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Abstract A theoretical study of the chemisorption and dis-
sociation pathways of water on the Al3 cluster was per-
formed using the hybrid density functional B3LYP method
with the 6-311+G(d, p) basis set. The activation energies,
reaction enthalpies, and Gibbs free energy of activation for
the reaction were determined. Calculations revealed that the
H,0 molecule is easily adsorbed onto the Al;; surface,
forming adlayers. The dissociation of the first H,O molecule
from the bimolecular H,O structure via the Grotthuss mech-
anism is the most kinetically favorable among the five
potential pathways for O—H bond breaking. The elimination
of H, in the reaction of an H,O molecule with a hydrogen
atom on the Al cluster via the Eley—Rideal mechanism has a
lower activation barrier than the elimination of H, in the
reaction of two adsorbed H atoms or the reaction of OH and
H. Following the adsorption and dissociation of H,O, the
structure of Al is distorted to varying degrees.
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Introduction

A blend of aluminum and water has been proposed as a
propellant for use in both spacecraft and vehicles that travel
underwater [ 1-3], because the combustion of Al,O3 is accom-
panied by the release of a large amount of heat. Scientists have
performed a lot of studies on aspects of the characteristics of the
combustion of aluminum with water, such as the effects of the
size and shape of the aluminum particles on the combustion
efficiency [4, 5] and the consequences of using aluminum
alloys instead of pure aluminum [6-8]. Indeed, it has been
noted that the chemical reactivity of the aluminum particles
greatly depends on the size of the particles. For example, flame
propagation speeds for metallic nanoparticles embedded in
oxidizers are 0.9-1 km/s, as compared with 1-10 cm/s for
micron-size particles [9]. This rapid nanoreaction cannot be
explained by conventional mechanisms based on the mass
diffusion of reactants, so various mechanisms for such en-
hanced nanoreactions have been proposed. Roach et al. [10,
11] experimentally studied reactions between heavy water
(D,0) and anionic Al, clusters comprising 7-60 atoms, and
proposed that introducing water onto Al;s , Alj; , and Aljg
resulted in the production of Hj. Li et al. [12] investigated the
interaction of an aluminum atom with a water molecule. Ab
initio molecular dynamics simulations performed by Shimojo
etal. [13, 14] indicated that hydrogen production is assisted by
rapid proton transport in water via a chain of hydrogen-bond
switching events similar to the Grotthuss mechanism (the usual
mechanism by which protons tunnel from one water molecule
to the next). These results are also in good agreement with
those obtained from the DFT calculations performed by Flores
et al. [15] on the interactions of individual Al atoms with water
molecules. Flores [15] stated that the AI-H,O interaction does
not imply that a reaction occurs between these species, al-
though experimental work [16, 17] indicated that there should
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be a reaction that produces HAIOH. Michael et al. [18] inves-
tigated aluminum—water reactions using the ReaxFF reactive
force field. They found that the dissociation of a water molecule
assisted by unadsorbed H,O is more energetically favorable.

To further elucidate the mechanism of the AI/H,O reac-
tion, we used the DFT-B3LYP method to investigate the
interactions between H,O and the Al;5 cluster. This method
has been widely used to study reaction pathways [19, 20].
We modeled the Al cluster for the following reasons. (1)
The geometric structure of Al cluster is remarkably stable
when compared with other aluminum clusters [21]. (2) The
interactions of H,O molecules with Al clusters are central to
our understanding of the effects of cluster size on cluster
behavior, and should provide useful insight into many real-
world technological processes. (3) It will help to understand
different mechanisms of water decomposition on the clus-
ters rather than on the larger particles.

Computational details

All geometry optimizations were carried out using the the
hybrid density functional B3LYP method with the 6-311+G
(d, p) basis set. The B3LYP method has been found to give
results similar to those yielded by the more computationally
expensive MP2 theory for molecular geometry and frequen-
cy calculations, and gives good predictions of transition
structure geometries [22, 23]. Different spin multiplicities
of the Al;; were considered. Systems with doublet mul-
tiplicities for the reaction were chosen according to the
results. Using the low-lying isomers of the Al;; cluster,
we first considered H,O at various initial adsorption
sites on Alj3: a site atop an Al atom, a site bridging
two Al atoms, and a hollow site (the center of a triangle
Al face). The adsorption structures were then optimized
without any symmetry constraints. Vibrational frequen-
cies, the zero-point vibrational energy (ZPE), and ther-
modynamic contributions to the enthalpy and free
energy of the reaction were calculated in order to find
the minimum energy path (MEP) using intrinsic reaction
coordinate (IRC) calculations [24, 25], to ensure that
each transition state was linked to the desired reactant
and product. It was confirmed that each calculated tran-
sition state had a single imaginary frequency, while each
minimum only had real frequencies. All of the energies
quoted and discussed in the present paper were cor-
rected for ZPE. All calculations were performed with
the GAUSSIAN 03 program package [26].

