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This study demonstrates the successful design of transition metal boride-based additives to enhance the hydrogen
absorption and desorption kinetics of hydrogen storage materials. Density functional theory (DFT) was used to
predict a range of boride compounds, with (Ta:Ti)By and (Nb:Ti)By identified as promising candidates. In
particular, the Nbj/2Ti;/2B2 and Taj/2Tij2B2 compositions significantly improve the kinetic properties of the
2LiH-MgB, (LiMgB) system. When a small amount of these additives is incorporated into LiMgB, its kinetics are

improved twice in comparison to the undoped material while maintaining stable reversibility. This substantial
improvement is attributed to the presence of Nb,,5Ti; 2B, and Taj/2Ti; 2B nanoparticles, which act as het-
erogeneous nucleation sites for MgB,. The study highlights how computational methods can accelerate the
design and discovery of optimal additive compositions for hydrogen storage, minimizing the need for extensive

experimental testing.

1. Introduction

Hydrogen is widely recognized as a promising energy carrier for
sustainable energy systems due to its high gravimetric energy density
and environmental friendliness [1,2]. However, its intrinsically low
volumetric energy density at ambient conditions (e.g. 4.8 MJ/L at 700
bar) [3] is a significant barrier, highlighting the critical need for efficient
and practical storage solutions.

Conventional hydrogen storage methods, such as liquefaction and
compression, are both costly and have safety concerns. Adsorption on
high surface area materials such as zeolites, carbon-based compounds
and MOFs is a promising alternative, although effective uptake typically
requires cryogenic temperatures [4] and current materials do not meet
DOE targets at ambient conditions [5]. Hydrogen clathrate hydrates
offer molecular storage but require extreme pressures (~ 3000 bar at
77 °C) or additives such as THF [6,7]. In contrast, atomic storage in
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metal hydrides offers higher volumetric densities and safer operation at
moderate conditions [8]. Common metal hydrides (e.g. TiFe, Ti; 1CrMn)
suffer from low gravimetric capacities [9,10], while complex hydrides
such as LiBH4 offer superior gravimetric (18.5 wt%) and volumetric
(121 kg Ho/m®) capacities [11,12], but are hampered by high thermo-
dynamic stability and poor reversibility. To overcome these limitations,
reactive hydride composites (RHCs) - formed by combining complex and
simple hydrides (e.g. 2LiBH4-MgH,, 2NaBH4-MgH,, Mg(NHj2)2-2LiH)
have been proposed to improve kinetics and thermodynamics [13]. In
such composite hydrides, an exothermic reaction between the hydride
components during dehydrogenation stabilizes the products, reducing
the overall reaction enthalpy and allowing full reversibility while
maintaining high hydrogen capacity [14-17]. However, their complex
reaction pathways result in sluggish kinetics. Mechanical processes such
as ball milling [18], cold rolling [19] and high-pressure torsion [20] can
improve hydrogen storage properties, although the effects are often
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short-lived due to particle growth and agglomeration during cycling. To
achieve long-term improvements, nanostructured transition metal (TM)-
based additives have proven effective in both complex hydrides and
RHCs [21-25]. In systems such as 2LiBH4-MgH,/2LiH-MgBy, (referred to
as LiMgB), nano-sized additives like transition metal borides MB, (M =
Ti, Al, V, Zr, Sc) [22,23] or AlTig [21] enhance dehydrogenation by
providing energetically favorable sites for MgB, nucleation. This
improvement is attributed to the structural compatibility between MBy
(or AlTi3) and MgB,, including crystallographic similarity with small
interplanar mismatch (< 6 %) and interatomic spacing misfit (< 10 %)
along certain directions [26,27]. All the catalysts studied exhibit crys-
tallographic matching with MgB,, which minimizes the interfacial strain
energy and therefore facilitates the formation of the MgB, phase during
dehydrogenation.

Several investigations have focused on tailoring the lattice constants
to improve the catalytic activity of nucleation processes. Nucleation
catalysts with lattice spacings close to those of the nucleating crystal can
reduce the nucleation barrier and improve catalytic efficiency by pro-
moting epitaxial growth and interfacial pre-ordering [28-30]. For
example, modification of lattice parameters by alloying elements can
optimize interfacial strain and electronic properties, thereby enhancing
catalytic performance [29]. In addition, surface lattice engineering has
been used to fine-tune the lattice mismatch between seed nanocrystals
and deposited materials, allowing precise control over spatial configu-
rations and improving catalytic behavior in hybrid nanocrystals [31].
Taken together, these approaches use lattice matching and strain engi-
neering to tailor active sites, thereby improving nucleation and catalytic
processes [32].

Based on these observations, and with the aim of finding novel ad-
ditives to improve the kinetic properties of the LiMgB system, we pro-
pose tuning the lattice constant of TiBy by partially substituting Ti with
other transition metals, such as Nb or Ta, to achieve a closer match with
the lattice of MgB,. The low interfacial energy between TiB, and MgB2
facilitates the heterogeneous nucleation of MgB, on TiBy surfaces,
making TiB, an effective nucleation substrate [33]. Furthermore, studies
indicate that NbB; and TaB; exhibit good lattice compatibility with TiBy,
facilitating interfacial coherence between these phases. In contrast,
ScBy, YB,, ZrBy, and HfB, demonstrate relatively lattice mismatch with
TiB,, which restricts their ability to form coherent interfaces and thus
limits their mutual interfacial compatibility [34]. The lattice similarities
are expected to promote the formation of more coherent interfaces and
facilitate MgB, nucleation during dehydrogenation. In this study, we
combine DFT calculations and experimental approaches to identify
effective additives, i.e. (Nb:Ti)By and (Ta:Ti)B,, that can effectively
enhance the kinetic properties of the LiMgB composite system. Two
representative compositions Nb; oTi; 2B2 and Taj,2Ti; /2By are investi-
gated in detail. The results are presented in the following sections.

