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ABSTRACT: Hydrogen as clean energy can effectively solve the
problems of fossil energy shortage and environmental pollution.
However, traditional methods of H2 production are generally
lacking in application value. The procedure for manufacturing H2
by a reaction between active metals and H2O has received wide
attention due to its high efficiency. Profound insights into the
mechanism and influencing factors of H2 production from active
metals are insufficient. The ReaxFF reaction force field module of
the Amsterdam Modeling Suite (AMS) is applied in this paper to
simulate the reaction of Ni−Al alloys with H2O. It reveals the reaction route of H2 production at the atomic level. The calculation
results show that Al is the most critical active site. Moreover, the H2 production capacity of the alloy varies with the crystal structure
and atomic ratio. The H2 production rate decreases due to the influence of the water solvation layer and surface coverage. Oxygen
reduces the H2 production capacity because oxygen reduces the active sites for H2O adsorption by forming a stable oxide layer with
Al.

■ INTRODUCTION
With the world’s population growth and rapid economic
development, the consumption and demand for energy are
gradually increasing. However, the current energy consumed is
mainly traditional fossil energy, bringing severe environmental
pollution. In recent years, there has been a severe shortage of
fossil energy, so it is urgent to find renewable and clean new
energy. Hydrogen is the most promising renewable and clean
new energy to replace traditional fossil energy because of its
high combustion efficiency and benefit to the environment.1

Hydrogen is scarce on earth, so it is necessary to produce H2
from fossil fuels, H2O, and other hydrogen-containing
compounds.2 At present, there are several methods of H2
production.3 (1) Biology produces H2.

4,5 Cyanobacteria and
microalgae can produce H2 by the action of hydrogenase.
However, this method is unstable, and the efficiency is very
low. (2) Electrolysis of water produces H2.

6−8 Although this
method is simple, the electricity consumed is far more valuable
than the hydrogen produced. (3) Hydrogen is produced from
fossil fuels. It is the primary method with mature technology,
but there are shortcomings of fuel shortage and emission of a
large of CO2.

9 In recent years, H2 production by chemical
reactions of reactive metals such as magnesium and aluminum
has received increasing attention.10 The response of water or
hydrocarbons with reactive metals generates large amounts of
hydrogen rapidly, making it possible to produce hydrogen on
demand and solve the challenge of hydrogen storage.11,12

Al is the most promising for H2 production among the
reported active metals due to its dynamic chemical properties
and high energy density.13−15 However, the strong affinity of
Al leads to the rapid formation of an Al2O3 film, which limits
t h e r e a c t i o n w i t h H 2O . 1 6 J i a n g p r e p a r e d a
La1.8Ti0.2MgNi8.7Al0.3 alloy with good hydrogen storage and
production properties by the melting and annealing method.17

The Mg−Ni−Y−Al alloy composed by Luo significantly
improved H2 production and electrochemical properties.18

Ni−Al alloys have been used for H2 storage and
production,19−21 but the effect of the reaction mechanism
has not been investigated. Therefore, we investigated the
mechanism and influencing factors of Ni−Al with H2O by the
Reaxff reaction force field under the Amsterdam Modeling
Suite (AMS) chemical simulation platform.22−24 Al is the
adsorption site of O and Ni is the adsorption site of H. The
generation of H2 is mainly through removing H from the
*OH2 adsorbed by Al. The addition of Ni will inhibit the
generation of H2 because it tends to form stable adsorption
structures such as AlONiH2 and Al2ONiH. In addition, O2 will
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poison the Ni−Al alloy, which dramatically affects the H2
production capacity of the alloy.

■ COMPUTATIONAL METHODS
The Reaxff module is a relevant force field on chemical
bonding that reasonably describes bond breaking and
formation.25 In addition, it can reasonably model chemical
and nonchemical bond interactions such as van der Waals
forces and Coulomb interactions.26−28 This force field provides
a system to perform the computational requirements of the
simulation and can be used to describe the full range of
chemical processes of a reaction.29 The CHOFeAlNiCuS.ff
force field was chosen to investigate the mechanism because it
reasonably describes the chemical bond formation and
breakage between the atoms of Ni, Al, H, and O.30 Since the
alloy structure cannot be established under the Reaxff module,
the Ni−Al alloys used in this paper were obtained from the
Inorganic Crystal Structure Database (ICSD). The specific
Ni−Al alloy information is shown in Table 1, including the
ICSD card number, Ni−Al atomic ratio, and crystal structure.