Figure 1 shows the low-energy configuration for the Al;;
cluster. Nearest-neighbor Al-Al distances are in the range
2.650-3.017 A, which is in good agreement with the range
2.63-3.01 A previously reported by Wang [27] and the
range 2.71-3.12 A reported by Rao [28], and is comparable
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to the distances of 2.864 A [29] and 2.618~2.958 A [30]
obtained experimentally for the bulk system. The optimized
geometry for H,O has bond lengths of 0.962 A and a bond
angle of 105.1°, consistent with the experimental values of
0.96 A and 104.4°. These values indicate that the present set
of exchange-correlation energy functionals is able to pro-
vide a good representation of the structural properties of the
Al;; cluster and the isolated H,O molecule. We therefore
proceeded to investigate the adsorption of H,O on the
surface of Aly;.
The activation energy is defined as follows:

E,=Ers—» E,, (1)

where Etg is the energy of the transition state and X Ey, is the
sum of the energies of the reactants.

Results and discussion
Adsorption and dissociation processes of H,O

The reactions investigated in this work involve models -V,
as described below.

For A113+H20:
Model I:
Step 1 _Step2 Al -HOH
Alj3+H,0 —2—Al;3H,0 — 13
Step 3
Tespz A113O + H2
Step 4

Ts3 > Aljz(H)0-1

For A113+2H20:
Model 1I:

Aljz + 2H,0 3925 o 0-Al}5(H,0), S;pr Al;;HOHH,O-1

Step 7 _ Step8
155~ Al(OH):- 1+ Hy — 50

A113H(OH)O-1 + H2

Step 9
—T;% A11302-l + 2H2

rbridgetOp

Fig. 1 The low-energy configuration of the optimized Al;5 cluster
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Model III:
Aljy +2H,0 P10 o i Al y(H,0), — 12— Alj3HOHH,0-2
—3Ue Al3(OH),-2 + Hy
22 Aljs(H)y(OH)y 1 ——
S A1 SH(OH)O-2 + Hy— b Al30,-2 + 2H,
Step 16 Step 17
T3 > Alj3(H)y(OH)-2 —2 270 Alj3(OH)»-2 + Hy
Model IV: Al;3H(OH)O-1 has H and O atoms adsorbed at adjacent
bridging sites, and the OH is adsorbed on the Al atom that
Alj3+H,0 _Step! S‘°P 2~ Alj3HOH o o
3T Ali3H0 TS 13 connects those adjacent bridging sites. Al;sH(OH)O—2 has

218 A1 HOHH,O-3 %es{%» Alj3(OH),-1 + Hy

— [ 3P0, A1 ;HOHH,0-4 —22> Al;3(OH),-1 + H,
L5022, A} ,HOHH,0-2 22> Alj3(OH),-2 + H,
Model V:

Sep25

Al;3HOH + H,0

Aljy +2H,0 P24 Al 4(H,0),

Alj+ 3Hy0 220 A4 (H,0); 22> AljHOH +2H;0

0-A113(H20)2, m—A113(H20)2, and A113(H20)2 denote,
respectively, an Al;; cluster with two H,O molecules
adsorbed “ortho” to each other (i.e., onto the two Al atoms
on each side of an Al-Al bond), an Al3 cluster with two
H,O molecules adsorbed “meta” to each other (i.e., onto two
Al atoms that are indirectly linked together by another Al
atom), and an Al;5 cluster with one H,O molecule adsorbed
onto the Al atom at the top of the cluster and the second
H,0 molecule adsorbed on the first one (see Fig. 1).

