Van der Waals density-functional study of 100% hydrogen coverage on bilayer graphene
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We investigate all hydrogen configurations that exist in a 11 unit cell of bilayer graphene at 100% coverage
to find the low energy competing configurations using density functional theory (DFT). Other unique config-
urations, obtained from a 2x1 supercell, are also investigated. The GGA-PBE functional and four variants of
non-local van der Waals density functionals namely, vdW-DF, vdW-DF2, vdW-DF-C09,, and vdW-DF2-C09,
are used to account for the exchange correlation effects. Ten unique hydrogen configurations are identified for
1x1 unit cell bilayer graphene, and nine of these structures are found to be energetically stable with three low
energy competing configurations. One arrangement found to exist in both 1x1 and 2X1 cell sizes is the most
energetically stable configuration of all considered. For some of the configurations identified from the 2x1
supercell, it is found that the effect of hydrogenation results in greatly distorted hexagonal layers resulting in
unequal bond distances between the carbon atoms. Also, interaction between the hydrogen-decorated planes
greatly affects the energetics of the structures. The vdW-DF-C09, functional is found to predict the shortest
interlayer distances for all the configurations, whereas the GGA-PBE functional predicts the largest. For the
most energetically favorable configuration, hydrogenation is found to reduce the elastic properties compared

with pristine bilayer graphene.

PACS numbers: 68.43.Bc, 68.43.Fg, 73.22.Pr

I. INTRODUCTION

Density functional theory (DFT) is one of the most reli-
able and widely used electronic structure methods. Its ability
to correctly describe a wide range of condensed materials has
attracted the attention of a large number of scientists and engi-
neers. The well known local density approximation and gen-
eralized gradient approximation functionals (LDA and GGA-
PBE) accurately describe covalent and ionic bonded networks,
but fail to completely capture the effects of van der Waals
(vdW) forces in complex systems. For the graphite structure,
LDA gives a relatively good interlayer distance between lay-
ers but a poor binding energy,whereas GGA-PBE gives phys-
ically meaningless values.

To resolve these issues, scientists have made significant ef-
forts in developing new exchange correlation functionals that
are compatible with the Kohn Sham equations while incorpo-
rating the long-range effects of van der Waals forces.!”” One
such functional was developed by Dion et al.! in 2004 and is
known as the van der Waals density functional (vdW-DF). The
vdW-DF functional consists of three exchange correlation en-
ergy terms, viz. (1) a non-local correlation energy E" given
by

E" = % f f n(n)e(x, v)d>rd*r (1)

where ¢(r,r’) is the vdW-DF kernel which depends on the
distance |r — r’|, the charge density and its gradient, (2) the
local-density approximation correlation term EZPA and (3) the
revised Perdew Burke and Enzerhof® (revPBE) exchange en-
ergy term E""PBE_ Using the algorithm developed by Soler et
al.,” vdW-DF shows its efficiency in describing a wide range
of systems without demanding too much computational cost.
Calculations for graphite indicate that vdW-DF correctly pre-
dicts the weak binding energy between layers but overesti-

mates the interlayer distance when compared to experimen-
tal results. This overestimation is due to the repulsive na-
ture of the revPBE exchange term. In 2010, Klimes et al!o
and Cooper!! constructed a new exchange functional (C09,)
to replace the strongly repulsive revPBE exchange term. The
resulting vdW-DF-C09, functional shows an improvement in
the calculated interlayer distance but an overestimation in the
binding energy of graphitic systems, i.e. graphite and bilayer
graphene.'? In 2010, Lee et al.'® improved the non-local cor-
relation term of vdW-DF to obtain better binding energies.
This improved functional is called vdW-DF2 and contains
a refitted Perdew-Wang PW86R exchange functional term.'*
They later combined vdW-DF2 with C09, to develop vdW-
DF2-C09, which addressed the overestimated interlayer dis-
tances and binding energies obtained with vdW-DF and vdW-
DF-C09,, respectively.!>!3

