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Structure of hydrogen-dosed graphene deduced from low electron energy
loss characteristics and density functional calculations
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We employed nanometer-scale spatially resolved electron energy loss spectroscopy to monitor the
degree and localization of electronic passivation of graphene surfaces by using the m-plasmon as an
indicator of sp?>-bonding. Upon hydrogenation, the 7-plasmon does not vanish, and a new feature at
7 eV occurs in the spectra. This behavior conforms to the theoretical electron energy loss spectra
derived from density functional calculations for partial hydrogenation, with benzene rings assuming
a corrugated structure. The spatial distribution of the spectral features and atomic resolution
Z-contrast images indicate absence of any long-range ordering in the hydrogenated areas. © 2010

American Institute of Physics. [doi:10.1063/1.3526373]

Much effort is put into modifying and functionalizing
graphene surfaces via doping and dosing. Hydrogenation is
expected, and has been shown, to open a band gap in
graphene.1 Many theoretical structural models have been put
forward such as armchair geometries of the benzene rings
under H-attachment, introducing out-of-plane bond angles.
Various bond angles have been suggested.2 A contraction of
the projected interatomic distance would be and has conse-
quently been observed in diffraction patterns.l However, the
absolute interatomic distance is expected to increase upon
hydrogenation; furthermore, areas of increased projected
bond length have also been observed in diffraction patterns.
More sophisticated models have suggested twisted chair or
boat conﬁguratlons ? The structure is far from being re-
solved and controversial experimental observations led to the
dispute of whether hydrogenation occurs randomly in a dis-
ordered fashion, or whether it takes place in domains, and
furthermore, how large such domains would be and to what
degree ordering might take place.

The experiments reported here were conducted in a dedi-
cated scanning transmission electron microscope (the
C,-corrected Daresbury SuperSTEM), employing probe sizes
=2 A, and equipped with an Enfina electron energy loss
(EEL) spectrometer. Operating voltages of 80 and 100 keV
were used; the instrumental resolution for EEL spectroscopy
is 0.28 eV. Highly spatially resolved EEL analysis is impor-
tant in this study since uncontaminated graphene, obtained
by all known methods, only constitutes patches of several
tens of nanometers in diameter; these are surrounded by con-
taminated areas, mostly due to hydrocarbons and fragments
of further graphene layers. Analyses employing larger elec-
tron beams monitor the superposition of signals from pristine
and contaminated areas. Since contaminants significantly al-
ter the plasmon characteristics, nanometer EEL resolution is
required in order to ascertain native graphene features.

Graphene samples were obtained using micromechanical
cleavage and identification of graphene was performed using
an optical microscope, followed by manual selection and
deposition of flakes on transmission electron microscopy
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(TEM) grids, and in a number of samples, by electron beam
lithography and etching steps in order to create a user-
defined sample support. The method has been extensively
reported, e.g., in Ref. 4. Hydrogen dosing was achieved by
exposure to a hydrogen plasma, as detailed in Ref. 1.

The collective movement of the graphitic -electrons is
a sensitive indicator of sp’>-bonding, and hence of the elec-
tronic structure in graphitic systems, and can therefore be
used to monitor the degree and localization of electronic pas-
sivation of graphene surfaces, which would occur through
hydrogen dosing. a-plasmon characteristics have been
extensively studied in glraphite.5 The observed low plasmon
energy in a single sheet’ is an indication of a strong in-plane
confinement; this has been discussed for low energy
plasmons.7’8 An EEL spectrum showing the - and
o-plasmon of graphene at 4.7 and 14.7 eV is shown in the
gray curve in Fig. 1(b).

Hydrogenation ought to passivate the 77-bonds and cause
formation of sp® bonds instead, and hence dramatically di-
minish the occurrence of the m-plasmon in comparison to
unhydrogenated graphene. However, the r-plasmon in
graphene exposed to a hydrogen plasma [marked by the rect-
angle (yellow online) in the black curve, Fig. 1(b)] is nearly
undiminished in areas, which, at the same time, show an H
ground state excitation peak at ~13.2 eV [dashed oval,
purple online in Fig. 1(b)]. The EEL spectrum of the hydro-
gen K-edge in hydrogenated graphene has been published
elsewhere.” Furthermore, Fig. 1(b) shows a new feature at
~7 eV (oval; turquoise online). This 7 eV feature only oc-
curs in hydrogenated graphene and is similar to a feature
occurring on unpassivated diamond surfaces,'® which have
undergone reconstruction of their dangling bonds into
m-bonded chains.

