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Ab initio Molecular Dynamics of H, Dissociative
Adsorption on Graphene Surfaces

Kentaro Doi'?, Ikumi Onishi! and Satoyuki Kawano!>

Abstract:  Hydrogen technologies are currently one of the most actively re-
searched topics. A lot of researches have tied to enhance their energy conversion
efficiencies. In the present study, numerical analyses have been carried out focusing
on hydrogen-storage carbon materials which are expeeted to realize high gravimet-
ric and volumetric capacities. In particular, disso jadsorption processes of
H; molecules above graphene surfaces have b ated by ab initio molec-
ular dynamics. The present results indicate phene surface plays an
important role in enhancing the charge trans nduces dissociation of Hj
and adsorption of H atoms on the su 1ation energy required for
the reaction Hy — 2H above the ste expected to be reduced to 56.2 %
of that in vacuum without g : istorted graphenes are an effective
hydrogen-storage material, a catalytic agent.

Keywords: Ab initios hene, Hydrogene storage, Dissociative adsorp-
tion ' '

1 Introduction

Recently, hydrogen technologies have received considerable interest as a means
of producing clean and safe power supplies. However, several problems, such as
portability, safety, and cost performance, have to be solved to realize so-called
hydrogen economy. Carbon nanomaterials are one of the most promising candi-
dates for hydrogen-storage materials due to their low weight and high cost per-
formance, compared with other metallic alloys [Dillon, Jones, Bekkedahl, Kiang,
Bethune, and Heben (1997); Chen, Wu, Lin, and Tan (1999); Elias, Nair, Mo-
hiuddin, Morozov, Blake, Halsall, Ferrari, Boukhvalov, Katsnelson, Geim, and
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Novoselov (2009); Berseth, Harter, Zidan, Blomqvist, Aratjo, Scheicher, Ahuja,
and Jena (2009); Guisineger, Rutter, Crain, First, and Stroscio (2009); Riedl, Co-
letti, Iwasaki, Zakharov, and Starke (2009); Riedl, Coletti, and Starke (2010); Vi-
rojanadara, Yakimova, Zakharov, and Johansson (2010); Virojanadara, Zakharov,
Yakimova, and Johansson (2010); Liu, Fan, Liu, Cong, Cheng, and Dresselhaus
(1999); Strobel, Jorissen, Schliermann, Trapp, Schiitz, Bohmhammel, Wolf, and
Garche (1999); Yang (2000); Gupta and Srivastava (2000, 2001); Hirscher, Becher,
Haluska, Dettlaff-Weglikowska, Quintel, Duesberg, Choi, Downes, Hulman, Roth,
Stepanek, and Bernier (2001); Chen, Shaw, Bai, Wang, Lund, Lu, and Chung
(2001); Nishimiya, Ishigaki, Takikawa, Ikeda, Hibi, Sakakibara, Matsumoto, and
Tsutsumi (2002); Xu, Takahashi, Matsuo, Hattori, Kumagai, Ishiyama, Kaneko,
and Iijima (2007)]. A few pioneering experimental studies on hydrogen-chargeable
carbon materials have been performed [Dillon, Jones, Bekkedahl, Kiang, Bethune,
and Heben (1997); Chen, Wu, Lin, and Tan (1999)], ‘ecent reports indicate that
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drogen storage technologies [Elias, Nair,

