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Structure and stability of pristine and modified NaAlH, are first investigated using density functional theory (DFT) with
plane-wave basis and PW91 functional. Vacancy and Ti-dopant effects in the sodium alanate bulk, (00 1) surface, and
on-top (00 1) surface are then studied considering Na and interstitial lattice sites. Calculated substitution energies of
Ti-doped (00 1) NaAlH, surfaces have shown almost equal probability of substitution at both lattice and interstitial sites.
Ti—Al-H complexes are formed depending on the accessible AlH, groups around the Ti dopant. TiAl,H; and TiAl,H,
complexes are found after geometry optimising doped-NaAlH, surface models. Their stability and dynamics over time at
423 and 448 K are investigated using periodic density functional molecular dynamics (DFT-MD) simulations. Results
have shown increased association of Al and H with the complexes as time evolves. DFT-MD simulations show evolution
from TiAl,H; to TiAlsH; as time and temperature increase in case of Ti dopant at Na surface site (Ti — Sna), and
evolution from TiAl,H, to TiAl3Hg at 423 K and TiAl;H; at 448 K in case of Ti dopant on-top of the interstitial surface

site (Ti — Ty) with time.
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1. Introduction

Targets set by the United States Department of Energy
(DoE) for the development of on-board storage materials
include systems able to achieve a gravimetric hydrogen
density of about 9wt% and volumetric density
~ 81 kg/m® by 2015, including reversibility of hydrogen
storage and release [1]. Complex metal hydrides are
considered promising hydrogen storage materials due to
their potential for achieving the gravimetric and
volumetric hydrogen storage densities set by the DoE
[2]. However, the practical use of complex metal
hydrides in transportation applications is currently
limited by their slow hydrogen absorption/desorption
kinetics and high temperatures for hydrogen release.
Sodium aluminium hydride (sodium alanate,
NaAlH,) is one of the most investigated light metal
hydrides due to its high hydrogen content and ability to
speed up the reversible hydrogen absorption/desorption
kinetics by addition of transition metal dopants, such as
zirconium, vanadium and in particular titanium through
the incorporation of Ti-containing compounds, such as
TiCl; [3-7]. Two hypotheses have been drawn from
those studies. Either titanium forms a catalytically active
complex with components of NaAlH,, or it performs
lattice substitutions with Na [7-10] or Al [11] or
both [12]. When the formation of NaCl due to the
titanium salt used is possible, experiments show that Na

sites are preferred by Ti dopant over Al sites since the
overall energy required to replace Na by Ti is less
compared to the energy required to replace Al by Ti [13].
This observation is consistent with the experimental
work by Fichtner et al. [10], who reported preference of
Ti dopants for Na over Al sites. In a recent XANES and
EXAFS work by Baldé et al. [14] interstitial sites and
sites on the hydride surface are reported to be the
preferred ones for titanium. In spite of these obser-
vations, the preferred sites for Ti dopant in the NaAIH,
lattice are still debated in the literature.

Besides preferred sites for Ti dopants, resulting
compounds from ball milling with titanium salts and
cycling at various temperatures are also extensively
investigated, since they are believed to be responsible for
the improved hydrogen desorption kinetics by Ti-doped
NaAlH,4. DFT studies by Lee et al. [15] suggested that
Na and Al substitution by Ti in sodium alanates is
unfavourable; however, the formation of TiAl; is
thermodynamically favourable. Experimental EXAFS
studies by Chaudhuri et al. [16] also showed the formation
of stable intermetallic species resembling TiAl;. Brinks
et al. [17,18] have showed the formation of a solid
Al, _,Ti, solution with x ~ 0.07 after cycling at 160°C.
Haiduc et al. [19] found an hcp-Ti(Al) solid solution after
doping with TiCl;, and an XRD-amorphous phase when
NaAlH4 was doped with Ti(OBu)4. These authors have
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Figure 1. (a) Calculated ground state structure of NaAlH, unit
cell atom colours: purple-sodium, magenta-aluminium and
grey-hydrogen. (b) Electron density maps of slices parallel to X
and Y axes in NaAlH, unit cell. The highest (max) and lowest
(min) electron densities are blue and red, respectively. (c) Total
(TDOS) of NaAlH, and partial (PDOS) density of states of Na,
Al and H in NaAlH,.

