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The adsorption and dissociation of BHn the NaO (110) surface have been studied with the first-principles
molecular dynamics method. It is found that the adsorption configuration is energetically preferred when the
H, molecule is situated at the bridge site of the Na and O atoms, which indicates the formation ef a Na
Ho=-+-HY+—0O dihydrogen bond, as confirmed by the charge distribution features and bond lengths between
the concerned atoms. The molecular dynamics simulations reveal the dissociation of the newly discovered
H---H dihydrogen bond, which facilitates the }a+ H, — NaH + NaOH reaction.

1. Introduction surface is that only the N@ (110) surface among the low Miller
index NgO surfaces contains both Na and O atoms, which
seems the simplest and most favorable scenario fondlecular
adsorptions on the N@ surface when forming the product. We
begin with the first-principles calculations that determine the
energetically preferred structures of the iHolecule adsorbed
on the NaO (110) surface, which reveals the existence of the

a—H?%=+--H%*—0 dihydrogen bond. The molecular dynamics
simulation is then employed to provide a view of the dissociation
of the H--H bond at elevated temperature.

Finding effective hydrogen storage materials is one of the
most difficult challenges facing the hydrogen-powered society,
and its solution requires breakthroughs in material performance
coming from wide-range innovative basic research that looks
beyond the currently known storage materiddSubsequently,

a novel dihydrogen bond that seems to be general for interaction
between hydrides with hydridic hydrogen and classical hydrogen
bond donor groups has been repoetiJust as classical H
bonds play an important role in the field of hydrogen storage,
the discovery of.the dihydrogen ponds may pc_)tentially !e_ad 10 5 Theoretical Methods

ways of synthesizing and promoting the chemical reactivity of _ o ) )

novel hydrogen storage materials. The first-principles calculation has been performed using the

We have recently found that sodium oxide can reversibly take Vienna ab initio simulation program, VASP. 1> A nine-layer
up 3.0 wt % hydrogen to form sodium hydride and sodium slab, separated by_a vacuum layer of_14 A, is used to model
hydroxide, thus extending the hydrogen storage materials, whichthe NaO surface (with the calculateo! lattice constants mgntloned
have been limited thus far in elements before group 15, to the P€low). H molecules are symmetrically put on both sides of
group 16 element&ln addition, on the basis of our results, we the slab to avoid any artificial dipotedipole interaction between
proposed that a reaction mechanism, with a-Na—+-Ho"+— the periodic images in the direction normal to the surface. The
O reaction intermediate, involving dihydrogen bonding between Monkhorst-Pack schem@with 4 x 4 x 1k points (7x 7 x
the negatively charged hydrogen atom bonded to sodium ang? for bulk.calc'ulatlon) has been used for integration in the
the positively charged hydrogen atom bonded to oxygen, might Surface Brillouin zone for th@(2 x 2) supercell. The energy
play an important role in both the hydrogenation and the cutoff for the plane waves is 450 eV. The Fermi level is smeared
dehydrogenation processes of the-Na—H system. However, DY the Gaussian methddwith a width of 0.2 eV. We used
to the best of our knowledge, the existence and chemical Ultrasoft Vanderbilt-type pseudopotentidiisas supplied by

reactivity of dihydrogen bond on metal oxide surfaces have not Kresse and Hafnef. The generalized gradient approximation
been reported. by Perdew and Wang (PW%)is used for the exchange-

correlation energy. This set of parameters assures a total energy
convergence of 2 meV per atom. During the structural search,
all of the atoms are simultaneously relaxed. The search is
stopped when forces on all atoms are less than 0.02 eV/A. An

we focus on the adsorption and dissociation o the NaO ab initio molecular dynamics (MD) simulation based on the
(110) surface, to elucidate the existence of the-N& ++-H¥'+ — NVT ensemble has also been performed to understand the effect

O dihydrogen bond when Hs adsorbed on the N@ (110) of the temperature on the dihydrogen bond. The time step used

: ) 15
surface and the role of the dihydrogen bond in the hydrogenationfor the simulations was & 107 s, and the results from the

of N&O. The reason we choose (110) for our modeb®la 15ps S|mula_t|ons are reported here. .
The potential energy surface of the two-molecule reaction,

