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a b s t r a c t 

The conversion of semimetallic suspended graphene (Gr) to a large-gap semiconducting phase is here realized 
by controlled adsorption of atomic hydrogen (deuterium) on free-standing nanoporous Gr veils. This approach 
allows to achieve a very clean and neat adsorption, overcoming any spurious influence associated to the presence 
of substrates. The effects of local rehybridization from sp 2 to sp 3 chemical bonding are investigated by combining 
X-ray photoelectron spectroscopy and high-resolution electron energy-loss spectroscopy (HREELS) with ab-initio 
based modelling. We find that the hydrogen adatoms on the C sites induce a stretching frequency, clearly iden- 
tified in the vibrational spectra thanks to the use of the D isotope. Overall, the results are compatible with the 
predicted fingerprints of adsorption on both sides of Gr corresponding to the graphane configuration. Moreover, 
HREELS of the deuterated samples shows a sizeable opening of the optical band gap, i.e. 3.25 eV, consistent 
with the modified spectral density observed in the valence band photoemission. The results are in agreement 
with ab-initio calculations by GW and Bethe–Salpeter equation approaches, predicting a large quasiparticle gap 
opening and huge exciton binding energy. 
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. Introduction 

At variance with other two-dimensional (2D) materials, graphene
xhibits an extreme chemical versatility, which has been extensively
xplored to build customizable properties and functionalities that are
adically different from those of the parent material [1] . Hydrogenated
raphene (H-Gr) is by far the simplest and one of the most studied
hemical derivatives of graphene [2,3] . Depending on hydrogenation
onditions and configurations, H-Gr has shown its potential for a wide
ange of different applications – from hydrogen storage [4–7] to cataly-
is [8,9] , from opto-electronics [10–14] to biosensing [15–17] . In addi-
ion, intriguing optical phenomena, such as the realization of excitonic
nsulating phases [18,19] and optically controlled exciton traps [20] ,
ave been predicted for specific hydrogenation conditions. 

The opening of a semiconducting gap, which results from the con-
ersion from sp 2 to sp 3 hybridization of C atoms upon H adsorption,
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s crucial to many of these applications. Its value is highly tunable de-
ending on the degree of hydrogenation, up to the insulating behaviour
redicted [18,21] for fully hydrogenated graphene, i.e. graphane, where
iant excitonic effects are also expected to dominate the dielectric re-
ponse [18,22] . Small-gap tunability has been demonstrated at low cov-
rage due to partial 𝜋-band disruption at the 𝐾 point of the Brillouin
one [23,24] , while evidences of large gaps have been recently reported
n a few cases for highly hydrogenated samples [13,25,26] . However,
he experimental measurement of the expected gap intrinsic to high-
overage and fully free-standing H-Gr has remained elusive so far. 

Indeed, obtaining the ideal graphane arrangement [27,28] , where a
ydrogen atom is bound to each C atom of the 2D hexagonal scaffold,
as proven to be an incredibly challenging task, and many observations
re dominated by partial, inhomogeneous hydrogenation [29–31] , with
efects and open edges as key active hydrogen-C sites [12,32–34] . In ad-
ition, hydrogenation is often performed on supported samples [35–37] ,
hus inhibiting the realization of a two-side hydrogenation and leading
 (D. Prezzi) . 
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1 The integrated XPS/micro-Raman measurements were carried out at the 
SmartLab and the UPS at the LOTUS laboratory of the Department of Physics at 
Sapienza University of Rome. 

2 The HREELS experiments were performed at Modena and Reggio Emilia Uni- 
versity in Modena, in the SESAMO laboratory . 

3 The chair conformer of graphone, known to exhibit a ferromagnetic phase, 
was not considered here due to its poor stability in the absence of a support 
surface [52,56] . 
o remarkably different properties with respect to the ones intrinsic to
 free-standing, fully hydrogenated graphene layer. For these reasons,
ost of the optical spectroscopic observations on H-Gr are attributed ei-

her to one-side hydrogenation of Gr on substrate [12,23,38] or to dot-
ike luminescence arising from unsaturated graphene patches [29,30] . 

