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Hydrogenation of bilayer graphene and the formation of bilayer graphane from first principles
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We performed ab initio density-functional theory calculations to investigate the process of hydrogenation of
a bilayer of graphene. 50% hydrogen coverage is possible in case that the hydrogen atoms are allowed to
adsorb on both sides of the bilayer. In this case interlayer chemical bonding occurs which stabilizes the
structure. At maximum coverage, a bilayer of graphane is formed which has properties that are similar to those

of a single layer of graphane.
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I. INTRODUCTION

In search for new materials for future electronics,
graphene! has recently been suggested as a suitable candi-
date because of its exceptional properties such as its essen-
tially two-dimensional form and high crystal quality, electron
mobility, and robustness.>* Some major obstacles which
have to be dealt with before graphene can make its promises
come true are the absence of a band gap in the electronic
spectrum of intrinsic graphene and the Klein paradox as a
consequence of the Dirac-type nature of the charge carriers.
These obstacles can be more easily overcome in a bilayer of
graphene because it is possible to induce a tunable band gap
here by applying a gate voltage>® or through chemical modi-
fication of the surface. The most studied way to chemically
modify a graphene surface is undoubtly hydrogenation. This
is probably due to the simplicity of these systems and addi-
tionally the possible application of graphene systems for hy-
drogen storage.” This last application has resulted in a lot of
research on the interaction of molecular and atomic hydro-
gen with graphitic materials. In this research it was found
that molecular hydrogen leads to physisorption whereas
atomic hydrogen can form chemical bonds with the carbon
atoms. In case of only a few layers of graphene, it was found
that hydrogenating a single layer of graphene is easier than
hydrogenating a bilayer.®?

In this paper we investigate the hydrogenation of a bilayer
of graphene. We examine the maximum coverage of H atoms
on the bilayer and the stability of these hydrogenated sys-
tems. We will show that when both sides of the bilayer are
exposed to atomic hydrogen and when adsorption takes place
on one of the two crystal sublattices (on each side), the weak
van der Waals (vdW) bonding is replaced by strong chemical
bonds between the two layers which stabilize the system and
lead to a new material. Chemical bonding between graphene
layers has been investigated before in the context of graphite
fluorination!® or irradiated graphite in which case point de-
fects (e.g., vacancies and interstitial atoms) can induce inter-
layer bonding.'!

We find that the coverage of hydrogen atoms on bilayer
graphene can reach a maximum of 50 at. % and in this case
a bilayer analog of graphane®!? is formed. The geometrical
bond lengths and angles of this bilayer of graphane are be-
tween those of graphane and diamond but the electronic
properties are similar to those of single-layer graphane.
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This paper is organized as follows: first we describe the
computational details of our ab initio calculations in which
special attention is paid to the choice of exchange-correlation
functional. Then, we examine the possibility and the stability
of interlayer chemical bonds in bilayer graphene. To con-
clude, we investigate the geometrical and electronic proper-
ties of bilayer graphane and compare them to single layer
graphane and diamond.

II. COMPUTATIONAL DETAILS

All our calculations were done within the density-
functional theory formalism as implemented in the ABINIT
simulation code.!> We made use of the projector augmented-
wave method'* and a plane-wave basis set with a cutoff en-
ergy of 20 hartree. Different supercells, ranging from 2 X2
to 4 X4, were used for simulation of the different systems.
The sampling of the Brillouin zone was done for these dif-
ferent supercells with the equivalent of a 12X 12X 1
Monkhorst-Pack k-point grid'> for a single graphene unit
cell. Spin polarization was included where necessary.'® For
most calculations we made of the local-density approxima-
tion (LDA) for the exchange-correlation functional which is
believed to give a better description of the interlayer binding
in graphite than the generalized gradient approximation
(GGA)."” The fact that LDA gives a better description of the
interaction between graphene layers is rather accidental and
results from a cancellation of errors. We tested our LDA
simulation procedure for graphite and diamond and compare
the results with GGA and experimental data. The results of

TABLE 1. Properties of graphite and diamond: the unit cell
lengths (a,c) are given in A and the interlayer binding energy Ej in
meV.