2. Experimental method
2.1. Materials preparation

All raw materials were purchased from commercial suppliers
without further modification: lithium hydride (LiH, 95 % purity, Sigma-
Aldrich), magnesium boride (MgBs, 99 % purity, Alfa Aesar), and metal
species (Ti, Nb, Ta and B, > 99 % purity, Sigma-Aldrich). Nb; 2Ti; 2B2
and Taj/2Ti; /2By compositions were prepared by arc melting a mixture
of Nb/or Ta, Ti and B in a molar ratio of 0.5:0.5:2. The ingots, after being
arc-melted, were crushed into small particles. The morphologies of Nb; ,
2Ti1/2B2 and Taj/2Tiy /2By are discussed in the subsequent sections. For
the synthesis of the LiMgB, MgB, was mixed with LiH in a molar ratio of
1:2. This mixture was ball milled in a stainless-steel vial for 300 min with
a ball-to-powder ratio (BPR) of 20:1. To dope the mixture with X addi-
tives (X = Nby oTij/9B2 or Ta; 2Ti/2B2), 5 wt% and 10 wt% of X (with
selected particle size of less than 90 pm) were added to the LiMgB
mixture. These doped samples were then ball milled for 300 min with a
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ball-to-powder ratio (BPR) of 20:1. The preparation of the materials was
carried out in MBraun gloveboxes that had a controlled oxygen and
humidity atmosphere (< 1 ppm of O3 and H20) to keep the samples from
oxidizing.

2.2. Materials characterization

Ex situ powder X-ray diffraction (XRD) measurements were per-
formed using a D8 Discover diffractometer (Bruker AXS GmbH, Karls-
ruhe, Germany) equipped with a Cu Ka radiation (wavelength 1 =
1.54184 A) and a 2D VANTEC detector. Diffractograms were recorded
over a 20 range of 10° to 90°, in nine steps and an exposure time of 300 s
per step. To prevent oxidation, a small amount of sample was placed in a
flat commercial sample holder inside an argon-filled glovebox (oxygen
and moisture concentration < 1 ppm) and sealed with an airtight lid
made of poly(methylmethacrylate).

Hydrogenation/dehydrogenation measurements, as well as kinetic
behavior of the materials, were carried out using a home-built volu-
metric Sieverts-type apparatus. Initial dehydrogenation of certain sam-
ples was conducted from room temperature (RT) to 400 °C with a
heating ramp of 3 °C/min under 3 bar of hydrogen (H,) pressure. Hy-
drogenation/dehydrogenation cycling measurements for all materials
were performed at 400 °C under 3 bar H; for dehydrogenation and at
350 °C under 50 bar Hj for hydrogenation. The chosen temperature and
pressure conditions are based on the published thermodynamic data and
previous studies on the LiMgB composite system [13,15].

The microstructure and elemental mapping of materials were char-
acterized by scanning electron microscopy (SEM) (FEI Helios G4 PFIB)
equipped with energy dispersive X-ray spectroscopy detector (EDAX
Octane Elite Super). By scanning the electron beam across a pre-
determined area, the overall chemical composition was analyzed under
15 kV. At least 5 areas were measured for each specimen to obtain the
statistical results. The element mapping was measured in an area of
1500 pm x 1500 pm to investigate the element distribution.

To estimate the particle size distribution of the investigated samples,
small-angle X-ray scattering (SAXS) experiments were carried out in a
Xenocs Xeuss 3.0 system equipped with a Dectris Pilatus3 R 300 K de-
tector. A microfocus tube with a copper (Cu) anode operating at 50 kV
and 0.6 mA served as X-ray source. To avoid any oxidation of the ma-
terials, all SAXS samples were prepared inside a glovebox with a
continuously filled Argon flow. The powdered samples were placed in-
side a circular hole in an aluminum holder and sealed with Kapton tape.
The SAXS signal of an empty cell, i.e. the signal of two Kapton tapes and
the primary beam were measured separately with the same parameters
and the one of the empty cells was subtracted from the measured pat-
terns. For all SAXS measurements, the area of illumination on the
samples was set to roughly 500 x 500 pm?. The measurements were
carried out at two sample-to-detector distances (SDD) at 800 mm and
1800 mm to cover the desired g-range, with an exposure time of 10,800 s
and 21,600 s, respectively. The quantity q describes the magnitude of
the scattering vector of the incident beam, which is given by: q =
(4r/2)sing, where 20 is the scattering angle of the elastically scattered
photons and 4 is the corresponding monochromatic wavelength. All the
fits of the reduced scattering data were done by SASfit software [35]
assuming a polydisperse spherical particle model as a first
approximation.

Scanning transmission electron microscopy (STEM) measurements
were carried out on a probe aberration-corrected Thermo Fisher Scien-
tific Themis Z microscope at 300 kV. EDS maps were acquired using a
Super-X EDX detector. The sample was drop-casted from the toluene
solution on the lacey-carbon TEM grid in the glovebox with the Ar gas
environment. The sample was delivered to the microscope in the Gatan
vacuum transfer holder.
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2.3. Computational method

The total energy calculations are carried out with the Vienna Ab
initio Simulation package (VASP) [36-38] within framework of density
functional theory (DFT), performed the Perdew-Burke-Ernzerhof (PBE)
[39] functional with projected waves (PAW) [40]. The cutoff energy is
set to 520 eV. The energy convergence threshold for electronic steps is
10~* eV, whereas the convergence tolerance of maximal atomic force is
less than 1072 eV/A. The enumerated configurations are generated by
CASM [41-45], using the cluster expansion model. Considering each
configuration o; is weighted based on its distance from the convex hull
(Eq. 1):

E(c;) — Ejmll (x:)

®(0;) = exp. o
B

@

where E(o;) denotes the formation energy for each configuration ;. kg is
Boltzmann constant, and T is temperature. Ep(x;) represents the for-
mation energy of the convex hull under corresponding concentration