In this study, we investigate the performance of the vdW-
DF2-C09, functional to describe the energetics and struc-
tural properties of hydrogenated bilayer graphene and com-
pare its performance to that of the GGA-PBE, vdW-DF, vdW-
DF2, and vdW-DF-CQ9, functionals. Bilayer graphene con-
sists of two stacked graphene layers bonded together by vdW
forces. Graphene, a free standing layer of graphite, has drawn
the attention of many researchers following its synthesis by
Novoselov et al. in 2004."> Graphene and bilayer graphene
are fascinating materials because of their unique electronic
properties. The energy bands of single layer graphene at low
energies are described by a two dimensional Dirac equation
with a linear energy-momentum dispersion near the K point of
the Brillouin zone.'®?? The electrons are comparable to quasi-
particles with an effective speed of 10° m/s, giving graphene
excellent properties such as an anomalous quantum Hall effect
(QHE) at room temperature and the ballistic transport of mass-
less Dirac Fermions.!”! In bilayer graphene, the r linear dis-
persion splits into two parabolic bands near the K point.?32*



This split is a result of the strong interlayer coupling between
the stacked layers, and demonstrates the possibility of easily
tuning the band structure.>*-?> These novel structures form the
backbone of future carbon based electronic devices.

The semi-metallic nature of these two materials limits their
direct technological applications in as much as the fabrication
of carbon based electronic devices is concerned. This issue of
zero band gap has attracted much attention leading to efforts to
engineer the band gap. Several methods have been employed
to alter the electronic properties of these materials?6-34+3740
with adsorption®>° being the most commonly used tech-
nique and hydrogen as the favored adatom. A wide band
gap of about 3.5 eV has been observed experimentally*’ and
calculated theoretically.®#1° Numerous studies have already
been conducted on hydrogen atoms adsorbed on single layer
graphene but there is little information about hydrogen on bi-
layer graphene. A possible reason for this could be the failure
of the standard GGA-PBE functional to correctly describes
the vdW forces binding the layers of the bilayer graphene
structures.

Subrahmanyam et al.>' conducted some experimental stud-
ies of the adsorption of hydrogen on monolayer and few-layer
graphene. Their spectroscopic studies revealed the existence
of sp? re-hybridization bonding in the hydrogenated few-layer
graphene. Jaiswal ef al.>> used a combination of charge trans-
port and Raman spectroscopy experiments to study the ad-
sorption of hydrogen on bilayer graphene. Different degrees
of hydrogenation where considered to examine the electronic
properties of hydrogenated monolayer and bilayer graphene.
They deduced that partially hydrogenated structures have
weak insulating behavior and also that bilayer graphene is
quite susceptible to adsorption of hydrogen atoms compared
to single layer graphene. Lately, Wang et al.>® performed ex-
perimental studies of the physisorption of H, molecules on
graphene at low and high surface coverages. Their calculated
heats of adsorption indicated that high surface coverage was
favored leading them to conclude that graphene has a high hy-
drogen storage capability. Several theoretical studies on the
hydrogenation of bilayer graphene have been considered at
low coverages.*!"*3 Recently, Rohrer et al.’® performed van
der Waals density functional (vdW-DF) studies on the adsorp-
tion of hydrogen atoms on bilayer graphene and bulk graphite
at 100% coverage. Their results demonstrated that vdW inter-
actions can alter the electronic behavior in the Brillouin zone.
They also found that the engineered band gap is caused by two
geometry-induced effects, viz. (1) the hybridization between
unoccupied wavefunctions in the lowest conduction band, and
(2) the modification of the electrostatic interaction between
hybrid wavefunctions and the total density.

It is known that hydrogenation of single layer graphene at
100% coverage only allows for two hydrogen configurations,
i.e. (1) all the hydrogen atoms are adsorbed above the layer,
(2) half of the hydrogen atoms are above and the remaining
half is adsorbed below arranged in an alternating pattern. This
is true for a 1x1 unit cell that contains only two atoms, but
when the cell is made larger there are many other possible
configurations. In this study, we use the GGA-PBE, vdW-
DF, vdW-DF2, and vdW-DF-C09,,vdW-DF2-C09, function-

als to examine the structural properties for all the hydrogen
configurations that can possibly exist in a 1x1 unit cell of bi-
layer graphene with 100% coverage and find the lowest energy
competing configurations. Thereafter, we increase the size of
the cell to 2x1 to show other energetically stable configura-
tions at 100% that are not possible in the 1x1 cell. Lastly, the
effect of hydrogen on the elastic properties of one of the most
energetically favorable configurations is examined.

This paper is organized as follows: In section II we present
the computational methodology and the parameters used. In
section III, we discuss our results, and we summarize these
results and draw conclusions in section IV.