The simulations were performed as follows. (1) The Ni−Al
alloy clusters were built with a cluster radius of about 0.75 nm
and several of about 150 atoms. (2) The clusters are annealed
because the established clusters are intercepted from large
crystals, and edge effects exist. The annealing process is
achieved by setting NVT parameters (constant atomic number
and volume with temperature variation), where the cluster
temperature is first raised to 900 K (below the melting point of
the Ni−Al alloy) and then lowered to 10 K. The cycle is
repeated several times, with the atoms rearranging on the
cluster surface throughout the process, minimizing the energy.
(3) A box with a size of 27 nm3 is set at the center of the
cluster. Then, H2O molecules are added, which will be
randomly distributed inside this box. Next, the cluster and
H2O are divided into two regions, with the cluster set as region
one and the added molecules as region 2. To promote the rate
of reaction and separation, the NVT temperature is set to 1400
K. However, 1400 K will cause the Ni−Al alloy to move

toward the molten state. To maintain the integrity of the Ni−
Al alloy clusters, the cluster temperature was set to 10 K.
Different temperatures were set in the two regions, 10 K for
region 1 and 1400 K for region 2. (4) We used a time step of
0.25 fs, a relatively moderate value that does not need to be
changed. The damping constant set for the calculation in this
paper is 5 fs and the thermostat is NHC.
Five simulation scenarios were used to investigate the

mechanism and influencing factors of the reaction. (1) To
investigate the process of H2O adsorption and H2 production,
an alloy with a Ni−Al atomic ratio of 1:3 and a simple cubic
crystal structure was selected. 20 H2O molecules were added to
the established reaction box to investigate the reaction
mechanism of H2 production by the H atom tracking method.
(2) Several Ni−Al alloys with crystal structures were retrieved
from the ICSD inorganic crystal structure database, and the
effect of crystal structure was explored by designing two
simulation scenarios. The first scheme selected two alloys with
different crystal structures with Ni−Al atomic ratios of 1:1
numbered Ni−Al-1 and Ni−Al-2. The second scheme selected
two alloys with different crystal structures with Ni−Al atomic
ratios of 2:3, numbered Ni−Al-3 and Ni−Al-4. Other
simulation conditions were kept consistent (100 H2O). (3)
Alloys with different Ni−Al atomic ratios of the same crystal
structure were chosen to explore the effect of the Ni−Al
atomic ratio. The common Ni−Al alloys with atomic ratios of
1:3, 1:1, and 3:131 were retrieved from the ICSD with the same
crystal structure, numbered Ni−Al-6, Ni−Al-1, and Ni−Al-5.
(4) Alloy 58040 was selected, and the effect of adding different
H2O molecules was investigated. (5) Alloy 58040 was selected
to investigate the effect of oxygen by adding 100 H2O and
different numbers of O2.

■ RESULTS AND DISCUSSION
To determine the appropriate parameters for the simulations,
alloy 58040 was modeled by creating a cluster of 150 atoms
and adding 100 H2O inside the box to perform the simulations,
as shown in Figure 1a. The results show that the added H2O is
adsorbed on the surface of the cluster at 50,000 steps and 25 ps
reaction time and a certain number of H2 is produced, as
shown in Figure 1b.
Compared with the adsorption process of H2O, the H2

production process is slower. After 200,000 steps and 100 ps of
the reaction, a large amount of H2 is generated. The H2O
stripped of H is adsorbed on the cluster surface, as shown in
Figure 1c. The number of H2 and energy changes during the
whole reaction process are shown in Figure 2. After 200,000
steps and 100 ps of the reaction, the number of generated H2
reaches a particular value. The energy remains the same

Table 1. Information on Ni−Al Alloys in the ICSD Crystal
Database

number ICSD number Ni−Al atomic ratio crystal structure

Ni−Al-1 58037 1:1 cubic
Ni−Al-2 608784 1:1 tetragonal
Ni−Al-3 107713 2:3 rhombohedral
Ni−Al-4 107937 2:3 trigonal
Ni−Al-5 58038 3:1 cubic
Ni−Al-6 58040 1:3 cubic