In Al13(H,0); (see Fig. 2), the second and third H,O
molecules are adsorbed onto the first one in a chain. In
Aly3(H),0-1, the O atom bridges two adjacent Al atoms;
one of these Al atoms has one of the H atoms on it, while the
other H atom is meta to the O atom. In Al;;HOHH,O-1,
OH, H, and H,O are adsorbed on three Al atoms that form a
triangle on the surface of the cluster (i.e., OH, H, and H,O
are all ortho to each other). The OH is meta to the H,O,
whereas the H atom is ortho to the H,O and meta to the OH
group in Al;3;HOHH,0-2. An H,O molecule forms a bridge
between the OH group and the H atom in Al;;HOHH,O-3.
In Al;;HOHH,0-4, H,O is meta to OH and ortho to H,
while OH is ortho to H (this structure was optimized from
Al;3HOH+H,0). Al;3(OH),—1 and Al;3(OH),—2 have two
ortho OH groups and two meta OH groups, respectively.

the OH meta to O (which forms a bridge between two Al
atoms) and the H ortho to both. Al;5(H),(OH),—1 has two
meta OH groups and two H atoms that are both ortho to each
other and to one of the OH groups, but meta to the other OH
group. In Alj5(H),(OH),—2, there are two meta OH groups,
one H that is ortho and meta to the two OH groups, and
another H that forms a bridge between the Al atoms at which
the ortho OH group and H atom are adsorbed. Al;;0,—1 and
Al;30,—2 have two O atoms adsorbed at ortho and meta
bridging sites, respectively.

The optimized geometries (with atomic labels) of the
reactants, intermediates, transition states (TS), and products
involved in the reaction of Al;3 with H,O are shown in
Fig. 2. The total energies of all of the species involved in
the MEPs of the reactions, along with the relative energies,
are collected in Tables 1 and 2. The energy profiles for the
stationary and the saddle points on the potential energy
surface (PES) are shown in Figs. 3, 4, 5, 6, 7.

Model I

The H,0 molecule was initially placed in various locations
about 3.5 A from the Al;5. It was found that initial bridged
and hollow configurations convert into a configuration with
the water molecule at the top after geometric optimization,
resulting in the formation of Al;3H,0. These results indi-
cated that the top adsorption process is an automatic process
(it has a negative Gibbs free energy difference, see Table 2).
This result is in accord with that reported in [31, 32]. In
Al;5H,0, the Al11-O bond length is 2.054 A and the O-H
bond length is 0.969 A, which is only 0.007 A longer than that
in the gaseous H,O molecule. H,O and Al;; form an absorbed
complex in which the lone pair of the oxygen atom interacts
with the aluminum cluster [31]. The relative energy of Al;3H,O
with respect to the reactants is —30.86 kJ-mol ', which agrees
with the energies reported in [10] (—26.96 kJ -mol ") and [31]
(—32.19 kI mol ™" for Al;3H,0).
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Al3H,O TS1
0-H=0.969 A O1-H1=0.968 A
Al--0=2.054 A 01---H2=1.318 A

Al3--H2=1.936 A
Al-0=1.861 A

Al30-1 TS3
Al-0=1.754 A

0--H1=1471A
Al4--H1=1.757 A
All-01=1.783 A
Al4-01=1.783 A

Hz)ﬁ ?m

Al zHOH
01-H1=0.957 A
Al3-H2=1.582 A
All-01=1.720 A

TS2
01---H1=1.386 A
H1---H2=0.916 A
Al-H2=1.858 A

Al-0=1.827 A

Alj3(H)20-1
Al1-0=1.734 A
Al4-0=1.746 A
Al4-H1=1.583 A
Al3-H2=1.587 A

Fig. 2 Optimized geometries of the reactants, transition states (7S), and products on the PES associated with the reaction of Al;; with H,O

After this initial absorption, the cluster undergoes O1-H2
bond dissociation. The O1-H2 bond stretches and the H2
transfers to an adjacent aluminum atom, forming Al;;HOH
through TS1. For Al;3HOH, there are possible two path-
ways to O1HI group dissociation. In the first (step 3),
£A12—-Al1-O1-H1 rotates with a rotational barrier of
0.18 kJ-mol ' and points to H2. HI then transfers from
O1HI to H2, eliminating H,, and the Ol atom binds to the
All and Al4 atoms, forming Al;;0 via TS2. In the second
dissociation pathway (step 4), H1 transfers from O1-H1 to
its neighboring Al4 atom, forming an Al4-O bond and
ultimately Alj3(H),O-1 via TS3.

Model 11

According to this mechanistic hypothesis, two H,O mole-
cules were initially located about 3.5 A atop two ortho Al
atoms, but geometric optimization resulted in the formation
of 0-Al3(H,0),. There are then two possible pathways for
H,0 decomposition on 0-Al;3(H,0),. One is via steps 6 and
7 to Al;3(OH),—1; the other is a direct process in which the
two water molecules in contact in 0-Al;3(H,0), react and
form Al;3(OH),—1. However, a TS search failed to locate
the latter pathway.