II. METHODOLOGY

Our calculations were carried out using a plane-wave basis
set and the projector augmented wave (PAW)’’ pseudopoten-
tial method as implemented in the PWscf code included in
the Quantum ESPRESSO package.’® The calculations were
performed using the GGA-PBE,*® vdW-DF, vdW-DF2, vdW-
DF-C09,. and vdW-DF2-C09, functionals. For the expansion
of the wavefunctions, an energy cut-off of 500 eV was set for
the plane wave basis. We used the Monkhorst-Pack scheme®”
with a grid of size 10x10x1 to sample the Brillouin zone. For
SCF self-consistency, an energy convergence threshold was
set at 1077 eV. The atoms were allowed to relax, using the
conjugate gradient algorithm, until the forces were less than
0.002 eV/A. We employed a 1x1 and 2x1 cell for the con-
struction of the bilayer graphene structures, with a vacuum
spacing of 30 A to reduce the interactions between periodic,
vertical bilayer graphene images. The equilibrium lattice con-
stants and interlayer distances for pristine bilayer graphene
were obtained using all the above mentioned functionals, and
were found to be in agreement with previous results.3-!

III. RESULTS AND DISCUSSION

A. Identification of possible hydrogen adatoms configurations
on bilayer graphene

Fig. 1 shows (a) a 1x1 unit cell and (b) a 2x1 supercell
for AB (Bernal) stacked bilayer graphene that we have used to
identify possible hydrogen configurations. The labels (a, b, a’
and b’) show the possible distinct carbon atoms on the bilayer
graphene. The symbols a, and a, show the hydrogen adsorbed
at position x above and below the carbon atoms labelled a,
etc. Since we consider 100% coverage, all the carbon atoms
in each identified configuration are hydrogenated. By relaxing
the ten unique configurations identified from the 1x1 unit cell
(listed in Table I), we see that the relaxed configurations, apart
from configurations C7-Cy, appear to be completely different
from their initial unrelaxed state because of the formation of
H, dimers.

Hydrogen dimers occur for configurations where two hy-
drogen atoms are placed, on the same side, on top of the
two distinct carbon atoms at positions x (in the unrelaxed



state). Such configurations are severely energetically unsta-
ble in their unrelaxed state but are stabilized by the H, dimer
effect after relaxation. During relaxation, these hydrogen
atoms simultaneously detach from the layer and attract each
other resulting in the formation of a H, dimer. Configura-
tions C3-Cg yield interesting geometries because of the mix-
ture of chemisorption and physisorption. We therefore per-
form a thorough investigation of these structures.

We further constructed the 2x1 supercell that contains four
atoms per plane (layer) to examine the properties of other con-
figurations that are not possible in a 1x1 unit cell. The config-
urations identified are referred to as C;;-Cj¢, also presented
in Table I. Some of these configurations where first studied
by Leenearts et. al.%? considering single layer graphene. In
C11-Cy3, the chair, zigzag and boat conformers are observed
as shown on Fig. 3, respectively. It must be mentioned that
configurations Ci4-Cj contain combinations of pairs of the
various conformers as presented in Table I. The energetics of
these configurations are examined and discussed in the next
section.

B. Stability analysis and structural properties

To examine the relative stabilities of the identified config-
urations, the formation energy of each configuration is calcu-
lated. The formation energy (Ey), is defined as the energy
per atom of the hydrogenated bilayer graphene with respect
to intrinsic graphene and the corresponding H, dimer, i.e.
Ef =[Ey_p—Nc X Eg— Ny X EHZ]/NC’ where Ey_p, Eg and
Ey, are the energies per atom of relaxed, hydrogenated bilayer
graphene, intrinsic graphene, and a H, dimer, respectively. N¢
and Ny denote the total number of carbon and hydrogen atoms
in the 1 X 1 unit cell respectively. Fig. 4 shows the formation
energies per carbon for all identified hydrogen configurations
on bilayer graphene using all five exchange correlation func-
tionals. It is observed that for all identified configurations, the
GGA-PBE functional predicts the highest formation energies
as compared to those functionals with the non-local vdW den-
sity functional corrections.

Out of the ten uniquely identified configurations from 1x1
unit cell, Fig. 4 shows that, nine of these structures, C;-Cy
are energetically favorable while Cjy is not. The relaxed
local structure of Cjy shows that only one carbon atom on
each plane is hydrogenated (see Fig. 2(e)). This configuration
has the highest formation energy of 0.968 eV/atom (GGA-
PBE), 0.865 eV/atom (vdW-DF), 0.699 eV/atom (vdW-DF2),
0.508 eV/atom (vdW-DF-C09,) and 0.705 eV/atom (vdW-
DF2-C09,). It is therefore energetically expensive to exper-
imentally synthesis Cjo. The effects of the vertically oriented
H, dimer physisorbed between the two planes does not reduce
the formation energy of this structure. It is suggested that un-
der conditions of finite temperature, structures similar to Cyq
may become energetically favorable.