also observed that the composition of those Ti compounds
is temperature dependent. At temperatures up to 175°C an
amorphous Al-Ti alloy is formed, while at temperatures
higher than 200°C intermetallic phases of the Al,Ti form
are present. Baldé et al. [14] also observed the formation
of crystalline TiAly after heat treatment at 475°C and
amorphous TiAl; at 225°C. From all these studies, the
presence of one or more phases of Ti—Al compounds
is expected to tune the thermodynamics and kinetics of
Ti-doped sodium alanates. Moreover, the surface
morphology of the doped particles may also affect the
kinetics of hydrogen desorption [20,21]. In spite of all
experimental and theoretical investigations on this topic,
the basic role of titanium dopant in the formation of key
intermetallics for improved hydrogen kinetics by sodium
alanates is still unknown.

In this work, lattice structure and stability upon Ti
doping at different bulk, surface and interstitial sites in
NaAlH, are first investigated using DFT with plane-wave
basis. Formation of Ti—Al-H compounds are then
identified and their dynamics investigated using periodic
density functional molecular dynamics (DFT-MD)
simulations in order to understand the temperature effect
on titanium atom diffusion in the doped-NaAlH4
following chemisorption.

2. Methodology

Generalised gradient approximation (GGA) calculations
within the DFT formalism is used in this paper for the
study of structure and stability of pristine and modified
sodium alanates. The Perdew and Wang (PWO9I)
functional [22] and plane-wave basis (PW) set with
valence electrons described by Vanderbilt ultra-soft
pseudopotentials (USPP), is employed in all the
calculations as implemented in the module CASTEP®
[23] of the Materials Studio® software by Accelrys, Inc.
[24]. DFT using plane wave basis set with valence
electrons described using USPP or projector augmented
wave are commonly used to determine the structure
and energetics of NaAlH, and Ti doped NaAlH,
[11,13,15,16,25-31]. All the geometry optimisation
calculations performed are spin-unpolarised. The cutoff
energy is 400eV with convergence criteria set at
2.0 X 107> eV atom ', and a k-point separation of
0.05A ! on unit cells and super cells. Electron density
maps as well as total and partial density of states plots are
calculated for the systems under investigation.

In order to study the temperature effect on titanium
atom diffusion in Ti doped-NaAlH, following chemi-
sorption, DFT-MD simulations are conducted as
implemented in CASTEP at 423 and 448 K. In DFT-
MD, each step performs a classical molecular dynamics
step with forces computed at the aforementioned
GGA/PWO91/PW-USPP theory level. NVT ensemble
dynamics is used in this calculations considering a
Nose—Hoover thermostat with a chain length of 7
(number of thermostats coupled to maintain the target
temperature in the ensemble). With the wavefunction
extrapolation scheme implemented in CASTEP®,
usually time steps in the order of 1 femtosecond
(1fs = 107" s) provide good numerical stability and
conservation of the constant of motion comparable to
force field based molecular dynamics methods [32]. The
time-step used for the simulations is 2 fs, and results from
2-ps simulations are reported here. The mean signed
deviation in the constant of motion observed in our
calculations is in the order of 4.5 kJ/mol.

3. Results
3.1 Structure of pristine NaAlH

A sodium alanate unit cell (Figure 1(a)) is built according
to its tetragonal structure, which belongs to the I41/a
space group (#88) with sodium, aluminium and hydrogen
atoms occupying the 4(a), 4(b) and 16(f) Wyckoff
positions, respectively, with xy = 0.2662, yy = 0.6084
and zy = 0.0442 [31]. Calculated DFT ground state
NaAlH, lattice parameters and bond lengths (Table 1) are
well in agreement with the values reported by Hauback
et al. [33] from their neutron diffraction experiments.
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Table 1. Calculated structural parameters of NaAlH, unit cell.

Calc. (A) Expt.? (A)
Lattice parameters a=>b=4982 a=b=498
c=11.149 c=11.15
Na-Al 3.523 3.52
Al-H 1.612 1.63

*From [32].