).
3. Results and discussion

3.1. Designing transition metal borides-based additives based on DFT
calculations

In the development of transition metal boride-based additives for
improving the hydrogen storage performance of the LiMgB, the intro-
duction of boron is often unavoidable, leading to the formation of
ternary alloys. It is essential to investigate which alloys are easier to
form and how specific borides affect the properties of hydrogen storage
materials. One key approach is to modify the lattice constant of TiBy by
alloying TiB, with other elements to closely match that of MgB,. TiBy
crystallizes in a hexagonal P6/mmm structure (space group, s.g. no. 191)
with calculated equilibrium lattice parameters of a = b = 3.035 A and ¢
= 3.223 A, forming a hexagonal prism coordination. By adjusting the
lattice constants, nucleation of the MgB, phase could be made more
difficult or kinetically less favorable. Several elements close to titanium
in the periodic table, particularly those with crystal structures similar to
TiB,, were considered as potential candidates for alloying. The primary
aim is to alloy or combine TiB, with elements such as Sc, Y, Zr, Hf, Nb
and Ta. Several boride-like structures with larger lattice constants than
TiB, were identified (as shown in Table S1). The formation energy of the
(M:Ti)B; alloys (M = Mg, Sc, Y, Zr, Hf, Nb and Ta) over different com-
positions, as shown in ESI-Figs. S1-S3, suggests that only (Nb:Ti)By and
(Ta:Ti)By break the convex hull, while (Zr:Ti)B, and (Y:Ti)By show
phase separation, and (Sc:Ti)B, and (Hf:Ti)B5 slightly deviate the convex

(a)
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hull.

As shown in Fig. la, the predicted (Nb:Ti)B;, alloy shows a novel
ternary ground state that breaks the convex hull and has low zero-
temperature formation energy over the entire range of concentrations
considered. From the Nb-rich (left) to the Ti-rich side (right), nine
ternary borides breaking the convex-hull (connected by red solid lines)
have an advantage over other corresponding concentrations. These
include Nby/gTi1/gBa, Nby/2Ti1/2Ba, Nbg/oTis9Ba, Nbi,3Tis/3B2, Nby,
9Ti7/9B2, Nb1/6Ti5/6B2, and Nbl/gTi,g/ng. Slmllarly, as shown in Flg 1b,
the predicted compositions for (Ta:Ti)By include Tay,gTi; gB2, Tay,9Tis,
9Bg, Tas/gTis 9By, Ta1/2Ti1/2B2, Tas 9Tis oB2, Tay 3Tiz 3B, Taz/gTiz 9By,
Tay /6Tis/6B2, and Taj 9Tig 9Ba. These calculations show that the (Nb:Ti)
B, and (Ta:Ti)B;y alloys are predicted to form solid solutions, with
changes in lattice constant following Vegard's law.

While Nb,/3Tiz/3B2 and Taj 3Tiz 3By show the lowest formation
energies, the negative formation energies of Nb; 5Tij /2By and Ta; 2Tiy,
2Bo likewise suggest that these compounds are thermodynamically
favorable and likely to form under suitable synthesis conditions.
Notably, the calculated interface energies of Nb, 5Ti; 2B2 and Tay /2Ti;,
5B, interfaced with TiB, are 0.026 and -0.043 J/m?, respectively, which
are close to those of Nby /3Tiz/3B2 and Nby ,3Tip 3By (see ESI-Table S2).
Projected density of state (DOS) analysis shows that the Ti d-orbitals
dominate the electronic states near the Fermi-level in M; 2Ti;/2B2 (M =
Nb, Ta), as illustrated in ESI-Fig. S4b and ESI-Fig. S5b. As expected,
increasing the Ti concentration results in greater Ti d-state contributions
near the Fermi level in M;,3Tis/3B2, as shown in ESI-Fig. S4c and ESI-
Fig. S5c. In addition, the DOS of alloy borides reveals a gradual shift in
the d-band center (e4), with its value falling between those of NbBy/TaB,
and TiB,, as shown in ESI-Fig. S4 and S5. Tunning the ¢4 value via
alloying or surface engineering can optimize the adsorption-desorption
equilibrium, thereby enhancing catalytic performance for hydrogen

3.12
Nbi - xTixB2

Tay - xTixB2
MgB2

Lattice a (4)

W w w w
o o o &
& o o o

00 02 04 06 08 1.0
composition My _,TiyB>

Fig. 2. Lattice parameter a (A) for Ti14TiyB> and Ta;4TixBa, compared with
MgB, according to Table S1.

(b)

0.00

-0.02
-0.04
—0.06
—0.08

-0.10

-0.12

_Ta12TiiBy : '
0.2 0.4 0.6 0.8
composition Taj - xTixB>

0.0 1.0

Fig. 1. Formation energies in eV/unit cell predicted from DFT calculation across the tie-line composition of (a) Nb;TiyBs and (b) Ta;4TixB, alloys. Red lines mark
the convex hull outline, representing the thermodynamic stability under the corresponding composition. The grey dashed line denotes the interhost convex hull.
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storage [46-48]. Furthermore, as shown in Fig. 2, the lattice parameters
of Nby/2Tiy/2B2 and Taj 2Tij2B2 closely match those of MgB,, further
supporting for their structural compatibility. Taking structural, elec-
tronic, and thermodynamic factors into account, Nb; 5Tij 2B2 and Ta;,
2Tij 0B were selected as representative compositions for further
investigation of their effects on the hydrogen storage performance of the
LiMgB system.

Fig. 3 shows XRD patterns and SEM-EDS images of the synthesized
Nb;, /2Tiy /2B alloy. The XRD diffractogram (Fig. 3a) shows Bragg peaks
corresponding to a single hexagonal phase, consistent with the standard
Nb; 2Tiy 2B peaks of the s.g P6/mmm (ICSD44458). The lattice pa-
rameters of the Nb; oTi; 2B, derived from the Rietveld refinement using
MAUD software [49] of the XRD data (ESI-Fig. S6) are a = b = 3.0600 10\,
¢ =3.2560 A. In addition, there are small peaks (UP1) that could not be
assigned to any known phase. The morphology of this additive (Nb;,
2Tiy/2Bg) is analyzed in Fig. 3b-c. The well-distributed presence of Nb, Ti
and B elements at the same locations are observed, supporting the for-
mation of a (Ta:Ti:B)-containing single phase (Fig. 3c).