LDA GGA Experiment
Graphite a 2.445 2.465 2.46%
6.712 8.64 6.67°
Ep 26 ~2 61+5"
Diamond a 3.529 3.578 3.57¢

#Reference 18.
PReference 19.
“Reference 20.
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FIG. 1. (Color online) Bilayer of AB stacked graphene with the
four different sublattices indicated by different shades (colors). The
A and B’ sublattices are situated on top of each other as illustrated
by the dotted lines. The carbon atoms at the corners of the light
triangles indicate the six neighbors to be hydrogenated.

these test cases, given in Table I, are consistent with earlier
LDA (and GGA) calculations!”?! but, as is typical with
LDA, the bond lengths are a little underestimated in com-
parison with the experimental results. The interlayer binding
energy AE in graphite is only half the experimental value.
This is not a big issue for the work presented here as the
energies involved in chemical bonding, which are of interest
here, are one to two orders of magnitude larger. The GGA
results give a more accurate description of the (in-plane) lat-
tice constant (a) in graphite and diamond but the interplane
distance (c/2) and binding energy in graphite are much bet-
ter reflected by the LDA results. So, as stated above, LDA is
to be preferred in this work.

III. RESULTS

The main focus of this paper is on the formation of
chemical bonds between the two layers of graphene as a
consequence of hydrogen adsorption. Therefore we first in-
vestigate whether this is possible, in principle, or not. If any
chemical bond between the two layers is possible, it is more
likely to occur between two carbon atoms belonging to dif-
ferent layers that are closest to each other, i.e., atoms of the
A and B’ sublattices as defined in Fig. 1. For the formation
of a chemical bond between these atoms, it is necessary they
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change their hybridization from sp? to sp> because they have
to be able to form four bonds now.

We can take two neighboring atoms of different layers
and bring them closer together to form a chemical bond but
it is obvious that this cannot result in a stable system because
the deformation of the two layers costs much more energy
than can be gained by forming a new bond: when the two
atoms form a new bond they move out of the graphene
planes and force their neighbors to change their hybridiza-
tion from sp? because the three bonds formed by these neigh-
boring atoms are not lying in a plane. It is reasonable to
suggest that hydrogenation of the neighboring atoms (i.e.,
atoms of the B and A’ sublattices) can result in a stable
system because this makes sure they already have the right
hybridization. For this, hydrogen atoms must be able to
chemisorb on pure bilayer graphene which was recently
shown theoretically to be possible.?>?

In an AB stacked bilayer of graphene the A and B (or A’
and B’) sublattices are no longer completely equivalent
which results in a different adsorption energy for a hydrogen
atom on these two sublattices: adsorption on the B (or A’)
sublattice is more favorable by 0.03 eV as compared to ad-
sorption on the A (or B’) sublattice. Although this difference
is small, it might be important for interlayer bonding because
the carbon atoms that should be hydrogenated belong to the
more favorable sublattice. The two carbon atoms involved in
the interlayer bonding each have three neighbors that need to
be hydrogenated to get the right hybridization (see Fig. 1).
However it may be sufficient to hydrogenate some of these
neighbors to make the interlayer bond already stable.

To investigate this we use a 2X?2 supercell of bilayer
graphene containing 16 carbon atoms (eight per layer) and
start to increase gradually the hydrogenation of the six neigh-
bors (three of the B and three of the A’ sublattices) of the
two carbon atoms between which we are looking for a pos-
sible interlayer chemical bond. We see from Table II that
there is a jump in the minimal interlayer C-C distance (d;,)
after the adsorption of three hydrogen atoms, two on one
layer, and one on the other. This indicates the formation of an
interlayer chemical bond as illustrated in Fig. 2(a). Adsorp-
tion of hydrogen atoms on a single sublattice of one side

TABLE II. Interlayer chemical bond formation in a 2 X 2 supercell. The binding energy per H atom (E})
and the average (d,,,) and minimum distance (dyy;,) between the C atoms of the two layers are shown for
different numbers of adsorbed hydrogen atoms and different configurations. Energies are given in eV and

distances in A.

H atoms Configuration E, dayg din Chemical bond

1 B -1.084 3.274 3.231 No
2 BB Not stable

2 BA’ -1.266 2.965 2.853 No
3 BBB Not stable

3 BBA' —-1.326 2.564 1.660 Yes
4 BBBA’ -1.426 2.440 1.591 Yes
4 BBA'A’ -2.018 2.347 1.600 Yes
5 BBBA'A’ -2.036 2.278 1.574 Yes
6 BBBA'A'A’ -2.295 2.025 1.550 Yes
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FIG. 2. (Color online) Formation of a chemical bond between
the two layers in bilayer graphene in (a) a2 X2, (b) a4 X4, and [(c)
and (d)] a 3 X3 supercell. The light colored atoms are H and the
others C.