The NaAlH, electron density maps are shown in
Figure 1b, where a coloured scale is used to quantify the
electron density within the lattice (highest, blue and
lowest, red). According to this scale, not only valence but
also core electrons densities are represented and there-
fore, all atomic species are coloured blue. Figure 1(b)
shows higher electron density within the AlH, groups
than between Na atoms and AIH, complexes as expected
for this crystal. From the NaAlH, total (TDOS) and
partial (PDOS) density of states plots (Figure 1c), it can
be noticed that the valence band of NaAlH, is mainly
formed by contributions from the s orbital of hydrogen
and the p orbital of aluminium, while the electronic states
containing the s orbital of sodium are in the conduction
band. The calculated band gap of the NaAlH, cell is
4.9¢eV, which compares well with the value of 4.8eV
reported by Ozolins et al. [31].

3.2 Structure of modified NaAlH 4

In this section, vacancy and Ti-dopant effects in the sodium
alanate bulk (Figure 2(a)), (00 1) surface (Figure 2(b))
and on-top (001) surface (Figure 2(c)) are studied
considering Na and interstitial sites. Structure and
energetics of pristine and modified NaAlH, models are
presented and discussed in terms of bond lengths, TDOS,
PDOS and cohesive (E..,), substitution (AEg;y) and
titanium-addition (AE,q) energies. Cohesive energy is
defined as the difference between the energy of the
total system and the sum of the individual atomic energies.
The substitution energy per atom of Na by X ( = vacancy

(b)

Molecular Simulation 203
or Ti), AEps is defined by Equation (1)

Ecoh (XNan—I Aln H4n) - Ecoh (Nan Aln H4n)

AE subst — N

(D

where N is the total number of atoms in the model, n = 16
for bulk substitution and n = 8 for surface substitution,
respectively, according to the lattice models used. The
energies per atom resulting from titanium-addition to
interstitial and on-top surface sites, AE,qq, is defined by
Equation (2).

Econ(TiNagAlgH3z) — Econ(NagAlgH3z)

AE 4 = N

2

3.2.1 Bulk models

A (2 X 2X 1) supercell consisting of 16 NaAlH, units
(Na;cAligHgs) with N = 96 atoms is built by extending
the tetragonal I4,/a sodium alanate cell twice along the
‘a’ and ‘b’ lattice dimensions. A Na atom inside the
NaAlH, bulk occupying the By, site (Figure 2(a)) is
chosen to be removed (vacancy creation) or substituted
by a Ti dopant. Hence, lattice models representing a
vacancy at this Na bulk site (0 — By,) and Ti in By, site
(Ti — Bya) are constructed and geometry optimised
using plane wave DFT techniques. Changes in structure
and energetics due to vacancy (0 — By,) and Ti dopant
in NaAlIH, bulk (Ti — Byy,) are discussed in detail in our
earlier paper [34]; however, the main conclusions are
summarised here.

Calculations show that the lattice structure is
preserved in both cases (0 — By, and Ti— Bya),
however, changes in bond lengths are seen mainly in
the Ti — By, case (Table 2). The first row in Table 2
represents the average By, nearest neighbouring Al-X
bond lengths, where X = Na (pristine), 0 (0 — By,) and
Ti (Ti — Ba); that is either the By, site is occupied by
Na, left vacant or replaced by the Ti dopant. The native

(©)

Figure 2. Models of NaAlH, with different sites tested for Ti dopants. (a) Bulk: Na lattice site “By,” (b) Surface: Na lattice site “Sy,”
and interstitial site “S;” in the surface of NaAlH, and (c) sites “Ty,” and “T;” on the NaAlH, surface. Purple, magenta and white/grey

represent Na, Al and H atoms, respectively.
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Table 2. Bond distances between Al and H with vacancy (0) and Ti dopant in bulk Na site (By,).

Species in By, site

Bond lengths (1&) Na 0 Ti

Al 3.523 - 3.219

H 2.410 - 2.028
Al—H (nearest neighbours) 1.612 1.583-1.626 1.599-1.671
Na—Al (nearest neighbours) 3.523 3.477 3.400
Al-H (average, other than nearest neighbours) 1.612 1.611 1.606

Al-Na bond length 3.523 1&; however, when Na is
substituted by Ti dopant the new bond length, Al-Ti, is
decreased by ~0.3 A. The second row in Table 2
represents the average By, nearest neighbouring H-X
bond lengths (X = Na, 0, Ti). The calculated H-Ti
bond length is ~2A, which is 0.4 A shorter than the
corresponding Na—H in pristine sodium alanate.

