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DFT study of interaction between a hydrogen molecule and Ag¥zeolite
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The cationic exchange of H by Ag in a HXoliteis carried out to study the adsorption of a hydrogen molecule in an AgY-zeolite, which is
achieved by means of a BOMD simulation. The chosen zeolite model is representative of adsorbent materials wheAgfoatisrpart

of surface fragments, and they are considered in this interaction. This study provides a criterion to establish the electronic property of cation
promoting a relevant characteristic that must have an adsorbent material. The energy values on this interaction are analyzed to determine an
evaluation of the hydrogen adsorption using a Azgolitering and fragments of 3 tetrahedral sites. The Azpoblitering represents a cavity

that exhibits diffusivity after an adsorption process. This study was developed in the density functional theory lela&\WRtfunction

bases.
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La simulacon inicia con un intercambio cétiico deatomos de hidrogeno por plata, considerando a un modelo representativo de la HY
zeolitg se observa en los resultados una adéarde una mdcula de hidrogeno en la Agxeolita El aralisis de este modelo indica que la
zeolita es un material representativo de adsorbedor de hidrogeno cuando se realiza un intercambio(ttepmtiAg). El estudio con base

en el @lculo de la enefig de interacdn proporciona un criterio mediante las propiedades élpitias acerca de la importancia del oati

para que ocurra el fémeno y se obtenga un material adsorbedor. El modelo usado es un anillo deeAlifdadenas de un fragmento de 3
sitios tetrahedricos. El modelo del anillo de Ag¥olitarepresentado por una cavidad exhibe difusividad despel proceso de adsdroi

Los calculos de interacon diramica utilizaron funcionales de intercambio y corrgdacén DFT con funciones base DZVP.

Descriptores: Enerda de interacdin, almacenamiento de hayeno, DFT, Born-Oppenheimer, interaatidinamica.

PACS: 34.10.+x

1. Introduction carbonaceous material has been studied since a theoretical
point of view [6]. The zeolite use to be considered as hy-

Nowadays, hydrogen adsorbent materials are subject of stu jogen s torage material [7]. Oth(_er materials have hydrogeq
due to hyd’rogen represents an alternative in the fuel for cer—dsorptlon !o.reference due to their porous_shapg and chemi-
tain types of proton exchange membrane fuel cells. This en(Eal cpmposmon [8]_. _Ion—exchange process in zeolite has been
ergy transformation process will be an interesting te.chnolog-StUdIed as a promising adsorbent material for.hy(.drogen stor-
. . age by Callejas [9]. In the same way FAU zeolite in different
ical development for hydrogen adsorption [1]. In the trans- dels and methods has been studied at different tempera-
formation process, hydrogen requires to be stored. Dif'fer-m ode . . P
tures and pressures showing hydrogen adsorption [10].
ent methods of hydrogen storage are known as for exam-
ple: high-pressure tanks for gaseous hydrogen, cryogenic Zeolites have been used as catalyst materials due to their
vessels for liquid hydrogen and metal hydride storage sysdiffusion and adsorption properties. The adsorption prop-
tems [2]. These storage methods are dangerous during thedrty of zeolite is studied in some interactions with hydrocar-
handling. For this reason, there is experimental research [3jon [11]. The adsorption property of zeolites could be used
about storage using different materials as adsorbents, such imsthe process of hydrogen storage. The Hydrogen adsorp-
silica, alumina, activated carbon, and zeolite [4,5], in partic-tion in organic ion-exchanged zeolite was previously studied
ular graphite oxide is a nano-porous material with a preferenby Bae [12]. Composed molecular structures for obtaining

tially hydrogen adsorption in presence of oxigen traces. Thisiydrogen storage materials must have physisorption proper-
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ties over the molecular hydrogen in order to generate a cheay
and safe method to recover hydrogen. The hydrogen adsorp
tion process has previously shown reversibility [13,14]. The 7%
Electrochemical properties of zeolite will present a high stor- , F
age capacity, due to its cavity. &
The zeolites with different structural shapes conformed
by tetrahedrons of alumina and silicon are being studied to
determine the adequate properties of adsorption [15], and
when they interact with a hydrogen molecule as in our case.
In addition, potential barriers have been studied to under-

stand the hydrogen interaction on metal surfaces as Au, Pd ) )
and Ag [16]. FIGURE 2. Molecular structure of twelve tetrahedral sites with an