does not result in any stable structure in a 2 X2 supercell.
Notice that the average interlayer distance (d,,,) becomes
smaller when more carbon atoms are hydrogenated. This
means that the carbon atoms of the different layers, that do
not participate in interlayer bond formation, start repelling
each other more and more. For lower concentrations of H
atoms, i.e., larger supercells, there are more repelling carbon
atoms so it is likely that the interlayer bond needs to be
stronger. We checked this in a 3 X3 and a 4 X 4 supercell and
show the results in Table III: in a 3 X3 (36 C atoms) super-
cell one needs two hydrogenated neighbors on each side [see
Fig. 2(c)], so four in total or three on one side and one on the
other side of bilayer graphene [Fig. 2(d)]. In a 4 X 4 supercell
(64 C atoms) both sides need at least two hydrogenated
neighbors [Fig. 2(b)]. For still lower concentrations (thus
still larger supercells) we find the same result as for the
4 X 4 supercell, so it seems that hydrogenation of four of the
six neighbors, two on each side, is generally sufficient to
induce a chemical bond. Tables II and III also show that it is
more favorable (in all supercells) to divide the number of
hydrogen atoms as symmetrical as possible between the two
graphene layers, e.g., the BBA'A' configuration has lower
energy than the BBBA' configuration.

In any case it is essential that the H atoms bind to both
sides of the bilayer in order to have an interlayer bond. This
means that both sides of the bilayer should be exposed to

TABLE III. Interlayer chemical bond formation in a 3 X3 and
4 X 4 supercell. The binding energy per H atom (E,) is shown for
different numbers of adsorbed hydrogen atoms and different
configurations.

3 X3 chemical 4 X 4 chemical

Configuration E, bond E, bond
B -1.107 No -1.225 No
BB —-1.087 No —-1.131 No
BA' -1.195 No —-1.296 No
BBB -1.027 No —0.989 No
BBA’ —-1.169 No -1.218 No
BBBA' -1.334 Yes —-1.042 No
BBA'A’ —1.466 Yes —-1.457 Yes

PHYSICAL REVIEW B 80, 245422 (2009)

hydrogen since it is known that graphene is very hard to
penetrate.?*?

Now that we have shown that interlayer chemical bonds
are possible, in principle, we will investigate whether they
are stable or not. The bond formation is only possible when
all H atoms adsorb on the same sublattice on both sides of
the bilayer. We have shown that for a single H atom there is
a difference in binding energy of 0.03 eV in favor of the
sublattice that should be hydrogenated. However it has been
demonstrated theoretically???® and experimentally>’~2° that
hydrogen atoms tend to adsorb on different sublattices of
graphitic surfaces to avoid the presence of unpaired elec-
trons. Boukhvalov and Katsnelson??> showed that in this way
hydrogen coverage is limited to a maximum of 25 at. % (on
each side) because otherwise first and second neighbors are
unavoidably filled and this is energetically unfavorable. We
will show, however, that it is possible to reach 50% hydrogen
coverage when the two sides of the bilayer are available for
adsorption. For this we will again make use of the 2 X2
supercell and add consecutively more and more H atoms.
There are a lot of different configurations possible, even for
a fixed number of adsorbed hydrogen atoms, so we need
some guidance to find the most stable ones. We have shown
that when the H atoms adsorb on the same sublattice they
will be distributed as symmetrical as possible between the
two layers. We can use this as a first guide but, as stated
above, there are probably more favorable configurations with
the H atoms distributed over both sublattices. In search of
these configurations we make use of earlier theoretical'®?>26
and experimental?’~2° works in which it was found that the
formation of two kinds of hydrogen dimers are energetically
more favorable after hydrogenation of graphitic surfaces.
These dimers are shown in the inset of Fig. 3 together with
the most stable trimer configuration, which is a combination
of the two dimers, as suggested in Refs. 26 and 28.

As a measure for the stability of the bilayer graphene
samples with different concentration of chemisorbed hydro-
gen atoms we use the formation energy per hydrogen atom.
As done by Sofo et al.'> we take as reference energies those
of graphite and the H, molecule. The results are shown in
Fig. 3.

From our calculations presented in Fig. 3 we can see that
for low concentration of H atoms (<25 at. %) the configu-
rations with hydrogenation of both sublattices is much more
stable. This means that no interlayer chemical bonds will be
formed for these concentrations. High concentrations of H
atoms (>25 at. %) are not possible for the dimer configura-
tions because the formation energy increases too much, as
was already noted in Ref. 22. But if only the B and A’
sublattices are hydrogenated the formation energy still de-
creases at high concentration until complete hydrogenation
has been reached, i.e., all carbon atoms have four neighbors
and are completely saturated (see Fig. 4). The fully hydro-
genated bilayer of graphene has negative formation energy as
compared to graphite and H, and is therefore a very stable
structure. If we calculate the formation energy with respect
to bilayer graphene and atomic hydrogen, as would be typi-
cal in an experimental setup, this would result in an almost
constant shift of 2.5+ 0.1 eV to lower energies which makes
all energies given in Fig. 3 negative. This suggests that, in
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FIG. 3. (Color online) Hydrogenation of 2 X2 supercell of bi-
layer graphene. The formation energy per hydrogen atom is shown
for increasing H concentration. The three curves show three differ-
ent ways of distributing the H atoms: according to dimer configu-
ration a [inset (a)], b [inset (b)], and by placing the H atoms only on
sublattices B and A’. Inset (c) shows the trimer configuration which
is a combination of dimer a and b. The curves of the two different
dimer configurations are the same if the trimer is formed because
the trimer is a combination of these two dimers.