* Corresponding author. E-mail: qxU@aist.go.| NaO + H, — NaH + NaOH, was analyzed at the B3LYP/6-
T AIST. P 9 ' 4 90 3114+G(d) level using the Gaussian 03 progréhT.he geom-
* Toyota Motor Corp. etries were fully optimized, and the vibrational frequencies were

10.1021/jp065931x CCC: $37.00 © 2007 American Chemical Society
Published on Web 03/10/2007

During the past few years, theoretical calculations based on
the density functional theory (DFT) have made an important
impact on the understanding of structure, stabfity,and
chemical reactivit}* of hydrogen materials. In the present paper,
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Figure 1. Schematic view of (a) the N@ bulk (the (110) cleave plane is highlighted, and the bulk lattice constant is represeraeary (b)
the adsorption sites for +bn thep(2 x 2) N&O (110) surface.

calculated using analytical second derivatives. The transition- ~ -418.5
state optimizations were done using the QST3 algorithm within
the synchronous transit-guided quasi-Newton (STQN) method,
followed by the vibrational calculations showing the obtained

structures to be true saddle points. The intrinsic reaction
coordinate (IRC) method was used to track the minimum energy
paths from the transition structures to the corresponding local

-419.0

minima. A step size of 0.1 ant bohr was used in the IRC S 41954

procedure. 2
) | 4
& ; ;

3. Results and Discussion 3 i
5 -420.0- i ' /

Our calculated bulk lattice constant for s 5.5278 A i .
(ag) in GGA, in good agreement with the experimental value I
of 5.55 A22 The optimized NgO unit cell for the bulk is used ; L
to construct the surface supercell. Schematic views of th®Na 42054 1 (@

bulk and the (110) cleave plane are shown in Figure la. It can g @
be readily seen that both the Na atoms and the O atom are . ‘” ° ' m
i . , ; . .

exposed (the ratio of Na to O is 2:1), which is preferable for a

further study of the structural rearrangement and reactivity. The L0 2 3 4 5 P 7

NaO p(2 x 2) (110) surface supercell is employed in the present

study. To fully investigate absorption and reactivity of &h Sequence number of the models

the surface, all seven possible sites on the surface faarel Figure 2. Schematic representation of the seven resultant adsorption
initially considered to attain an energetically stable structure, Structures of hydrogen on the }ta(110) surface and their energies.
including the four bridge sites (I, Il, 1ll, and 1V), two top sites

(V and VI), and one hollow site (VII), as shown in Figure 1b. (represented by H1) bonds to a Na atom (Nal, hereafter denoting
Calculations allow all layers in the slab to relax, and the results the nearest Na atom close to the H1 atom) and the other H atom
reveal that changes in the topmost interlayer spacing and the(represented by H2) bonds to O (O1, hereafter denoting the
core interlayer spacing are all much lower than 3% and 1%, neéarest O atom close to the H2 atom). On the contrary, on the
respectively, which is enough to ensure us the accuracy of thebasis of the distances b_etween th(_a concerned atoms as listed in
result we discussed. That is to say, the above-mentioned slabTable 1, in the other five, there is only one hydrogen atom
thickness and the number of atomic layers are sufficient for bonded to the surface metal atom (VI) or both hydrogen atoms
achieving the total energy and other ground-state properties. escape from the surface (Il, Ill, V, and VII). For clarity,
After full optimization, we finally obtained the adsorption hereafter, we only discuss the most energetically stable one,
configurations of Hon the NaO (110) surface. Their schematic ~model IV, derived from H at the bridge site of the Na atom
adsorption structures are shown in Figure 2, and all of the and O atom. With a view to the difference in the coordinating
distances between the concerned atoms are listed in Table 1environment between the surface and crystal, the distances of
The energies of the studied seven structuresV(l) are Nal-H1 (2.131 A) and H201 (0.984 A) that we obtained
—420.61316, —418.88525, —418.92228, —420.76899, here were found to be comparable to those in NaH (2.445 A)
—418.95686,-419.24135, and-418.91433 eV, respectively. and NaOH (0.931 A), respectively. More interestingly, the
On the basis of their energies, the seven structures can be dividedlistance between the two H (H1 and H2) atoms is 1.766 A,
into two groups. Both of the adsorption structures (I and IV) in  which is much shorter than the normai-HH contact of 2.4 &
the lower energy group have the characteristic that one H atomand much longer than the bond length in the freg®74611
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TABLE 1: Comparison of the Distances/Bond Lengths (in 35
Units of A) between Nal and H1, H1 and H2, and H2 and 25039 E
01 from the Results of First-Principles Calculation of {20
Hydrogen Adsorbed on the NaO (110) Surfacé 2004 :g
wn
model sequence NaHl H1-H2 H2-O1 g |3 A,
b7 -15-10 -6 0 5 10 15