Figure 1. Reaction history of the Ni−Al-6 alloy with H2O ((a) 0 ps, (b) 50 ps, and (c) 100 ps).
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because the Ni−Al alloy forms a more stable adsorption
structure after reacting with H2O.
Based on the above calculations, the reaction step was

determined to be 400,000 and the time was 200 ps. In this
range, it can ensure the complete reaction of the alloy with
H2O, and the amount of H2 generation remains the same.
Basic Principle of the Ni−Al Reaction with H2O. The

Ni−Al-6 alloy was used to investigate the mechanism of H2
production. The reaction mechanism was determined by
adding 20 H2O to a 150 atoms cluster box and observing the

mechanism using the H tracking method, which can be divided
into three different H2 production mechanisms based on the
different ways of H production. Al on the cluster surface in the
Ni−Al alloy is an adsorption site for the O atom, and Ni has a
good adsorption effect on H. The mechanism of the first kind
of H2 production is shown in Figure 3. First, H2O is adsorbed
by Al to form an *OH2 structure. The adsorbed *OH2

structure will take off H to create a free-state H due to the
relatively stable Al−O bond, as shown in Figure 3d. The free-

Figure 2. Reaction of Ni−Al-6 with water to produce H2.

Figure 3. H2 production process of the Ni−Al alloy reacting with H2O ((a) H tracking and (b−f) H2 production process).

Figure 4. H2 production process of the Ni−Al alloy reacting with H2O ((a) Ni−H and (b) H2O dehydrogenation).
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state H will interact with *OH2 to make *OH2 dehydrogen-
ation to generate H2.
The primary reaction mechanism of H2 is *OH2

dehydrogenation. Figure 4 shows other processes which
produce a small number of H atoms. Figure 4a shows that
the adsorbed-state *OH2 structure formed first and adjacent
Ni atoms adsorb the H on *OH2. Then, the O−H bond is
broken to begin *H adsorption by Ni atoms alone. Finally, *H
dehydrogenates into free-state H for H2 generation. Figure 4b
shows that the free-state H2O molecules are directly
dehydrogenated to produce H atoms.

During the reaction of the Ni−Al alloy with H2O, the
adsorbed H2O will shed different amounts of H to form other
stable structures due to the different positions of the cluster
surface, as shown in Figure 5. Figure 5a shows H2O shedding
two H atoms, and Al adsorbs the remaining O atom to form
Al3O or the Al−O−Al structure. Figure 5b shows H2O
shedding one H atom to create Al2ONiH, Al3ONiH, AlONiH,
etc. Figure 5c shows the AlONiH2 structure formed by H2O
without shedding H atoms. In conclusion, the reaction process
will generate H2 by the process of *OH2 or *H dehydrogen-
ation. Due to the higher activity of Al than Ni, the reaction
process is dominated by the *OH2 dehydrogenation adsorbed

Figure 5. Stable structure formed by the reaction of the Ni−Al alloy with H2O ((a) Al3O, (b) Al2ONiH, and (c) AlONiH2).

Figure 6. Reaction history of Al and Ni with H2O ((a) pure Al and (b) pure Ni).

Figure 7. Reaction of Al and Ni with H2O to produce H2.
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by Al. Eventually, all of them will form a particular form of a
stable structure, where the generation of H2 reaches a
maximum, and the energy of the system reaches a minimum.
The results were verified for Al and Ni alone under the same

force field and simulation conditions, and the results are shown
in Figures 6 and 7. As can be seen from Figure 6a,b, Al is the
active adsorption site for O and Ni is the active adsorption site
for H, which is consistent with the conclusions obtained from
the simulation calculations for the Ni−Al alloy. The number of
H2 generations is shown in Figure 7. Al alone produces a large
amount of H2 and Ni produces almost no H2 which indicates
that H2 is mainly generated through H2O adsorbed by Al,
*OH2 dehydrogenation, which is also consistent with the
results of Ni−Al alloy simulation calculations. Through the
simulation calculation of Al, Ni with H2O, not only the
accuracy of the results of the Ni−Al alloy is confirmed but also
the applicability of the used force field is verified.
Effect of the Crystal Structure of Different Ni−Al