principle, all structures could be formed at high enough tem-
peratures so that possible formation barriers can be
overcome.'%?® Large energy barriers are also expected in go-
ing from hydrogenation of both sublattices to hydrogenation
of a single sublattice as the hydrogen concentration
increases.?” One way to avoid these barriers could be to in-
troduce already some interlayer chemical bonds in the bi-
layer before hydrogenation by, e.g., fs laser excitation®® or
the introduction of point defects through irradiation.!!

IV. PROPERTIES OF BILAYER GRAPHANE

We have shown that the energetically most favorable con-
figuration for hydrogen atoms on a bilayer of graphene ap-
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FIG. 4. (Color online) Top (a) and side (b) view of a bilayer of
graphane. The carbon atoms of the two layers are given different
colors for clarity.

pears when two of the four sublattices (B and A’ as indicated
in Fig. 1) are fully hydrogenated (see Fig. 4). In this case we
could speak of bilayer graphane in analogy with a fully hy-
drogenated monolayer of graphene. We will now take a look
at some properties of this material and compare them to the
single layer case and diamond. The results for the geometri-
cal and electronic properties are given in Table IV. First of
all we can see that our results for single-layer graphane are in
good agreement with earlier studies of this material.'>!® The
properties of bilayer and single-layer graphane are very simi-
lar but there are differences. When we take a look at the
geometrical distances and angles, we can see that those of
the bilayer are intermediate between those of the single layer
and bulk diamond. We also show the corresponding geo-
metrical results for GGA in Table IV because GGA is more
accurate in predicting the actual bond lengths. The formation
energy of bilayer graphane is larger than that of single-layer
graphane but it is closer to the formation energy of graphane
than that of diamond.?!

The electronic properties of both single-layer and bilayer
graphane are quite similar (Fig. 5). The band gap of the
bilayer is slightly smaller but it is not certain whether this
has any physical significance because it is well known that
band gaps are not well described in LDA (or GGA). The
reason that single and bilayer graphane have similar elec-
tronic properties is that the C atoms in both materials have
the same hybridization. So in conclusion we can say that, in
contrast to monolayer and bilayer graphene, monolayer and
bilayer graphane have very similar electronic properties.

TABLE IV. Properties of single-layer and bilayer graphane: the unit cell length (a), the distances (d) and
angles (6) between neighboring atoms, the formation energy (Ef), and the band gap at the T" point (AE).
Energies are given in eV, distances in A, and angles in deg.

Graphane Bilayer graphane Diamond
LDA GGA LDA GGA LDA GGA

a 2.505 2.544 2.500 2.535 2.497 2.530
dc.c 1.515 1.539 1.521 1.543 1.529 1.549
de.cr 1.545 1.562 1.529 1.549
Oc.c.c 111.6 111.5 110.5 110.5 109.5 109.5
Oc.c.cr 108.4 108.4 109.5 109.5
Oc.cn 107.3 107.4 108.4 108.4

Er/atom -0.183 —-0.104 —-0.125 —-0.028 -0.010 0.122
AE 3.376 3.480 3.031 3.137 5.629 5.568
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FIG. 5. (Color online) The electronic band structure of (a)
monolayer and (b) bilayer graphane. The energies are relative to the
Fermi level (Ep=0).

V. SUMMARY AND CONCLUSIONS

Previous theoretical calculations showed that hydrogena-
tion of bilayer graphene can only cause a maximum hydro-
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gen coverage of 25 at. % when both sublattices (on each
side of the bilayer) adsorb H atoms.??> We demonstrated that
(1) it is possible to hydrogenate a bilayer of graphene to a
limit of 50 at. % through the adsorption of hydrogen atoms
on both sides of the bilayer and on a single sublattice per
layer, (2) in this case interlayer chemical bonds are formed
which stabilize the structure, and (3) when the hydrogenation
reaches its limit of 50 at. %, a bilayer analog of graphane is
formed which has qualitatively similar electronic properties
as graphane. Although we have shown that bilayer graphane
can be made through the hydrogenation of a bilayer of
graphene, this procedure is not suited to produce multilayer
(>2) graphane. It is essential for the formation of chemical
bonds between two layers that both layers are hydrogenated
and this is more difficult when more than two layers are
present.
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