model 1 2.419 1.724  0.988 S 150

model 2 2.951 0.762 4.846 =

model 3 5472  0.763  3.494 Z D
one-H model 4 2.131 1.766  0.984 g 100

model 5 3072 0764 3.684 A

model 6 3.104 1.284 1.042

model 7 2945 0764 5.401 50
NaHP 2.445 ] B C /\
NaOH 2.710 0.931 0 A
four-Hy? 2405  1.891  0.980 s 10 5 0 :
four-Hz® 2.418 1.905 0.979
molecular dynamids 2232 2364 0.978 Energy (eV)
single molecule 1.889 0.742  0.957 Figure 4. Electronic density of states of the hydrogen absorbed surface

2The Nal and O1, as shown in Figure 2, represent the nearest Nagﬂgrgﬂlgrda?ngﬁﬁ E;ttohilsgrgggﬁzézhe Fermilevel is set at zero

atom and O atom bonded to each H atom, respectiVdéxperimental
data. See ref 27.Experimental data. See ref 28The first dihydrogen . .
bond when four-His adsorbed on the surfaceThe second dihydrogen  the total charge density of the slab. Figure 3c and d shows the
bond when four-H is adsorbed on the surfacelhe average bond  spatial redistribution on the planes through the H1, H2, and O1

length of the entire 1.5 ps resul&sBond lengths in single molecule  atoms and H1, H2, and Nal atoms, respectively. It can be clearly
NaH, H,, and NaOH from Gaussian calculation. seen that there exists a charge depletion around the Nal and
H2 atoms and the charge accumulation around the O1 and H1
atoms. In other words, charge transfers occur from H2 to its
nearest neighboring O1 and from Nal to its nearest neighboring
H1, indicating the strong ionic character of the chemical
bonding. This means that the H2 atom bonding to the O1 atom
is positively charged (M) and the H1 atom bonding to the
Nal atom is negatively charged {H, which is necessary for

the formation of the dihydrogen bond.

To give further insight into the interaction when hydrogen is
adsorbed on the N@ (110) surface, the electronic density of
states (DOS) of the hydrogen adsorbed surface and bul® Na
are provided in Figure 4. Interestingly, two new peaks (B and
C), in the energy range from7.5 to —3 eV, appear for the
hydrogen absorbed surface, as compared to the case of the bulk
N&0, which is more direct evidence for the interaction between

