Solid State Ionics 262 (2014) 908-910

journal homepage: www.elsevier.com/locate/ssi

Contents lists available at ScienceDirect

Solid State lonics

SOLID STATE IONICS
e

Rapid hydrogen production from water using aluminum nanoclusters:
A quantum molecular dynamics simulation study
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It is hoped that a hydrogen-on-demand generator may one day start with just the turn of an ignition key, if the
reaction kinetics is accelerated for the production of hydrogen gas from water. Our quantum molecular dynamics
simulations have revealed the atomistic mechanism of rapid hydrogen production from water using aluminum
nanoclusters, Al, (n = 16, 17, and 18). We have found a low activation-barrier mechanism of hydrogen produc-
tion, in which a pair of Lewis acid and base sites on the nanocluster surface plays a crucial role. Hydrogen produc-
tion is assisted by rapid proton transport in water via a chain of hydrogen-bond switching events similar to the
Grotthuss mechanism. The solvation shell has been shown to greatly reduce the energy barrier. We have also
found that the reaction rate does not depend strongly on the cluster size n, in contrast to the existence of
magic numbers in gas-phase reaction. This work paves a way for a rational design of hydrogen-on-demand

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Metal carriers such as aluminum (Al) can be used in renewable energy
cycles [1,2]. Here, exothermic reactions between metal and water
produce hydrogen gas, followed by the endothermic reduction of
metal-oxide products to regenerate metal fuel assisted by solar energy.
One potential application of this technology is on-board hydrogen pro-
duction for hydrogen-powered vehicles, but conventional metal-water
reaction kinetics is too slow to make it commercially viable [3]. Previous
experimental and theoretical works [4,5] showed the remarkable reactiv-
ity of superatoms [4,6] (i.e., clusters consisting of a magic number of Al
atoms) with water in the gas phase. A remarkable size-selectivity was
found for the reactivity of Al clusters with water, where an anion of Al
cluster, Al, (for instance, n = 12 or 17), reacts strongly with water
molecules. How the reactivity of these Al “superatoms” [4,6] changes in
bulk water is of great interest both scientifically and technologically.
In addition, there are two unsolved questions: (1) what is the role of a
solvation shell of water molecules that surrounds the Al nanocluster;
and (2) whether the high size-selectivity observed in gas-phase
Al,,~water reaction persists in liquid phase?
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2. Simulation methods

In our quantum molecular dynamics (QMD) simulations [7-9], the
electronic states are calculated using the projector-augmented-wave
method [10], which is an all-electron electronic-structure-calculation
method within the frozen-core approximation. In the framework of
density functional theory (DFT), the generalized gradient approxima-
tion [11] is used for the exchange-correlation energy with non-linear
core corrections [12]. The momentum-space formalism is utilized,
where the plane-wave cutoff energies are 30 and 250 Ry for the
electronic pseudo-wave functions and the pseudo-charge density,
respectively. The energy functional is minimized iteratively using a
preconditioned conjugate-gradient method. Projector functions are
generated for the 3s, 3p and 3d states of Al, the 2s and 2p states of O,
and the 1s state of H. The electronic-structure-calculation code has
been implemented on parallel computers [13] by a hybrid approach
combining spatial decomposition [14,15] (i.e., distributing real-space
or reciprocal-space grid points among processors) and band decompo-
sition (i.e., assigning the calculations of different Kohn-Sham orbitals
to different processors). The program has been implemented using the
message passing interface library for interprocessor communications.
QMD simulations are carried out at a temperature of 1000 K in the ca-
nonical ensemble. The equations of motion are integrated numerically
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with a time step of 11 a.u. (~0.264 fs). The system studied in our MD
simulations consists of an Al,, (n = 16, 17, or 18) cluster and 84 H,0
molecules in a box of dimensions 12.58 x 12.58 x 18.87 A3; see
Fig. 1(a). The system size is determined from the density of water in
the ambient condition, and periodic boundary conditions are imposed.
The T point is used for Brillouin zone sampling.

3. Results

Fig. 1(b) shows the time evolution of the number of H-H bonds
during the QMD simulations. We find rapid production of H, molecules
in all cases, i.e., for Al,, with n = 16, 17, and 18. Within 20 ps, three H,
molecules are produced each in the Al;g and Al;; systems and six H,
molecules are produced in the Al;g system. In the gas phase, the
reactivity of Al;; with water molecules is much higher than that of
Alje and Alqg [4,5]. However, such size selectivity is absent in liquid
phase.

Detailed analyses of simulation trajectories reveal a three-step pro-
cess of H, production. An Al,, surface has sites with Lewis-acid character
and those with Lewis-base character [4,5]. The reaction begins with the
dissociation of an H,O molecule bonding to an Al atom that has a Lewis-
acid character [7-9], as one of its hydrogen atoms moves toward a
neighboring H,0 molecule to form a hydronium ion (H30%); see
Fig. 2(a) for the case of Aly7. This is followed by a chain of hydrogen
bond switching events, and finally a hydrogen atom bonds to another
Al atom with Lewis-base character [7-9]. This proton transfer is thus
induced by the complementary Lewis acid-base characters of the par-
ticipating Al atoms.