In this work, we investigate the dielectric response and the cor-
esponding optical band gap opening in high-quality samples of free-
tanding, hydrogenated Gr. In particular, we achieve a fine control on
he evolution of the structural, electronic and optical properties in the
onversion of pristine graphene to its hydrogenated phase by combining
-ray and UV photoelectron spectroscopies (XPS, UPS), high-resolution
lectron energy-loss (HREEL) experiments, and state-of-the-art ab-initio
imulations. We focus on nanoporous graphene (NPG) samples, i.e., a
ompact, bicontinuous interconnected 3D graphene arrangement with
ne to few weakly interacting layers [39,40] . NPG represents an excel-
ent testbed where to measure intrinsic properties induced by the hydro-
enation process in view of the fully free-standing, high-quality nature
f the specimens, with a very low density of defects. Notably, NPG re-
ently demonstrated successful in supporting very high H/C adsorption
ates, leading to the observation of a semiconducting phase [26] thermo-
ynamically stable up to more than 600 ◦C [41] . The high temperature
tability of the bond constitutes an important advantage in view of the
se of the highest H isotope, tritium, bonded to the graphane mesh, as
roposed for a futuristic neutrino detector [42–44] . 

Thanks to the use of atomic deuterium (D) [41] , the characteris-
ic D 

–C contribution in the vibrational spectra is identified here with
REEL spectroscopy and density-functional theory (DFT) simulations,
llowing us to unequivocally pinpoint sp 3 bonds induced by the hy-
rogenation process while disregarding any contaminant effect. More-
ver, the comparison between the photoemission spectral density and
he dielectric response by means of electron scattering is exploited to
upport the realization of a large-gap semiconductor: upon deuteration,
he presence of a valence band maximum (VBM) at about 3.50 eV be-
ow the Fermi level, as deduced by photoemission, is paired to the ap-
earance of a transition onset at about 3.25 eV resulting from electron
nergy loss, which clearly confirms the transition from semimetallic sus-
ended graphene to a semiconducting phase with a large optical band
ap. These results are in agreement with predictions from ab-initio GW

nd Bethe–Salpeter equation (BSE) calculations, which show renormal-
zed band gaps and large exciton binding energies with little variability
ith respect to the specific double-side H configuration. 

. Materials and methods 

.1. Sample preparation 

NPG samples were synthesised by using a nano-porous Ni-template
ia a chemical vapor deposition (CVD) method, as described in detail
lsewhere [45–49] . In short, the CVD process was performed at 800 ◦C
or 5 min for graphene growth. The as-grown NPG acquired the 3D
orphology of the Ni substrate, and then it was exfoliated by chemi-

al etching of the substrate by 1.0 M HCl solution. The resulting NPG
ample sized 1–2 cm 

2 with ∼30 μm thickness was obtained. Transmis-
ion electron microscopy images and diffraction patterns, reported else-
here [39] , reveal moiré superstructures, indicating the coexistence of

ingle-layer and turbostratic bi-layer graphene in the pristine NPG sam-
les. 

Deuteration has been performed in-situ in ultra-high vacuum (UHV)
y exposing NPG to atomic D, which is produced by D 2 cracking into a
apillary source locally heated at 2100 ◦C. Compared to previous works
41,50] , we used here longer exposure times, beyond the XPS satura-
ion signal, and low-energy ( ∼0.175 eV) neutral deuterium atoms rather
han low-energy ions. Remarkably, the deuterium atoms penetrate more
eeply into the porous structure of NPG, giving rise to the intense Raman
 band visible in Fig. 1 (b). 
2 
.2. Sample characterization 

The integrated XPS/micro-Raman and UPS measurements 1 were car-
ied out in UHV chambers, with a base pressure in the low 10 − 10 mbar
ange. Core-level photoelectrons were excited by a X-ray Mg K 𝛼