In step 6, the H2-O1 bond of the HIO1H2 molecule
breaks and H2 binds to Al3, forming Al;;HOHH,0—1 via
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TS4. In Al;;HOHH,O-1, the distance O1-H4 is 1.676 A
and the angle O2-H4--O1 is 154.0°. The results indicate
that O1 and H4 form a strong hydrogen bond. In step 7, the
second H,O is split into H4 and O2H3. At the same
time, H2 ruptures from Al2-H2 and the hydrogen bond
O1--H4 breaks. H4 and H2 combine via TS5, resulting in
the elimination of an H, molecule and the formation of
Al;3(OH),—1.

A further dehydrogenation reaction takes place in
Alj3(OH),—1. In step 8, the O1H1 group shifts to the
bridging site between All and Al4 and forms two Al-
O1 bonds. At the same time, the O1-H1 bond breaks
and H1 moves into the bridging site between Al3 and
Al4, forming Al;3H(OH)O. In the next step (step 9), the
Al3-H1 bond in Al;3H(OH)O ruptures and the O2H3
group shifts from the top of Al4 to the bridging site
between Al3 and Al4, leading to the formation of two
Al-0O2 bonds. The ruptured H1 and H3 atoms bind with
each other, forming H,. After H, has been eliminated,
Al{30,—1 is formed.

Model 111
The suggested reaction processes here include steps 10-17.

In step 10, two H,O molecules are initially located about
3.5 A atop of two adjacent Al atoms. The final state has two
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0-Al13(H20),
Al4--02=2.078 A
All--01=2.122 A
0-H=0.969 A

TS5

Al4-02=1.725 A
All-01=1.725 A

JH3
- b
2 @0
B gan
b a

Al;3H(OH)O-1
Al3-HI=1.729 A
Al4-H1=1.764 A
All-01=1.735 A
Al4-02=1.730 A

TS4
Al4--02=2.125 A
Al3--H2=1.947 A
01-H2=1.300 A
All-01=1.874 A

Alj3(OH)x-1
O1-H1=0.958 A
02-H3=0.959 A
All-01=1.728 A
Al4-02=1.720 A

Higy 3
2
m*;; {

]

TS7
H1--H3=1.012 A
Al4--HI=1.776 A
02--H3=1.283 A
Al4-02=1.876 A

Al;3HOHH,0-1
Ol...H4=1.676 A
02-H4=1.009 A
All-01=1.796 A
Al3-H2=1.588 A
Al4-02=2.034 A

TS6
O1--H1=1359 A
Al3--H1=1.926 A
All-01=1.812 A
Al4-01=1.833 A
Al4-02=1.721 A
‘”.-—u‘sq 1

™

e

Al130,-1
Al3-02=1.724 A

Al4-02=1.751 A

Al4-01=1.750 A

TS11
H2--H1=0.965 A
Al3-H2=1.855 A
Al6-01=1.794 A
All-01=1.859 A

i
ST T ¥

MY e
3
5
- “4‘
Al;;HOHH,0-3
H4--H2=1.922 A
02--HI1=1.898 A
02-H3=0.962 A
02-H4=0.968 A
AI3-H2=1.595 A

Wy M3

Hig 7
F A a sl
M)‘:.f}‘

TS17
Al3--H2=1.792 A
H2--H4=1.012 A
02--H4=1.240 A
All-01 =1.727 A
Al4-02=1.863 A

Fig. 2 (continued)

Al ;H(OH)O-2
All-01=1.750 A
Al6-01=1.736 A
Al5-H4=1.589 A
Al4-02=1.722 A

TS15
02--H4=1.239 A

Al3--H2=1.713 A

Ol--H3=1.863 A
H2--H4=1.041 A

%
1

Al;;HOHH,0-5
02-HI=1917 A

01-H1=0.969 A
Al3-H2=1.582 A
All-01=1.707 A

TS12 Alj3022
Al4--H4=1.801 A All-01=1.742 A
H3--H4=1.021 A Al6-01=1.762 A
02--H3=1260 A Al5-02=1.726 A
Al5-02=1.850 A Al4-02=1.764 A
W ——
9:5 gt Sy o 8
b g e "
& 2L
s, &5
%i. ‘it o
5 4 v
Al,;HOHH,0-4 TS16
All-01=1.732A Al3--H2=1.824 A
Al4-02=2.055A 02--H4=1.333 A
Al3-H2=1329 A H2--H4=0.929 A
H2-H4=1.561 A AI2-02=1.826 A
All-01=1.765 A
H3
o “" ‘”
‘.Iu b
H
J\—J ]
*‘J
TS20 Alj3(H),0-2
02--HI=1.078 A All-01=1.725
Ol--H1=1381 A Al4-01=1.751
02--H4=1.527 A Al4-H4=1.579
Al4--H4=1.728 A Al4-H2=1.932

