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Abstract

Adsorption of gaseous/molecular hydrogen on platinPt) decorated and pristine graphene have beeliedt
systematically by using density functional theddf() level of calculations implemented by QuantuBPRESSO
codes. The Perdew-Burke-Ernzerhof (PBE) type gdimethgradient approximation (GGA) exchange-cotieta
functional and London dispersion forces have baearporated in the DFT-D2 level of algorithm fooshand long
range electron-electron interactions, respectivlith reference to the binding energy of Pt onatight symmetry
sites of graphene supercells, the bridge (B) site Ibeen predicted as the best adsorption siteasa of 3x3
supercell of graphene (used for detail calculadiottee binding energy has been estimated as 2.02rb¥ band
structure and density of states calculations add@itom graphene predict changes in electronic/ni@gmeperties
caused by the atom (Pt). The adatom (Pt) also eelsathe binding energy per hydrogen molecule igrEphene
comparing to that in pristine graphene and rectivds/alues within the range of 1.84 eV to 0.13 eldne to eight
molecules, respectively.
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1. Introduction

Graphene, one atom thick sheet of lspnded carbon atoms arranged laterally in a homacerystal
lattice, has been developed from theoretical megstiems [1] to experimental reality [2]. Becaus¢hef
two-dimensional crystal structure, it shows manieriesting properties like observable quantum Hall
effect even at the room temperature [3], an amhbipelectric field effect along with ballistic conttion

of charge carriers [4], tunable band gap [5] arghlelasticity [6]. After the experimental prodwactiof
graphene in 2004 [7], considerable research irttdiaes been shifted to explore its unique propesies
various potential applications such as in energyasfe [8,9], spintronics [10] and microelectrorits].
Various theoretical and experimental works havenlpformed focusing on the electronic and magnetic
behaviours of different adatoms [12-15] adsorbedgmphene system, and have been found to yield
many interesting results. In addition to fascingdimtrinsic electronic and mechanical propertieisileixed

by pure graphene, the structure and propertiesrabhgne can also be controlled and modified by
adsorption and/or doping of foreign atoms [16]. wWhighly porous carbon materials offer a wide \grie

of chemical compositions that are suitable for #usorption and storage of gaseous molecules like
hydrogen, methane and carbon dioxide. Currentlg,sgarage in solids is an important technology with
potential applications ranging from energy, envinemt and all the way biology to medicine [17].
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The development of the fuel cell technologies, dase hydrogen, holds the promise for producing
renewable energy. The safe storage of hydrogelsascaucial for the development of hydrogen energy
[18]. Carbon nanomaterials are suitable for thdrbgen storage due to high surface to volume ratio.
Dillion et al. [19] were the first to study the hydrogen by asd@aatof single walled carbon nano tubes
(SWCNT) and porous activated carbon [20]. Latemynaorks focused on carbon based materials such
as nanotubes [21,22] and fullereng, 23] have been performed. Although the transitetal atoms
such as Pt and Pd, can bind multipleniblecule and metal adatom carbon material can bdsare
hydrogen molecules, exceeding the minimum requintroé 6wt% for practical applications, a reliable
and quantitative analysis of binding charactetilsigsufficient. After the synthesization of griagne, its
capacity of binding hydrogen molecule should begiteat matter of interest.

The remaining part of the paper is organized dsvicl. This section (Introduction) is followed byeth
computational method in section 2 where we deschbesystems, algorithm, and approximations for the
whole calculations. The section 3 presents andudsss the results of the present work. The lasibsec
‘Conclusions and concluding remarks’ highlights suenmary of the paper and also presents its pessibl
extension in near future.

2. Computational M ethod

The DFT based first-principles calculations [26,27¢ carried out to know the structural stabilinda
electronic properties of adatom adsorption on geaph Further, we have studied the adsorption of
hydrogen molecule/s on Pt decorated graphene wsfigate its hydrogen storage capacity. The long
range dispersion forces are incorporated via Londtaraction [28] in DFT-D2 level of approximatigns
implemented with the quantum ESPRESSO code [29].

