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HIGHLIGHTS

e Formation energies of substituted AB2 alloys generally increase with the unit cell volumes of alloys.
¢ Hydrogenation enthalpies of AB2 alloys can be tuned to a wide range by substitution.
¢ Enthalpies of AB2 hydrides increase with increasing average electronegativity and volume change upon hydrogenation.

¢ Enthalpies of AB2 hydrides decrease with increasing average atomic and covalent radii.
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ABSTRACT

Stability of AB, alloy in Laves phases C14 and C15 were studied by first-principle density
functional theory simulations. A range of different combinations of B and C elements in the
Ti;_xCyB, alloys were considered. The formation energies of these alloys generally increase
with the unit cell volumes of alloys. The volume also affects the stability of the corre-
sponding metal hydride. We find that the formation energies and the hydrogenation en-
thalpies of AB, alloys are likely to be determined by at least three factors: electronegativity,
atomic radius and covalent radius. The enthalpies of AB, hydrides increase with increasing
compositionally-averaged electronegativity and volume change upon hydrogenation.
However, the enthalpies of AB, hydrides decrease with increasing compositionally-
averaged atomic and covalent radii. This study provides useful insights for future explo-
ration of AB,-type alloys for hydrogen storage applications.
© 2022 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

realized commercially by electrocatalysis using renewable
energy [2,3], economical and easily accessible hydrogen stor-
age is still an important issue which needs to be addressed.

Searching for clean fuels is an important topic to alleviate the
adverse impact of climate change due to greenhouse effect
associated with human activity. Hydrogen, with high chemi-
cal energy of 142 MJ kg™ [1], was proposed as a clean,
continuous and renewable energy carrier in many applica-
tions [2]. Although green hydrogen production has been
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Alloying has the same effect of catalysts to boost the ki-
netics of hydrogenation and dehydrogenation, as well as the
decrease of activation energy [4,5]. For example, the reactions
are different due to the appearance of new phases when Mg is
alloyed with other metals [4,6—8]. One of the most studied
solid-state hydrogen storage methods is the hydrogenation of
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intermetallic alloys. Intermetallic alloys can reversibly store
hydrogen with high volumetric capacities but suffer from
relatively low gravimetric capacities [2,9]. Intermetallic com-
pound (formula: AB,) is a family of materials with two or more
metal elements, of which A-metal and B-metal tend to form
stable and unstable hydrides, respectively [10,11]. Many of
them are capable of operating at near ambient temperature
conditions, e.g. TiFe (a prototypical AB alloy) [12—15] and LaNis
(a prototypical ABs alloy) [16—20].

Laves phase AB, alloys have been shown to have good
performance in properties such as hydrogen storage capacity
(e.g. up to 2.2 wt% in (Tig.e5Z10.35)1.1MnCrq.gFeq > [21]), kinetics
(e.g. fast kinetics in Tig.9gZ10.02Cr0.05Vo.43F€0.00MnN1 5 [22]) and
cycling life (e.g. AB, alloys with A = Ti + Zr and B=
Mn + V + Fe + Ni have high cyclic stability after 500 cycles
[23]). However, the hydrogen capacities of many Laves phase
AB; alloys are limited to less than 2 wt% for room temperature
hydrides. Alloys in the C14 Laves phase (hexagonal structure)
possess better performance in storage capacity, charge
retention, and cycle stability [24,25]. However, their perfor-
mance on activation and high-rate dischargeability, is worse
than C15 Laves phase (face-centred cubic structure) [24,25].In
addition, hydrogenation enthalpy can be tuned by metal
substitution. For example, the A-site substitution of Zr and B-
site substitution of V in TiCr, lead to the decrease of hydro-
genation enthalpies, whereas B-site substitution of Fe shows
opposite trend [26]. This is due to different charge transfer
between hydrogen and metal atoms. Zr and V behave like
electron donors, whereas Fe behaves like electron acceptors
[26]. It was found in previous experiment that, the hydrogen
capacity increases, hydrogen sorption plateau pressure de-
creases, absorption kinetics is accelerated, and desorption
kinetics is decelerated due to the Zr substitution [27].

