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ABSTRACT

First-principles calculations have been performed to study hydrogen incorporation into the
MAX phase Ti3AlC,. It is found that H atoms are thermally favorable to be incorporated into
the interstitial sites of Ti-Al layers in stoichiometric TizAlC,. Only when C vacancies exist,
H atoms can be incorporated into Ti-C layers. In Ti-Al layers, the hexagonal interstitial site
(Inexa) consisting of three Al atoms and two Ti atoms, the tetrahedral interstitial site (Iiet,-2)
consisting of one Al atom and three Ti atoms, and the octahedral interstitial site (Ioct-3)
consisting of three Ti atoms and three Al atoms are all possible sites for H incorporation.
Among them, [i,-2 is the most stable one, followed by I,.+-3, and the last one is I} ex, Sites.
The linear synchronous transit optimization study shows that the diffusion of H in the Ti-
Al layers is feasible which could be helpful for the continuous insertion and the following

Diffusion extraction of H in TizAlC,.
Vacancies Copyright © 2016, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.
X ceramics, such as low density, high bulk modulus, good high-
Introduction

temperature stability, high thermal and electrical conductiv-
ity, excellent thermal shock resistance, and microscale

The MAX phases (M, 1AX,, where n = 1, 2 or 3, M is an early
transition metal, A is an A-group element, and X is either
carbon or nitrogen) are a group of layered hexagonal com-
pounds which contain two alternately stacked fundamental
structural units: the non-stoichiometric transition metal car-
bide or nitride slabs in NaCl-type crystal structure and the
close-packed A-group atomic plane [1—-3]. Due to the struc-
tural characteristics, MAX phases exhibit some outstanding
properties combining the advantages of both metals and
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ductility at room temperature, etc. [4—6].

Among these compounds, Ti5AlC, is one of the most light-
weight and oxidation resistant layered ternary carbide and it
has been extensively studied by many researchers [7—11].
According to these works, Ti3;AlC, holds promise in diverse
applications such as high temperature structural component
[8,9], machinable ceramics, kiln furniture, heat exchanger [10],
structural and fuel coating applications in future fission and
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fusion reactors [11-13], raw materials to synthesize the
graphene-like transition metal carbides [14—16] and so on.

Besides the above applications, it is considered that TiAlC,
may also be used in hydrogen storage field according to recent
works [17]. During studying the hydrogen storage in TiCy, it is
found that carbon vacancies and stacking faults (SFs) are very
helpful for the storage and diffusion of H [18—22]. H diffusion
in SFs layers of TiCx is much easier than that in normal
stacking layers [19—-21]. Therefore, it is deduced that intro-
ducing SFs should be an efficient method to improve the
hydrogen storage ability of TiCy. However, it is difficult to form
large amount of SFs in TiCyx due to high SFs formation energy.
As we know, the structure of TizAlC, could be considered as
two-dimensional close packed layers of Al periodically inter-
calated into the (111) twin boundary of TiCoe; (TisC,), While
the SFs in TiC can be considered as a very thin twin with the
thickness of one (intrinsic SF) or two (extrinsic SF) (111) planes
[23,24]. Therefore, due to the structure similarity between
TizAlC, and SFs in TiCy, it is considered that the TisAlC, can be
used as an effective additive to improve the hydrogen storage
and diffusion in TiCy. In order to verify this assumption, it
should be to clarify how H could be incorporated into TizAlC,
firstly.

Therefore, in this work, the first principles calculations are
used to study the hydrogen incorporation into stoichiometric
TizAlC,, as well as with Ti, Al and C vacancies. In addition, the
diffusion of H in different layers is also examined.