To estimate the energy barrier for this water-dissociation process,
we use the nudged elastic band (NEB) method to calculate the energy
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Fig. 1. (a) An aluminum nanocluster (colored silver in the center) producing hydrogen
molecules (yellow) from water, where gray and red spheres are hydrogen and oxygen
atoms, respectively. (b) The number of H-H bonds as a function of time for Al,
(n = 16,17, and 18).
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Fig. 2. Hydrogen production pathways in Al;,. (a) Energy profile along the reaction path
for the production of a hydroxide ion and a hydrogen atom, Al + 4H,0 + Al —
Al-0OH + 3H,0 + Al-H, obtained by NEB calculation. (b) Energy profile along the reac-
tion, Al-OH + 2H,0 + Al-OH, — Al-OH, + 2H,0 + Al-OH. Here, (roy) is the aver-
age length of the OH bond, which is broken in the reaction. (c) Energy profile along the
reaction path of molecular hydrogen production, Al-OH, + Al-H — Al-OH + Al +
Ho, as a function of the distance between the two hydrogen atoms that form a hydrogen
molecule. White, red and green spheres represent H, O and Al atoms, respectively. The
distribution of the electron density larger than 0.05 a.u. is shown by contour surfaces.

profile along the reaction path for the production of a hydroxide
group and a hydrogen atom on the Al cluster [7-9]:

Al-OH, + mH,0 + Al'—Al-OH + mH,0 + Al'-H, (1)

where m = 3 for the process shown in Fig. 2(a). In Eq. (1), Al and Al’
denote the Al atoms with Lewis acid and base characters, respectively,
involved in the reaction. For m = 3, the activation energy is estimated
to be A = 0.30 eV. The lowest energy barrier is A = 0.20 eV for the
case of m = 1. From the calculated values, the energy barrier for
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Eq. (1) is estimated tobe A = 0.15 4 0.05 m eV form > 1. The rates of
these reactions at room temperature (T = 300 K) are estimated to be
ky = (kgT/h)exp(— A/ksT) =~ 107-10° s~ ! according to the transition
state theory, where kg is the Boltzmann constant and h is the Planck
constant.

The Al-OH product of Eq. (1) is often quickly converted back to
Al-H,0 again by the Grotthuss mechanism, which involves a third Al
atom (denoted as Al”) with an adsorbed water molecule:

Al-OH + mH,0 + Al"-OH, —AI-OH, + mH,0 + Al"-OH. 2)

Fig. 2(b) shows the energy profile for the reaction of Eq. (2) for
m = 2 for Aly;. The activation energy of this reaction is estimated
to be 0.10, 0.03, and 0.04 eV for m = 1, 2, and 3, respectively. The
corresponding rate is k, = 10''-10'2 s~ > k; at 300 K [7-9].

The final hydrogen-production reaction is expressed as

Al-OH, + Al-H—AI-OH + Al + H,. 3)

Namely, a hydrogen molecule is produced from H,0 adsorbed at a
Lewis-acid site and H adsorbed at a neighboring Lewis-base site; see
Fig. 2(c) for the case of Al;7 [7-9]. The corresponding activation energy
is estimated to be A = 0.1 eV. We also study the finite-temperature
x effect by calculating the activation free energy using thermodynamic
integration, which gives a nearly identical value, A = 0.08 eV, at
300 K [7-9]. The corresponding reaction rate is estimated as ky, =
(kyT/h) exp(—A/ksT) = 10" s~ at room temperature.

To quantify the effect of the surrounding water molecules (i.e., solva-
tion shell) on the energy barrier for H, production, we next consider the
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Fig. 3. (a) Initial and final states for H, production involving Alg in the presence of a sur-
rounding water molecule H;— O, — Hs. Red, white and gold spheres represent O, H and Al
atoms, respectively. The produced H, molecule is marked by the orange circle. (b) The re-
action energy barrier for H, production for different constraint lengths Ry4-o1. The red
dashed line is the asymptotic barrier of 0.14 eV for rys— o1 — <. The blue dashed line is
at0.02 eV.

same Hy-production mechanism as in Fig. 2(c) but by adding a sur-
rounding water molecule; see Hy;— 0, —Hs in Fig. 3(a) for the case of
Alyg. The extra water Hy— O, —Hs serves as a proton donor to form a
branching hydrogen bond 0, - H4~0;. We perform NEB calculation to
obtain the energy barrier as a function of Ro; 4 as shown in Fig. 3(b).
The energy barrier is reduced to below 0.02 eV (the blue dashed line)
when Roq -4 is 1.75-2.0 A, and the barrier increases to 0.08 eV for
Roi_pa = 2.1 A. The red dashed line shows the limit, Ro;_pa — ®, in
the absence of a solvation shell. This result indicates a significant role
of solvation in greatly reducing the energy barrier of hydrogen produc-
tion, thereby increasing the reaction rate.

It should be noted that our QMD simulations were performed with a
constant simulation volume, so that the systems at higher temperatures
are pressurized. This likely affects the number of produced H, molecules
shown in Fig. 1. However, these simulations were performed simply to
discover reaction events, and for all the discovered events, the corre-
sponding reaction rates were estimated by NEB calculations on isolated
clusters (see Figs. 2 and 3). The calculated reaction rates are thus free
from the pressure problem.

4. Conclusion

Our QMD simulations have revealed the key design feature for low
activation barriers for rapid H, production from water using Al
nanoclusters, i.e., spatially proximate Lewis acid-base pairs. In a small
nanocluster, local geometrical arrangement is not identical for all sur-
face atoms. Consequently, some surface Al atoms act as Lewis acid and
others as Lewis base. We have also found that hydrogen production is
greatly assisted by rapid proton transport in water by a chain of
hydrogen-bond switching events. This Grotthuss mechanism generates
OH and H groups at Lewis acid and base sites, and converts OH groups
back to water molecules.
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