The third and fourth rows in Table 2 show values for
the By, nearest neighbouring Al-H and Na-Al bond
lengths. These Al-H bond lengths increased in the order
of 0.06 A for Ti — Bna, wWhereas a slight increase in this
distance (by 0.014 A) is found when 0 — By Significant
decrease in the Na— Al bond lengths (~0.12 A) compared
to the Al-H distances is found when titanium substitutes
Na in By,, where as the decrease in Na—Al distance when
Na is substituted by a vacancy is in the order of 0.05 A
when compared to the pristine lattice. Finally, the fifth
row in Table 2 represents the average Al—H bond lengths
other than the By, nearest neighbouring distances in the
AlH, groups. Relative to the Al-H bond lengths in
pristine NaAlH,, the corresponding distances decrease by
0.005 A in the Ti — By case and remain almost the same
when 0 — By,

All the structural differences found mainly when
Ti — By, can be attributed to the difference in atomic
radii of sodium (1.86 1&) and titanium (1.47 A) atoms.
The presence of titanium dopants replacing the native
sodium sites By, results in a decrease of the lattice
parameters, and shows changes in the distances between
sodium and hydrogen as well as aluminium and
hydrogen. Elongation and therefore weakening of

Al-H bond in the presence of a Ti at By, is observed
and supported by calculations of density of states and
electron density maps from the changes in the overall
electronic structure [34]. Change in the electronic
structure indicates possible formation of intermetallics
such as Ti—Al and Ti—H compounds. From the cohesive
energy calculations (Table 3) is seen that Ti — By, is
1.88 eV more stable than the pristine NaAlH,, and the
later is 6.85eV more stable than the case in which a
vacancy is created at By, (0 — Byu).

In order to get insights on Ti diffusion into the
NaAlH, bulk, surface models of sodium alanate are built
and Ti-substituted surface Na as well as Ti addition in
surface interstitial sites, and on-top Na and interstitial
surface site models are investigated and discussed in the
next section.

3.2.2  Surface and on-top surface models

The (00 1) NaAlH, surface is investigated in this work.
This surface is found to be closely packed and has the
least surface energy compared to the NaAlH, (100),
(101) and higher order crystallographic planes such as
(110) and (112) [13]. In order to facilitate modelling
of Ti doping on and above the (00 1) NaAlH, surface, a
two-layer slab exposing the (001) NaAlH, crystal-
lographic surface with a vacuum thickness of 5 A is built
by cleaving the (2 X 2 X 1) supercell to expose the
(001) crystal surface (Figure 3). The total system then
consists of 8 NaAlH, units (NagAlgHs,) containing
N = 48 atoms.

Table 3. Cohesive energy relative to pristine system, E..u*, Ti-addition energy, AE1; and substitution (vacancy (0) — Na and

Ti — Na) AE; energy.

Site Species in site System E.on* (eV) AEqy; (eV atom™ ) AE s (eV atom™ )
BNa Na Na16A116H64 0.00
0 N315A116H64 —6.85 —0.07
Ti TiNa 1 5A1 1 6H64 1.88 0.02
SNa Na NagAlsH32 0.00
0 Na7A18H32 —6.68 —-0.14
Ti TiNa;AlgHs» 3.23 0.07
SI Ti TIN38A18H32 6.58 0.13
Tra Ti TiNagAlgHs, 3.89 0.08
TI Ti TlNagA18H32 3.46 0.07
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Figure 3. Representative model for (00 1) NaAlH, surface
with atoms labelled for reference. Test sites on surface (Sy, and
Sp) as well as on top surface (Tn, and T;) are shown.

Six different models are constructed to investigate
vacancy creation and effects of Ti dopants. Test sites for
substitution/addition of point defects (vacancy, Ti
dopant) are designated as ‘Sn.’ (Na lattice site in top
layer) (Figure 2(b)), ‘Sy’ (interstitial site between two Na
lattice sites and two Al lattice sites in top layer) (Figure
2(b)), ‘Tna’ (site on top of Sy,) and “Ty’ (site on top of Sy)
(Figure 2(c)). Hence, the six models considered are
Na — Sy, (pristine), 0 — Sy, (vacancy creation on the
surface at Sy, site), Ti — Sy, (Ti-substituted Na at Sy,),
Ti — S; (Ti added to the interstitial surface S; site),
Ti— Tna (Ti placed on-top the surface Sy, site), and
Ti — Ty (Ti placed on-top the surface interstitial Sy site).