Figure 3. Total (left) and difference (right) charge distributions (a hyd_rogen and a surface. Using the eigen vectors in each energy
and c) on a plane through the H1, H2, and O1 atoms and (b and d) on€9i0N of each pea_k, we can analyze the nature of the electron_lc
a plane through the H1, H2, and Nal atoms. Contours of the total chargeStates corresponding to each peak. The partial charge density
density (a and b) are plotted from 0 to 0.5 &iith a spacing of 0.025  corresponding to each peak in the DOS plot is shown in Figure
e/A3. Contours of the different charge density are plotted (c) fredr02 5, giving us insight into the bonding of the concerned atoms,
to 0.01 e/& with a spacing of 0.0012 eAfand (d) from—0.05 to 0.05 Nal, H1, H2, and O1. Peak A mainly comes from the O-2s
i e e e gt s At o SLES. I WS- found that the stong and weak teracions
(dotted lines) indicate the charge depletion. ’ between the H (H1) and O (O1) atoms result in the occurrence
of peaks B and C, and these two peaks also contain the
A).23 Previous theoretical calculations of systems such as hybridization with the two nearest neighboring H (H1 and H2)
BH; ++*HCN, LiH:*NH4", LiH:-*HCN, Bek-:NH4", and atoms. The weak hybridization between H (H1) and Na (Nal)
BeH,--HCN have revealed that a dihydrogen bond may have is represented by peak D, and peak E seems to have no bonding
the short bond length of 1.709 &25whereas, to the best of  character with negligible bonding charges between the H (H2),
our knowledge, there have been no such reports on materialO (O1), and H (H1) atoms. This information we obtained gives
surfaces. Is this attractive Nad---H—O interaction that we us enough evidence to confirm the N&?~++-H*—0O dihy-
obtained a dihydrogen bond? To validate it, we further analyzed drogen bond for the hydrogen storage of,8&hat we found
their electronic structures. Figure 3a and b shows the chargefor the first time. It should be noted that the dihydrogen bond
density on the planes through H1, H2, and O1, and H1, H2, in our case is close to the Crabtree-type dihydrogen 5ohd,
and Nal, respectively. It was found that there is a remarkable not the Kubas-type dihydrogen boffthecause the two ++H
charge overlap between the O (O1) and H (H2) atoms, and theatoms here carry partially positive and negative charges,
H (H1) and H (H2) atoms, indicating the existence of thekD respectively. The above results are obtained for the situation of
and H-H orbital hybridizations, whereas the charge overlap one-hydrogen molecule absorption on,@g110) surface. How
between Na (Nal) and its nearest neighboring H (H1) atoms is about multi-hydrogen molecule adsorption on the surface? It
rather weak. To obtain thorough insight into the chemical was found that only four hydrogen molecules can be located
bonding, we examined the charge redistribution, obtained by on the surface at the same time, and their initial positions are a
subtracting the superposed charge density of two H atoms andgeometric similitude relative to the Na and O atoms as it is in
substrate with the same spatial coordinates as in the slab fromthe most energetically stable model (IV). As expected, after full
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Figure 5. Spatial distributions of the electronic states corresponding to each peak of the DOS plot (from left to right corresponding te-geaks A
in Figure 4) for hydrogen adsorbed on the,8a110) surface in a plane with Na and two H atoms {HH2—01), O and two H atoms (H2

H1—Nal),’&respectively. Top: HH—O. Bottom: H-H—Na. Contours of the charge density are plotted from 0 to 0.05 etk a spacing of
0.0025 e/AR.

o

relaxation, two similar dihydrogen bonds are formed, and their 2.140

bond parameters are also listed in Table 1, which are comparabley,"*%%,__y. Tt T_H

to those of the one-hydrogen molecule absorbed on the surface.N 015 p 3.098 T/H Naz” . 2.030

It is noted that the other two hydrogen molecules do not form 2 “&* = 80CH. |1.580 337 \| /“H

dihydrogen bonds at the same time, which may be due to atoo  0.742 Na®=5 303 U Na%O 0.975

strong interaction if they all exist in the form of the dihydrogen ]_+H s )

bond. Hy, "%, Doy Na,O(M™-Hy), 'A;, Gy TS, 'A', C; (1184.1))
The above findings, which confirm the existence of the-Na

Ho—++-H¥+—0 dihydrogen bond, are obtained at 0 K. Can this 2.090-\2~212%; o,

dihydrogen bond dissociate, which is very important for the H 281/90—H 1.889 1.953 0.957

formation of the products, NaH and NaOH, at elevated tem- \a Na—H Na—O—H

perature? To address this question, we carried out a first- NaH, 'S, C., NaOH, ', .,

principle molecular dynamics calculation at the same temper- ¢-Nay(u-H, u-OH), 'A,, C,,

ature as we experimentally used for the hydrogenation @Na  gigyre 6. Optimized structures (bond lengths in angstroms, bond angles

starting from the minimum-energy chemisorption structure. in deg), electronic ground state, and point group for the reactants,

Because of the limited computer time, only the results of a 1.5 intermediates, transition state, and products of thgONa H, — NaH

ps simulation are provided here. The bond length distributions + N_aOH_reaction. For the_ transition state (TS), the letter “i" denotes

in the adsorption structure of the one-hydrogen molecules on the imaginary frequency (in cr).