The optimal combination of elements in AB, alloys for a
chosen hydrogen storage application (under certain experi-
mental conditions) can not be easily identified. Although
machine learning techniques [28,29] have been used to
correlate the materials properties with weighted averages of
elemental properties, it will be beneficial to first correlate
these properties with atomic parameters without running
expensive first-principles reference calculations, formulating
the dataset and doing the time-consuming training in ma-
chine learning. In this work, we have studied the likelihood of
forming Ti-based AB, alloys with different metal elements via
density functional theory (DFT) calculations. Alloys contain-
ing titanium were shown to provide good properties in
hydrogen storage, such as high hydrogen absorption capacity
(about 3.76 wt%) at 300 K for Ti—6Al—-4V alloy [30]. We studied
the formation energies of AB, alloys in both C14 and C15
phases (see Fig. 1) with a combination of titanium (as A atom)
and different B elements, as well as substituted C and D ele-
ments in Ti; _,C,B; and TiByu_y)D,y alloys (x and y refer to the
substitution concentrations). Next, the substitute distribu-
tions in the alloys and its effect on the stability of metal hy-
drides is considered. Finally, the stabilities of the metal
hydrides are discussed. This DFT study thus provides useful
guidelines for choosing a metal alloy composition with the
right thermodynamic properties in hydrogen storage appli-
cations with specified experimental and operating conditions
(e.g. temperature and pressure).

Fig. 1 — Atomic structures of TiCr, hydrides in the C14 and
C15 phases. Ti, Cr and H are shown in blue, yellow and
white colours, respectively. Three compositionally
different tetrahedrons (with hydrogen atoms in the centre)
are indicated in red (A,B,), black (ABs) and purple (B,)
colours, respectively. (For interpretation of the references
to color/colour in this figure legend, the reader is referred to
the Web version of this article.)

Computational details

The Vienna Ab initio Simulation Package (VASP) [31—-34] was
used to calculate the formation energies of AB, alloys and the
enthalpies of metal hydrides. Perdew-Burke-Ernzerhof (PBE)
functional [35] with the projector augmented wave (PAW)
[36,37] method was adopted. Due to the large number of
compositions which need to be probed, relatively moderate
computational settings were used. We anticipate these set-
tings will provide a reasonably accurate qualitative descrip-
tion on our target properties, e.g. alloy formation energies and
hydrogenation enthalpies. A plane-wave energy cutoff of
400 eV with a k-point spacing of ~ 0.2 A~ in the Brillouin zone
were chosen. The partial occupancy around each orbital was
determined by the first-order Methfessel-Paxton [38] method
with a smearing width of 0.2 eV. Structural optimisations were
performed with a force tolerance of 0.05 eV/A and an energy
tolerance of 1 x 10™* eV in the electronic minimisation steps.
The C14 Laves phasein a 2 x 2 x 1 supercell (48 atoms) and the
C15 Laves phase in a unit cell (24 atoms) were considered in
the alloy calculations. For substituted metal alloy composi-
tions, random metal distributions were assumed. Several
substitution concentrations x and y from 0.10 to 0.38 were
considered for Ti;_xCxB, and TiB,(;_y) Doy in the calculations.
Elements Cr and V were considered as the base atom at the B-
site, while Mn and Fe were also considered as B atoms com-
bined with a smaller number of C elements in the Ti;_yCxB>
alloys. For substitution at the A-site, a range of elements were
considered, including [Li, Be, B, Na, Mg, Al, Si, K, Ca, Sc, V, Rb,
Sr,Y, Zr,Nb, Tc, Ru, Rh, Ba, Hf, W, Ir, Ce, Pr, U]. For substitution
at the B-site, a range of elements were considered, including
[Be, B, Mg, Al, Si, V, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Mo,
Ru, Rh, Pd, Cd, In, Sn, Sb, Hg, T1, Pb]. The Pauling electroneg-
ativity, atomic radius and covalent radius used in this work
were based on three references [39—41]. The order of inserting
a hydrogen atom into the tetrahedral hole is based on to the
magnitude of average electronegativity of the atoms in each
tetrahedron. The hydrogen atoms are inserted from the
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lowest average electronegativity in A,B, tetrahedral holes to
the highest average electronegativity in B, tetrahedral holes
(see Fig. 1) [28] and the distance of two hydrogen atoms is
restricted to be larger than 1.4 A in the optimised alloy
structure (smaller than the distances of 1.8 A in Ref. [28] and
1.6 A in Ref. [42]).

The atomic structures of AB, alloys in C14 and C15 phases
are shown through Visualization for Electronic and STructural
analysis (VESTA) software [43] as in Fig. 1.