Fig. 4 shows that amongst all energetically favorable con-
figurations, the employed exchange correlation functionals
predict C; and C, to be less stable than C3;-Cq. It is ob-
served that the adsorption occurring in configurations C; and

C, is the physisorption of H, dimers as seen in Fig. 2 (a
and b) whereas that in C3-Cy is either chemisorption or both.
The observed low formation energies in C3-Cy arise from the
planes where chemisorption has occurred. For configurations
C; and C,, GGA-PBE gives the small, positive formation
energies of 0.062 eV/atom and 0.059 eV/atom respectively
whereas the non-local vdW density functional corrections
give negative formation energies of -0.150 eV/atom (vdW-
DF), -0.331 eV/atom (vdW-DF2), -0.314 eV/atom (vdW-DF-
C09,) and -0.106 eV/atom (vdW-DF2-C09,) for C; and -
0.156 eV/atom (vdW-DF), -0.331 eV/atom (vdW-DF2), -
0.364 eV/atom (vdW-DF-C09,) and -0.120 eV/atom (vdW-
DF2-C09,) for C,. These values indicate viable metastabil-
ity of these two structures. Based on these formation ener-
gies, C, is more energetically favorable than C;. The pres-
ence of the H, dimer between the two graphene layers in Cy,
decouples the structure leading to a large interlayer separa-
tion of 7.92 A (GGA-PBE), 6.55 A (vdW-DF), 6.38 A(vdW-
DF2), 6.27 A(vdW-DF-C09,) and 6.31 A(vdW-DF2-C09,).
The significant variation between the GGA-PBE functional
and the vdW variants is attributed to the vdW force interac-
tion arising between the observed H, dimer and the decou-
pled layers. In C,, the interlayer separation of 4.11 A (GGA-
PBE), 3.51 A (vdW-DF), 3.49 A (vdW-DF2), 3.28 A (vdW-
DF-C09,) and 3.29 A (vdW-DF2-C09,) still retains the pris-
tine (graphitic) value (see Fig. 5). The relative equilibrium
interlayer distances Ad (calculated with respect to pristine bi-
layer graphene) of C, is effectively zero. We conclude that
the H, dimers physisorbed outside the bilayer have no effect
on the vdW forces holding the layers together.

In Fig. 4, it is observed that configurations C3-Cg have less
formation energies than C; and C, but higher than C;-Co.
These configurations, i.e. C3-Cg are grouped together because
they have both chemisorption and physisorption. The strong
covalent bond between the carbon and hydrogen atoms that
causes a complete depuckering in plane A, and the weak vdW
interactions between H, dimer and the flat plane B seen in
Fig. 2(c and d) are responsible for the intermediate stabilities
of these configurations. It is important to note that configu-
rations Cj is equivalent to C4 with the hydrogen adsorption
sites on plane A swapped (see Table I). The three functionals
vdW-DF, vdW-DF-C09, and vdW-DF2-C09, show that C5 is
0.002eV/atom lower in formation energy than C4. Configura-
tion Cs is 0.001 eV/atom (GGA-PBE), 0.003 eV/atom (vdW-
DF), 0.003 eV/atom (vdW-DF2), 0.004 eV/atom (vdW-DF-
C09,), 0.003 eV/atom (vdW-DF2-C09,) lower in formation
energy than Cg¢. We therefore give a detailed discussion of the
difference in properties between C; and Cs.

From our calculated formation energy values, we ob-
serve that the energy of Cs; is higher than that of Cs
by 0.001 eV/atom (GGA-PBE), 0.006 eV/atom (vdW-DF),
0.015eV/atom (vdW-DF2), 0.006eV/atom vdW-DF-C09,,
0.005 eV/atom (vdW-DF2-C09,). This difference in forma-
tion energy is not significant whereas the major difference
is observed in the interlayer separations. Configuration Cj
is a decoupled structure with large interlayer separations of
12.67 A (GGA-PBE), 7.86 A (vdW-DF), 8.64 A (vdW-DF2),
6.44 A (vdW-DF-C09,) and 6.75 A (vdW-DF2-C09,), caused