It is reasonable to presume that coexistence of the
m-plasmon and the 13.2 eV signal means that hydrogenation
is not complete, i.e., not every C atom is bonded to an H
atom. Figures 1(d)-1(g) show a high angle annular dark field
(HAADF) image, the spatial distribution of the H ground
state signal, the 7-plasmon at 4.7 eV, and the 7 eV feature,
respectively. Since all three signals have near-identical dis-
tributions, this would then indicate that nonhydrogenated and
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FIG. 1. (Color online) (a) Benzene ring in graphene (left) and armchair
configuration assumed after hydrogenation H (small circles) bonded to C
atoms (big black circles) and non-hydrogenated C-atoms (big white circles)
in right sketch. (b) The EEL spectra of hydrogenated graphene (black)
showing the m-plasmon (marked by rectangle; yellow online), the 7 eV
feature (circled by solid line; turquoise online), the H ground state transition
(circled by dashed line; purple online), and the graphene o-plasmon (at
~15 eV); the gray spectrum (vertically displaced) shows a low loss spec-
trum of pristine graphene for comparison. (c) Possible model for the ar-
rangement of H-C bonds in coexistence with 7r-bonded chains (white at-
oms). (d) HAADF STEM image of hydrogenated graphene; the dark areas
are “windows” free from deposits, the gray/white features are hydrocarbon
deposits. (e) Intensity distribution of the H ground state transition extracted
from the EEL spectrum. (f) and (g) display similar intensity distributions as
in (e) but for the 7r-plasmon and the 7 eV transition. Note the similarity in
the distributions in (e)—(g) and the absence of features in areas of hydrocar-
bon deposits. The frame width in (d)-(g) is 30 nm.

hydrogenated bonds coexist in close proximity; hence, com-
plete hydrogen coverage is not achieved. It should be noted
that the brighter regions in the HAADF image [Fig. 1(d)]
represent hydrocarbon contamination. The H ground state
signal here is shifted to lower values, while the m-plasmon is
shifted to higher energy values, and the 7 eV feature is miss-
ing; hence, there is an absence of signal intensity in the areas
in Figs. 1(e)-1(g).

In order to support the above interpretation of the EEL
spectroscopy observations and to reproduce the EEL spectra
theoretically, density functional theory (DFT) calculations
using the WIEN2K code have been performed. WIEN2K is an
ab initio code with all-electron full potentials and uses the
general gradient of Perdew—Burke—Enzerhof 96 with a
mixed linearized augmented plane wave/augmented plane
wave+local orbitals (mixed LAPW/APW +10)."""'? Previous
band structure calculations of fully hydrogenated graphene
using CASTEP, another ab initio code with pseudopotentials,
have shown that graphane is a wide band gap semiconductor
with an ~3.7 eV band gap and that C atoms are displaced
from planar geometries by H atoms.”

WIEN2K has not been previously applied to graphene cal-
culations. Tests run on graphite and pure graphene show re-
sults identical to those from our previous ab initio calcula-
tions using the AIMPRO code,6 where plasmons were found at
6-7 eV (m-plasmon) and ~26 eV (7+ o-plasmon) in graph-
ite and redshifted to 4.7 and 14.7 eV, respectively, in
graphene. Freestanding graphene was simulated by separat-
ing the sheets beyond the range of interaction, i.e., by build-
ing supercells with up to 7.5 nm sheet separation. It was
found that interaction ceased and calculations already con-
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verged sufficiently at separations of 3 and even 1 nm. Simu-
lations with a series of K, ,, values and K-point numbers
were run to ascertain the convergence criteria.”*™* For
graphene, the optimal parameters for our simulations were
found as follows: K,,,,=4, muffin tin radius R ;,,=1.3426,
K-point number=2000, and layer spacing C=15 A (we kept
the same K-point density for different layer spacings); for
graphane, K;,;x=4, Reupon=1.33, Rpyarogen=0.72, K-point
number=2000, and layer spacing C=15 A.

Figure 2(a) shows the calculated (black solid line) and
experimental (dashed line; purple online) low loss spectra of
graphene, demonstrating excellent mutual agreement. It
should be noted that the 7r-plasmon intensity drops to zero or
to background noise at ~8 eV. There is also a prepeak at
~2 eV in the experimental data, which was retrieved after
applying the Richardson—Lucy deconvolution algorithm;lf”'7
this prepeak is notably observed in the calculated spectra.
The latter is obtained for sheets made up of flat benzene
rings with 5.5 nm spacing. Interestingly, the curves are quali-
tatively very similar for separated sheets with benzene rings
in corrugated (armchair) geometry (precise spectra not
shown). Thus, it appears that the m-electron system also ex-
ists in single sheets with nonplanar geometries.