The interaction between electrons and ion coresleiscribed by ultrasoft pseudo potentials, and
generalized gradient approximation (GGA) formalimmadopted to treat the electronic exchange and
correlation effects, as described by Perdew-Bunkeeérhof (PBE) [30]. The plane wave basis set with
the kinetic energy cut-off of 35 Ry is used for tegpansion of the ground state electronic wave
functions. The plane waves are chosen to have iadigty compatible with the periodic boundary
conditions of the simulating cell. The supercethdnsions are kept fixed during the relaxation.

o
We have used calculated value of the lattice congta= 246A ), which overlaps with the experimental
value [31], obtained from our convergence te$te adatom graphene system is modeled using single
adatom in 2x2, 3x3, and 4x4 supercells of graptmntaining 8, 18 and 32 number of carbon atoms.
In this work, the adsorption of single Pt atom oaphene is performed at three different high symynet
sites, top (T), hollow (H) and bridge (B). For eaatsorption site of the adatom-graphene system, the
adatom is relaxed along the z-direction and thetding on graphene in all x, y, and z directions. To
estimate the binding energy of adatom (Pt), theutalions for the isolated Pt, graphene and adatom-
graphene are performed within the identical supeocfegraphene. The optimized geometry is obtained
with fully relaxed BFGS (Broyden-Fletcher-Goldfa@ranno) scheme [32intil the total energy change
between two consecutive scf steps becomes lesslti®y and force acting goes belowRy. The
brillioun zone of graphene is sampled in k-spacsgushe Monkhorst-Pack scheme [33] with an
appropriate number of k-points. Different sized esgplls are considered to see the size effect f th
interaction between the isolated adatom and graphinorder to avoid the interaction between the
adatoms at adjacent supercells, vaccum lengthpefreall was made large enough, i.e. 20dng z- axis.
The detail calculations to study the electronigpenties, like density of states (DOS) and electrdngind
structure of pure graphene and Pt-adsorbed grapdienealculated in 3x3 supercell of graphene and
15x15x1mesh in k-space.

The adsorption properties of molecular hydrogencdrgerved on the most stable geometry of platinum
decorated 3x3 supercell of graphene. At first, pinized H molecule and found bond length of 0.75 A
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between two hydrogen atoms. The optimized molesukethen placed within the Pt-adatom graphene
supercell of height 20A, very large in comparisorthie bond length of fHwhich prevents interaction
between two hydrogen molecules at adjacent supieerdéle calculations for a large number of molecula
hydrogen (up to eight), with in the limit of comptibnal power, has been covered in this study to
observe the desirable binding energy and hydrotmeage capacity.

3. Results and Discussion

In the present work, we study the adsorption priggseof single Pt on different symmetry sites o22x
3x3, and 4x4 supercells of pure graphene and aésept the binding strength/geometry of a number of
hydrogen molecules on its preferred geometry.

A. Binding energy and geometry
The Binding energyAE) of adatom on graphene is defined as,

AE = Ext Eg- Eca
where, Ea Es and B are the values of energy of adatom-graphene, graphene and an isolated
adatom in 3x3 supercell of graphene. Out of theettadsorption sites (H, B and T) considered isgme
calculations, the configuration with the highestding energy is defined as the most favored one.

The adatom height (h) is defined as the differance coordinates of adatom and the average of the z
coordinates of the carbon atoms in the grapherer.ldye have also calculated the distangebdtween

the adatom and its nearest carbon atom. The adsondtadatom on graphene produces a distortio)) (dz
which is quantified by computing the maximum dewiatof C atoms along z-direction from their average
positions in pristine graphene. The distortionhe graphene layer upon the adsorption of adatafses
calculated in terms of change in dihedral angles.

Table 1. The binding energy £ adatom height h and the nearest carbon distacdadatom (Pt) in 2x2, 3x3
and 4x4 supercells of graphene are noted. Furtleformation produced in graphene layer due to adisor of
adatom is quantified in terms of distortion alordiection (dz).

supercell site (EoeV) (h, A) (dac A) (dz, A)
H 1.087 212 2.48 0.09
2x2 B 1175 2.09 2.12 0.11
T 1.089 2.13 2.55 0.09
H 1.305 1.95 2.41 0.02
3x3 B 2.022 2.15 2.10 0.17
T 1.905 2.16 2.03 0.01
H 1317 1.95 2.40 0.03
4x4 B 2.048 2.20 2.10 0.22
T 1.917 2.20 2.03 0.16
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Table (1) shows that the adsorption of Platinunmatm different sites of pure graphene sheet iskitas
The table also reveals the most favored site fasHiridge site with the highest binding energy.(Ehe
binding energy seems to increase on increasingdhguted graphene size. However, the increment in
E, is nominal for 4x4 supercell with reference to 3@Bd this helps to conclude that size effect of
graphene beyond 3x3 does not alter the qualityloiutations. Taking care of size effect informatad
computational cost for bigger system, we consia& fupercell for further calculations.

The distortion in the graphene plane due to therptisn of adatom is observed maximum at the bridge
site. This correlates the direct relationship dftalition with binding energy. The distortion casabe
measured in terms of change in bond length, bomggeaand dihedral angle. In case of 3x3 graphene
sheet, maximum change in bond length, bond anglediéredral angle are observed as 0.02A° arfil
12.07 from their initial values 1.42 A, 12@nd 6, respectively.