by the effect of atomic hydrogen bonded to plane A and a ph-
ysisorbed H, dimer between the layers. Configuration Cs has
an interlayer separation of 4.68 A (GGA-PBE), 4.16 A (vdW-
DF), 3.98 A (vdW-DF2), 3.97 A (vdW-DF-C09,) and 3.91
A(vdW—DF2—CO9X). The relative interlayer distance Ad in
configuration Cs shows that the effect of atomic hydrogen
adsorbed on plane A, within the interlayer region, increases
the interlayer separation by only 0.58 A (GGA-PBE), 0.65
A (vdW-DF), 0.47 A (vdW-DF2), 0.69 A (vdW-DF-C09,) and
0.62 A(vdW—DFZ-CO%). We suggest that Cs is still coupled,
and therefore more stable than the decoupled configuration
C;. This is also indicated by the coupled configuration C, be-
ing more stable than the decoupled C;. It suffices to mention
that the effect of vdW interactions within bilayer graphene
greatly affect the energetics of these systems.

In Table II, we present the variations in the distances be-
tween the H, dimers and the planes. The GGA-PBE func-
tional predicts that the H, dimer binds at a distance of about
3.90 A away from the layer (measured either inside (I) or out-
side (O) the bilayer). This value suggests that the dimer is
further away from the layer compared to that predicted by
non-local vdW corrections where the dimer is about 2.80 A
(which is in agreement with LDA results®?). It must be noted
that the LDA results were obtained when a H, dimer was ph-
ysisorbed on single layer graphene. Since it is well known
that the H, dimer interacts with graphitic structures through a
typical m-involved weak interaction, we expect the vdW func-
tionals to predict better distances, particularly the recently
developed vdW-DFs with the exchange functional (C09,) of
Cooper, namely, (vdW-DF-C09,) and (vdW-DF2-C09,). It
has been observed that, in general, vdW-DF-C09, and vdW-
DF2-C09, predict small distances.'?> These small values are
attributed to the use of the exchange functional C09,, since the
vdW-DF correlation with in place of the repulsive revPBE ex-
change term overestimates interlayer separations.'? It is also
observed in Table II that all the functionals predict the sepa-
ration dc_py, measured inside the layers (I) to be less than the
dc_p, measured outside (O). This is not surprising since at
position (I), both layers are attempting to reach their equilib-
rium separation and are hindered by the presence of the dimer
whereas at (O), the dimer is free to adjust its position away
from the outer layer.

Fig. 4 shows that configurations C;-Cg are the lowest en-
ergy competing geometries as compared to others. Atomic ar-
rangements of these configurations show that all the hydrogen
atoms are covalently bonded with the carbon atoms after re-
laxations. We also compare the formation energies of these
configurations with that of graphane (a fully hydrogenated
graphene monolayer where hydrogen atoms are arranged in
an alternating pattern). It is noted in Fig. 4 that their forma-
tion energies are nearly the same. We further construct a 2x1
supercell of bilayer graphene to show that there are several
physically interesting configurations that are not possible for
a 1x1 unit cell. Six unique energetically favorable configura-
tions are identified and presented in Table I. It is noted that
configuration C;; has a similar hydrogen arrangement (chair-
like) as C7-Co (see Fig. 3). All of these configurations have the
same buckling, presented in Table I, and they are uniformly

distorted (see Fig. 3). It is revealed that for the 1x1 unit cell,
only one conformer (chair-like) of hydrogen is possible. It is
clear that only C;; can be represented by both 1x1 unit cell
and 2x1 supercell sizes. We also see in Fig. 4 that these con-
figurations (C7-Cy and Cj;) have nearly the same formation
energies per atom. As presented in Fig. 5, all the functionals
predict that these configurations also have nearly the same in-
terlayer distance. When comparing the functionals, it is noted
that GGA-PBE gives the highest interlayer spacing, whereas
the vdW-DF2-C09, yields the lowest.