rari, Boukhvalov, Katsnelson, Geim, and

n, novel properties of graphene layeres fabricated on
SiC substrates have acted attentions [Berseth, Harter, Zidan, Blomqvist,
Aratjo, Scheicher, Ahuj d Jena (2009); Guisineger, Rutter, Crain, First, and
Stroscio (2009); Riedl, Coltti, Iwasaki, Zakharov, and Starke (2009); Riedl, Co-
letti, and Starke (2010); Virojanadara, Yakimova, Zakharov, and Johansson (2010);
Virojanadara, Zakharov, Yakimova, and Johansson (2010)]. In those works, it is
reported that hydrogen adsorption and desorption properties are expressed at the
interface of graphenes and SiC substrates by the peculiar electronic properties.
Theoretical investigations have featured interactions between hydrogen species and
carbon nanomaterials, such as carbon nanotubes (CNTs) [Tada, Furuya, and Watan-
abe (2001); Miura, Kasai, Difio, Nakanishi, and Sugimoto (2003); Nakano, Ohta,
Yokoe, Doi, and Tachibana (2006); Doi, Nakano, Ohta, and Tachibana (2007); Dur-
gun, Ciraci, and Yildirim (2008); Hanasaki, Nakamura, Yonebayashi, and Kawano
(2008); Cheng, Pez, Kern, Kresse, and Hafner (2001)], carbon nanofibers [Chan,
Chen, Gong, and Liu (2001); Li, Furuta, Goto, Ohashi, Fujiwara, and Yip (2003);
Cheng, Pez, and Cooper (2003)], and graphenes [Jeloacia and Sidis (1999); Arel-
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lano, Molina, Rubio, and Alonso (2000); Okamoto and Miyamoto (2001); Sha
and Jackson (2001); Patchkovskii, Tse, Yurchenko, Zhechkov, Heine, and Seifert
(2005)]. They reported that surface distortions cause carbon networks to change
their bonding states. However, most ab initio studies are based on static mechan-
ics of H atoms due to the mathematical difficulty and huge computational cost of
modeling dynamic processes of H, molecules.

In the present study, a technique for dynamic analysis on reaction systems is de-
veloped, based on a coupling procedure of ab initio methods and molecular dy-
namics (MD) for parallel computing. Here, ab initio MD computations are effec-
tively used to determine a condition which permits dissociative adsorption of H;
above graphene surface and to find out detailed chemical reaction pathways from
various configurations. We particularly focus on the time-dependent dissociative
adsorption of Hy near graphene surfaces with a view to engineering applications.
The dynamic behavior of dissociative adsorption of » molecule can be treated
successfully, overcoming a difficulty to simulate ch dreactions by MD proce-
dures. Consequently, it is confirmed that hydr. ption is enhanced above
steric sites of graphene surfaces where the ~H is simaltaneously
activated. Effective catalytic functions in ca als are expected to reduce
the cost for metallic catalytic agents. nt.reSults are also well confirmed
with an experimental observation [ Mohiuddin, Morozov, Blake, Hal-
sall, Ferrari, Boukhvalov, Katsng d Novoselov (2009)].

2 Theoretical methods

ion of our theoretical model in which an H,
molecule is located abo graphene surface. The present model of graphene con-
sists of 37 C and 15 H atoms, in which C atoms at edges of graphene are passivated
by H atoms. As shown in Fig. 1(b), some atoms emphasized as C1, H1, and H2
are featured due to steric conformations of the C and H atoms considered to be
effective for the dissociative adsorption of Hy above grpahene surfaces. It is known
that H atoms mainly interacts with C atoms at the on-top site [Jeloacia and Sidis
(1999); Sha and Jackson (2001)]. In this study, a graphene layer is modeled by
C37H;5, not by a coronene-like model (Cy4Hj3). Using this model, the system be-
comes symmetric around a centrally located C atom and the effect of edges can
be reduced. On the other hand, by the use of coronene-like model, the symmet-
ric structure cannot be maintained and the second-neighbor C atoms are located at
the edges. It is expected that reactions of an Hy molecule can be evaluated more
accurately above the present model than above coronene-like models. A coupling
procedure of ab initio methods and MD computations is applied to the dissociative
adsorption process of an Hy molecule above a graphene layer. This is one of the

Figure 1 shows a s
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(a) (b)

Figure 1: Schematic illustrations of computational mo
is located above a model graphene surface of C37H
and (b) side view of distorted graphene in whi
a height A; the Hy molecule consists of HI a

in which an H, molecule
p view of the system
1 C1 atom is elevated at

most effective procedures for inv
transfers between activated atg

The Hartree—Fock (HF) app
is employed to the ab i
1or of wave functions{

ion dynamics induced by electron

> ich requires wave function convergences
ulations. It is important to consider the behav-
gh accuracy when reactions are dominated by charge
transfer. Furthermore,* atomic molecular systems have many degrees of free-
dom and it is difficult to cliicidate the reaction pathways fully by static energetical
analyses. Therefore, we perform a dynamic analysis on the reaction system us-
ing an ab initio MD method in which the Lagrangian of the system is written as
[Leforestier (1978); Deumens, Diz, Longo, and Ohrn (1994)]:

N

L({Ri},{R;}) = Z%MiR%—EHF({Ri},{ka, (1)

where R; and R; respectively denote the position and velocity of the ith nucleus,
M; the nuclear mass, and Y} an electron wave function of the kth eigenstate. Each
electron is quantized and settles in discrete eigenstates. The electronic contribu-
tions are calculated in the framework of HF approximation. The potential en-
ergy Enr includes nuclear repulsions, nucleus—electron and electron—electron in-
teractions. From Eq. (1), the equation of motion of the ith nucleus is derived
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Ab initio Molecular Dynamics 5

as MiR; = —dEyr/dR;. Considering quantum mechanical contributions to atomic
motions, the gradient of Eyr is calculated based on the Hellmann—Feynman theo-
rem [Feynman (1939)]. The Hamiltonian of a system is derived from Eq. (1) and
is given by [Leforestier (1978); Deumens, Diz, Longo, and Ohrn (1994)]

N 2

H({R;},{P;}) = ; 211)120 + Enr ({Ri}, {Wk}), (2)

where P; is the momentum of the ith nucleus. The Hamiltonian is conserved dur-
ing the computation, i.e., H = 0. Electrons that contribute to atomic forces are
always in the ground state and never break the adiabatic approximation. The un-
restricted HF method is employed for open-shell structures such as C37H;s and
Cs7H;s+H;. Electronic structures are obtained using GAUSSIAN 03 computa-
tional code [Frisch et al. (2004)]. Electrons in a finctiom:space are expanded in
terms of a linear combination of atomic orbita
employed for the present simulations and 6
energy analyses. For the validation of ab init ulation, the normal vibra-
tion of Hj is evaluated by Fourier analysi 1odic vibration. As a result,

nown to be 50.96 kJ/mol [Witmer
estimates the experimental data but
have a considerable agreement, “Lhe other well-known techniques in the pro-

velocity Verlet algorit llen and Tildesley (1989)]. The simulation time step is
set to 0.5 fs. A time step should be chosen properly for efficient electronic struc-
ture computations and for maintaining the conservation laws, although excessively
short time steps will prevent long period simulations. The present value of time
step is confirmed to conserve the total Hamiltonian of the present system well. The
criteria of energy convergence are set to 2.62 x 1077 kJ/mol. In the ab initio MD
computations, errors in the total energy are estimated as 0.2 % for 1 ps simulations.
Temperature is assumed to be O K at initial conditions. Therefore, momentum dis-
tributions and thermal effects are not considered in the present simulations. A main
purpose is to demonstrate an advantage of this method to find out reaction pathways
efficiently. Although computational results strongly depend on the initial configu-
rations, a continuous reaction of dissociative adsorption of H, can be clarified by
this method and additional potential surface analyses. However, the evaluation of
free energies depending on temperature and other experimental conditions is our
future work.
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3 Results and Discussion

3.1 Preliminary study on ab initio MD

Before discussing the ab initio MD results, we present a fundamental analysis from
the viewpoints of both quantum mechanical and classical mechanical approaches.
Figure 2 shows potential energy curves depending on the interactions between an
H atom and a planar graphene surface. Here, H1 is located above an on-top site of
C1 which is located at the center of graphene, as shown in Fig. 1. A difference in
atomic interactions which cause different pictures between ab initio MD and classi-
cal MD simulations is described later. In Fig. 2, the abscissa is a distance between
C1 and H1. The potential energy curves obtained with and without quantum me-
chanical considerations exhibit quite different characteristics. A curve which was
obtained by considering quantum effects had an energetically stable point at 1.15
A and the dissociation energy of H atom from the graphene was 96.0 kJ/mol. This
value is in reasonable agreement with the previous w 1a and Jackson (2001)].
However, the dissociation limit of the interact t converge due to a con-
straint of the HF approximation. Our main '
MD computations to search for chemical reaction pat ays which are enhanced by
charge transfer. More accurate analys onic structures for the dissoci-

lly stable point near the surface. The
as evaluated as 1.78 kJ/mol at a distance

3)

In this case, the attractive interaction of C1-H1 bond is proportional to 1/r° and it
is dominated by the van der Waals interaction. Note that a difference between the
curves in Fig. 2 is caused by the different descriptions of electronic motions. In
the classical mechanical framework, the atomic force is derived from the gradient
of electrostatic potentials of ions, where the electronic distributions do not directly
contribute to the interactions. In contrast, in the quantum mechanical approach,
electronic distributions vary with the transformation of molecular structures, since
the behavior of electrons is explicitly treated on the basis of electrostatic interac-
tions. Figure 2 clearly reveals that the strong C1-H1 bond is caused by electron
transfers.
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Figure 2: Potential energy curves of an H at e the central C atom in a

graphene layer of Cs7H;s calculated using
tion, empirical methods using universal force,
potenial.