Constructed models are geometry optimised and
ground state conformations are shown in Figure 4 for the
models considering titanium. The Ti dopant (red) at Sy,
Ti— Sna model (Figure 4(a)), settles between the
surface and sub-surface layers forming bonds with
hydrogen and aluminium atoms in surrounding acces-
sible AIH, groups. This creates a distortion in the crystal
lattice mainly due to the difference between ionic radii
of titanium and sodium atoms. From the Ti local
environment in the Ti — Sy, model it is observed that
the Ti atom coordinates to seven H atoms at distances in
the 1.81-1.97A range, and two aluminium atoms at
distances in the 2.6-2.7 A range. Up to eight hydrogen
and five aluminium atoms have been found at distances
from the Ti dopant in the 1.84—2.00 A and 2.61-3.40 A
ranges, respectively, in this case [13]. Since typical Ti—
Al and Ti—H bond lengths in TiAl and TiH compounds
such as TiAl; and TiH, are in the 2.7-29A [35] and in
the order of 1.92A [35], respectively, the possible
formation of a Ti— Al-H complex (TiAl,H) is predicted

Molecular Simulation 205
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Figure 4. Optimised models of Ti doped NaAlH, surfaces
with Ti dopant occupying different test sites ((a) Sna, (b) Sy,
(¢) Tn, and (d) Ty).

in our calculations. In such complex, the calculated
average distance between Ti dopant and the two nearest
neighbouring Al atoms (AI2 and Al8) is 2.65 A, and the
seven nearest neighbouring hydrogen atoms is 1.9A in
very good agreement with bond lengths in typical TiAl
and TiH compounds.

The optimised Ti — S; model (Figure 4(b)) shows
that Ti dopant resides in the interstitial space right below
the surface and forms a Ti—Al-H complex with
neighbouring lattice Al and H atoms. From the Ti
dopant local environment in this model it is observed that
the Ti coordinates to five H and three aluminium atoms at
distances in the 1.81-1.90 and 2.51-2.93A (average
2.75A) ranges, respectively. Hence, the possible
formation of a TiAlz;Hs complex is seen in the Ti — S;
case.

After placing the Ti dopant on-top the surface Na
site, Tna, (Ti — Ty, model, Figure 4(c)), it migrates to
the T site during the geometry optimisation calculation.
After optimisation is complete, the Ti dopant resides
above the crystal surface and therefore, little distortion is
introduced in the NaAlH, lattice structure. In this case, a
more localised Ti—Al-H complex is formed. The Ti
atom is coordinated to three hydrogen and two
aluminium atoms at distances in the 1.74-1.86 and
2.50-2.75 A ranges, suggesting the possible formation of
a TiAl,H; compound. Similarly in the case of Ti — Ty
model (Figure 4(d)), the Ti dopant resides above the
crystal surface and therefore, little distortion is
introduced in the NaAlH, lattice structure. A TiAl,H,
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Figure 5. TDOS and PDOS plots from optimised (a) pristine, (b) Ti — Sy, and (c¢) Ti — Ty models.

compound seems to form with Ti—H bond length of
1.73 A and Ti— Al bond lengths in the 2.74-2.77 A range.

From the cohesive energy calculations (Table 3), the
cohesive energies of models Ti— Sy, Ti— S,
Ti — T, and Ti — T are higher than to corresponding
to pristine NaAlH, surface model, and therefore possible.
In order to analyse the preferred sites for titanium
dopants on the (001) NaAlH, surface, the energy
required to perform Ti — Sy,, Ti— S;, Ti — Ty, and
Ti — T; with respect to the pristine case is calculated.
Hence, the substitution energy Equation (1) for the
Ti — Sy, model and titanium-addition energies Equation
(2) for the Ti — Sy, Ti — Ty, and Ti — Ty models are
computed. Calculations show that the energy required for
such substitution/addition is Ti— Sy, = Ti — T}
<Ti— Tna <Ti— S; (Table 3). The difference
between the energy required for Ti — Sy, and Ti — Ty
is 0.003eV atom ', while the energy required for
Ti— S is substantially higher than the corresponding
one in the other three cases. Since the energy required for
Ti — Sna and Ti — Ty is less compared to others, these
two sites (Sny. and Tp) and probably Ty, would be
preferred by the Ti dopants over S;. However, occupation
of the S; sites by Ti dopant would be also possible at
elevated temperatures due to increased supplied energy
as well as diffusion of the dopants on the surface and/or
into the lattice.

