  (c) Lowest stabilization energies due to the proton chemisorption onto the rGO-2 (ΔEC-H, 



charged), as a function of the RESP charges. Green: minimum energy values for MA. Orange: minimum 

energy values for MB. Both models have similar energy values distributions. The data point highlighted 

in the red square has the lowest energy value, and it corresponds to the strongest conformational 

rearrangement of the structure (Figure S17.B).

3.5. Water splitting for hydrogen chemisorption in GO dynamically evolving to a carbon lattice 

with an extended graphane character  

The morphology and the carbon partial charge distribution are shown to be optimal triggers for a rapid 

H chemisorption in the lattice backbone during the first hour of WS reaction conducted at 1.7V, with a 

low-proton concentration (pH>10) at room temperature. Following our results, we are able to provide 

an overall outline of the whole GO hydrogenation process at the atomistic level (Figure S19). 

However, given the limited number of unsaturated C in GO, such chemisorption would soon saturate 

unless the lattice underwent a dynamic evolution to a dramatically different configuration. After 4-hour 

WS, Figure 3a-c and Table 1 confirm GO reduction with a dominant presence of C=C and sp3 hybridized 

C-C/C-H bonds, in total amounting to more than 85% of all C functionalities. On the other hand, oxygen-

containing functionalities go from ~60% for the pristine GO, down to less than 15% in rGO lattice. 

Reconstruction of a partial long-range order, interweaved with sp3 hybridization, may help the 

subsequent H intake, in addition to freeing new sites for hosting H into the carbon lattice[47]. Indeed, 

our DFT results confirm a strong re-arrangement of the lattice after the C-H bond stabilization. Such 

dynamic evolution is what allows for a slow but steady logarithmic H chemisorption growth, when the 

driving potential is maintained (Figure 5). Once the potential is released, we may estimate that about 

25% of the formed C-H bonds are stable, as these have an energy lower than the average value found 

for the H linked to negatively charged carbons (Figure 6c). Therefore, considering a potential graphene 

storage capacity of about 7.7% wt., the H gravimetric density we achieved after 4-hour WS can be 

estimated to be roughly 2% wt. In other words, 25% of all potentially usable carbon sites store one H 

atom.   

4. Conclusions 

Our study explored the carbon hydrogenation process by means of a facile water splitting reaction at 

low-applied voltage, room temperature and atmospheric pressure. The multidisciplinary approach 

followed, combining several experimental evidences of C-H bond formation with DFT modelling, led 

to new insights in the understanding of chemisorption and subsequent hydrogen storage, when using 

fully environmentally friendly techniques. The reported experimental results unambiguously show that 

the electrolytic WS is the main proton source for the carbon lattice chemisorption. At the same time, by 



exploiting partial charges and structural conformation descriptors at DFT level, a suitable rationalization 

of the C-H species formation and stability on the GO, could be formulated, and we could roughly 

estimate a 2% wt. H gravimetric density after a 4-hour long WS experiment.  

The approach implemented here presents the clear advantage of not involving either highly energetic 

plasmas or harsh chemical conditions, besides being very stable at RT. The water and GO precursors, 

together with the mild experimental conditions involved, make the WS procedure an ideal one to achieve 

an environmentally friendly an energetically viable entire cycle of H production and storage.  

The combination of WS and chemical storage allows to bypass the high energetic barrier needed for 

breaking the molecular hydrogen. The result is a system that can safely store hydrogen even at RT, 

differently from the physisorbed H2 which needs extremely low temperatures and high pressures to get 

adsorbed. Clearly, this stability is achieved thanks to a non-negligible desorption barrier for the material 

de-hydrogenation towards H2. Several strategies have been proposed to lower such chemi-desorption 

barrier: the application of an electric field to the system or its mechanical deformation[48], as well as 

specific electrochemical routes are two examples.  

In this work we also provide a set of useful insights to rationalize and tune the sites where the hydrogen 

can adsorb and eventually chemisorb to form C-H bonds in graphene-based materials. We found that the 

H chemisorption occurs on sp2 carbons due to the presence of epoxy and hydroxyl species that influence 

the electronic and geometric configuration of the neighbouring atoms, and make them more likely to 

accommodate the C-H bond (Figure S19). In this perspective, chemical groups alternative to those 

identified in this work, may also show their effectiveness in tailoring the electronic properties of a 

graphene-based substrate (see Figure S20). Therefore, effective ways to obtain hydrogenated materials 

heading to a "graphane-like" fashion via water splitting process can be proposed and verified by properly 

tailoring the graphene lattice functionalization.  

Therefore, while future efforts may need to address routes to speed-up and optimize the 

hydrogenation/dehydrogenation processes, our findings pave the way for an energetically efficient, 

environmentally friendly, large-capacity and low-cost storage of energy obtained from renewable 

sources.  
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