ds by HF approxima-
), and Lennard-Jones type

3.2 Ab initio MD resul dative adsorption of H;

In this section, resul AD simulations for dissociative adsorption of Hy
above a graphene surfa e discussed. Table 1 shows the computational results for
different initial conditions.}The initial conditions given in Tab. 1 are prepared for
twelve cases of a-1 from infinite number of conditions. In the present computations,
initial momenta of the system are set to zero, since this study gives the first step to
clarify the nature of phenomenon. Therefore, the results appear to be affected by
the initial molecular structures. The possibility of Hy adsorption on planar and
steric graphene surfaces was investigated. In the case of steric surface, C1 which
was centrally located in the graphene was elevated above the plane by a height 4,
as shown in Fig. 1(b). The height 4 was set to 1.0 A to enhance H, dissociative
adsorption. The molecular axis of H, was perpendicular or parallel to the surface.
The bond lengths of H, were set to 0.75 and 1.20 A for representing an equilibrium
structure and an excessively stretched structure, respectively. For both the planar
and the steric surfaces, the center of mass of an H, molecule was located at 2.0
A above C1 in the case of a—h, and H1 was located at 2.0 A directly above Cl1
in the case of i-1. In the case of e-l in which an Hy molecular axis was parallel
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to the grapnene surface, the HI-H2 axis was located above one of C1-C axses.
As a result, adsorption of an H atom due to H; dissociation was observed only
in the case of d. Neither dissociation nor adsorption were observed in the other
cases: a—c and e-1. The present results indicate that several conditions have to be
satisfied simultaneously to induce the dissociative adsorption of H, as shown in the
case of d. In particular, the HI-H2 bond should be stretched excessively and be
near to the graphene surface; the molecular axis of H, should be perpendicular to
the surface; a steric configuration of C atoms is required to create the adsorption
sites. In addition, the present results suggest that parallel conformations of H, to
the graphene surfaces are not suitable for promoting dissociative adsorption of H,.
However, these limited results could elucidate only a few cases in all possibilities.
Therefore, more details about other conformations and other conditions should be
investigated in our continuous works. Hereafter, discussions are concentrated on
the cases a—d in which an H1-H2 axis is perpendiculagito the graphene surfaces to
elucidate the nature of the phenomenon in detail.

3.0

(a) Ab initio MD [

o5  HF/3-21G(d,p)

2.0

151

Distance [A]

1.0

0.5

25 30

Time [fs]

Figure 3: Transitions in the/€1-H1 bond length (solid line) and dissociated HI-H2
length (dashed line) obtained using (a) ab initio MD with HF/3-21G(d,p) method
for initial condition d and (b) classical MD for inital condition d with substitution
of elevated height 4 = 0.8 A of C1.

Figure 3 shows transitions of H1-H2 and C1-H1 lengths which promote the dis-
sociative asdorption of Hy. This result was obtained using the initial condition of
d. As shown in Fig. 3(a), the C1-H1 length oscillates periodically and the H2
atom leaves the graphene layer as time progresses. In this case, the H, molecule
seems to be activated sufficiently to break HI-H2 bond at the initial condition and
to promote adsorption of HI to C1. A reaction pathway will be clarified by the
potential energy surface analysis later. For comparison, a classical MD simulation
was carried out under the similar conditions as the ab initio MD simulations. In
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Ab initio Molecular Dynamics 9

this case, the height & of C1 was initially set to 0.8 A from the surface and the H,
molecule was in the same condition as d. When C1 was located at 1.0 A above
the surface (i.e., the same value as for condition d in Tab. 1), the graphene layer
became too unstable to maintain the structure (this figure is omitted). This insta-
bility is mainly caused by the different potential functions used in the ab initio
MD and in the classical MD. In the present classical MD, the universal force field
(UFF) [Rappé, Casewit, Colwell, Goddard III, and Skiff (1992)] was employed for
atomic interactions. Consequently, the H, molecule bounces above C1 and nei-
ther H nor Hy adsorb on the graphene surface, as shown in Fig. 3(b). Therefore,
the dissociative adsorption of Hy on graphene surfaces should be simulated using
advanced MD methods coupling with quantum chemical methods. However, other
methods in which the effect of electron transfer is considered empirically have been
developed and their progresses are expected to treat chemical reaction systems ef-
ficiently [Warshel and Weiss (1980); Schmitt and Voth41998)]. The results shown
in Fig. 3 reveal a drastic difference between the ab it D and the classical MD
calculatlons Therefore the ab mztzo MD method wh

sociative adsorption of molecules, even though 1 ains a short time step and
consumes a long computational time.