3.2.3 Density of states

Similar DOS plots are obtained for the optimised
Ti — Sna and Ti — Ty models (Figure 5). Looking at the
contributions from different atomic orbitals of Ti, Al and
H species in doped-NaAlH, it is possible to elucidate the

particular Ti—Al-H complexes that form when
Ti — Sna and Ti — Ty in NaAlIH, take place. A shift in
the Fermi level towards the conduction band is seen with
introduction of Ti dopant in the lattice at both, Sy, and T
sites. The calculated band gaps are, respectively, 1.00
and 0.93eV in the Ti— Sy, and Ti— T} models.
The pristine NaAlH, TDOS plot (Figure 5(a)) shows
contributions from the s orbital of hydrogen and the p
orbital of aluminium. The TDOS and PDOS of the
Ti — Sy, model (Figure 5(b)) show that the energy states
found right below the Fermi level are mainly formed by
contributions from the d orbital of titanium, while in
the case of Ti — T; (Figure 5(c)), they are formed by
contributions from the d orbital of Titanium and p orbital
of aluminium.

In Ti— Sy, model, Ti is coordinated to two
aluminium and seven hydrogen atoms. Moreover, since
the individual Al-H bond lengths increase with respect
to the bonds in the pristine lattice (bond lengths in the
AlH, groups are increased by 0.03-0.20 A), the possible
formation of a TiAl,H; complex is suggested.

In the case of Ti— T}, Ti is coordinated to two
aluminium and two hydrogen atoms, and since the
individual Al-H bond lengths in the AIH, groups are
increased (by 0.20 A), the possible formation of a
TiAl,H, complex is predicted. Hydrogen atoms H3 and
HS (Figure 3) that were previously bonded to aluminium
in pristine NaAlH,, have shown no significant interaction
with Al after optimisation of the Ti — T; model; Al-Ti
and Al-H average bond distances are 2.75 and 1.77 Ain
the TiAl,H, complex, respectively.

From these studies we can conclude that the energy
required to free the hydrogen atoms bound to AlH4
groups in pristine NaAlH, is decreased due to
introduction of titanium, resulting in the possible
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423K

Ti at Na Lattice Site (Ti—Sy,)

Top Layerg, /

Lce o
© .

Initial (0 ps)

Figure 6. Snapshots showing the time evolution of TiAl,H; complexes in Ti — Sy, model at two time steps from DFT-MD
simulations at 423 and 448 K. Atom colours: Red (Ti), magenta (Al) and grey/white (H). Hydrogen atoms encircled in black represent
number of hydrogen atoms associated with the complex as a result of hydrogen hopping from AlH,4 groups other than that are shown in

the picture.

formation of TiAl,H; and TiAl,H, complexes with
hydrogen atoms shared between Al and Ti. DOS of Ti
doped NaAlH, of Ti—Al-H complexes, illustrates a
possible catalytic role of Ti, i.e. lowering the formation
energy of AIH;-type species and therefore, the barrier for
H, desorption.

Our DFT results show that the complex observed in
Ti — Ty model is a precursor to the complexes observed

in Ti— S; and Ti — Ty, models when subjected to
elevated temperatures. Hence, further analysis is
concentrated on the Ti—Al-H complexes that are
believed to form in the Ti — Sy, and Ti — Ty models.
Thus, in next section, the dynamics of TiAl,H; and
TiAl,H, complexes over time at different temperatures is
discussed and insights into the diffusion of Ti dopants in
the NaAlIH, lattice are presented.

423K

Ti at Interstitial Site (Ti—T,)

Top Layer
/o e ,

Initial (0 ps)

Figure 7. Same as Figure 6 for TiAl,H, in Ti — T; model.