Alloys. Simulations were carried out for alloys with different
crystal structures of Ni−Al atomic ratios of 1:1 and 2:3. Figure
8 shows the results of H2 production for two other crystal
structures with atomic ratios of 1:1. The Ni−Al-1 crystal
structure is simple cubic and the Ni−Al-2 crystal structure is a
simple square. The results show that the rate of H2 production
and the number of H2 generated are basically the same, and the
number of H2 generated is around 8. The simulated data of
another set of atomic ratios of 2:3, the Ni−Al-3 crystal with a
rhombohedral lattice and the Ni−Al-4 crystal with a triangular
lattice. The results show that the H2 production rate is the
same and the H2 generation number of Ni−Al-3 is higher than
that of Ni−Al-4. As shown in Figure 9, the number of H2
generated by Ni−Al-3 is around 20, while Ni−Al-4 only
generates about 10.
The reason is explored by the surface atoms of different alloy

clusters. Figure 10 shows the surface atoms distribution of Ni−
Al-1 and Ni−Al-2 clusters. Ni and Al are the same for both
structures. In contrast, the surface atomic numbers of Ni−Al-3
and Ni−Al-4 are pretty different. Although there are only 80
atoms on the surface of Ni−Al-3, the number of Al reaches 57,
and the number of Ni atoms is 23, adsorbing 160 H. However,
the number of Al atoms on the surface of Ni−Al-4 is the same,

and the number of Ni reaches 39, adsorbing 180 H. By
comparison, the H2 production numbers of Ni−Al-1 and Ni−
Al-2 are the same, which is attributed to the consistent number
of Al and Ni atoms on the surface. The H2 produced by Ni−
Al-4 is significantly lower than Ni−Al-3 because the number of
Ni atoms on its surface is higher than Ni−Al-3. Ni is a highly
active adsorption site for H, which leads to the reduction of the
number of H2O dehydrogenated and tends to form stable
structures such as AlONiH2 and Al2ONiH. There is no
difference in H2 production rates due to the fact that the
number of surface active Al atoms is high enough to
preferentially carry out the process of *OH2 dehydrogenation
to generate H2.
The results show no difference in the H2 production

capacity of simple cubic and orthorhombic Ni−Al alloys.
However, the H2 production capacity of a simple trigonal
crystal structure is significantly higher than that of a triangular
lattice because different crystal structures affect the number of
atoms of Ni−Al and the chemical environment (edges, angles,
vertices, etc.). In conclusion, alloy clusters with different crystal
structures have distinct surface atomic numbers and chemical
environments, resulting in various H2 production capacities for
reactions with H2O.

Figure 8. H2 production diagram of different crystal structures with an atomic ratio of 1:1.

Figure 9. H2 production diagram of different crystal structures with
an atomic ratio of 2:3.
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Effect of Different Ni−Al Atomic Ratios. The same
crystal structure alloys with different Ni−Al atomic ratios were
selected for the simulations, and the Ni−Al atomic ratios were
1:3, 1:1, and 3:1, respectively. The results are shown in Figure
11. When the Ni−Al atomic ratios are 3:1 and 1:1, the H2

production activity is low. While the ratio is 1:3, the H2
production activity increases substantially. Therefore, the H2
production capacity and the H2 production rate increase
significantly as the Ni−Al atomic ratio decreases.

Figure 12 shows the number of Ni and Al atoms on the
surface of the three scaled alloys. The number of Al atoms on
the surface of the Ni−Al-6 cluster is significantly higher than
Ni−Al-1 and Ni−Al-5, which indicates that the *OH2
dehydrogenation process dominates the H2 production process
by Al adsorption. The difference in the number of H2
production between Ni−Al-1 and Ni−Al-5 is insignificant
because Ni−Al 5 has more Ni atoms on the surface. Some H2
generation reaction occurs through *H desorption by Ni
adsorption, but the number of H2 generation by this process is
lower than *OH2 generation by Al adsorption.
By comparison, the H2 production activity of Al is higher

than Ni. The higher the number of Al atoms on the surface, the
more favorable it is for H2 production. The excessive number
of Ni atoms will produce H2 through the desorption of *H, but
it is easier to form stable adsorption structures such as
AlONiH2 and Al2ONiH, which inhibit the desorption process
of * OH2. In summary, the rate and the number of H2
production increase substantially when the Ni−Al atomic
ratio is lower. The H2 production capacity decreases
considerably as the ratio increases, which is attributed to the
decrease of the *OH2 desorption process and the inhibition of
the H2 production reaction by Ni.
Simulation of Different Numbers of H2O. The Ni−Al-6