The following discussion will concentrate on the
m-plasmon region, although calculations show spectra up to
35 eV. The 7+ o-plasmon, even though differing in detail
from calculation to calculation, occurs throughout at an en-
ergy of roughly 15 eV. As mentioned before, the experimen-
tal spectra of hydrogenated graphene exhibit a 7-plasmon
and an additional peak at 7 eV. The prepeak at 2 eV has
subsided. Figure 2(b) shows the evolution of the -plasmon
in fully hydrogenated graphene with increasing corrugation
angle. Interestingly, flat graphane, similar to graphene, pos-
sesses a mr-plasmon [Fig. 2(b), 90°, black solid curve]. How-
ever, its energy is slightly higher than experimentally ob-
served. The m-plasmon has diminished for a corrugation
angle of 99° [Fig. 2(b), fine-dotted line; red online] and has
nearly disappeared for corrugation angles larger than 107.8°
[Fig. 2(b)]. A feature at ~6—7 eV emerges at the rise of a
(presumably) pure o-plasmon, which sits at an energy
slightly higher than the 7+ o-plasmon in graphene. Hence,
sp’ character does become established in corrugated
graphene when all bonds are used. It should be noted that
Figs. 2(a) and 2(b) show the in-plane plasmon component.
Figures 2(c) and 2(d) show plasmon calculations of the in-
plane and out-of-plane plasmon components for different hy-
drogen coverages for a sheet corrugation angle of 114° (as
deduced from diffraction experiments]). The out-of-plane
component does not have a 7r-plasmon for any fraction of
hydrogen coverage [Fig. 2(d)]. Figure 2(e) shows the spectra
resulting from summing the in-plane and out-of-plane com-
ponents. This represents the experimental condition most ac-
curately because the most likely electron scattering vector
would produce a plasmon k-vector at 45° to the graphene
sheet, thus producing plasmons with approximately equal
amounts of in-plane and out-of-plane components. The over-
laid experimental spectrum fits the 33% hydrogenation case
[Fig. 2(e), dotted green curve] rather well. (In contrast, the
out-of-plane component does not add significantly to the
shape of the 7r-plasmon in flat, pristine graphene.G) Models
to describe possible structural scenarios are shown in the
inset. It becomes clear that corrugation is essential to pro-
duce the ~7 eV feature, as is occurrence of sp3 character. In
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FIG. 2. (Color online) WIEN2K calculations of low loss EEL spectra for (a) nonhydrogenated graphene in flat and corrugated geometry for the in-plane plasmon
component (glla) with overlaid experimental spectrum. Note the agreement in the preplasmon structure. (b) Fully hydrogenated graphene with varying
corrugation angle 6, again, for (glla). (c) and (d) show the calculated in-plane (glla) and out-of-plane (gllc) plasmon components for corrugated graphene
(#=114°) with different hydrogen contents (given in % in the legend; model structures are shown in the sketch). (€) shows the sum of spectra from (c) and
(d), representing the realistic situation with nearly equal contributions of both components. The dotted spectrum (orange online) overlaid in (e) is an
experimental spectrum of a hydrocarbon-free region in H-dosed graphene. Note the disappearance of the preplasmon feature and the occurrence of an extra
peak at ~7 eV. The distances given in A in the legends are the separation distances of the graphene sheets or the supercell dimension along the c-axis.

order to preserve m-bonding, however, the corrugation
angles have either to be small (as would be the case for
strained graphene, if it is hydrogenated mainly on one
surface3) or unhydrogenated areas have to be present. Alter-
natively or simultaneously, hydrogenated patches could be
interleaved with pure graphene areas.

HAADF images of pristine and hydrogenated graphene
are shown in Figs. 3(a) and 3(b), respectively. We note that
the benzene rings (bright hexagons) are clearly visible and
undistorted throughout the image area in Fig. 3(a). Brighter
patches in the image contrast arise from C adatoms.’ In the
image of Fig. 3(b), benzene rings do not have the same
regular appearance. The random variations in their contrast
lead us to conclude that there is no long-range ordering of
hydrogenated and unhydrogenated areas, and neither is there
evidence of uniform corrugation. This conforms to the above
conclusions of the coexistence of flat (unhydrogenated) ben-
zene rings and benzene rings that have undergone out-of-
plane distortions due to hydrogen bonded to the surface, a

FIG. 3. Atomic resolution HAADF images of pristine (left) and hydrogen-
ated (right) graphene. The frame width is 3 nm.

result derived from experimental and calculated EEL spectra
showing a non-vanishing m-plasmon and occurence of a new
feature at 7 eV.
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