Results and discussions
Formation energies of Ti;_yCxB, and TiB,(;_)D>y alloys

Factors influencing the formation energies of metal alloys
Formation energy is an important parameter to indicate the
stability of a compound. The formation energies Er of the
Ti; xCyB, and TiB,;_y)D,y, alloys with respect to the non-
substituted TiB, alloy are defined as [44,45].

Er = Ef® — E8® — nup + nuc

(1)

Er = E?BZ' - E?Bz — Nug + Nup

(2)

where E2*’ and E&™ refer to the total energies of Ti;_,C,B, (or
TiBy1-y)D2y) and TiB, alloys, respectively, n and y; refer to the
number of substituted atoms and the chemical potential of
atom i taken from the elemental crystal.

The formation energies of most of the Ti; ,C,Cr, alloys in
C14 and C15 phases considered in this work are related to the

volume change (AV = Vg,  —Vap,) of the cells after the sub-
stitution for Ti (Fig. 2(a)). The formation energies of most of the
alloys shown in empty symbols increase as AV increases
within each row of the periodic table. Since the volume
change is related to the change of atomic radius r,, the for-
mation energy also increases as the atomic radius of C atom
increases (Fig. 2(b)). Because the trend of electronegativity in
the same row of the periodic table is opposite to that of the
atomic radius (e.g. in the fourth row of the periodic table, the
electronegativity increases from K to Kr, however, the atomic
radius decreases at the same time), the formation energy also
increases as the electronegativity decreases. Similar results
can also be seen for V, Mn and Fe as B atom at different sub-
stitution concentrations (x = 0.125—-0.375).

The formation energies of B-atom substituted TiBy(;_y)Day
alloys do notincrease as the volume/atomic radii increase (see
Figs. 1 and 2 in supplementary material). Other factors, such
as the difference in the electron density at the Wigner-Seitz
cell boundary and the atomic size in the alloys reported in
Ref. [46] which are not considered here, may explain the ex-
ceptions (including some Ti; ,C,Cr, alloys not shown in Fig. 2
and TiBy;_y)Dyy alloys). It is worth noting that the resulting
formation energy for the same C atom at x = 0.125 is similar
for C14 and C15 phases (Fig. 2(b)).

Formation energies of metal alloys vs substitution concentration
Fig. 3 shows that the formation energy increases as the sub-
stitution concentration increases if the substitution of the
atoms leads to the increase of formation energy, and vice
versa. This observation also applies to other Ti; ,CyB, and
TiBy;-y)D2y alloys. Therefore, an alloy which can be stably
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Fig. 2 — Formation energy of Ti; _,C,Cr, alloy vs volume change due to substitution and atomic radius of C atom. Formation
energy (Er) as a function of (a) volume change per formula unit (AV = Vyy ¢, ,.cr, - Vricr,) (b) atomic radius of C atom for
Tip-g75Co.125C1> alloys in the C14 and C15 phases. Black circles and red triangles refer to the AB, alloys in C14 and C15 phases,
respectively. Each C atom belonging to the same row of the periodic table is plotted in the same subfigure. (For interpretation
of the references to color/colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3 — Formation energy of Ti, ,C.Cr, alloy vs atomic radius of C atom. Formation energy (Eg) as a function of the atomic
radius of C atom for Ti;_,C,Cr, (x = 0.125, 0.188 and 0.313) alloys in the C14 phase. Red circles, green squares and blue
triangles refer to the Ti, _,C,Cr, alloys at x = 0.125, x = 0.188 and x = 0.313, respectively. Each C atom belonging to the same
row of the periodic table is plotted in the same subfigure. (For interpretation of the references to color/colour in this figure
legend, the reader is referred to the Web version of this article.)

formed after substitution (represented as negative formation
energy) becomes more stable after further substitutions.