Similarly, the XRD and SEM-EDX data of the synthesized Ta; /2Ti;,
2B, alloy is analyzed as shown in Fig. 4. The XRD diffractogram (Fig. 4a)
indicates the presence of a single hexagonal phase (indexed as Ta; /2Tiy,
2Bo) within the s.g. P6/mmm (ICSD44590). The lattice parameters of
synthesized Taj /2Tij /2B2 alloy deriving from XRD's Rietveld refinement
(ESI-Fig. S7) are a = b = 3.055 ;\, c=3.2544 A In addition, there are
tiny peaks corresponding to the unknown phase (UP2). The EDS
elemental mapping also reveals the distribution of Ta, Ti, and B ele-
ments, which appear to be located in largely similar regions (Fig. 4b-c).
However, the distribution of Ti and Ta on the EDX map is not entirely
homogeneous. This could be attributed to the fact that the Ta;/2Tij 2Bz
additive was synthesized by arc melting - a process involving extremely
high plasma temperatures, leading to rapid solidification and potential
volatilization of raw materials. To achieve the target stoichiometry, raw
materials were incrementally added until the composition was
confirmed by XRD analysis. Despite this careful procedure, minor

(a) (b)

* Nb,,Ti,,B,
¢ Unknown (UP1)

Nb,,Ti;,B, - synthesized

Intensity / a.u.
£
:

Nb, ,Ti, ,B, (ICSD#44458)

_A A A« A
30 40 50 60 70 80
20/ degree

(c)
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compositional inhomogeneities remain. Nevertheless, the target phase
corresponds to Taj/2Tiy/2B2 is successfully obtained, as confirmed by
XRD (Fig. 4a). The synthesized Nbj/»Ti;/2By and Taj 2Ti1 2B2 phases
closely match the corresponding standard patterns retrieved from the
ICSD database.

According to the XRD and SEM-EDS analysis, the two compositions,
Nb;,2Tiy1 /2B and Taj Tiy/2Bs, were successfully synthesized by arc
melting with micro-sized particles, with lattice parameters between
those of TiBy (a = b = 3.035 A, ¢ = 3.223 A) and MgB, (a = b = 3.074 A,
c=23.534 A) These two additives (Nbl/zTil/sz and Tal/zTil/sz)’ with
selected particle size of less than 90 pm, were then incorporated into the
LiMgB system, and their effects on its hydrogen storage properties were
studied.

3.2. Effect Of the Nb]/gTi]/sz and Taj 2Ti1/2B2 additives on the
hydrogen storage properties of LiMgB system

XRD patterns of the pure and doped samples are shown in Fig. 5. In
Fig. 5a, the diffractograms of pure materials (Nb; 2Ti; 2By and LiMgB)
are also observed in the LiMgB doped with Nby /»Ti; oBs. For example, in
the LiMgB-5wt%Nb; ,2Ti; ,2B2 composite sample, the Nb; 5Ti; /5B peaks
are detected in addition to the MgB, and LiH peaks, indicating no re-
action between the host material (LiMgB) and the additive (Nby/2Ti;,
2B»). Similarly, as shown in Fig. 5b, the presence of Ta; /2Ti; 2Bz peaks in
the LiMgB-5wt%Ta; »Ti;/»B2 sample along with LiH and MgB, peaks
indicates that no reaction has occurred between LiMgB and Ta;2Tii,
2B2.

Fig. 6 presents the first hydrogenation and dehydrogenation curves
of the pure LiMgB compared to those of the doped LiMgB samples. In the
first hydrogenation process, all the doped samples show fast kinetics
exceeding those of pure LiMgB. The best hydrogenation performance is
observed for the LiMgB doped with 10 wt% Nby 2Ti; oB2 (Fig. 6¢). After
the first 4 h of hydrogenation, the LiMgB-10wt%Nb,,Ti; 2B, has
absorbed 8.6 wt% H, compared to approximately 6 wt% H; 6.2 wt% H,

w 400{um

Fig. 3. (a) XRD pattern, (b) SEM image of the synthesized Nb, ,Ti; 2B alloy, and (c) EDS elemental mapping of Nb, Ti and B elements.
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00 m

Fig. 4. (a) XRD pattern, (b) SEM image of the synthesized Ta;,»Ti; /B> alloy, and (c) EDS elemental mapping of Ta, Ti and B elements.

(a)

(b)

@ MgB,
* LiH

* Nb1/2Ti1IZBZ
¢ UP1

& MgB,
® LiH

A Tay,Ti B,
¢ ur2

P, LiMgB-5WL% Nb,,Tiy 8,

3

@

e |

3 o | .

c \m\. I LiMgB

(] )\ [\® D [0

-— ®o | H 1

€ L/ \'\J\J\ > D
Nb1/2Ti1IZBZ

40 60 80
20/ degree

LiMgB-5wt.% Ta,,Ti; ,B,

S
g f
> |
3 | @ LiMgB
o | ~J e /o @ o
£ — \N\N“ML/"L
a
Tay,Tiy,B,

6¢ »

40 60 80
20/ degree

Fig. 5. XRD data of (a) LiMgB-5wt%Nb; »Ti;»B> and (b) LiMgB-5wt%Ta; »Ti; 2B2 systems.

and 5.3 wt% H for the samples doped with 5 wt% Nbj 2Ti;2B2, 5 wt%
Tay /oTi12B2, and 10 wt% Taj»Tiy/2Bo, respectively. These values are
higher than that of the pure LiMgB sample (~ 4.6 wt% H) at the same
conditions (see inset graph). Given the hydrogenation time, the
maximum achievable hydrogen capacity of the pure LiMgB sample is
slightly lower than that of the LiMgB samples doped with the Nb, /oTi;,
2B, additive, but higher than that of the samples doped with the Ta;,
2Ti; 2Bg additive. Nevertheless, the final hydrogen capacity achieved in
all samples studied is lower than the theoretical hydrogen storage ca-
pacity of the LiMgB system (~ 11.45 wt% H) [13], concerning the
weight of additives added, the nonhomogeneous dispersion of additive
species, and the not 100 % purity of raw materials.