B. Electronic structures

We have computed the electronic density of stal¥3S) and band structures of pure graphene and
adatom graphene. The Kohn-Sham DOS is computeaifsiom at the most favorable (B) site of the 3x3

graphene supercell using 15x15x1 Gamma centerdiduni zone-sampling. The energy eigen values

are smeared by ‘Marzari-Vanderbilt' smearing [36width 0.001 Ry.
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Figure 1: Plot of density of states for pure graphene (d)Rinadsorbed graphene (b). The DOS is plotted
assuming fermi level as the refeeen

The spin up and spin down calculations of pure lyggap are plotted by assuming Fermi energy as
reference level (Fig. 1a). The Dirac point, whe@®is nearly equal to zero, lied the Fermi level, and
approves that the valence and conduction band atetitat point with zero band gap. The identical

density of states for spin up and spin down in figare approves the non magnetic nature of pure
graphene.

From Fig. (1b) it is seen that Fermi level of adatgraphene again appears to remain at the Diraat.poi
On the other hands, DOS of adatom graphene systémmbéen modified near the Fermi level. The
contribution of different Pt orbitals in the DOSf adatom system is shown in Fig. 2.
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Figure 2: The projected densityof states (PDOS) for
spin up and spin down of s (alb)p and d
(c) orbitals of Pt, an adatom oapiene.
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The band structure of pure graphene exhibits itguenfeature showing zero band gap at Fermi |&ved.
bands meet at a point in Fermi level (observe®&@51 eV) and form a conical structure, which are
known as Dirac point and Dirac cone respectively.(Ba).

The interaction of the adatom withandIT* states of the carbon atoms in graphene, howdéveaks the
symmetry of graphene and band gap occurs at threi f&rel. New bands originating from Pt modify the
band structure of pure graphene and disclose a gamaf 1.10 eV in adatom graphene. This change in
band gap from zero in pure graphene to 1.10 eVtiadBed graphene shows the potential use of the
material for practical applications.
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Figure 3: Band structure of 3x3x3 supercell of pure graphepand Pt-adsorbed graphene (b) along K-
I'- M-K path of irreducible Brillouin zone.

C. Chargetransfer

Charge transfer, an ambiguous quantity [16, 17&nismportant feature of adatom-graphene intemctio
in which transfer of electronic charge takes plaeaveen the adatom and graphene. In this sectien, w
discuss and quantify the charge transfer duthé adsorption of adatom on bridge site of 3x®lyeae
supercell, which we believe an essential part tmysthe nature of bonding between the interactive
materials. By keeping in mind that the magnitudecloarge transfer is highly method dependent and
difficult to quantify as an absolute value, we haged one of the algorithms followed by previousligs
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[15], where we integrate differences in
electronic charge density in planer basis.

With the help of optimized structures, the

charge densities for pure graphene layer,
isolated adatom, and adatom graphene are
calculated. The difference in charge-density is
then defined as

Ap(r) = pac(r) —pa(r) -ps(r)

where pas(r), pa(r) and pg(r) are the charge
densities of the adatom-graphene, an isolated
adatom, and graphene respectively, calculated
in the same positions of the supercell as done
for adatom-graphene calculations.

Figure 4: Planner averaged electron charge difference fonRfraphene at B site as a function of
position along z-direction. Thetieal line at z=0 represents the position of gexghsheet
and the line at z = 5.32 Bohr gadés Rcut. The integration between the regionazwDz=5.32

Bohr quantifies the charge transfe
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Figure (4) shows the planar averaged linear chdegsity difference as a function of z, along thiglie

of supercell, for Pt on B-site of graphene. Theuffigimplies the position of planar graphene shadt a
adatom (Pt) at z = 0 and 5.32 Bohr, respectivebsite difference in electron density towards the
region of graphene sheet and negative towards datom illustrates the transfer of electronic charge
from adatom to graphene.

To calculate the charge transfer using the lindarge density difference, the region of the space
belonging to graphene and/or adatom must be specis similar to the concept used by Chan et al.,
[15], an adsorbate-substrate cutoff distanggi&®defined as the distance from the graphene platiee
point between the plane and the adatom at whictgeheccumulation changes to charge depletion.dn th
Fig. (4) the region with z < & is assigned to the substrate and the region withRg, is assigned to the
adatom. The charge transfer is obtained by thgiat®f linear charge density difference in thesirdie
region, and the quantity in case of Pt adatom grmapthas been found as 0.18e. Higher the value of
charge transfer may cause more impacts on the@hctructure and therefore on the catalyticvittis

of the system.