448K
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3.3 Dynamics of Ti-doped NaAlH ,

The time evolution of TiAl,H; (Figure 6) and TiAl,H,
(Figure 7) complexes after formed in Ti — Sy, and
Ti — T; models at 423 and 448 K are investigated with
DFT-MD simulations. Initial total environment around
dopant is shown in Figure 4a (TiAl,H;) and 4b
(TiAl,H,), and subsequent pictures show the local
complex environments at three different time intervals
(0, 1 and 2 ps) at both temperatures in Figures 6 and 7,
respectively. Different views are taken in Figures 6 and 7
with respect to Figure 4 for better visualisation of the
complexes and association of aluminium atoms. In
Figure 7 the atoms circled black represent hydrogen
atoms that hop from neighbouring AIH, groups to dopant
accessible AIH, groups.

From the results of DFT-MD simulations of
Ti — Sy, model at 423 and 448 K, it is noticed that the
Ti dopant settles between surface and subsurface layers
and no further diffusion into the lattice is seen. The
neighbouring six AlH4 groups are drawn towards the Ti
dopant, and increased association of aluminium atoms as
well as hydrogen atoms with Ti is found after dynamics
(Figures 6 and 7).

After 1ps at 423 K, the number of aluminium atoms
coordinating with titanium in the complex increase from
two (at distances in the 2.6-2.7A range) to five (at
distances in the 2.6-2.7A range). The number of
hydrogen atoms (seven) coordinating with titanium are
at distances in the 1.76-2.02 A range, resulting in the
possible formation of TiAlsH; complex at 423 K after
1 ps. Besides the formation of a Ti—Al-H complex,
Al-Al association (with a 2.97 A bond length) is also
seen from the DFT-MD results at this temperature. After
2 ps, no significant changes are observed in the complex
except for the rearrangement of the Ti—Al-H complex
with a A12—Al8 bond length of 2.62 A. All the other bond
lengths remain unaltered.

When temperature is set to 448K, no significant
changes in the TiAlsH; complex is seen over time.
Rearrangement of Al and H atoms in this complex is
however observed, but the number of hydrogen and
aluminium atoms associated with the complex remains
unaltered. The Al-Al distance reduces to 2.78 and
2.46 A after 1 and 2 ps, respectively, at this temperature.

In the case of Ti — T} model where the TiAl,H,
complex is formed, diffusion of dopant into the NaAIH4
lattice is seen with temperature (Figure 7) through the top
layer with final settling between surface and sub-surface
layers. At 423K and after 1 ps (Figure 7), the number
of aluminium atoms coordinating with Ti dopant
(at distances in the 2.57-2.76 A range) increases from
two to three and the number of coordinating hydrogen
atoms (at distances in the 1.74-2.00 A range) increase
from two to six, resulting in the formation of a TiAl;Hg

complex. After 2ps at 423K, the complex remains
unchanged with rearrangement of associated aluminium
and hydrogen atoms. Hydrogen hopping from one AlH,
group to another is seen after 2 ps at 423 K.

At 448 K and after 1 ps, the Ti—Al-H complex is the
same as the one found after 2ps at 423 K (TiAl;Hg).
After 2ps at this temperature, the coordinating
aluminium atoms remain the same (at an average
distance of 2.73 A from Ti), and coordinating hydrogen
atoms increased from six to seven (at distances from Ti in
the 1.69-1.97 A range), resulting in the formation of a
TiAlsH; complex.

The results on Ti— T; at different temperatures
suggest that the formed complexes are possible after
diffusion of Ti dopants from the surface into the lattice,
penetrating through the interstitial site on the surface
(Sy). From this result it is expected that the Ti dopant
placed initially at a Ty, site would diffuse on the surface
and penetrate through the interstitial site based on
aforementioned discussions.