1253.6 eV) photon source, and analyzed by a hemispherical electron
nalyzer VG Microtech Clam-2 in constant pass energy (PE) mode set
t 50 eV, with energy resolution better than 1.0 eV. The binding en-
rgy (BE) scale was calibrated on a freshly sputtered gold foil in electri-
al contact with the sample, by acquiring the Au 4f 7/2 core-level set
t 84.0 eV after each measurement. The UPS data have been taken
ith a Gammadata VUV 5000 microwave excited monochromatised He

ource, with He-I 𝛼 radiation (21.218 eV). Photoelectrons were analyzed
ith an electrostatic hemisferical Scienta SES 200 analyzer equipped
ith a multi-channel-plate detector, operated with an overall 20 meV

nergy resolution. Raman experiments were excited by a single fre-
uency Nd:YVO 4 laser at 532 nm. Measurements were acquired in a
ackscattering configuration, using a vacuum-compatible 60 × objective
NA = 0.82). The laser power was kept below 250 mW to avoid sample
amage. A 0.5 m focal length monochromator, equipped with a 1200 or
00 grooves/mm grating, was employed to spectrally analyse the Raman
ignal, which was detected by a back-illuminated liquid nitrogen-cooled
i CCD Camera. The reflected laser light was filtered out by a super-
otch filter. The sample was mounted on a x-y-z piezoelectric stage for
erforming Raman maps. 

.3. HREELS measurements 

HREEL measurements 2 were taken on pristine and deuterated sam-
les, in both the [0–4000 cm 

− 1 ] vibrational and the [0–6] eV electronic
anges. Measurements were taken with primary energy E p = 9.0 eV, and
ngle of incidence 𝜃i = 52°. The elastic peak intensity was rather small
few tens of kcps) and strongly decreased with primary energy, hin-
ering measurements for 𝐸 𝑝 greater than 12 eV. Moreover, it showed
o dependence on both the incidence and the collection angles. This
atter finding is related to the ill-defined orientation of the sample sur-
ace, making the dipolar lobe extremely broad. This in turn means that
mpact-scattering events contribute significantly to the spectra and that
ndirect excitations (i.e., with 𝑞 ≠ 0 ) should be taken into account in an-
lyzing the spectra. Moreover, it also means that dipole selection rules
o not strictly apply in this case, allowing us to observe all infra-red (IR)
ctive modes, with dipole both parallel and normal to the surface. 

.4. Theoretical modelling 

In order to complement the above detailed XPS, UPS and HREELS
easurements, we carried out a first-principles investigation of a series

f hydrogenated single-layer and bi-layer graphene structures, which
re known to cohexist in the pristine NPG samples, as mentioned above
nd fully detailed elsewhere [26,39] . For the single-layer structures, we
tudied both single-side H/D graphene (1-side H/D-Gr or graphone [51–
3] , corresponding to 50% hydrogenation of the C sites) and two-side
/D graphene (2-side H/D-Gr or graphane [ 10,28,54 ]). For this, the
oat conformer [55] of graphone ( Fig. 2 (b), top left panel) and the chair
onformer of graphane [28] ( Fig. 2 (b), top right panel) were considered,
eing the most stable structures. 3 For the hydrogenated bi-layer struc-
ures (2-side H/D-2LGr, also referred to as diamanes [57] ), we consid-

https://sites.google.com/uniroma1.it/smartlab/home
https://sites.google.com/uniroma1.it/nano-surface-physics
https://www.h2more.unimore.it/gruppi-e-laboratori-del-centro-laboratorio-di-fisica-sesamo-in-operando/
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Fig. 1. (a) Micro-Raman spectra for UHV-clean NPG (black 
curve) and after 300 min of atomic D exposure (D-NPG, blue 
curve). Inset: spatial dependence of the ratio of the D and 
G peaks intensities elaborated from a micro-Raman map of a 
10 ×10 μm 

2 region of the D-NPG sample scanned in steps of 
500 nm. (b) Two micro-Raman spectra displaying the D and 
G peaks energy region recorded at the points highlighted in the 
map of panel a) (triangle and circle, respectively), and fitted to 
three Lorentzian peaks. (c) C 1s core level XPS spectra of UHV- 
clean NPG (left) and D-NPG (right). Experimental data (dots), 
sp 2 (blue peaks) and sp 3 (green peaks) fitting components, CO x 

component (yellow peak), 𝜋 plasmon (violet peak), total fit (red 
line), and Shirley background (white) are displayed; in the in- 
set to the right panel, simulated core-level binding energies for 
the H 