of b, ¢, and d, respectively. 1
graphene surface, an H, mo ed from the surface. At the initial con-
was set to 1.20 A and that of C1-H1 to 1.40
A. Regardless of the
repulsively interactet
tendency with that of erefore the details about a are omitted here. Figure 5
shows the behavior of H; on the steric graphene surface corresponding to the case
c. In this case, at the initial condition, C1 was elevated at 1.0 A from the planar sur-
face; the length of HI-H2 was set to 0.75 A; the distance between C1 and H1 was
1.63 A. As time progressed, C1 appeared to be attracted by the graphene which
maintained the planar structure. On the other hand, the H, molecule repulsively
dissociated from the surface. In addition, its bond length of 0.75 A was almost the
optimized length and then the vibration between H1 and H2 was little activated.
Figure 6 shows the result of condition d in which the dissociative adsorption of
H, was successfully observed. In this case, an excessively stretched H, molecule
was located above the steric graphene surface. As shown in Fig. 6(b) at t = 10
fs, the HI-H2 bond was cleaved due to the attractive interaction between H1 and
C1. After that, H1 adsorbed on the graphene as C1 was pulled to the graphene
layer. On the other hand, H2 dissociated from H1 and C1 repulsively. These results

67



89

Table 1
Type Configulation™ Structure h[A] H1-H2 length [A] C1-HI1 length [A] Result

a perpendicular planar 0 0.75 1.63 Not adsorbed
b perpendicular planar 1.20 1.40 Not adsorbed
c perpendicular steric™* 0.75 1.63 Not adsorbed
d perpendicular steric™* 1.20 1.40 Adsorbed

e parallel" planar 0.75 2.00 Not adsorbed
f parallel’ planar 2.00 Not adsorbed
g parallel’ steric™* 2.00 Not adsorbed
h parallel steric** 2.00 Not adsorbed
i parallel* planar 2.00 Not adsorbed
j parallel* planar 2.00 Not adsorbed
k parallel* steric** 2.00 Not adsorbed
1 parallel* steric** 2.00 Not adsorbed

* H1-H2 axis is perpendicular or parallel to the grapehene surface.

** C1 is elevated from the planar graphene surface.
T The center of mass of H, is directly above C1 and H1-H2 axis is located above one of C1-C axes.
# H1 is on-top site of C1 and H1-H2 axis is located above one of C1-C axes.
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(b)t=10fs
(@)t=0fs £=0.00 A
C1-H1: 1.40 A
H1-H2: 1.20 A

@iH2

(c)t=20fs (d)t=30fs

Figure 4: Snapshots of ab initio MD simulation with HF/3-21G(d,p) level for initial
condition b in which £ is 0.00 A, C1-H1 length is 1.40 A, and H1-H2 length is 1.20
A: (@) 0s, (b) 10 fs, (c) 20 fs, (d) 30 fs, (e) 40 fs, and (f) 50 fs.

mentioned above can be analyzed quantitatively in terms of the Mulliken atomic
charge and the bond lengths. Figure 7(a) shows the transitions of C1-H1 and H1—
H2 lengths and of Mulliken charges of C1, H1, and H2, in the case of b. It is
clarified that the Hy molecule those vibration is excited leaves from the graphene.
C1 negatively charged at the initial state turns to be positive as the H, molecule
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(b)t=10fs
(a)t=0fs h=1.00 A

(c)t=20fs (d)t=30fs

¢ ‘
Figure 5: Snapshots of ab initio MD simulation with HF/3-21G(d,p) level for initial

condition ¢ in which s 1.00 A, C1-H1 length is 1.63 A, and H1-H2 length is 0.75
A: (@) 0s, (b) 10 fs, (c) 20 fs, (d) 30 fs, (e) 40 fs, and (f) 50 fs.