Al3-H2=1.657

m-Al;3(H20),

All--01=2.073 A
Al4--02=2.148 A
0-H=0.969 A

02--H4=1252 A

Al5---H4=1.912
Al4-02=1.869A

Al3-H2=1.583 A

TS8

Ol--Hl=1327 A
Al3--H2=1912 A
01-H2=0.967 A

All-01=1.861 A

Aly3(H)2(OH),-1

All-01=1.721A

A Al4-02=1.725A
Al3-H2=1.583 A

Al5-H4=1.586 A

Al;;HOHH,0-2
Al4--02=2.089 A
AI3-H2=1.584 A
All-01=1.724A
02-H=0.969A

TS10
H2--H4=1.033 A
Al3--H2=1.713 A
Al5--H4=1.999 A
Al4-02=1.724 A

Al;3(OH),-2
All-O1=1.721 A
Al4-02=1.728A
02-H3=0.957 A
02-H3=0.958 A

Ali3(H20)
02--H2=1.642A

O1-H1=0.966 A
Al1-01=1.996A
02-H4=0.973 A

TS13

02--H4=1.284 A

Al3-H4=

2.090A

Al4-02=1.875 A

Al3-H2=

g %
‘f*‘::-c M3

%

TSI8
Al3--H4=1.941 A
01--H2=1.503 A
02--H2=1.036 A
02:--H4=1.240 A
Al1-01=1.804 A

1587 A

AlI3(H),(OH),-2

All-01=1.723A
AI3-H2=1.583 A
Al3-H4=1.695 A
Al4-H4=1758 A

Ali3(H20)3
02--H6=1.714 A

O1-H2=1.025 A
03-H6=0.989 A
All-01=1.934 A

TS19
Al3--H4=1.973 A
O1--H2=1.624 A
02---H4=1.205 A
02--H6=1.037 A
03--H2=1.004 A
03--H6=1.504 A
All-01=1.791 A

by
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Table 1 Total energies (Et), deformation energies (Eqef), and number
of imaginary frequencies (»;) for the reactants, product complexes, and
transition states on the PES

Species Et (Ha) Eger n;

(kJ-mol ™)
Al -3151.968425  0.00 0
Aly3H,0 —3228.417351  7.00 0
TSI —3228.399853  9.37 1 (1449 cm™, i)
Al;HOH —3228.452165  25.00 0
TS2 —3228.417470  35.25 1 (1278 ecm™, i)
Al;;0 -3227.284016  19.18 0
TS3 —3228.385827  8.72 1 (1122 ecm ™, i)
Alj3(H),—1 3228477648  179.21 0
0-Al;3(H,0), -3304.862701  11.28 0
TS4 —3304.844779  14.45 1 (1489 cm™, i)
Al;HOHH,0-1  —3304.912023  100.97 0
TS5 —3304.897137  33.56 1 (1150 ecm ™', i)
Alj3(OH),—1 —3303.755998  28.53 0
TS6 —-3303.721216  58.42 1 (1592 cm™, i)
AljzH(OH)O-1 —3303.781597 62363 0
TS7 —3303.753642  86.98 1 (1452 ecm™, i)
Al;;0,-1 —-3302.61658  82.78 0
m-Al,;3(H,0), -3304.860091  7.03 0
TS8 —3304.846285  18.87 1 (1506 cm™, i)
Al;HOHH,0-2  —3304.901589  48.71 0
TS9 —3304.887622  81.81 1 (1352 cm™, i)
Alj3(H),(OH),—1  —3304.941169  128.58 0
TS10 —3304.901918  58.58 1 (1524 cm™, i)
Alj3(OH),—2 —3303.754034  94.52 0
TS11 —3304.898359  126.29 —1223.4535
Al;H(OH)O-2  —3303.781603  139.01 0
TS12 —3303.742912  61.91 1 (1520 cm™, i)
Alj;0,-2 —3302.597625  46.72 0
TS13 —3304.874931  58.58 1. (1002 ecm™, i)
Alj3(H),(OH),—2  —3304.938336  118.47 0
TS14 —3304.9024 97.21 1 (1219 em™, i)
Al;;HOHH,0-3  —3304.896686  29.56 0
TS15 —3304.878268  30.97 1 (1489 cm™, i)
Alj;HOHH,0-4  —3304.89743  24.90 0
TS16 —3304.896682  28.04 1(909. cm ™', i)
TS17 —3304.880556  131.57 1 (1131 em™, i)
Al;3(H0), —3304.870241  7.53 0
TS18 —-3304.861526  12.85 1 (1140 em ', i)
Alj3(H,0); —-3381.327268  7.92 0
TS19 —3381.304149  23.60 1 (990 cm ™', i)
Al;HOHH,0-5  —3304.89467  27.27 0
TS20 —3304.828093  72.58 1 (918 ecm ™', i)
Aly3(H),0-2 —3228.511474  180.51 0