In thi K the int tion bet AQY. it d acid site located where a cationic interchange is implemented: a)
n this wor € interaction between Agr-zeolite and a region of the acid site of HY-zeolite ring, b) cationic substitution

hydrogen molecule is studied in order to determine the StruCag atom on the region of the acid site to form AgYzeolite.
tural and electronic properties that can be considered for hy-
drogen adsorption. The mechanism of the adsorption in-  Taking into account Fig. 1, the model consists of 12 tetra-
volved is studied by Born-Oppenheimer interaction energyhedral sites with one acid site selected as well as ring struc-
calculation using dynamics aspect. The effects of confintyral form [18]. In this picture, this model selects local ef-
ing and diffusion are present in the simulation and are repfects to elucidate the participation and contribution of each
resented by calculations of energy developed by means of itgtom in the catalytic effect. The molecular orbitals of Si and
terchange and correlation functional with double numericalal atoms do not participate independently in the zeolite cat-
basis sets of functions on Born-Oppenheimer approach witlytic pocket, but forming the zeolite framework. The atoms
dynamics aspect. Furthermore, this first stage is corroboratefiat do not participate in the zeolite catalytic pocket are as-
with study of the interaction energies for adsorption f 4 sumed to play a less important role in the interaction between
the zeolite by single point energy. hydrogen molecules. The importance resides in the acid site
of the HY-zeolitewhere the tetrahedron with central atoms
Al presents a Fi. This model was partially optimized in the
2. Models region of the acid site only considering the neighborhood of
tetrahedron (SigQHTOAIO3-Si0;) that initially presents a
Zeolite has catalytic properties such as hydrophilicity-proton in the acid site as shown in Fig. 2a. In particular, spe-
phobicity by the relation Si/Al with different strength of ¢jg) attention is paid to investigate about the cationic substi-
acid site. Zeolite micropore having molecular diametersyytion. In order to simulate this substitution in the F¥olite
comparable to molecular dimension allows conferring smallye achieved calculations on the modified zeolite by means of
molecules as molecular hydrogen due to shape selectiyhe proton interchange with the silver atom Ag. We consid-
ity [17]. ered a ¥zeolitering with a partial optimizing in the acid site
on the structure of the partial place of thez¥oliteobtained
as a resulting AgYzeolitering model with (SiQ-AgOAIO;-
SiO;) as shown in the Fig. 2b.

In the same way, to obtain forces due to interaction with
cationic atoms, the model fragment consisting of 3 tetrahe-
dral sites (3T) contains one acid site, with & Htom substi-
tuted by an Ag cation properly specified.

a) b)

3. Computational Methods

The models are optimized considering atoms of the acid
site; in particular the cationic Ag atom is the principal focus
on electronic modifications affecting the molecular orbitals
around both Si and Al atoms. These atoms have an important
role in the interaction with the hydrogen molecule.

The density functional theory (DFT) was applied to in-
vestigate the interaction between a Hydrogen molecule and
FIGURE 1. The molecular structure of Y-zeolite with Si/Al as ra- & Z€olite ring because it is proper for determining structural
tio unit. Zeolite is structured by tetrahedral sites standing out the@nd electronic property changes of compounds with relatively
region of interest: a ring. The spheres in different colors representhigh accuracy. This level of theory applies a method that re-
red-oxygen, purple-aluminum, yellow-silicon. quires the proposal of an exchange-correlation energy func-
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tional, as well as the molecular orbital basis sets. In this reing the model that simulates the material which exhibits ade-
gard, the expressions of Becke for exchange [19] and Leejuate specific structural characteristics to promote the hydro-
Yang-Parr for correlation [20] are used to build the exchangegen adsorption.