Similarly, the dehydrogenation kinetics for the doped LiMgB samples
is also faster than that of the pure sample, with the best dehydrogenation
kinetics observed in the sample doped with 10 wt% Nbj/oTij/ B2
(Fig. 6h), In fact, the dehydrogenation of the LiMgB-based systems takes
place in two consecutive steps [21]: the first step involving the
decomposition of MgH; into Mg and Hp (referred to Zone I) and the
second step corresponding the reaction between Mg and LiBH4 to form
MgB,, LiH and Hj (referred to Zone II). The period between zone (I) and
zone (II) is referred to as the incubation period for MgB, formation.
However, in the samples studied, this incubation period was absent. The
dehydrogenation kinetics of the LiMgB-10wt.%Nb; /2Ti; /2B sample was
the fastest among the samples investigated, indicating relative fast
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(B) First dehydrogenation
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Fig. 6. (A) The first hydrogenation kinetic data: (a) pure LiMgB and doped LiMgB samples: (b) LiMgB-5wt.%Nb; »Ti;5Bo; (c) LiMgB-10wt.%Nb, /5Ti; 2Bo; (d)
LiMgB-5wt.%Tay 5Ti1 2Bz, and (e) LiMgB-10wt.%Tay 2Tiq2Bo. Inset graph showing the hydrogenation data for all samples over the first 5 h. (B) The first and
dehydrogenation kinetic data: (f) pure LiMgB, (g) LiMgB-5wt.%Nb; /oTi; 2B, (h) LiMgB-10wt.%Nb, 5Ti; 2Bo, (i) LiMgB-5wt.%Ta; 2Ti;2B2 and (j) LiMgB-10wt.%

Tay /2Ti1/2Bo.

nucleation and growth of MgB, during the second step of dehydroge-
nation reaction. The results observed from this investigation show that
the addition of both Nb; /5Ti;/2B2 and Ta; »Ti; 2Bs additives promotes
the formation of MgBy, resulting in enhanced hydrogenation/dehydro-
genation kinetics of LiMgB composite system.

The reversibility of the pure LiMgB and doped LiMgB samples over
the subsequent five hydrogenation/dehydrogenation cycles is displayed
in Fig. 7. Figs. 7a-c show the hydrogenation cycles, while Figs. 7d-f
depict the dehydrogenation of the pure and doped samples. In hydro-
genation cycle tests, the doped samples (Figs. 7b, ¢) demonstrate stable
hydrogen absorption during cycling, although their overall hydrogen
capacity is lower than the pure one (Fig. 7a), probably due to the
addition of additives. In particular, 95 % of hydrogen is absorbed within
2 h for doped samples, with progressively faster kinetics in subsequent
cycles, compared to the pure LiMgB sample which requires 6 h to ach-
ieve a comparable level of hydrogen absorption. Similarly, the dehy-
drogenation cycling performance is even more stable than that of
hydrogenation, with a smaller drop in reversible hydrogen capacity for
all samples. Especially, both doped samples (Fig. 7e, f) complete
hydrogen desorption in 3 h compared to the pure LiMgB (approximately
6 h, Fig. 7d). During dehydrogenation, all samples show good revers-
ibility, with a similar amount of absorbed hydrogen being desorbed
accordingly, and the doped samples exhibiting the least decrease in
reversible hydrogen capacity (Fig. 7g, h). Besides, in region II, the curves
for the LiMgB-10wt%Ta; /2Ti; 2B sample show the greatest stability of
the samples investigated.

As also observed in Fig. 6, the first hydrogenation and dehydroge-
nation of the LiMgB-10wt%Ta; ,5Ti; 2B, sample are slower compared to
the LiMgB-5wt%Ta; /oTi; 2B2 sample. But this comparison refers to the
first hydrogen sorption cycle. In the subsequent cycles, the LiMgB
sample with 10 wt% Taj»Ti;/2B2 (Fig. 7c, €) shows a superior perfor-
mance in the hydrogen cycle compared to the sample with 5 wt% Ta;,
2Tiy 2Ba (Fig. S8). This can be attributed to the initial advantage of the 5
wt% Taj/2Ti;/2B2 sample, which shows a better hydrogen absorption/
desorption behavior, probably due to a more uniform dispersion of the
additive in the host matrix. However, with continued cycling at elevated
temperatures, sintering of the particles reduces the catalytic activity. In
this context, the LIMgB-10 wt% Ta; ,2Ti; 2B sample, which has a higher
catalytic reserve, maintains its activity more effectively, resulting in
improved long-term performance. It should be noted that optimizing the
exact number of additives to achieve the best hydrogen storage perfor-
mance is beyond the scope of this study.

The results of these volumetric cycling tests indicate the beneficial
effect of Nby,»Ti;»Bs and Taj »Ti;»B2 on the hydrogen absorption/
desorption properties of the LiMgB system. These two additives do not
react with the host material (LiMgB) during the hydrogenation-

dehydrogenation processes as their Bragg peaks are observed in the
XRD data of the doped samples (ESI-Figs. S9-S10). This suggests that
these catalysts are highly stable and resistant to degradation processes or
decomposition under the tested conditions. According to the SAXS
analysis (ESI-Fig. S11), the volume-weighted size distribution of the
particles in the pure and doped LiMgB samples is similar, with a mean
size of around 200 nm (see Fig. 8a). However, it is important to note that
it is not possible to separate the scattering contribution of specific ele-
ments from the SAXS data, meaning that the size distribution of the Nb;,
oTij2B2 and Taj/»Tiy /9By particles are indistinguishable from other
structures present in the sample. Despite this limitation, an example
from the STEM-EDS investigation for the LiMgB-10 wt% Taj»Ti; 2B2
sample shows that the particle sizes for Taj 2Ti; 2B2 range from appx.
150 nm to 230 nm (see Fig. 8b), confirming the particle size distribution
observed in SAXS results. Furthermore, in the presence of these Ta; /5Ti;,
2B2 nanoparticles, the morphology of MgB, in LiMgB-10 wt% Ta; /2Ti;,
2B is determined to be platelet-like (Figs. 8c, d). This morphological
change, from the bar-like MgB, structure observed in pure LiMgB in our
previous study [50] to the platelet-like morphology of MgB,, suggests
the influence of a different nucleation center, i.e., TajsTij B2, which
facilitates the formation of MgB, for the LiMgB-10 wt% Taj/oTij/2B2
system. This is consistent with our previous observation of TiBy [50],
where platelet-like MgB2 morphology was observed to form at TiB,
nucleation sites, rather than at Mg nucleation site in the pure LiMgB
system [50]. Due to the high beam sensitivity of the LiMgB materials and
the complex setup of the instrument, the interface between the nucle-
ation center (Taj/2Ti;/2B2) and the newly formed phase (MgB5) could
not be investigated by HR-TEM. Instead, we employed the Edge-to-Edge
matching model [51] to determine the orientation relationships be-
tween the nucleation sites and the newly formed phases (see Section
3.3.1).