H,O molecules adsorbed at the meta sites of Al;; after
optimization.

@ Springer

In step 11, the H2 atom of the HIOIH2 molecule dis-
sociates and bonds with Al3 to produce Al;;HOHH,O-2 via
TS8. In Al;3sHOHH,0-2, the geometry of the other H,O
(label: H302H4) barely changes.

The next dehydrogenation pathway also has three possible
processes. First, in steps 12—13, the O2—-H4 bond in the other
H,O0 dissociates and the H4 atom combines with the neighbor-
ing Al5 atom, which is located at the end of the bridge between
Al3 and Al5, forming Al;3(H),(OH),—1 via TS9 (step 12). In
the conversion from Al;3(H),(OH),—1 to Al;3(OH),—2 (step
13), H2 and H4 approach each other, and Al;5(OH),—2 is
formed via TS10. Second, steps 12, 14, and 15 (similar to step
3) can take place via TS11 and TS12, with the formation of
Al;30,—2. Finally, in steps 16—17, the O2—-H4 bond of the
other H,O dissociates and the H4 atom combines with the
bridging site between Al3 and Al4, forming Al;;(H),(OH),—2
via TS13 (step 16). In step 17, TS14, which links
Alj3(H)2(OH),—2 and Al 3(OH),—2, is only slightly different
in terms of its geometry and energy from TS10 (the energy of
TS10 is only 1.20 kJ-mol " higher than that of TS14).

Model IV

In this scenario, after one H,O molecule has dissociated and
Al;3HOH has formed, another H,O molecule is absorbed and
then decomposes (Fig. 2). There are three possible pathways.
In the first pathway (steps 18 and 19), the second H,O (label:
H302H4) molecule inserts between the O1H1 group and
the H2 atom of Al;3HOH, forming Al;;HOHH,O-3. In
Al;3HOHH,0-3, the distance O2—H1 is 1.898 A. This shows
that the H,O molecule bonds with Al;;HOH by a strong
hydrogen bond. In the conversion from Al;;HOHH,0-3 to
Al3(OH),—1, the H,O molecule further inserts itself between
OH and H2, breaking the hydrogen bond. H4 and H2 ap-
proach each other and the resulting H; is eliminated via TS15.

In the second pathway (steps 20 and 21), the second H,O
molecule is absorbed on Al4, which then forms a triangle
with All (which combines with the O1H1 group) and Al3
(which combines with H2), forming Al;;HOHH,0—4. In
Al;;HOHH,0—4, the distance from H2 to H4 is 1.561 A,
which indicates that there is a rather weak interaction be-
tween H4 and H2. In the conversion from Al;;HOHH,0—4
to Al;3(OH),—1, H2 and H4 move towards each other until
H, forms and is eliminated via TS16.

In the third pathway (steps 22 and 23), the second H,O
molecule is absorbed on an Al atom, forming Al;;HOHH,O
—2. A dehydrogenation reaction (step 23), similar to that of
step 21, then occurs via TS17.

Model V

In this model, the dissociation of an H,O molecule occurs
between the water molecules, resulting in the formation of
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Fig. 3 Potential energy surfaces plotted against the reaction coordinate
for steps 1-4, as calculated at the B3LYP/6-311+G(d,p) level

adlayers and Al;; (Fig. 2). In step 24, after an H,O
molecule has been absorbed, the second H,O molecule
combines with the first H,O molecule by hydrogen bond-
ing. The reaction begins with the dissociation of an H,O
molecule on an Al atom (step 25), and H2 moves toward
the absorbed H,O molecule to form a hydronium ion via
TS18. Finally, a hydrogen in the hydronium ion bonds
with the adjacent site of the adsorbed OH. This shows
how the Grotthuss mechanism assists the decomposition
of water molecules.