correlation energy functional. The procedure introduces gen-

eralized gradient approximations and is classified within thet.1. Energy calculations by dynamic interaction

nonlocal approximations of DFT. When the nonlocal version

of DFT is compared with the local approximation of DFT, The last model considers the study of the electronic proper-
it is found that the nonlocal approach gives an improved preties in the interaction instants between the Aggoliteand
diction of the electronic properties and interaction energies othe hydrogen molecule. The interaction was determined by
molecules, due to its higher capacity to explain the anisotropyneans of energy interaction calculations between the zeolite
of the charge distribution. These indicated that the nonloand the hydrogen molecule for different separation distances.
cal DFT results are found in agreement with experimental In the last picture on Fig. 2 the system constituted by
measurements. With respect to the molecular orbitals, in thgtoms on zeolite ring is used to determine the confined effect
calculation we used atomic basis sets for their description, agenerated over a hydrogen molecule by all steps of dynamic
the double-zeta valence polarization (DZVP) basis sets whichiteraction. Nevertheless, when different atoms on the ring
exhibit a small basis set with superposition errors. The calfeel an atom neighbor the charge and bond properties are
culations were accomplished on the basis of the software. represented by changes in the total energy, where there are

An electric charge of zero is for the whole system con-atomic bonding changes that allow showing possible types of
sidered. In this case the spin multiplicity is 1 (the reactivity reaction. These results are obtained by dynamics interaction
is not biased by such a charge, as we shall see later). Thglculations.
scheme used in the optimization tasks is a quasi-Newton al- In order to search indicatives over adsorption process in
gorithm with line searches and approximate energy acconthe hydrogen molecule, we take a relevant model for hydro-
plished by Hessian updates, as implemented in the NWChegen diffusion in a ring of the zeolite model study. To show
package [21]. A maximum Cartesian step of 0.0015 Bohr andlso its present confined effect due to 12 tetrahedral sites: 11
a convergence of 0.0015 Hartree/Bohr in the energy gradientith SiO, and one acid site AGOAIQ The interaction en-
are conveniently chosen. All the Si and Al atoms of the ze-ergy was calculated at different separation distances between
olite fraction stay facing the hydrogen molecule; including AgY -zeolitering and H. Starting at 10A of separation with
their respective oxygen and hydrogen atoms were allowedespect to the central point of the ring, the hydrogen molecule
to freely move in the optimization process. The remaininggoes to it with a constant small speed, as shown in Fig. 3.
atoms were frozen since, under the consideration that the Due to the Born Oppenheimer dynamic interaction simu-
catalysis usually exhibits a local character, they are locatethtion, the resultant energy changes are explained by a rela-
far away of the catalytic pocket and can be considered static
or hold by a larger framework. In all calculations, this condi- .
tion was equivalent. - e b f

The dynamical aspects of the interaction are simulated
with Born-Oppenheimer (BO) approach. In this approach,
the electron wave function is (instantaneously) computed for
static nuclei, while the nuclear particles are considered classi-
cal entities immersed in an average field created by the elec-
trons. The time step in the dynamics aspect is 1 fs. The .
self-consistent approach is considered finished when a de- -
fault convergence in the energy and density are obtained. The
atoms allowed to move freely in the simulation are the same
as these in the optimization process.

Earlier studies by Zaragoz al. [22] showing the inter-
action energy between zeolite and hydrocarbons reveal gooc
results when energy calculations are obtained, also those cal
culations of dynamics which use a LANL2DZ pseudopoten-
tial for Ag [23]. The interaction considers the criterion of
minimum energy to accomplish the Born-Oppenheimer cal-
culations. The computations are performed in a PC-cluster.

FIGURE 3. The cartoon shows the dynamic interaction simulation
4. Results and Discussion of hydrogen molecule and Agxeolitewith an initial speed of hy-
drogen molecule with each step following a diffusion path showing
The molecular hydrogen storage is studied through methodsttractive effect for a hydrogen molecule by an Agdlitecation.
of quantum mechanics at different stages, starting by choos-

Rev. Mex. Fis60(2014) 460-465



DFT STUDY OF INTERACTION BETWEEN A HYDROGEN MOLECULE AND AgYZEOLITE

i
E “W‘\H‘

”M

1

Total Energy (kcal/mol)

FIGURE 4. The interaction energy exhibits an attractive effect for
the hydrogen molecule by the zeolite with an Ag cation system.