dissociates from the surface. On the other hand, positive charges on H1 decrease
as time progresses. The H, molecule and the graphene appear to be polarized to
stabilize their electronic state at the initial condition. However, the charges begin
to transfer through those atoms in order to make the system more stable as soon
as the system is released. As time progressed, the polarization between C1, H1,
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(b) t=10 fs

(a)t=0fs h=1.00 A

(c)t=20"s (d)t=30fs

(e)t=40fs

Figure 6: Snapshots of ab initio MD simulation with HF/3-21G(d,p) level for initial
condition d in which £ is 1.00 A, C1-H1 length is 1.40 A, and H1-H2 length is 1.20
A: (a) 0s, (b) 10 fs, (¢) 20 fs, (d) 30 fs, (e) 40 fs, and (f) 50 fs.

and H2 tends to be depolarized. Therefore, chemical reactions such as dissociative
adsorptions of H, cannot be expected in this system. Figure 7(b) shows the result
of case ¢ in which the H, molecule is almost optimized. Therefore, the charge
transfer through H1 and H2 is little. The distance between C1 and H1 increases
monotonically, regardless of the behavior of C1 which is affected by the nearby C

7
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atoms. The charge transfer between C1 and H; is not so remarkable that chemi-
cal reactions cannot be observed. On the other hand, in the case of d as shown in
Fig. 7(c), different characteristics from those in Figs. 7(a) and 7(b) can be obtained
due to charge transfer which induces the chemical reaction. In this case, C1 and
H1 are polarized at the initial condition, although H2 is almost neutral. As time
progresses, H1 becomes more positive and the periods of charge transfer between
C1 and HI appear to synchronize with each other according to the stretching vi-
bration of C1-H1. The period can be roughly estimated to be 11 fs and the length
of C1-H1 is averagely maintained at 1.20 A. In particular, the maximum and min-
imum points of atomic charge of adsorbed H1 approximately coincide with the
peak points of C1-H1 length. This result implies that electrons move from the
graphene to the adsorbed H1 atom as the C1-H1 length stretches and that the Mul-
liken charge shows peaks at the points where the C1-H1 bond length is maximized.
Time-averaged values for the atomic charge are 0.231.and —0.282 for H1 and Cl1,
respectively. Generating the C1-H1 bond, H2 tur: > neutral and separates
from H1 and C1. It is found that the HI-H2 bond i ed slowly different from
the separation of H, from the graphene surfadc in Figs. 7(a) and 7(b).
These results indicate that the charge transfe with molecular vibrations
and that these electrons play an imp ntramolecular interactions.
On the other hand, the intermolecul which are not affected by charge
transfer and chemical reactions ca in the framework of conventional
MD methods [Kawano (1998); intaku, and Kawano (2010); Allen
and Tildesley (1989)]. The in Fig. 7(c) successfully demonstrates a
typical characteristic eactions enhanced by charge transfer.

of a molecular orbital observed in the initial
stage of dissociative adsgrption of an H, molecule for the condition d. Isosurfaces
of the electron wave function are presented in addition to the atomic positions.
Electronic elementary steps in the early period can be discussed from this figure.
In the initial condition as shown in Fig. 8(a), an electron is separately observed
on the H, molecule and the graphene surface. As shown in Figs. 8(b)-8(d), the
electronic distribution on the H, molecule transfers to the graphene side as the Hj
approaches C1 of the graphene. The behavior of charge transfer which synchro-
nizes with the periodic vibration of C1-H1 bond is observed in the first 10 fs. Fig-
ures 7(c) and 8 reveal charge transfer which generates repulsive force between H1
and H2 and then the repulsive interaction triggers the dissociation of H1-H2 bond.
On the other hand, a chemical bond is formed between the H1 and C1 atoms due
to the transferred electrons and due to the polarization between them. Depending
on the distance between H1 and C1, the electronic distribution is stabilized instan-
taneously and apears to be synchronized with the vibration. This is an overview of

Figure 8 shows seq
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the dynamic process of dissociative adsorption of an H, molecule above graphene
surface.

| (b)Casec

Distance [A]

Mulliken atomic charge [¢]
Distance [A]
Mulliken atomic charge [€]

0 10 20 30 40 50 0 10 20 30 40 50
Time [fs] Time [fs]