Steps 26 and 27 are similar to steps 24 and 25, respec-
tively, with a total of three H,O molecules involved. These
three water molecules are adsorbed one by one via hydrogen
bonding. H,O is eliminated via TS19.

Reaction kinetics and thermodynamics of Al;3 with H,O

Table 2 lists values for the Gibbs free energy difference
(AG) and other important thermodynamic and kinetic
parameters of all the reaction steps at 298.15 K and
1 atm. The equilibrium constants for all of the reaction
steps were calculated from the Gibbs free energies using
AG==RTInK,.

Rate constants were determined using the generalized
form of the Eyring equation [33-35]:

04 — TS4
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Fig. 4 Potential energy surface plotted against the reaction coordinate
for steps 5-9, as calculated at the B3LYP/6-311+G(d,p) level
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Fig. 5 Potential energy surfaces plotted against the reaction coordinate
for steps 10—17, as calculated at the B3LYP/6-311+G(d,p) level

k= kBTTcéfmefAG#/RT (3)
where m is the number of species that participate in the
reaction, c¢( is the standard concentration, taken to be
1 mol/dm® (used to ensure that both sides of the equation
have the same dimensions), kg is the Boltzmann constant,
T'is the absolute temperature, and AG” is the free energy of
activation. The calculated rate constants for all of the steps
are also given in Table 2. The energy profiles are shown in
Figs. 3,4, 5, 6, and 7.

The calculated AH (298 K) for Al;3+H,O— Al3H,0 is
—31.88 kJ-mol !, which is in good agreement with previ-
ously calculated values of —30.72 and —33.44 kJ-mol ™" for
Al+H,0— AlOH, [10, 36]. This result shows that the com-
putational method employed in this work is able to provide a
good representation of the thermodynamic properties of the
reaction of Al;; with H,O.

Judging by the values of AG and K for steps 1, 5, 10,
18, 20, 22, 24, and 26, H,O molecules are easily adsorbed
onto the surface of Alys. The AG values of 0-Al;3(H,0),
and m-Al;3(H,0), with respect to that of (Al;3;H,O+H,0)
are —13.70 kJ-mol ' and —6.51 kJ-mol ", respectively. The
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Fig. 6 Potential energy surfaces plotted against the reaction coordinate
for steps 18-23, as calculated at the B3LYP/6-311+G(d,p) level
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Fig. 7 Potential energy surfaces plotted against the reaction coordinate
for steps 24-27, as calculated at the B3LYP/6-311+G(d,p) level

AG between A113(H20)2 and (A113H20+H20) is —34.35kJ-
mol ™', and it is —45.68 kJ-mol ' between Al3(H,0O); and
(Al}3(H,0),+H50). These results show that the forma-
tion of H,O molecular adlayers is thermodynamically
favorable.

There are five possible pathways (steps 2, 6, 11,25, and 27)
for the dissociation of the first water molecule. Table 2 shows
that they all have large K, values and low energy barriers
except for step 27. Steps 2, 6, and 11 represent the dissociation
of water on the surface of Al,3 with energy barriers of 45.95,
47.06, and 36.25 kJ-mol ', respectively. The corresponding
dissociation rates are k=10"-10°s"". In steps 25 and 27, one
of the hydrogen atoms from an adsorbed water molecule is
removed by a solvated water molecule. The activation energy
for step 25 (22.88 kJ-mol "), which is in line with a previous
result (19.30 kJ-mol ' [11]), is the smallest, and its £ value
(10°s™") is the largest among all five steps. In [16], it was
found that the dissociation of an isolated water molecule on
the Al surface requires significant activation energy, and
that an assisted dissociation process involving a neighbor-
ing unadsorbed water molecule is more energetically fa-
vorable. Our calculated results are in agreement with those
reported in [16]. This also shows that the Grotthuss mech-
anism greatly reduces the activation barrier for the disso-
ciation. The energy barrier of step 27 (60.71 kJ-mol ™),
which also represents the Grotthuss mechanism, is larger
than that of step 25. This is identical to the results reported
in [11]. Shimojo et al. indicated that the large £, of step 27
is caused a chained complex consisted of three water
molecules onto the Al cluster [11].

There are two ways for the second H,O molecule to
dissociate after the first H,O molecule has done so. In step
12, the k£ and AG values of the dissociation reaction are as
large as those in step 11. These show that the products of the
dissociation of the first H,O molecule do not significantly
affect the dissociation of the second H,O molecule. This

could be because the H and the OH group are adsorbed onto
different Al atoms. Step 16 is energetically favorable but
kinetically unfavorable due to the repulsion between the first
adsorbed H atom (H2) and the second adsorbed H atom
(H4) on Al3.