463

14
13
1,2
11
1,0
0,9

<

0

2 —
e <
: g
k] 07 T
] [9]
5 06 2
g 1 ]
a . 05 %
c 1 v Distance(H-H) a
$ 044 04

X~ 1 H

5 034 o H 03

= 024 o Ag 02

0,1
o

1000

T T T
400 600 800

Time (fs)

T
200

FIGURE 6. The calculation of the atomic charge distribution by
means of Mulliken population analysis takes into account the Born

tionship between total energy and time. The energy changeSppenheimer dynamic interaction simulation for molecular hydro-
at different regions of time indicate that for the first 100 stepsgen diffusion throughout the ring interactively with the cation. The

of the dynamic obtained in the interaction, there is a smal

bixes right is a graphics showing the changes of the H-H distance

increase of the energy. These results indicate that a repulsiviiring time of simulation.
effect due to the electronic density of the ring is present when

the hydrogen molecule arrives with a specific velocity. In this
energy result of the interaction we see variation for all values

The time spent that remains in the cavity surmount the
time that the hydrogen took to move since A@o arrive to

This type of changes in the energy values indicates that exist§€ AgY-zeolitering. In the range of the first minimum 200-
variation around 3 to 4 kcal/mol and corresponds to bonding00 fs: i) there was a variation around 7 to -3 kcal/mol among

oscillation in the H-H interaction, which generated a vibra-
tional effect. Taking into account the Fig. 4, in the range O -

200-250 fs, ii) the next minimum in 250-350 fs increase from
-3 to a maximum around 8 kcal/mol then decrease to around

200 fs of simulation there is an average increase in the inter4 kcal/mol, iii) in the third minimum the hydrogen molecule

action energy. After that, the energy values corresponding t
200-600 fs show a variation point which exhibits 3 important
minima releated to a hydrogen molecule staying near to a
Ag cation acid site.

FIGURE 5. This figure shows rings corresponding to the molecu-
lar structures associated with a minimum energy value at the sep
aration between Ag and Hof the: a) first minimum; b) second
minimum; c) third minimum at least.

tpok 3 times more than the first minimum indicating that the

adsorption process occurred for the hydrogen molecule with
a difference among maximum and minimum of 5 kcal/mol of

the Born Oppenheimer dynamics interaction. In the whole
time there was not ocurred a reaction modification in the sys-
tem shown in Fig. 5.

The relative total Mulliken population values were plot
taking into account the interaction between a hydrogen
molecule and an Ag¥eolitering during the simulation. The
variation of the charge transference was obtained for the time
interval 0-200 fs in which there were not changes in this
molecular simulation. But during 200-800 fs the Ag cation
exhibits charge transference on the hydrogen atoms. In the
last range there are three important minima for Ag cation and
three maxima for one hydrogen atom, however the other hy-
drogen present only two maxima and one minimum. In 450-
600 fs there is charge transference in the molecular hydrogen.
The opposite sign with a possible dipole formation is shown
in the Fig. 6. In general the two hydrogen atoms allow trans-
ferring charge of equivalent values.

4.2. Interaction energy calculations

In the same way, we also take only a fragment of the model
constituted by 3 tetrahedral sites as Si-Al-Si central atoms,
which corresponds to an acid site with cation(HAg). This

is used to explain the type of interaction forces (repulsive or
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FIGURE 7. (a) This interaction corresponds to a repulsive effect between theddlite and the hydrogen molecule, where the reactants stay
unaffected. (b) The interaction exhibits both repulsive and attractive effects among the reactants, which cause adsorption and the formation
of a new product HAgY — Zeolite as a consequence.