–C configurations depicted in the inset are indicated by 
vertical bars, as referenced to pristine Gr (blue bar). (For inter- 
pretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 2. (a) HREEL vibrational spectra of NPG (black 
dots) and D-NPG (blue dots). The NPG spectrum has 
been upshifted for clarity (complete, unshifted spectra are 
reported in Supplementary material). (b) Ball-and-stick 
models (top and side views) of 1-side (light violet, top left) 
and 2-side (dark violet, top right) single-layer D-Gr, as well 
as boat (red, bottom left) and chair (orange, bottom right) 
conformers of 2-side bilayer D-Gr. (c) Simulated IR spec- 
tra for the structures in (b), displayed with the same colour 
code. The energy range displayed on the x axis is the same 
as in panel (a), but in different units. (For interpretation 
of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 
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red both AA- and AB-stacking of the chair conformer [58,59] (the lat-
er shown in Fig. 2 (b), bottom left panel), as well as the boat conformer
58] ( Fig. 2 (b), bottom right panel). These structures have been shown
o form diamond-like lattice structures by binding two graphene layers
ogether in the presence of adsorbed hydrogen, thus forming interlayer
 

–C bonds that can stabilise a turbostratic stacking arrangement [59] . 
The ground-state properties of the hydrogenated (deuterated)

raphene structures described above were obtained from ab-initio DFT
imulations, as implemented in the Quantum ESPRESSO software pack-
ge [60–62] . In particular, core-level shifts (CLS) for different percent-
3 
ges of H adsorbed on a Gr layer were computed for the optimized struc-
ures by resorting to the so-called core-hole Delta Kohn-Sham ( Δ-KS)
pproach [63] , which demonstrated successful in reproducing experi-
ental CLS for graphene-based systems [64] ; phonon frequencies and IR

ntensities were calculated within the framework of density-functional
erturbation theory (DFPT) [65] , following the same approach previ-
usly used for nanosized graphenes [66] . Further details on the used
ethodologies are reported in Supplementary material. 

Dielectric properties were computed for the above structures by in-
luding of electron-electron (e-e) and electron-hole (e-h) interactions
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a  
ithin an ab-initio many-body perturbation theory (MBPT) approach,
s implemented in the yambo code [67,68] . Quasiparticle band struc-
ures (together with density of states) were obtained within the 𝐺𝑊 

pproximation in the non-self-consistent G 0 W 0 scheme [69] ; EEL spec-
ra were obtained from the imaginary part of the macroscopic dielectric
unction, resulting from the solution of the BSE [69] , by taking into ac-
ount that absorption and loss spectra coincide in the long-wavelength
imit for low-dimensional systems [70] . For these calculations, which re-
uire the control over a large set of (interdependent) parameters to ob-
ain reliable results, converged parameters were obtained by employing
n automated aiida-yambo based workflow [71] . These computational
ata, including atomic structures, input, and output files, are available
n Materials Cloud, 4 whereas further details on the approximations em-
loyed are reported in Supplementary material. 

. Results and discussion 

The Raman spectra of NPG, in clean pristine form and after exposure
o atomic deuterium, are shown in Fig. 1 (a,b). The Raman spectrum
f pristine NPG (black line, panel a) is dominated by G (1583 cm 

− 1 )
nd 2D (2700 cm 

− 1 ) bands, which are associated to the in-plane sp 2 

raphene lattice [72] . 5 The presence of very small D (1350 cm 

− 1 ) and
 ′ (1618 cm 

− 1 ) peaks is a marker of high-quality samples, indicating the
bsence of lattice distortions of the pristine graphene mesh [72] . Upon
euteration (blue line spectrum in Fig. 1 (a)), a strong increase of the D
eak intensity is observed, along with a slight increase of both D’ and
+D ′ bands, which can be associated to the sp 3 bond formation typical
f hydrogenated Gr [10] . The homogeneity of the deuteration process
s evaluated by spatially resolved micro-Raman measurements. The in-
et to Fig. 1 (b) shows a micro-Raman map of the I D /I G intensity ratio
xtracted from a 10 ×10 μm 