It should be noted that the relatively large initial particle size of the
synthesized additives up to 90 pm could negatively impact catalytic
performance. This is because it could reduce the available interfacial
area for contact between the catalyst and the host matrix (LiMgB),
decreasing the density of accessible active sites for nanoscale solid-state
reactions, thereby constraining catalytic efficiency. However, nanoscale
catalyst particles are particularly susceptible to sintering, whereby they
agglomerate and grow in size when exposed to high temperatures or
reactive environments. This can reduce their surface area and catalytic
efficiency. In this study, the Nbj,2Ti; 2B and Ta;/»Ti;/2B2 additives
were incorporated into the host material and then subjected to extensive
ball milling to substantially reduce the particle size and their disper-
sions. TEM investigation after thermal cycling confirmed that the cata-
lyst particles had been refined to a nanoscale range of approximately
150-230 nm. This increases the interfacial area and makes more
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Fig. 8. (a) Volume-weighted size distribution function of particles in pure and doped LiMgB samples after dehydrogenation obtained from SAXS data. STEM-EDS
analysis for the LiMgB-10 wt.% Ta;,»Ti; 2B, after dehydrogenation: (b) STEM-HAADF and EDX elemental map of Mg (green), Ta (blue) and Ti (red). (c) STEM
image of MgB, particle and (d) EELS analysis showing elemental distribution of B K-edge and Mg L-edge in areas (1) and (2).

catalytic sites available, thereby improving catalytic activity. Future
work will focus on optimizing the refining of particle sizes to maximize
interfacial interactions and catalytic performance.

3.3. Role Of the Nb]/gTi]/sz and T(11/2Ti1/232 additives

3.3.1. Lattice mismatch between newly formed phases (MgB2, MgH>) and
parent phases (Nbj/2Ti; 2Bz and/or Ta; 2Ti/2B2)

Compared to the pristine material LiMgB, the addition of Nby2Ti;,
2By or Taj oTij 9By particles significantly improves the hydrogenation/
dehydrogenation kinetics of the LiMgB. For all additives, whether
externally added or in situ formed, the key requirement for acting as
effective heterogeneous nucleation sites is to achieve maximum atomic

matching between the newly formed phase and the parent phase,
thereby minimizing the interfacial energy across the interface for
nucleation. According to the matching rules [51], the crystallographic
matching is determined by a small interatomic spacing misfit (f;) less
than 10 % in the matching directions between two phases. In addition,
the matching directions must lie in matching planes where the inter-
planar spacing mismatch (fy) of close-packed planes below 6 %. This
allows an orientation relationship to be established between the newly
formed phase and parent phase, as assessed by the f; and f4 values. Close-
packed planes are identified by the structure factor (Fpg) and the
interplanar spacing (dpk), where higher values of Fpy and dp yield the
smaller area per atom (Apxp) in the (hkl) plane, indicating a more tightly
packed configuration [52]. These values (i.e., Fp and dpx;) depend on
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the unit cell's lattice parameters.

In this study, we calculated the interplanar and interatomic spacing
misfit between the parent phases (i.e., Nb; oTi; 2B2 and Taj/2Ti;/2B2)
and the newly formed phases (i.e., MgB,, and MgHj). The structures of
MgB, (a =b = 3.074 A, ¢ = 3.534 A), Nby 5Ti1 5B2 (a =b =3.060 A, ¢ =
3.256 A), and Tay»Ti1 2By (@ = b = 3.055 A, ¢ = 3.2544 A) are all
hexagonal close-packed (hcp) with slightly different lattice parameters.
Consequently, their close-packed planes are {1011}, {1010} and
{0002} for MgB, and {1011}, {1010}, and {0001} for Nb; ,Ti; 2B> and
Tay /oTi12B2. In contrast, MgH, (a = b = 4.5164 A, c=3.0214) adopts a
tetragonal structure (s.g. P4z/mnm) with possible close-packed planes
being {101}, {110}, and {200}. We evaluated the interplanar spacing
mismatch (fy) between these potential matching planes. Two matching
plane pairs with less than 6 % mismatch were identified between MgB,
and the parent phases X= Nb]/gTi]/ng or Tal/zTil/sz) are {10T1 }X//
{1011}y, and {1010}// {1010} yp, . For MgHy, a single plane pair
was identified as {1010},// {101}y, - However, in the hep systems, a
small lattice mismatch between close-packed planes alone is insufficient
to form orientation relationships between MgB; (or MgH5) and Nb;,
2Ti9Bo (or TajsTij/oB2) phases. To ensure accurate alignment, the
close-packed atomic directions within the matching planes must also
have an interatomic spacing mismatch below 10 %. MgBy, Nby 5Ti; 2B2
and Ta; /2Tiy /2B2 exhibit four common close-packed directions [53-55]:
(1120) (straight atomic row) and (1010), (0001), and (1123) (zigzag
atomic rows). For optimal atomic matching across the interface, straight
atomic rows should match with straight ones, and zigzag rows with
zigzag ones [51]. Accordingly, three matching direction pairs with
interatomic mismatch below 10 % on the identified matching planes
MgB, (1120),//(1120)pgp, ,
(1123)5//(1123)yp, , and (0001)y// (0001),,.p . While, for the body-
centered-tetragonal (bct) structure of MgH,, the nearly close-packed
atom directions on the relevant planes are (111) and (001) on {110};
and (111) and (010) on {101}. Among these, the direction pair
(1123)y// (010) gy, » lying within the matching planes pair {1010}y//
{101}y, , showed an interatomic spacing misfit of less than 2 %. While