Method of calculations

The calculations are based on the density-functional theory
and performed using the program package CASTEP. The local
density approximation (LDA) was utilized for structure opti-
mization and energy calculation due to its better agreement
with experimental data in study of the hydrogen incorpora-
tion into solids [25]. It is known that, Ti3AIC, crystallizes in
hexagonal structure with space group of P63/mmc, as shown
in Fig. 1. The unit cell of Ti3AlC, consists of alternating layers
of Al and two layers of an edge-shared TiC octahedron. The
lattice constants are a = 3.072 A and c = 18.73 A [26]. The
atomic positions of Ti correspond to 2a and 4f, Al to 2b, and C
to 4f. For the convenience of discussion, Ti atoms at 2a sites
are denote as Ti (1) and those in 4f as Ti (2) in the following
sections. Ultrasoft pseudopotentials (USP) was chosen and the
plane-wave cut off energy of 450 eV was employed in the
calculations, and the grids of K-points were sampled by
9 x 9 x 4. The self-consistent field (SCF) tolerance was set to be
5.0 x 1077 eV/atom. During the calculations, all atoms in the
supercell were fully relaxed. The convergence was achieved
by allowing atoms to relax until the force on each atom was
less than 0.01 eV/A.

The formation energies of H atoms occupying different
sites in stoichiometric Ti;AlC, are first calculated by

EFe

T &)
Where n is the number of H atoms, El¥! is the total energy of
the system with n H atoms, E, is the total energy of Ti;AlC,,
and E™ is the total energy of the hydrogen molecules [27].

Then, Ti, C and Al vacancies are introduced in TisAlC,, and
the formation energies of H atoms occupying these vacancies
are calculated by

Ef =EM-Ve _EVe _ YIE—HZ 2
'f = Dot tot 2

Where ETHV¢ is the total energy of the TisAlC, with a vacancy
and n H atoms, E}% is the total energy of Ti;AlC, with a
vacancy.

During studying the diffusion of H in TisAlC,, the linear
synchronous transit (LST) optimization method was used. In
LST optimization, a series of single point energy calculations
are performed on a set of linearly interpolated structures be-
tween an initial and final state. The maximum energy struc-
ture along this path provides a first estimate of the transition
state structure. Then, an energy minimization in directions
conjugate to the reaction pathway is performed [28|. This
yields a structure closer to the true transition state which can
be used to determine the energy barrier of the diffusion
process.

Results and discussion

The H incorporation into stoichiometric TisAlC, is firstly
studied. As mentioned above, TizAlC, has layered hexagonal
structure with space group of P63/mmc. There are a variety of
high-symmetry interstitial sites in Ti3AlC, and all of them fall
into two parts: the interstices in the open space in Ti-Al layers
and the ones in compact Ti-C layers. In order to gain a precise
understanding of H incorporation into TizAlC,, the possible
stable interstitial positions in Ti-Al as well as Ti-C layers are
all considered. Fig. 1 shows the possible occupation sites for H
in both cases. For Ti-Al layers, there are three kinds of inter-
stitial sites: the tetrahedral interstitial site Ie-1 consists of
three Al atoms and one Ti atom, the tetrahedral interstitial
site [e-2 consists of three Ti atoms and one Al atom, the
octahedral interstitial site I,.-3 which is centered in an octa-
hedron consists of three Ti atoms and three Al atoms. They
are designated as number 1, 2 and 3, respectively in Fig. 1. For
Ti-C layers, since C atoms occupy the octahedral interstitial
sites, only the tetrahedral interstitial sites are considered to be
original sites for H during the calculations. One kind of the
tetrahedral interstitial sites designated as Iiw-4 consists of
one Ti (1) and three Ti (2) atoms; the other one is designated as
Lietr-5, and consists of three Ti (1) and one Ti (2) atoms. They
are illustrated as number 4 and 5, respectively in Fig. 1. After
the convergence test, it is found that the 2 x 2 x 1 supercell
can reach convergence with reasonable accurateness, which
is in agreement with previous works [29,30]. Taking H incor-
poration into li-2 as an example, the calculated formation
energy is —0.551 eV for 2 x 2 x 1 supercell, —0.557 eV for
2 x 3 x 1 supercell, —0.566 eV for 3 x 3 x 1 supercell, respec-
tively. As lager size supercell will cause much more compu-
tational time consuming, the 2 x 2 x 1 TizAlC, supercell is
used in this work.

The formation energies for H incorporation into various
interstices are calculated by Equation (1) and the results are
shown in Table 1. It can be seen that the formation energies
for H incorporation into all the interstitial sites in Ti-Al layers
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