0.65 4 The fragment of zeolite ring (3T) is used in order to carry
0.60 out the interaction energy calculation with a cationic inter-
055 change (H, Ag) simulated around the acid site. The inter-
g 0.50 ] change of B by Ag gives the effect only associated to one
2 045 acid site. Interaction energy calgulations at different separa-
S 040 Ag tion distances between 146and 7A taking small increments
& 035 of distance for determining the possible existence of either
‘—;‘ 030 physisorption or repulsion were carried out.
§ 0.254 The values obtained for the interaction energies are re-
S 020 ported in Fig. 7. The first curve (a) represents the interac-
% o.15-: tion of the zeolite ™ cation) with the hydrogen molecule.
= 010 - _H1 These values of total energy indicate existence of a repulsive
0.05 - Hz\% behavior between the HYeolitefragment and the hydrogen.
0.00 — : —— The values of total energy in the interaction of the zeolite (Ag

L 2 o 8 - d cation) with the H correspond to attractive forces.
Ditanca(Ahgsiroms) These results demonstrate a behavior associated to a re-
pulsion that exists between the zeolite with proton and the
FIGURE 8. Calculation of the atomic charge distribution by means hydrogen molecule. The zeolite with an Ag cation provides a
of Mulliken population analysis for every atom of the hydrogen slight attractive force due to interaction energy when the hy-
molecule at different separation distances of the cation. drogen molecule is located at different separation distances
of the AgY-zeolite
attractive) due to the cation in the interaction between a frag- This result shows a potential well associated to the attrac-
ment of zeolite and a hydrogen molecule. The calculations ofive effect of the cation on the hydrogen revealing a mini-
interaction are of single point energy type. This calculationmum energy value located around Asand 5 kcal/mol of
allow to understand the adsorption processes in the system the well-depth representing the adsorption energy. Such fact
study through calculations of point to point of the interactionallows us to establish the existence of physisorption as shown
energy, and to be capable of establishing a criterion as indin the Fig. 6b. The results can be compared when both a pro-
cator of adsorbent material. By this reason, the importancéon and an Ag cation are used, where the adsorption is due
of the behavior of the total energy is described for the typdo the Ag cation. The adsortion energy as can be seen in
of changes in the total energy [24]. This type of calculationFig. 7 is about -5 kcal/mol (-0.022 eV), a physisortion bond,
describes different changes in the atomic and electronic propwhich is within the suggest range for hydrogen, between 0.2-
erties represented as energy changes. The modification of tfe6 eV [25]. The adsortion energy within this range makes
energy corresponds to atomic bonding and electronic density possible the loading / unloading process at room temper-
changes of the fragment. ature and reasonable rates. Lower adsortion energy, belong
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0.1 eV, require lower temperature (no rooms one)to allow sewhen silver atom stops one hydrogen atom for large time in
cure storage, and so, results expensive. The Ag cation aldhe dynamics the effect causes a force freedom of the hydro-
exhibits charge transference on the hydrogen molecule in thgen molecule.

range 1.5-3.@ of separation distances, where the two hydro- ~ The interaction of the Ag¥zeolitewith hydrogen using a
gen atoms allow charge transference of equivalent shape of dragment model shows an important variation of energy val-
Ag cation. The charge transference between Zeolite (Ag) andes for the interaction energy, describing a repulsive and an
H, is very important because describes which of the atoms iattractive effect, with a potential well associated with the H
important for charge interchange and is a property for adsorpand Ag respectively. This result of interaction energy by sin-
tion. To estimate a value of hydrogen storage capacity for thigle point energy calculation reveals the existence of a weak
type of zeolite, we are doing a simulation employing GCMC attractive interaction interpreted as adsorption.

method [26].The values of the transference are plotted in a The general conclusion is that the zeolite with Ag cations

graphic as shown in Fig. 8.

5.

can be considered as a hydrogen adsorbent material. The re-

sult did not show reaction modification in the Ag?éolite

Conclusions

and hydrogen molecule. We conclude for this reason that

there was a physisorption.

The model consisting on the AgXeolitering was used to
analyze the adsorption by considering the diffusion and theycknowledgement
confining effect between the zeolite and the acid site. Thus it
can be concluded that the interaction is completely related ttPZ thank DGEST-ITTLA financial support for the project

the motion towards the acid site in the Ag.