N&aO (110) surface were calculated for the different atom pairs, NayO -+ Hy

H1-H2, Nal-H1, and H2-O1, as shown in Figure SI-1 and o0~ NaH + NaOH

Table 1. It can be easily seen that the bond length between H1 \ —5 ;

H2 sharply increases at 400 K in comparison to that at 0 K; for ;e i

example, the average bond length at 400 K is 2.364 A, which Y 2749

is 0.598 A longer than thatt@® K (1.766 A). This gives us

definitive evidence of the dissociation of the dihydrogen bond.

Furthermore, the average Na#1 bond length is 2.232 A; this

value is in the range of its bond length in crystallized NaH,

2.445 A?7 and molecular NaH, 1.889 A (see Gaussian results ' ;

in the Supporting Information). This is reasonable because the oS

special coordination environment of surface presumably falls ¢-Nay(u-H, p-OH)

into the scope of bulk crystal and single molecule states. The Figure 7. Potential energy surface for the &+ H, — NaH + NaOH

distance of H2 and O1 decreases toward that in the bulk NAOH reaction calculated at the B3LYP/6-3tG(d) level.

and molecular one. On the basis of the variation in the bonds,

we can reasonably suppose that there is a strong tendency fomigration of one of the hydrogen atoms to form a placila,-

decomposition of the hydrogen on the surface and the formation (u-H, 4-OH) via the transition state, TS. The-HH distance in

of Nal-H1 and OFH2 bonds, which occurs during the the TS is 2.030 A (Figure 6), which is 0.450 A longer than that

formation of sodium hydride and sodium hydroxide. in Na&O (7%-Hy). The barrier for this process is predicted to be
To gain insight into the role of the dihydrogen bond in the 20.96 kcal/mol (Figure 7). The vibrational mode of the

reaction of the NaaO—H system, we have also performed two- imaginary frequency of TS (1184.1i c) corresponds to the

molecule-model reaction processes using the Gaussian packagéransition motion leading to theHH cleavage. The transition-

The optimized structures of the reaction products, intermediates,state optimization was followed by the frequency and IRC

and transition states are shown in Figure 6. Figure 7 schemati-calculations, which confirmed that TS does conneciONa2-

cally presents the potential energy surface for theON# H, H,) and c-Na(u-H, u-OH). The c-Nag(u-H, ©-OH) molecule

Nl
Na,O(*-Hy)

AE (kcal/mol)

— NaH + NaOH reaction. lies 54.57 kcal/mol lower in energy than the NaH and NaOH
As shown in Figure 7, during the first reaction step, the H products. Meanwhile, the M@ + H, — NaH + NaOH reaction
molecule approaches the )amolecule to form the N® (- is predicted to be slightly exothermic (5.18 kcal/mol). The

H,) complex without an energy barrier. It is predicted that the B3LYP calculations provided evidence for the existence of the
NaO (?-Hy) complex lies 27.49 kcal/mol lower in energy than double hydrogen bond during the dissociation of the H
the reactants. From M@ (7%-H,), the reaction proceeds by molecule, which is consistent with the VASP calculations.
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4. Conclusions

For the first time, an ab initio molecular dynamics simulation

confirmed the existence and dissociation of the dihydrogen bond

on a metal oxide surface. These results will assist with the

Zhang et al.

(9) Peles, A.; Alford, J. A.; Ma, Z.; Yang, L.; Chou, M. Phys. Re.
B 2004 70, 165105.

(10) Aguayo, A.; Singh, D. JPhys. Re. B 2004 69, 155103.
(11) Chaudhuri, S.; Muckerman, J. J. Phys. Chem. BR005 109,
6952-6957.

ongoing experiments to understand the reaction mechanism and (12) Kresse, G.; Hafner, Phys. Re. B 1993 47, RC558.

improve the performance of the safe, contamination-free, and

easy-to-handle NaO—H system to meet practical applications.
Our results would open a door for understanding related
hydrogenation/dehydrogenation systems such adNktH and
lead to the finding of new hydrogen storage materials.
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