2 region of the D-NPG sample. A Lorentzian
tting analysis of the relevant Raman bands (two examples of which
re shown in Fig. 1 (b), corresponding to the two points marked in the
nset of panel a) shows an I D /I G distribution centered at 1.7 with a 0.3
pread, suggesting a rather homogeneous deuterium uptake. It is worth
oting that a depth profile micro-Raman analysis focused down to about
 μm below the surface displayed an analogous homogeneous distribu-
ion [73] , thus suggesting an effective deuteration deep into the NPG
ores. 

To better quantify the atomic deuterium uptake, we resort to surface-
ensitive C 1s core-level photoemission spectroscopy. Figure 1 (c) shows
he C 1s core level spectra acquired at the clean and deuterated NPG
amples, as compared to the DFT predictions for different H-Gr con-
gurations (vertical lines). For clean pristine NPG, the C 1s core level
pectrum presents a dominant peak at 284.6 eV BE, which is associated
o the semimetallic graphene signal with a planar sp 2 hybridization,
n agreement with previous results [39,40] . The presence of a tiny sp 3 

omponent at 285.2 eV is associated to the distortion of the planar Gr
tructure due to the tubular wrinkled portion of NPG [39,40] . 

In the deuterated sample, atomic deuterium uptake is revealed by
he presence of an increased sp 3 component with respect to the pristine
lanar C 

–C sp 2 configuration, as can be deduced by the C 1s core level
tting, 6 where the distortion of the sp 2 configuration towards an sp 3 

ybridization is due to the chemisorption of D adatoms on top of the
 sites [26,28] . At the same time, we observe an intensity reduction of
he intrinsic plasmon associated to the 𝜋 collective excitations at about
91.1 eV after deuteration, which can be attributed to the frustrated
ollective 𝜋 plasmon modes associated with the conversion from the
ristine semimetallic to a semiconducting phase [41] . The deuteration
rocess is very clean, as only a very tiny component due to residual
4 See https://doi.org/10.24435/materialscloud:9b-34 
5 The G and 2D bands correspond, respectively, to the symmetry-allowed E 2 𝑔 
honon at the Brillouin zone center Γ, and to an in-plane breathing of the hexag- 
nal rings at the 𝐾 point associated with a double resonance process. 
6 Details on the fitting procedure are described in Ref. [50] 
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4 
O x bonds ( < 2%) is observed at about 286.5 eV BE. Moreover, the
easured C 1s spectra do not unveil any contributions at lower BE with

espect to the sp 2 peak due to unsaturated C dangling bonds at vacancy
ites [74] , both before and after deuteration. This indicates that the D
hemisorption process is not inducing any damage in the NPG crystal
attice. 

The increased intensity in the sp 3 component with respect to the
p 2 one allows the evaluation of the fraction of D atoms bound to C
toms in the NPG mesh. By considering the relative intensity ratio Θ =
(sp 3 )/[I(sp 2 ) + I(sp 3 )], the Θ value increases from less than 4 at. %
n the pristine NPG to about 36 at. % for D-NPG. The persistence of a
p 2 component in the D-NPG sample is due to the presence of only a
raction of deuterium atoms in four-fold coordination with the C atoms
n the graphene mesh, consistent with the permanence of the Raman G
nd 2D bands, which should be quenched upon deuterium adsorption
ue to in-plane sp 2 translation symmetry breaking. 

CLS predictions with respect to pristine Gr were obtained from DFT
imulations by considering different % of H adsorbed on a Gr layer (see
upplementary material). The corresponding BEs, obtained by taking
he experimental pristine Gr component as a reference (284.6 eV, blue
ar), are depicted as vertical bars above the C 1s data of the deuterated
ample (right panel of Fig. 1 (c)) for 50 and 100% H 

–C configurations
see inset; configurations are labelled according to the bar colour code).
he bar height indicates the relative weight of each component for a
iven H 

–C configuration. We find that the 50% single-side H 

–C config-
ration presents two inequivalent C atoms, giving rise to two CL shifted
omponents (pink bars), at − 0.1 eV (i.e. 284.5 eV BE) and 1.3 eV (i.e.
85.9 eV BE), associated to sp 2 three-fold and sp 3 four-fold C coordi-
ation, respectively. The 100% 2-side H 

–C configuration (green bar)
resents a single sp 3 component at 285.4 eV (0.8 eV CLS), in much bet-
er agreement with the C 1s experimental value for the sp 3 component
285.2 eV), as deduced by the fitting procedure. 