between and X were found

the calculated interplanar mismatch and interatomic spacing misfit be-
tween the parent phases (Nb; 2Ti; /5B and Taj 2Ti;2B2) and the newly
formed phases (MgBsy, and MgHs) are provided in ESI-Tables S3-S4,
Fig. 9 summarizes the identified atom matching directions on the
matching planes between MgB, (or MgHy) and the parent phases. The
results indicate that the Nb, /2Ti; 2B2 and Ta; /2Ti; /2B nanoparticles can
establish orientation relationships with both MgB, and MgHj, suggest-
ing their potential role as heterogeneous nucleation sites for the for-
mation of MgB, (during dehydrogenation) and for MgH, (during
hydrogenation). This capability could significantly improve the kinetics
of both hydrogenation and dehydrogenation processes.

{1010}// {101} mg,

015,77 1011w, |-

T T T
8% 6% 4% 2% 0%

Interplanar mismatch (7))
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However, it is important to note that the direct addition of synthe-
sized Nb; »Ti; B2 and Ta; 2Ti;/2B2 particles into the LiMgB composite
during milling may lead to a less uniform distribution of these additives
than expected, which can in turn reduce overall performance of the
doped composite, as similarly observed with the in-house synthesized
AlTi3 additive [56].

3.3.2. Rate-limiting step of hydrogenation and dehydrogenation processes
Gas-solid reaction models as described in [57] were used to evaluate
the rate-limiting step in the hydrogen uptake and release process. The
analysis is focused on determining how the addition of Nb; /5Ti; /2B2 and
Taj /9Ti12B2 had an impact on the rate-limiting step in hydrogenation/
dehydrogenation kinetics of LiMgB composite system. The fitting pro-
cedure [21,56] follows the methods of Sharp and Jone [58,59], where
the most appropriate reaction model is identified by linear fitting, with
the highest correlation coefficient (RZ) and a straight line through the
origin with a slope close to 1. In this study, different reaction kinetic
equations (ESI-Table S5) [16] were applied to the experimental data
from the 4th cycle, in order to ensure that the cycling behavior had
stabilized, for the pure LiMgB and the doped LiMgB samples. The
theoretical model that can describe the rate-limiting step in dehydro-
genation/hydrogenation reaction kinetics the best, indicates the gov-
erning mechanistic constraint within the observed system. For the fitting
procedure, only the converted fraction (a) between 0.1 and 0.8 is
considered to minimize experimental uncertainties associated with the
initial and final data points. Fig. 10 shows the (t/tgs)theoretical VS- (t/
to.5)experimental Plots of the doped samples. As a result of this fitting, the
hydrogenation behavior of the LiMgB sample with the Nbj»Tij/ B2
additive (Fig. 10a) is best described by the three-dimensional contrac-
tion volume model (CV, n = 3), showing the highest correlation coeffi-
cient (R? = 0.995), a slope close to 1, and an intercept of 0. This indicates
that the hydrogenation of the LiMgB-10wt.%Nb; /2Ti; /2B> sample fol-
lows a phase boundary-controlled reaction, where the formation of hy-
drides occurs rapidly on the surface of products. The reaction rate is then
governed by the progression of the reaction interface toward the center
of the particles [57,60]. Additionally, samples with different particle
sizes may exhibit different hydrogenation reaction rates. In contrast, the
hydrogenation behavior of the LiMgB-10wt.%Ta; »Tij 2B sample
(Fig. 10b) aligns best with the JMA (n = 1) model, which is similar to the
pure LiMgB sample (ESI-Fig. S12). This model describes a reaction
mechanism involving the formation and growth of nuclei at reactions
sites. Comparison of these results with the data for pristine LiMgB sug-
gests that the addition of Nby,;Ti;/»B2 nanoparticles has shifted the
hydrogenation mechanism in the LiMgB system from a one-dimensional,
interface-controlled reaction to a three-dimensional, interface-
controlled reaction. Meanwhile, the addition of Ta;/5Ti; 2B does not
alter the hydrogenation mechanism of LiMgB. Despite this, due to the
presence of Taj»Ti; /2B nanoparticles as nucleation sites, it promotes
faster formation of MgBs on the Ta;/5Tij/2B2 particles. The activation

.- (1123)x/ (010) g,
N 1123/ /(1123 g,

:l (1120)x//{1120)mgs,

2% 4% 6% 8% 10%

Interatomic spacing misfit (f)

Fig. 9. Interplanar and interatomic spacing mismatch between parent phase X (with X = Nb; 5Ti;2B2 or Ta; »Ti;2B>) and newly formed phase (MgB,, or MgHy).
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Fig. 10. Kinetic modelling of (a) LiMgB-10 wt% Nb, /5Ti; 2Bz, and (b) LiMgB-10 wt% Ta; »Ti; 2B, samples. (¢) Hydrogenation and (d) dehydrogenation activation
energies of the LiMgB-10wt.%Nb, /5Ti; 2B, and LiMgB-10wt.%Ta; ,oTi; 2B2 samples, calculated from fitted kinetic data.