(c) Cased /\
03
02 /\

Mulliken atomic charge [e]
Distance [A]}

Figure 7: Transitions of Mx
and of C1-H1 and H1
¢, and (c) d.

ic charge of C1, H1, and H2 (solid lines)
, (dashed lines) for initial conditions of (a) b, (b)

Figures 7 and 8 describe the dynamic process of dissociative adsorption of an Hj
molecule as follows. First, electrons on the H, molecule move toward the graphene
surface, inducing polarization between the Hy molecule and the graphene. Second,
repulsive interactions are enhanced between the H1 and H2 atoms, which have
weakly positive charges (see Fig. 7(c)). On the other hand, the C1 atom which
accepts electrons from the Hy molecule, attracts one of the H atoms and forms a
chemical bond with H1. Third, the electrons on C1 move back to H1 after the C1-
H1 bond shrinks (see Figs. 7(c) and 8). Finally, the H2 atom located furthest side
from the graphene surface leaves in an electrically neutral condition. In this period,
the positively charged H2 seems to recieve electrons from the negatively charged
C1. The periodic vibration between the adsorbed H1 and C1 atoms is conserved
due to the periodic charge transfer between them.

In the present study, the existence of a critical pathway in the dissociative adsorp-
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Figure 8: Snapshots of a molecular orbital
MD simulation with HF/3-21G(d,p) leve
fs; isosurfaces of the molecular orbi

ses on Hy during ab initio
.0fs, (¢)5.0fs, and (d) 6.0
he values of 0.01 and -0.01.

tion of an H, molecule o
In a precise sense, al
temperature, and pr

er was suggested as a result of many trials.
ories which depend on the initial conditions,
hould be investigated. However, there are many diffi-
culties to satisfy the ac experimental conditions. The present study has found
out one of important resul all possiblities. The knowledges obtained from the
simulations are very meaningful and motivate more detailed investigations, even
though they are resulted from the excessively excited conditions. In the next sec-
tion, the potential energy surface (PES) analysis is performed to clarify a whole
reaction pathway which was partly found out by ab initio MD simulations.

3.3 Potential energy analysis on the reaction pathway

In this section, the validity of the ab initio MD results for condition d is discussed
and critical reaction pathways will be elucidated according to the manner of quan-
tum chemistry. A purpose of this section is to explain the nature of dissociative
adsorption of H; on grapene surfaces. The PESs for the static system between
Cs7H5+H; and C37H6+H were investigated. In this analysis, the 6-31G(d,p) ba-
sis set was adopted instead of the 3-21G(d,p) basis set which was used for the ab
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(h = 0.0 A) and (b) steric si
dle points are indicated by
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spectively. Values wri
state of C37H;s5+H,.

(h = 0.25 A), in which the sad-
of (a) (x,y) = (1.20,1.25) and (b)

it of kJ/mol are measured from the reference

initio MD computations. It is for the higher accuracy and for the quantitative com-
parison with the previous works [Elias, Nair, Mohiuddin, Morozov, Blake, Halsall,
Ferrari, Boukhvalov, Katsnelson, Geim, and Novoselov (2009); Sha and Jackson
(2001)]. The difference of basis sets was confirmed to be less effective for the
H, dissociation process. However, the dissociative adsorption process of an Hp
molecule was limited near a graphene surface where electron transfers between the
two molecules induced the reaction, because the dissociation limit on a continuous
PES should not be discussed by the HF approximation. Figure 9 shows the con-
tour maps of the relative potential energy with respect to interactions between an
H; molecule and a graphene surface as a function of C1-H1 and H1-H2 lengths.
The relative energies were measured from the isolated condition of an H, molecule
and a graphene: C37Hjs+H;. The C1 atom located at the center of graphene was
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elevated from the planar surface by 2 = 0.25 A as well as the case of & =0 A.
Although this height is lower than that of condition d, it seems to be more realistic
[Elias, Nair, Mohiuddin, Morozov, Blake, Halsall, Ferrari, Boukhvalov, Katsnel-
son, Geim, and Novoselov (2009); Sha and Jackson (2001)] from the viewpoint of
stability. Figure 9(a) shows the contour map of the case of A = 0 A. It is found
that there are steeps along the directions to shorten the C1-H1 length and to stretch
the H1-H2 length and that an H, molecule located far from the graphene surface is
stable. A cross mark in the map is considered to be a saddle point in the reaction
pathway between C37H;s+H; and C37H 6+H. The energy difference between the
dissociation limit of C37H;5+H; and the saddle point shows that an activation en-
ergy of 287 kJ/mol (2.98 eV) is required to cleave an Hy molecule. On the other
hand, the other local minimum of C37H;6+H is very shallow and gradients around
it are moderate. This result means that quite-high energy should be provided to
cleave the HI-H2 bond and that the excessively high énergy will negatively con-
tribute to the repulsion between the H atoms and the ene. Therefore, it will be
difficult to realize the dissociative adsorption o ‘ les on planar graphene
surfaces. Figure 9(b) shows the result abou
case of steric graphene surface. It is found th
of C37H;s+H; appear to be more mode ‘ in Fig. 9(a). The energy
required to cleave the HI-H2 bond
1s 88 kJ/mol (0.92 eV) lower than
graphene surface. These mo
adsorption of H,. Addition
0.75, and 1.00 A wer
and 760 kJ/mol (7.8