More detailed information on the deuterium adsorption configura-
ion can be obtained by HREELS, a vibrational electron scattering spec-
roscopy technique very sensitive to IR-active modes. HREEL vibrational
pectra of pristine (black dots) and deuterated (blue dots) NPG samples
re shown in Fig. 2 (a), where we focus on the [300–2700] cm 

− 1 (37–
35 meV) frequency range (see Supplementary material for further de-
ails on the full spectral range). The clean NPG spectrum is mainly dom-
nated by a Drude tail characteristic of semimetallic graphene, which
nderlies a faint structure located at about 1450 cm 

− 1 ( ∼180 meV), at-
ributed to both graphene-like optical (C–C stretching) modes [75] and
 

–H bending modes arising from residual H present on the sample after
nnealing (see Figure and related discussion in Supplementary mate-
ial). 

The spectrum of D-NPG displays instead two main features, one ex-
ending across the [900–1500] cm 

− 1 (112–186 meV) range and one at
bout 2180 cm 

− 1 (270 meV), indicated with □ and ★, respectively. The
atter ( ★) – not present in the pristine sample – represents the clear sig-
ature of NPG deuteration, and can be unequivocally attributed to C 

–D
tretching modes, which typically lie in the [1900-2200] cm 

− 1 range
76–82] . As discussed in detail below, its exact frequency value depends
n the specific configuration of D adsorption, and thus provides valu-
ble information on the structural details of the deuterated sample. As
ar as the former ( □) is concerned, it can originate from both C 

–D/C 

–H
ending modes [83] and graphene-like optical modes, given its partial
verlap with the feature at about 1450 cm 

− 1 (180 meV) of the clean
ristine sample. 

In order to complement the above HREEL analysis, we carried out
 detailed vibrational study based on DFT, which provides an atom-
stic comprehension of the specific deuterium adsorption configura-
ions. Figure 2 (c) shows the IR-active modes computed for the struc-
ures depicted in panel b and described above (see Materials and meth-
ds Section). Peaks appearing in the [1800–2200] cm 

− 1 region can be
ttributed to C 

–D stretching modes. In particular, while 1-side deuter-
tion (light violet curve) gives rise to a peak at about 1860 cm 

− 1 , the

https://doi.org/10.24435/materialscloud:9b-34
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Fig. 3. (a) Experimental VB spectra for clean NPG 

(black) and deuterated NPG (blue). (b) Simulated G 0 W 0 

density of states (DoS) for the models in the inset (see 
also Fig. 2 (b)); zero energy set at midgap; a homogenous 
broadening of 140 meV is applied. (c) HREEL spectra 
of pristine NPG (black) and deuterated NPG (blue). (d) 
Calculated Im( 𝜖𝑀 

) in the optical limit ( q → 0), for the 
models in the inset of panel b. The binding energy of the 
n th exciton ( EBE n ) can be read as the difference between 
the GW gap E gap,GW 

and the corresponding excitation en- 
ergy E exc,n , here exemplified for the first exciton of the 
2-side H-Gr (violet curve). A Lorentzian broadening of 
0.1 eV has been included. The continuum region is in- 
dicated as coloured shaded area. (For interpretation of 
the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 
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a  

a  
odes of the 2-side deuterated structures lie at 2100–2160 cm 

− 1 (dark
iolet, red and orange curves), irrespective of the specific conformer
sigle- or bi-layer, with different registry). Our results are comparable
o those obtained for hydrogenated graphene in Refs. [77,84–87] , where
 similar result for 1-side and 2-side hydrogenation is presented. A com-
arison with the experimentally observed C 