alloy with a high H2 production activity was selected, and the
results were calculated by adding different numbers of H2O, as
shown in Figure 13. With the increase of H2O, the H2
production rate gradually increased and the number of H2
produced also steadily increased. However, the H2 production
proportion was the first to rise and then decrease, as shown in
Figure 13b. The H2 production proportion reaches a maximum
when the number of H2O is about 50. In contrast, the H2
production proportion decreases significantly when H2O
increases or decreases.
The results of the H2 production rate and the number

generated show that the increase of H2O benefits the reaction.
When the number of H2O is lower, it is more challenging to
dehydrogenate H2O adsorbed by the active sites, which tend to
form stable structures such as AlONiH2 and Al2ONiH2. With
the increase of H2O, there are more active sites to adsorb H2O.
The adjacent active sites are basically in this state, and it isn’t
easy to adsorb the same H2O together with the adjacent active
sites. Therefore, *OH2 is easier to dehydrogenate, and the rate
of H2 production and the number of H2 generated gradually
increase. The bottom H2 production proportion under a small
number of H2O is due to the high availability of surface atoms
causing too many adsorbed H2O, resulting in an insufficient
H2O solventized layer to assist *OH2 dehydrogenation,
forming stable structures such as AlONiH2, Al2ONiH2.
When the number of H2O is too high, most H2O is adsorbed
to the clusters, and the surface coverage reaches saturation,

Figure 10. Atom distribution on the surface of alloy clusters with
different crystal structures.

Figure 11. H2 production with different Ni−Al atomic ratios.

Figure 12. Atom distribution on the surface of alloy clusters with different Ni−Al atomic ratios.
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hindering *OH2 dehydrogenation, which is the self-poisoning
phenomenon of Ni−Al alloys.32

Effect of O2. As mentioned above, one of the main
obstacles to H2 generation is the difficulty for the clusters to
recover their original state after the reaction and exist in a
stable adsorbed-state structure, which is due to the high
activity of Al that quickly forms a strong chemical bond with
O, forming an oxide layer that reduces the available sites for
H2O adsorption and decomposition. Figure 14 shows the

results of simulation calculations with the addition of different
molecular numbers of O2. The rate of H2 production and the
number of H2 decrease substantially with the increase of O2.
Because of the highly active adsorption of Al on O in Ni−Al

alloys, the addition of O2 will occupy most of the active sites
and form a stable oxide layer, which reduces the adsorption of
H2O. This effect will be more evident with the increase in O2.
It can also be shown that the Ni−Al alloy has a higher
adsorption effect on O2 than H2O. In the presence of O2, it will
preferentially react with O2 to form a stable oxide layer, which
is the toxic effect of oxygen on Ni−Al alloys.

■ CONCLUSIONS
It is shown that the reaction of Ni−Al alloys with H2O is
mainly the dehydrogenation of the *OH2 structure formed by
Al adsorption, and a small part of H2 is generated by the
dehydrogenation of *H adsorbed by Ni. At the end of the
reaction, Al-adsorbed O and Ni-adsorbed H form a stable
structure. The active sites are occupied, and the number of H2

generations remains stable. Alloy clusters with different crystal
structures and Ni−Al atomic ratios have different numbers of
Al atoms on the surface, resulting in a highly diverse activity.
By adding different initial amounts of H2O, it was concluded
that an optimal dose exists based on alloy clusters. When there
is too little H2O, all cluster surface atoms will adsorb H2O and
tend to form *OH2 stable structures. When there is too much
H2O, H2O will lead to surface saturation and hinder the
dehydrogenation of *OH2 facilities. In addition, the formation
of oxide layers leads to the loss of available surface reaction
active sites, resulting in a decrease in the H2 production rate.
Reactive metal Al with H2O produces large amounts of H2,

but an oxide layer forms in the air, covering the active sites and
inhibiting H2 production. Therefore, understanding how to
prevent the formation of this oxide layer is essential for
developing this H2 production technology. Adding the right
amount of Ni atoms inhibits the rate of H2 production and
makes on-demand H2 production. In the future, further
research using various metal alloys is needed to develop a
method to prevent the formation of this firmly bound oxide
layer and to achieve precise regulation of the rate and amount
of H2 production.
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