When comparing configurations C;;-Cyg, it is seen in Fig. 4
that C; is more energetically favorable whereas C;, has the
highest formation energies. We therefore suggest that con-
figuration Cy; represents a possible template that can be used
for hydrogen storage. The formation energies of configura-
tions C4-Cyg are between those for C;; and Cy,. This is due
to the fact that they are made up of pair combinations of the
conformers. The highest formation energy found for Cy; is in
contrast with the findings of Leenaerts et al.®? for their stud-
ies of a similar kind of hydrogen arrangement on 2x1 single
layer graphene. They found that a structure similar to config-
uration Cj; is lower in formation energy compared to that of
Ci3. In this work, we have examined similar configurations
on 2x1 single layer graphene, and our results show the same
trend as theirs®>. When 2x1 bilayer graphene is considered,
the trend alters. Interestingly, when the interlayer distance of
configurations C;;-Cy3 is fixed at 7 A, analysis of the forma-
tion energies shows the same trend as the hydrogenated single
layer graphenes (C3>C,>C;; ). When the structures are al-
lowed to relax to their equilibrium interlayer distance the trend
changes to C,>C;3 >Cy, which tells us that there is a pos-
sible interaction between the hydrogen decorated planes that
greatly affects the energetics of the structures.

The stability observed in C;;-Ci¢ is ascribed to the hydro-
gen induced puckering mechanism on both layers which was
also observed by Sofo et al.® The relaxed structures show
that all the carbon atoms are hydrogenated and the graphene
layers are buckled (moved up and down out of the planes).
Mainly, this buckling occurs during the wavefunction over-
lap between the carbon and hydrogen atoms resulting in all
the carbon atoms having sp® re-hybridization. It is noted in
configurations C;;-C 3 that the hydrogen atoms are differently
aligned after relaxation, and it is also shown in Table I that Cy;
is uniformly distorted whereas C;, and C;3 are non-uniformly
distorted (see Fig. 3).

To quantify the distortions induced by hydrogen adatoms
on the 2x1 supercell of bilayer graphene, the distances (/,,/y)
and angles (6,, ;) between the carbon atoms are mea-
sured,and presented in Table III. Since /; and 6, are not mea-
surable in Cjy, this tells us that the structural properties devi-
ate constantly for the entire structure unlike in Cy, and Cy3.
We see in Cj, that all the exchange correlation functionals
predict that /, stretches more than /;, which is a confirmation
that the hydrogen atoms are responsible for the non-uniform
distortions in the structure. This observation is not always the
case for all configurations because in C;3 the distance [; is
more than /,. This implies that the different arrangements of
hydrogen atoms result in different deviations in structural pa-



rameters, where we suspect the possible hydrogen-hydrogen
interactions that lead to bending of hydrogen atoms in Cj;
and C;3 but not in Cy; (see Fig. 3). It is important to note in
Table III that each distance stretches towards a value that is
close to that of cubic diamond value (1.53 A) and their corre-
sponding angle deviates towards the ideal tetrahedral internal
angle.

Even if it is known that in configurations C;;-Cjg, all the
carbon atoms are saturated resulting in the minimal 7-r inter-
actions between the hydrogen layers, it is seen on Fig. 5 that
all the functionals vary in predicting the equilibrium interlayer
distances (dy). GGA-PBE gives the largest dy whereas vdW-
DF-C09, gives the lowest. Itis also observed on Fig. 5 that the
dy greatly depends on the arrangement of hydrogen adatoms.
We see that configuration Cj,, which is greatly distorted by
the hydrogen atoms, has the shortest dy compared to the other
configurations.

C. Elastic properties

We now look at the elastic properties of the most energet-
ically favorable configuration Cy. The values for the elastic
constants and derived elastic moduli for all four function-
als considered are given in Table. IV as well as those for
graphene, bilayer graphene and graphane. Since these struc-
tures are all isotropic, they only have two independent elastic
constants, namely c¢;; and ¢, which can be calculated by sep-
arately applying an isotropic bi-axial strain and an area con-
serving strain.

From these the following elastic properties are defined

2
c
Y = C11 — ﬁ

C11

Cl1 —C12

G:C6(,:— (2)

2

C12

y=—
C11

where Y is the 2D Young’s modulus (in-plane stiffness), G is
the 2D shear modulus and v is the Poisson ratio.

The results in Table. IV show that in the case of graphane
and Cy;, the elastic constants and modulus values in-
crease from vdW-DF—-GGA-PBE—vdW-DF2-C09, —»vdW-
DF-C09,. The Poisson ratios remain more or less constant
for all four functionals. The results of Cadelano et al.®* are
comparable to our values for graphene and graphane with
a slight discrepancy in cj, for graphane which results in a
lower value of 0.08 for the Poisson ratio. The bilayered struc-
tures have values for the elastic constants and moduli which
are approximately twice that of their monolayer counterparts.
This is expected since the two layers are very weakly bound.
The effect of hydrogenation is too reduce the elastic values

of the pristine structures. For the elastic constants, c; ap-
proximately reduces by a factor of 0.7 whereas c|, reduces by
0.40~0.43. This results in the moduli reducing by approxi-
mately 0.70~0.78. The effect of the added adatoms is to sig-
nificantly reduce the strength of the pristine structures.