–D stretching frequency de-
cribed above clearly shows that only the 2-side deuterated models are
onsistent with experimental data, while 1-side deuteration can be ruled
ut. At lower wavenumbers (500–1500 cm 

− 1 range), several peaks are
redicted for both 1- and 2-side configurations, and assigned to C 

–D
ending modes from inspection of the atomic displacements. Looking at
he experimental broad feature in this frequency range ( □), one envis-
ges a significant contribution coming from these C 

–D bending modes,
ven though the broadness of the experimental feature and the possi-
le contribution from other modes at similar frequencies (e.g. C 

–C and
 

–H, see discussion above) hinders a more detailed comparison between
xperimental and theoretical features in this frequency range. 

The picture discussed so far for deuterium adsorption on graphene,
s obtained by the vibrational experimental and theoretical analysis, en-
ures the formation of stable D 

–C bonds on both sides of the graphene
heet, thus leading to the conversion of free-standing, unsupported
raphene into a stable prototype of graphane, characterised by the open-
ng of an energy gap [26,41,50] . The electronic structure and dielec-
ric response of NPG and D-NPG in the eV energy range, as studied by
hotoemission and HREELS, is displayed in Fig. 3 , where we show the
volution of the electronic properties and dielectric response from the
ristine NPG (black, panels a,c) to its deuterated phase (blue). The in-
egrated intensity of the photoemitted electrons from the valence band
VB) of NPG ( Fig. 3 (a)) presents a linear spectral density close to the
ermi level E F , due to the electronic state dispersion close to the apex
f the Dirac cone, and a peak at ∼3.2 eV related to a maximum of the
ensity of 2p- 𝜋 states. After deuteration (blue line, Fig. 3 (a)), the linear
pectral density below E F and of the 2p- 𝜋 peak – both signatures of a
raphene phase – are noticeably reduced. Moreover, the VB maximum
hifts to ∼3.5 eV, suggesting a large gap opening, in agreement with pre-
ious findings for highly hydrogenated NPG [26] , clearly denoting the
ransition to a semiconducting phase. The presence of a faint tail in the
5 
ow-BE (blue line) can be attributed to the residual spectral density of
ristine NPG due to the partial deuteration of the sample (see previous
iscussion on the intensity ratio of C 1s components). 

The dielectric response and gap opening of deuterated NPG is fur-
her investigated by HREELS measurements, as displayed in Fig. 3 (c).

hereas the clean NPG spectrum (black dots) solely displays a broad
rude-like tail, due to its semimetallic character, the deuterated phase

hows a substantial decrease of the Drude-like tail intensity in the re-
ion between 0 and ∼3 eV energy loss, accompanied by the appear-
nce of a transition onset located at 3.25 ± 0.1 eV (see Supplementary
aterial for details on the edge-evaluation procedure). These spectral

eatures clearly demonstrate the opening of a semiconducting gap upon
euteration. The observed onset is in fair agreement with the optical gap
f about 4 eV reported for chemichally derived H-Gr [25] , especially
onsidering the contribution of finite-momentum excitations to our EEL
pectra (see discussion below). Other previous reports on dielectric and
ptical properties of H-Gr are either strongly affected by substrate ef-
ects [12] , or mostly dominated by lower energy broad emission aris-
ng from unsaturated nano-graphene domains [29,88] . We note that the
resence of smaller sp 2 -C clusters may in principle be responsible for ab-
orption features at these energies, which are however accompanied by
rominent features at low BE in the VB spectrum [23] . In our case, the
B spectrum in Fig. 3 (a) rules out the presence of any of those features,

hus allowing us to safely disregard their possible contribution also to
he EEL spectrum. The observed semiconducting gap opening at 3.25 eV
an be therefore attributed to the intrinsic properties of H-Gr. 