n energy evaluated on the planar
able the successive dissociation and
heisaddle points in the other cases of h = 0.50,

252 kJ/mol (2.61 eV), 450 kJ/mol (4.66 eV),
ely, although their PESs are omitted here. It is
predicted that the activation energy increases as h increases and that infinitesimal
distortions of graphene aces are effective to decrease the activation energy of
H, dissociation. In comparison with the present result, the dissociation energy of
an Hp molecule in vacuum without graphene was estimated here to be 354 kJ/mol
(3.67 V), which was in reasonable agreement with the experimental value of 432
kJ/mol (4.48 eV) [Herzberg (1969)]. That is, in the case of # = 0.25 A, the dissoci-
ation energy of H, above graphene is estimated as 155 kJ/mol (1.61 eV) lower than
that without graphene. Consequently, steric C sites on the graphene surface are
expected to act as a catalytic agent. Both previous results for an H atom near a car-
bon surface [Jeloacia and Sidis (1999)] and the present results for an Hy molecule
strongly indicate the feasibility of using a distorted carbon material for hydrogen
storage materials.

In practical applications, external energy estimations are required to form steric
sites which distort the planar graphene surface and to move the H, molecule toward
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the surface. More accurate energy estimations will be possible using the density
functional theory, the multi-configurational self-consistent field, or the configura-
tion interactions [Szabo and Ostlund (1982)]. However, as a first step, we carried
out the present ab initio MD analysis to investigate the dissociative adsorption pro-
cess of Hy molecules, focusing on the molecular dynamics, the Mulliken atomic
charges, and molecular orbitals.

4 Conclusion

In the present study, an ab initio MD method with wave function convergences was
developed and used to investigate the time-dependent behavior of an Hy molecule
above a graphene surface. The simulations could quantitatively evaluate a scenario
in which distorted graphene surfaces enhanced H, dissociation and an H atom ad-
sorption at the steric sites. In conjunction with this ab_initio MD simulations, the
potential energy surface analysis was also applied togclarify the detailed dissocia-
tive adsorption process of an Hy molecule. Impor nclusions obtained from
this study are summarized below.

1. Focusing on dissociative adsorption o
dependent phenomena were cl
sequential electron transfers fi
The former process do
the subsequent C-H 4
Furthermore, the
C-H vibration )

graphene surface, the time-
csent procedure. In particular,
and from C to 2H were indicated.
iation and the latter one dominated
with the dissociation of a neutral H atom.
ectron transfer which was synchronized with the

2. Based on the a io MD results, a critical reaction pathway for the dis-
sociative adsorption‘wyas determined. The calculations in the present study
suggest that H, dissociation can be realized above the distorted graphene sur-
face with an activation energy of 199 kJ/mol (2.06 eV), which is lower than
that in vacuum without graphene. However, the same process is not expected
to occur on a planar surface because the dissociation limit of C37H5+H; is
so stable that quite-high energies to induce the dissociative adsorption nega-
tively cause repulsions between H atoms and a graphene surface.

3. The dissociation energy of an H-H bond near the steric configuration of C
atoms was expected to be reduced to 56.2 % of that without graphene. This
result highlights the capacity of distorted graphene to be avaliable as a cat-
alytic agent which does not require expensive materials such as Pt. Further-
more, by exploiting the subsequent C—H adsorption, steric graphene surfaces
are promising candidates for hydrogen storages.
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