[N

3. M.G. Nijkamp, J. E. M. J. Raaymakers, A.J. van Dillen and K.

5163.13-P. One of the authors (ABO) thanks the support from

In this interaction the effect of the Ag of stopping the the Renewable Energies Research Chair of Tégiob de
Hydrogen molecule appears as an attraction force. Howeveklonterrey and the use of its computing facilities.

. C. SongCatal. Today77 (2002) 17-49. 15

L. SchlapbachMRS Bull27 (2002) 675.

P. de JongAppl. Phys. A72(2001) 619-623.

16.

C. Zhou, L. Cao, S. Wei, Q. Zhang and L. Ch&@uomputational
and Theoretical Chemisti§76(2011) 153-160.

Y. Sun, Z. Tao, J. Chen, T. Herrick and Y. Xiah,Am. Chem.
S0c.126(2004) 5940-5941.

4. J. Jagiello, A. Anén and M. T. Marinez,J. Phys. Chem. B10 17. M.L. Costenoble, W.J. Mortier and J.B. UytterhoevénChem.
(2006) 4531-4534. Soc. Faraday Trans. 72 (1976) 1877-1883.

5. A.C. Dillon, K. M. Jones, T. A. Bekkedahl, C. H. Kiang, D. S. 18. X. Bu, P. Feng and G. D. Stuckcience278 (1997) 2080-
Bethune and M. J. HebeNature386(1997) 377. 2085.

6. C. B. Robledo, M. I. Rojas, O. &nara and E. P. M. Leivdnt. 19. A. D. Becke,Phys. Rev. /88 (1988) 3098.
J. Hydrogen Energ®9 (2014) 4396-4403. 50, C. Lee. W. Y dR. G. PaPhvs. Rev. 7 (1938) 785

7. F. Stephanie-Victorie and E. Cohen de LataChem. Phy<1.09 ' 7é9ee, - Yang and K. . Fairnys. Rev. ( ) )
(1998) 6469-6475. o _ )

8. P. S. Yaremov and V. G. Il'inTheoretical and Experimental 21. High  Performance C-omputatlona_l Chemistry  Group,
Chemistry44 (2008) 67-74. NWChem, A Computational Chemistry Package for Par-

) allel Computers, Version 4.1, (2002), Pacific Northwest

9. G. Callejas, J. A. Botas, M. Sanchez-Sanchez and M. G. Or-  Njational Laboratory, Richland, Washington 99352, USA.
cajo,Int. J. Hydrogen Energ®5 (2010) 9916-9923. 99 1Pz L A Garcia.S dR. Santamarih

10. F. Nouar, J. Eckert, J.F. Eubank, P. Forster and M. Eddadudi, =~ X, ° aragoza, - A L>arcia-serrano and . Santamansqys.

11.

Am. Chem. Sod.31(2009) 2864-2870.

L. A. Garcia-Serrano, C. A. Flores-Sandoval and I. P. Zaragoza;
Journal of Molecular Catalysis A: ChemicapO0 (2003) 205-
212.

23.

24.

Chem. B109(2005) 705.

Ph. Durand and J. C. Barthel&theor. Chim. Acte88 (1975)
283.

L. A. Garcia-Serrano, C. A. Flores-Sandoval and I. P. Zaragoza,
J. Phys.: Condens. Mattdr6 (2004) S2311.

12. D.Bae, H. Park, J.S.Kim, J. Lee, O. Y. Kwon, K. Y. Kim, M. K.

Song and K. T. NoJ. Phys. Chem. Solid9(2008) 1152-1154. 95, S, Satyapal and J. PetrovidRatalysis Todayl20(2007) 246-
13. Y. Ye et al,, Appl. Phys. Lett74 (1999) 2307. 256.
14. P. X. Hou, Q. H. Yang, S. Bai, S. T. Xu, M. Liu and H. M. 26. L. Xiuying, H. Jie and L. RuiJnternational Scholarly Research

Cheng,J. Phys. Chem. B06(2002) 963.

Network(2012) 1-4.

Rev. Mex. Fis60(2014) 460-465