IV. CONCLUSIONS

In this study, we investigated all hydrogen configurations
that can possibly exist on a 1x1 unit cell of bilayer graphene
at 100% coverage where each carbon contains an hydrogen
adatom in the unrelaxed state. Thereafter the cell was in-
creased to a 2x1 supercell to show other configurations that
are not possible for a 1x1 unit cell. All the exchange cor-
relation functionals predict that, of the ten identified config-
urations obtained from the 1X1 unit cell, nine are energeti-
cally favorable. The three lowest energy competing geome-
tries (configurations C7-Cyg) are identified. We notice that in
the case of physisorbed H, dimer, the coupled structures are
more energetically stable than the decoupled configurations.

In the case of a 2x1 supercell, only the six energetically
favorable configurations are presented in this work. In these
configurations, it is found that all hydrogen atoms are attached
to the substrate after relaxation. In some of the configurations,
it is found that the arrangement of hydrogen atoms greatly
distort the hexagonal layer to such an extent, the C — C bond
distances are unequal. We notice that one of the identified
configurations (C;;) exists both in 1x1 and 2x1 cells, and is
the most energetically stable structure. We therefore suggest
that this configuration represents a possible template that can
be used for hydrogen storage.

Our results tells us that there is a possibility of interaction
between the hydrogen decorated planes that greatly affects
the energetics of the structures. The effect of the hydrogen
adatoms greatly reduces the strength of the bilayer graphene
structures.

In conclusion, it is seen that the functionals vary in pre-
dicting the various properties. The vdW-DF-C09, functional
predicts the lowest formation energies and shortest inter-
layer distances for all configurations considered, whereas the
GGA-PBE functional predicts highest formation energies and
largest interlayer distances. In the case of the moduli results,
vdW-DF gives the smallest values, whereas the vdW-DF-C09,
gives the largest values.
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FIG. 1: The adsorption sites for hydrogen atoms on (a) 1x1
and (b) 2x1 cells of bilayer graphene. The labels on top and
bottom layers depict the distinct carbon atoms on the AB
stacked bilayer graphene. The letter x shows the exact
positions of hydrogen atoms before relaxation.

TABLE I: The hydrogen configurations on 1x1 and 2x1
supercell bilayer graphene at 100% coverage in the unrelaxed
states. The subscripts a and b refer to positions above and
below the adsorption sites, respectively, and B, and B,,
represent uniform and non-uniform buckled configurations.

Cell size Index Hydrogen configurations Structural distortion Formation of H,
PlaneA PlaneB PlaneA  PlaneB

C a,b, ab) Flat Flat Formed
C, a,b, a,b, Flat Flat Formed
Cs ab, a b B, Flat Formed
1x1 Cy a,b, a b, B, Flat Formed
Cs ayb, a by B, Flat Formed
Ce a,by a by B, Flat Formed
C; ayb, ab), B, B, None
Cy ayb, a;by B, B, None
Co a,by a,b; B, B, None
Cio apb, ab) B, B, Formed
Cy;  apb,c,dy bjac,d;, B, B, None
Cy,  a,bpc,dy bla c,d; B, B, None
%1 Cizs  aybpc,d, bjac/d; B, B, None
Cys  agbye,d, bja;c,d;, B, B, None
Cis agbyc.d, bjajc/d; B, B, None
Cis ayb,c.d, b a;c/d, B, B, None
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FIG. 2: The selected relaxed configurations showing the H,
dimers physisorbed and atomic hydrogen chemisorbed on
1x1 unitcell bilayer graphene: (a) Cy, (b) C,, (c) C3,(d) Cs,
(e) Cio.
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FIG. 3: The relaxed geometries of the three lowest energy
competing configurations identified from a 1x1 unit cell: (a)
C;, (b) Cg, (c) Cy. Configurations (d) Cyy, (e) Cio, and (f) Cy3
are selected geometries that are only possible for a 2x1
supercell. The dashed parallelograms show the 2x1 supercell
that contains four carbon atoms per plane. The distances /
and [, are the distinct distances between the carbon atoms
with the hydrogen atoms adsorbed on the same side or in an
alternating pattens, respectively. Similar for the angles.
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FIG. 4: The variation of formation energies with respect to
identified configurations from 1x1 and 2x1 cells predicted
by GGA-PBE, vdW-DF, vdW-DF2, vdW-DF-C09, and
vdW-DF2-C09, functionals. The letter G stands for 1x1
graphane.