4. Discussion

When compared to the presence of dopants in bulk and
surface, NaAlH,4 with Ti dopants in bulk tends to be less
stable than the case of NaAlH, with Ti dopants on its
surface, as observed from the differences in cohesive
energies of the different models presented here. From the
cohesive energy point of view, Ti — Sj is the most stable
conformation possible. Looking at the energy required to
introduce dopants in the NaAlH, lattice through titanium
substitution and titanium addition energies (AE,,s and
AFE,4q), bulk substitution is favourable followed by
Ti— Sna and Ti— Ty The first step for the dopant
before substitution at the lattice site would be to adsorb
on the surface and diffuse into the lattice. Hence, the
preferred sites for Ti dopants to adsorb after initial
mechanochemical milling process may be estimated by
comparing the possible sites for surface substitution.
From the constructed models to simulate the (001)
NaAlH, surface doping, two possibilities of substitution
at Na lattice site (Ti — Syn,) as well as substitution on top
of interstitial site between two Na and two Al atoms
(Ti— Ty) have equal probability since the energy
required to do that is similar in both cases.

From DFT simulations it is found that the Ti dopant
prefers to settle between the surface and subsurface
layers in case of Ti — Sy, and Ti — S; models, and on
the surface in case of Ti— Ty, and Ti — T; models.
Optimised configurations with the Ti dopant placed at
possible sites on the NaAlH, surface (Tya, St and Ty)
result in the same model after simulating dynamics at
elevated temperatures. Formation of TiAl,H; and
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TiAl,H, depend upon the accessible AIH, groups from
the Ti local environment. These complexes are shown to
weaken the Al-H bonds in AlIH, complexes since the
hydrogen atoms that were previously bonded only to an
aluminium atom are now shared between the Ti dopant
and aluminium atom. This effect would help in lowering
the required energy for hydrogen desorption from the
doped-NaAlH, lattice, facilitating hydrogen desorption
by forming a multi-atomic complex.

Ti dopants replacing Na atoms would result in a
complex with Ti surrounded by all the adjacent six AlH,
groups in case of the NaAlH, lattice structure. This Ti
dopant surrounded by six Al atoms can be interpreted
as the reported Ti—Al solid solution observed after
mechanochemical milling of NaAlH, and TiCl; [19].
Since the Ti dopants on the (00 1) NaAlH, surface also
have equal probability, a more localised complex is seen
in Ti — Ty, since Ti dopant has access to only two AlH,
groups.

From the dynamics of the formed Ti—Al-H
complexes at different temperatures, it is seen that Ti
dopant prefers to reside between surface and subsurface
layers with no further diffusion into the lattice
irrespective of the surface model under consideration.
After that diffusion process, mobility of AlH, groups is
observed towards the Ti dopant, resulting in association
of more Al atoms with Ti dopants over time at different
temperatures. After 2 ps simulation, Ti forming bonds
with five Al atoms and six hydrogen atoms in case of
Ti — Sna and three aluminiums and six hydrogen atoms
in case of Ti — Ty is seen. The Ti—Al-H complex in the
case of Ti — Sy, model seems like a precursor to the
phase with atomic Ti dispersed in aluminium. Complex
observed in case of Ti — T| model seems like a precursor
to the TiAl; phase, since association of Ti with three Al
atoms is seen with a high covalent character in the
formed Ti—Al bonds.

5. Conclusions

In this work, the role of titanium dopant in the formation
of key intermetallics for improved hydrogen kinetics of
sodium alanates is investigated using DFT with plane-
wave basis and PW91 functional. The NaAlH, lattice
structure and stability upon Ti-substituted bulk and
surface Na sites, as well as Ti addition in surface
interstitial sites and Ti on-top Na and interstitial surface
sites are investigated. Equal probability of Ti dopant
substitution at both lattice and interstitial Na sites in the
(001) NaAlH; surface is found from substitution
energies calculations. The composition of Al and H in
the observed Ti—Al-H complexes depends on the
accessible AlH, groups around the Ti dopant, and
TiAl,H; and TiAl,H, are found to form after geometry
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optimisation calculations. Periodic DFT-MD simulations
are then conducted in order to understand the
temperature effect on titanium atom diffusion on the
doped-NaAlH, following chemisorption at 423 and
448 K. Results have shown the existence of the observed
Ti—Al-H complexes as well as increased association of
Al and H with the complexes as time evolves at both
temperatures. The complexes observed after geometry
optimisation represent the TiAl solid solution observed
after ball milling of TiCl;-doped NaAlH,, and the
complexes at elevated temperatures represent precursors
to amorphous TiAl; and atomic Ti dispersed in
aluminium, making this study consistent with exper-
imental observations.
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