Further insight into the fundamental and optical gap of free-standing
-Gr, as probed here by photoemission and HREEL spectroscopies, re-

pectively, can be obtained from ab-initio simulations by including e-
 and e-h interactions. Figure 3 (b) shows the fundamental gap in the
 0 W 0 approximation for all the double-side hydrogenated systems pre-
iously discussed in Fig. 2 (b). We neglect the single-side hydrogenation,
hich was ruled out according to the vibration analysis (see above). De-
ending on the specific configuration, the gap E gap,GW 

ranges between
.7 and 6.1 eV, with a VB maximum located at − E gap,GW 

/2 (i.e. − 2.35
nd − 3.05 eV respectively) if we consider E F lying at mid-gap in the
bsence of doping, as previously discussed in Ref. [26] . Taking into
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Fig. 4. Electron probability distribution for the lowest excitons in single- (a) 
and bi-layer (b) H-Gr configurations. The hole is fixed on a C –C bond. 
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ccount that experimental NPG samples are constituted by single and
i-layer graphene (in turbostratic arrangement), the calculated range of
W VB maximum values compares well with the experimental value of
.5 eV. 

Figure 3 (d) shows the calculated optical absorption spectra for the
ame configurations, which is characterized by a step-like shape (shaded
rea), typical of 2D semiconductors, with prominent individual exci-
onic peaks lying below the onset of the continuum (shaded area). The
ptical gap ranges from 4 (orange curve) to 4.66 eV (violet curve), to
e compared with the experimental onset of about 3.25 eV. The dis-
repancy is likely related to the fact that we are here considering the
ptical response of ideal systems in vacuum with perfect registry. The
eal material comprises instead single- and few-layer regions with mis-
riented (turbostratic) stacking – all averaged in a macroscopic EELS
easurement –, which can give rise to quantitatively different excita-

ions, including optically inactive ones (see below) that may become
elevant when probing the sample at finite momentum. 

The exciton binding energy ( EBE ) of the lowest lying excitation with
espect to the continuum is predicted to exceed 1 eV, irrespective of the
pecific free-standing configuration computed here, as can be seen in
ig. 3 (d) by comparing the excitation energy of the first exciton, E exc,1 

ith the GW gap (exemplified in panel f for 2-side H-Gr, violet curve,
here the EBE 1 amounts to 1.44 eV). This holds true also for the boat

onformer of 2-side H-2LGr (red curve), for which the first bright exciton
orresponds to the 19 th excitation, while the first excitation lies at about
.6 eV, with EBE 1 = 1.1 eV. Such a large value results from both the
nhanced e-h interaction in reduced dimensions and the weak screening
f few-atom-thick free-standing systems in vacuum, as previously found
or other low-dimensional materials [89,90] . 

To better understand the nature of the excitations and their depen-
ence on the different conformers, we analyse the excitonic wavefunc-
ions, which are inspected by fixing the hole position in the centre of
he C 

–C bond, where the valence states are located, and by plotting the
lectron probability density (see Fig. 4 ). For both single- (a) and bilayer
-Gr (b), we find that the lowest lying excitons have a charge transfer
haracter, with the hole localized on the C 

–C bond and the electron hav-
ng mixed C 

–H localization and free-electron-like character, as shown by
udazzo et al. [18] for single-layer graphane. This again demonstrates
hat the optical properties of the system are robust irrespective of the
ctual configuration considered (e.g. single- or bilayer). 
t

6 
. Conclusions 

Well-defined hallmarks of the conversion of semimetallic graphene
nto a semiconducting phase through hydrogen incorporation have been
dentified thanks to a joint core-level and electron-energy loss spec-
roscopy study, in conformity with theoretical predictions. Atomic deu-
erium chemisorption on fully free-standing and unsupported graphene,
y using NPG and low-energy molecular cracking in UHV, induces the
ormation of sp 3 hybridized chemical bonds, as determined by photoe-
ission spectroscopy. Thanks to the use of a hydrogen isotope and with

he support of ab-initio calculations, characteristic D 

–C stretching fre-
uencies are monitored in the HREEL vibrational spectrum, allowing for
nequivocally identifying the adsorption configuration on both sides of
he NPG veils. These signatures prefigure a semiconducting phase, con-
rmed by a wide optical band gap opening and by the presence of en-
anced e–h interactions with respect to the pristine semimetallic phase,
hich is crucial for both fundamental knowledge of 2D materials and

or emerging applications of graphene in electronic and opto-electronic
evices. 
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