energy for hydrogenation process was determined by fitting kinetic
curves with the selected reaction model. For instance, the kinetic data of
the LngB-]OWt.%Nbl/gTil/zBZ and LiMgB-10wt.%Ta; /2Tij 2Ba sam-
ples in the temperature range of 360-400 °C were fitted with the CV and
JMA (n = 1) models, respectively. The measured and fitted data of both
LlMgB-l OWt.%Nbl/gTil/ZBz and LngB-lOWt.%Tal/zTil/ng samples
are in good agreement, with correlation coefficients R? close to 1, as seen
in ESI-Fig. S13. A kinetic rate constant (k) is obtained from each fitted
kinetic curve (ESI-Table S6). The activation energies for hydrogenation
and dehydrogenation for both doped samples were then obtained from
the slope of the In(k) vs. (1/T) plot. In Fig. 10c, the activation energies of
the hydrogenation process of the LiMgB-10wt%Nb, ,2Ti; /2B2 and LiMgB-
10wt%Ta; oTijoB2 are approximately 91 + 3 kJ/mol Hy and 79.5 +
0.5 kJ/mol Hy, respectively. These activation energy values are signifi-
cantly lower than that of the pure LiMgB (E, = 184 + 6 kJ/mol Hy) [21].
This confirms that the presence of Nb]/gTil/sz and Tal/zTil/sz
nanoparticles facilitates the formation of MgH, phase (given an atomic
mismatch between MgH; and Taj oTijBa or Nby »Tij2Bs in certain
directions, see Fig. 9) with correspondingly to rapid MgB, consumption,
which prevents agglomeration and creates a more active surface area for
hydrogen-material interaction. As a result, the activation energy of the
hydrogenation process is reduced, thereby improving the kinetic prop-
erties compared to the pure LiMgB system.

The activation energies for the dehydrogenation process were also
determined. It should be noted that the dehydrogenation process takes

10

place in two consecutive reaction steps, where the second step is related
to the reaction between Mg and LiBH4 to form MgB,, LiH and H; (see
region II in Fig. 6 - dehydrogenation). The dehydrogenation kinetic of
these systems mainly depends on the rate of MgB, formation. Therefore,
in this work we have determined the activation energies for the second
reaction step. The fitting procedure for these two samples is equivalent
to that described for pure LiMgB [21]. Fig. 10d presents the activation
energies for the dehydrogenation of the LiMgB-10 wt.% Nb; 2Tij 2Bs
and LiMgB-10wt.%Ta; 2Ti;2B2 samples. The activation energy of the
LiMgB-10wt.%Nb, ,2Ti; /2B sample is estimated to be 261 + 16 kJ/mol
Hpy, which is 15 kJ/mol Hy lower than that of the LiMgB-10wt.%Ta;,
2Ti1 2Bo sample (E, = 276 + 7 kJ/mol Hy). Both values are lower than
the activation energy of the pure sample (E, = 293 + 12 kJ/mol Hy)
[21], and are comparable to the previously reported value for LiMgB
doped with the in-house synthesized AlTiz additive (E; = 270 &+ 5 kJ/
mol Hjy) [56]. These results are in good agreement with the kinetic
behavior reported above for the materials studied. Besides, analysis of
the kinetic data indicates that the Ta;/5Ti;/2Bo-doped sample has a
higher activation energy (E, = 276 kJ/mol) than the Nb; /2Ti; ,2B>-doped
sample (E, = 261 kJ/mol). However, the former exhibits slightly faster
kinetics during dehydrogenation. This can be explained to the higher
pre-exponential factor, A, (e.g. 42.3 for Taj 2Ti; /2B2 versus 39.0 for Nb; ,
2Ti1,2B2) - known as frequency of collisions, which offsets the higher
energy barrier and accelerates the overall reaction rate. These results
emphasize the importance of considering both (E;) and (A) when
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evaluating reaction kinetics, since the pre-exponential factor can have a
compensating or even dominant influence, depending on the system and
temperature.

In addition, our first-principles study of the interfacial property of
TiB,/MgB, interfaces revealed that the most stable interface is found for
the interface between the B-terminated MgB, {0001} surface and the Ti-
terminated TiB; {0001} surface [33]. Thermodynamically, this suggests
that TiBj is a favorable nucleation site for MgB, during dehydrogena-
tion. Furthermore, analysis of the most stable interface (B—T1i) using net
atomic charge (NAC), electron localization function (ELF), and DOS
showed strong interfacial interactions at the interfacial region with the
highest work of adhesion. As Nby /2Ti; 9B and Taj/2Tiy /2By are struc-
tural variants of TiBy with comparable crystallographic and electronic
properties, it is expected that they will exhibit similar surface energies,
interfacial bonding behaviors and electronic properties. Consequently,
the conclusions drawn from the TiBy/MgB, interface analysis are likely
to be applicable to these ternary boride additives, further reinforcing
their role as effective nucleation sites for MgB,.

Recent studies have demonstrated the potential of MXene-derived
catalysts to improve the performance of LiMgB composites. For
instance, TiBy synthesized from Ti3CoN MXene [61] has been shown to
accelerate the kinetics of hydrogen desorption in the LiMgB system. This
is attributed to the partial in situ formation of TiB, nanoparticles, which
act as nucleation agents for MgB, formation. Similarly, Nb-based
MXenes [62,63] have exhibited enhanced catalytic activity, likely due
to complex multiphase interfacial interactions. While these studies
employed different catalyst design strategies, our work utilizing Nb;,
2Til/2Bz and Ta1/2T11/2B2 also achieve fast hydI'O-
genation-dehydrogenation kinetics via a similar catalytic mechanism, in
which Nb;/sTi; By and TajoTij By also serve as heterogeneous
nucleation agents for MgB, formation. The comparisons highlight the
wide range of catalyst design approaches used to modulate the hydrogen
storage behavior of the LiMgB system, thereby emphasizing the rele-
vance and impact of our results.

4. Conclusion

In this study, we used advanced computational and characterization
methods to design and test additives (based on Nb-Ti-B and Ta-Ti-B) for
the improvement of the kinetic properties of a model multicomponent
hydrogen storage material, i.e. 2LiH-MgB5. The results demonstrated the
effectiveness of this method, paving the way for the development of
new, highly effective additives for hydrogen storage applications. In
particular, we could demonstrate that: (i) Nb; 2Ti;/2B2 and Tay /2Tiy 2B2
compositions are experimentally proven to be effective in enhancing the
hydrogen absorption/desorption kinetics of the 2LiH-MgB, system at
least twofold compared to the pure system; (ii) the presence of Nb, ,2Ti;,
2By and Taj »Ti;2B2 nanoparticles as nucleation sites lowers the acti-
vation energy barrier for MgB, formation, resulting in faster kinetics in
the dehydrogenation process of the 2LiH-MgB, composite system.
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