TABLE II: The calculated equilibrium distances dc_g, (in IOA)
between the hexagonal layers of 1x1 bilayer graphene and
H, dimer for the selected configurations. The distance dc_p,
is considered to be measured when the H, dimer is either
inside (I) or outside (O) the bilayer graphene.

Functionals Position C;, C, C; GCs Cyg

CGA-PBE 0 ggg 3.96 I 3.99 0
VAW-DF (I) 2:8(5) 3.08 o 3.09 20
vAW-DF2 (I) 3132 3.02 0 2.97 1
WWDF-CO9 o T es T e
vAW-DF2-CO9; (I) 32; 2.87 25! 2.85 2




TABLE III: The calculated structural properties of the
selected configurations obtained from 2x1 supercell bilayer
graphene using the five exchange correlation functionals.
The distances [, and [, are the distinct distances between the
carbon atoms where the hydrogen atoms are adsorbed on the
same side or in an alternating pattens, respectively. Similar
for the angles.
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Functionals Cll C12 C13 C“ C12 C13

L, Iy 1, [ L, [ 0, 6, 6, 0, 0, 0,
GGA-PBE 1.53 1.59 1.54 152 1.57 110.8 117.3 106.9 109.4 112.5
vdW-DF 1.51 1.59 1.54 153 1.57 109.9 116.7 106.0 108.4 116.8
vdW-DF2 1.51 1.60 1.55 1.52 1.56 110.1 117.2 1064 108.6 112.5
vdW-DF-C09, 1.51 1.58 1.55 152 1.56 110.1 117.5 106.2 108.8 112.65
vdW-DF2-C09, 1.51 1.58 1.54 1.52 1.55 110.1 117.5 106.6 108.6 112.9

6.0 T \ \ T
— i QO GdGA—PBE
< 5.5~ '~/ vVdW-DF-C09x |
- Qe Oy A vdW-DF2-C09x
= ) vdW-DF |
S50 << vdW-DF2 .
S | O
?, e Lo OO

-9 Y ey D Oy 7
o | i oy X B gt
% @ @ ______ V - '. A N A
[} i VAV
£ G
=35 o _

S
3.0 | | | | | | | | | |
P C7 C8 CQ C11 C12 C13 C14 C15 C16

Relaxed hydrogen configurations

FIG. 5: The calculated equilibrium interlayer distances dy (in
A) for the lowest energy competing configurations identified
from 1x1 and 2X1 cells. The letter P stands for pristine
bilayer graphene.
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TABLE 1V: Elastic properties for pristine and hydrogenated single and bi-layered graphene (Elastic constants c;;, shear
modulus G and in-plane stiffness ¥ in Nm~!. Poisson ratio v (dimensionless)).

C11 Ci2 G Y v
Graphene GGA-PBE 3544 62.1 146.2 343.5 0.175
vdW-DF 346.0 58.2 143.9 336.2 0.168
vdW-DF-C09x 355.7 64.9 145.4 343.8 0.182
vdW-DF2-C09x 354.5 63.9 145.3 343.0 0.180
GGA-PBE-PW91¢ 354 60 147% 3440 0.17
bilayer graphene GGA-PBE 708.3 126.0 291.2 685.9 0.178
vdW-DF 690.5 117.1 286.7 670.6 0.170
vdW-DF-C09x 707.1 134.2 286.5 681.6 0.190
vdW-DF2-C09¢ 702.5 134.8 283.9 676.6 0.180
Graphane (100%) GGA-PBE 245.4 25.0 110.2 242.9 0.102
vdW-DF 236.4 23.0 106.7 234.2 0.097
vdW-DF-C09 251.4 27.8 111.8 248.3 0.111
vdW-DF2-C09y 248.3 28.1 110.1 245.1 0.113
GGA-PBE-PW91¢ 248 20 114° 246" 0.08°
Cy GGA-PBE 489.9 512 219.4 484.5 0.105
vdW-DF 473.3 44.5 214.4 469.1 0.094
vdW-DF-C09x 502.5 55.6 223.5 496.3 0.111
vdW-DF2-C09x 497.0 55.1 221.0 490.9 0.111

@ Reference®
b Elastic properties derived from their elastic constants