D. Adsor ption of hydrogen molecule/s on Pt adsorbed graphene

We have also performed the first-principles caltiafes to study the adsorption of hydrogen moleaile/

Pt decorated graphene. The system is modeled dyiatj the adsorption of hydrogen molecule/s from
one up to maximum eight in number on a single Rodked 3x3 graphene supercell. The binding energy
(AE) of H2 molecule is then calculated using the faan

AE = Eag + B2 - Each

where Egy iS the energy of the system containing graphedatoan and H2 molecules, AE&is the
energy of the Pt-graphene system and & the energy of the H2 molecule. Furthermore dinig
energy/H2 molecule is calculated as,

B.E/H2 =AE/N, with N as the number of the hydrogen mdiesu

Figure (5) represents the optimized structuresHeradsorption of hydrogen molecule/s on Pt deedrat
graphene system. The figures show that two hydraogelecules dissociate into atomic hydrogen and a
complex, due to interaction with the adatom. Mdsthe H2 molecules in the larger systems seem to be
attracted by long-range dispersion forces.
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Figure5: Optimized geometries for the adsorption of H2 rd&corated graphene system.
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The variation of the binding energy pes kholecule with the number of Hnolecules adsorbed on Pt-
decorated graphene is shown in figure (6). Tab)ep(2sents the observed values of energy of total
system, binding energy of ;Hnolecules and binding energy pes kiolecule. It can be seen that the
observed binding energy per fholecule decreases with increasing the numbeidsbrded hydrogen
molecules. When a single hydrogen molecule is &#sbin Pt-graphene system, the binding energy for
H, molecule is found 1.84eV. The decreasing patterthefbinding energy per hydrogen molecule, as
seen in Fig. 6, for the adsorption of one to eagtgorbed kimolecules goes through the range of 1.84 eV
to 0.13 eV. The binding energy values per hydrogesiecule from this work meet the U.S. DoE
(Department of Energy) target (0.2eV-0.7eV) [36].

Table 2: The binding energy of hydrogen molecules (Eb) bimiling energy per H2 molecule (Eb/H2), for the
adsorption of H2 molecules in Pt decorated graplea@resented.

Number of H molecule Binding Energy (eV) Binding Energy/H2 (eV)
1 0.415 1.847
2 0.914 0.957
3 1.957 0.652
4 1.937 0.484
5 1.985 0.397
6 2.076 0.346
7 1.137 0.162
8 0.904 0.134
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Figure 6: Variation of binding energy per H2 molecule witie tnumber of hydrogen molecule adsorbed
in platinum adatom graphene.
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One of the major purposes of this study (adsorpafomydrogen molecules on graphene) is to exploge t
possibility of the gaseous storage at operatinglitioms. If we compare the strength by which H2 are
bound in pure and adatom graphene system, the roaxipossible binding energy per H2 molecule is
enhanced remarkably in adatom (Pt) graphene (1)84&¥r the pure graphene (~ 0.07 eV). The
hydrogen storage capacity of single Pt decoratapghgme for the adsorption of 8 H2 molecules is &74

% per substrate, comparing to the DoE target (ardumvt %) [9], for the practical applications. The
estimated results display the potential applicatiérPt decorated graphene in hydrogen gas storage
material.

4. Conclusion and Concluding remarks

We studied the structural and electronic propertiepure graphene and platinum adsorped graphene
systems. Using the estimated values of bindinggeenf Platinum at three high symmetry sites (H, B
and T) of 3x3x3 graphene supercell, it is found tha bridge site is energetically favourable with
magnitude 2.022 eV. The adsorption of adatoms erbtitge site of the graphene changes some of the
graphene sflike orbital character to a more covalently reaetyp like character, which is accounted by
calculating the deformation on graphene sheet. Allsband gap of 1.10eV has been noticed in band
structure calculations of Pt-added graphene owverzéro band gap pure graphene, which causes the
breaking of symmetry of the graphene.

We have also studied the adsorption of the hydrogelecules on Pt-decorated graphene in order to
investigate its hydrogen storage capacity. Theibgdnergy per H2 molecule due to adsorption oftone
eight number of hydrogen molecules on Pt adatomlgmae ranges within 1.847 eV to 0.134 eV, where
its value decreases on increasing the number @irlaeid hydrogens. Within the limit of our calculaiso

the maximum hydrogen storage capacity of singleld®orated graphene for 8 H2 molecules is found
3.72 wt %. The results we discussed in this papegeneral, are progressive and interesting to move
towards the US DoE criteria (around 6 wt %) for pinactical applications.

We intend to extend this work to see the redistiitbuof charge density while adsorbing adatom and
gaseous molecules on graphene. Adsorption of nltRi atoms or/and Pt-dimers and also more
hydrogen molecules may enhance wt % of hydrogeroaadhll quality of the material.
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