There are three possible paths to H, elimination. One
pathway (steps 7, 19, 21, or 23) involves an H,O and an
adsorbed H atom. Step 7 (Al;sHOHH,O—1 — Al;3(OH),—1),
step 21 (Al;3HOHH,0—4 — Al;3(OH),—1), and step 23
(Al;zHOHH,0—2 — Al 3(OH),—1) involve the Eley—Rideal
mechanism. In this mechanism, one H,O molecule that is only
weakly adsorbed on the surface collides with a chemisorbed H
on the surface. The energy of Al;;HOHH,O—1 is lower than
that of Al;;HOHH,0O—4, as shown in Table 1. The adsorbed
H,0 molecule and OH group are linked by a hydrogen bond in
the configuration Al;;HOHH,O—1. Therefore, it is more dif-
ficult to eliminate H, from Al;sHOHH,O—1 (step 7) than from
AljzHOHH,O—4 (step 21). In steps 21 and 23, the energy of
Al;;HOHH,O0—4 is larger than that of Al;;HOHH,0—2, while
the energies of TS16 and Al;3(OH),—1 are lower than those of
TS17 and Al;3(OH),—2, respectively. Therefore, step 21 is the
most kinetically favorable of these steps. Step 19 is similar
to the Grotthuss mechanism. For steps 7, 21, 23, and 19, all
of the AG values are negative, and the corresponding rate
constants are k=6x10°, 5X1012, 5X104, and 3><104s_1,
respectively. The other two pathways for H, elimination
(steps 3, 9, 14, and 15, and steps 13 and 17, respectively)
involve an interaction between an adsorbed OH and an H
atom, and an interaction between an adsorbed H and an-
other H atom, respectively. These steps can be classified as
Langmuir-Hinshelwood mechanisms. The energy barriers
for steps 13 and 17 are 103.06 kJ-mol' (1.07 eV) and
94.42 kI mol ™' (0.98 eV), respectively. As shown in Ta-
ble 2 and Figs. 3, 4, 5, 6, and 7, the rates of these steps
range from 2x10 % to 6 s '. These results show that the
latter two pathways are less kinetically favorable than the
first pathway, which is in accord with previously calculated
results [11].

Judging by the AG and k values of steps 4 and 8, both of
these steps (dissociation of the OH group adsorbed on
the Al surface) are exothermic but have large energy
barriers. We investigated this dissociation by adsorbing
an H,O molecule onto OH (see Table 2, steps 28 and 29)
or by inserting the water molecule between two adsorbed
OH groups. The results indicate that these steps are
kinetically unfavorable.

After adsorbing and dissociating water, the structure
of the Alys cluster is distorted. The calculated deforma-
tion energies (Eg4.r) of Alj; are also listed in Table 1. It
is clear that, on the whole, the larger the adsorption
energy or reaction energy, the larger the deformation
energy.

@ Springer
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Conclusions

The mechanism of the reaction between the Al;; cluster and
water in the gas phase has been investigated using a DFT
method. Five models of the adsorption and dissociation of
water on the Al;; cluster were considered. Calculations
reveal that it is more energetically favorable for water mol-
ecules to form adlayers on Al;;. All steps in the dissociation
of the first H,O molecule, forming OH and H, are energet-
ically and kinetically favorable. However, dissociation from
the bimolecular H,O structure via the Grotthuss mechanism
is the most kinetically favorable. This indicates that the
dissociation rate of water is related to its initial concentra-
tion: too few water molecules lead to 100 % adsorption, so
there are no unabsorbed molecules left to assist with the
dissociation, whereas too many water molecules leads to the
formation of multilayers on the Al;3, which reduces the
dissociation rate. A hydrogen molecule is produced from
the water molecule and the hydrogen atom adsorbed on the
Al cluster; this pathway has a lower activation barrier than
that involving the reaction of two adsorbed hydrogen atoms
or that in which a hydrogen atom and an OH group are
adsorbed. This shows that the production of a hydrogen
molecule via the Eley—Rideal mechanism is more favorable
than its production via the Langmuir—Hinshelwood mecha-
nism. The direct dissociation of the adsorbed OH group on
the surface of the Al cluster is exothermic but has a large
energy barrier. After adsorbing and dissociating H,O, the
structural symmetry of the Al cluster is destroyed, leading
to varying degrees of distortion.
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