Furthermore, whether a substitute atom prefers to substi-
tute for A or B atom depends on the average atomic radius of
the resulting alloy based on our limited study. If the
compositionally-averaged atomic radius of Ti; xCyB, alloy is
smaller than that of TiBy;_y)D,y alloy, the formation of Ti;_,.
CyB, is preferred. The reason may be explained by the same
finding in Fig. 2: C atom with smaller atomic radius forms
more stable Ti; CyB, alloy. This observation applies to our
calculations including substitute C or D atoms = Be, Si, Mg, V,
Mo, Ry, Rh and B atom = Cr, V and Sc. For example, if we take
Mg as C atom in the Ti; xCyB, alloy and D atom in the
TiBy(1-y)D2y alloy in C14 phase with substituted concentration
x = 0.2 and y = 0.1, we can find [average atomic radius, for-
mation energy] = [1.674 A, 0.893 eV/atom] for the Tig.sMgo.,Cr,
alloy and [average atomic radius, formation energy] = [1.680 A,
1.136 eV/atom] for the TiCr;.gMgp, alloy, respectively. This
leads to Mg substitute for Ti rather than Cr. If we consider Sc
as B atom, we can find [average atomic radius, formation
energy| = [1.794 A, 0.475 eV/atom] for the Tio.gMgo 2S¢, alloy
and [average atomic radius, formation energy] = [1.789 A,
0.376 eV/atom] for the TiSc;gMgp, alloy. This leads to Mg
substitution for Sc rather than Ti. Note that TiSc, may notbe a
realistic AB, alloy, it is chosen only for demonstrating smaller
average atomic radius in TiBy(1_y)Day.

Substitute distribution of metal alloy

Ti;_xCyB, alloys with random distributions of Ti and C metals
were used in the calculations based on the assumption that
the temperature is high during the synthesis experiment.
Thus, it would be interesting to know how likely the clustered
substitute distribution can be formed for different alloy
compositions and its role on the hydride stability.

The AEg of different alloys as a function of electronegativity
of C atom were shown in Fig. 4, where AEg is defined as the
difference of formation energy between Ti;_CB, alloys with
clustered substitute distribution and isolated substitute dis-
tribution [47]. Note that in the clustered substitute distribu-
tion, the substituted C atoms were placed at the nearest
distances among all A-site positions. This includes Sr, Ca, Mg

and Zr as C atom and V, Cr, Mn and Fe as B atom. In general,
the negative AEr increases as the electronegativity of C atom
increases (see the cases for B atom = Cr, Mn and Fe). In
contrast, the positive AEr decreases as the electronegativity of
C atom increases (see the cases for B atom = V). Of the largest
atomic radius among these four B atoms (V, Cr, Mn and Fe),
vanadium has a similar atomic radius to A atom, titanium.
This may be the reason why we see isolated substitute dis-
tribution in this alloy. The substitute atoms are more likely to
segregate if C atom has lower electronegativity (x, < 1.00)
when the base atom at B-site is Cr, Mn and Fe. This may be due
to the larger difference of electronegativity between these C
metals and Ti. The trend of AEr as a function of electronega-
tivity of C atom looks similar in C14 and C15 phases.
Although the difference of formation energies between
clustered and isolated substitute distributions is significant,
the difference in their hydrogenation enthalpies is small.
Ti;_ St Mn, has the largest difference of formation energy AEr
between clustered and isolated distributions (at x, = 0.95) in
Fig. 4, however, the differences of hydrogenation enthalpies
are only about 0.21% and 0.34% for C14 and C15 phases,
respectively. Thus, the substitute distribution may not play a
significant role in the stability of Ti; CyB, hydride.

Hydrogenation enthalpies of Ti;_xCxB, and TiB,(;_y)D2y
alloys

Factors influencing the enthalpies of metal hydrides

For hydrogen storage, the enthalpy which determines the
stability of hydrogen stored in an alloy is as important as the
stability of the alloy (formation energy discussed in section
3.1). The hydrogenation enthalpy of an AB, alloy is defined as
[29,48].

AH = % (EABZH" —Eag, — EEI—Q)

: ©)
where Eap,u,, Eas,, En, and n are the total energy of an AB,
hydride with n hydrogen atoms, total energy of an AB, alloy,
total energy of hydrogen gas and number of hydrogen atoms,
respectively. In Fig. 5(a)-(c), the hydrogenation enthalpy

mostly depends on the compositionally-averaged atomic
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radius (r,) and covalent radius (r.y) of atoms, whereas the
direct effect of average electronegativity of atoms in enthalpy
is less pronounced. Generally, the enthalpy decreases as the
average atomic radius and average covalent radius increase
(associated with a smaller volume expansion upon hydroge-
nation, see Fig. 5(e)—(f)). In Fig. 5(e)-(f), a larger volume
expansion upon hydrogenation leads to a larger enthalpy. A
similar result were found by Witman et al. [29] and Westlake
[49]. In contrast, the hydrogenation enthalpy increases as the
average electronegativity increases.

Our result is in good agreement with previous literature in
which the hydrogenation enthalpy was related to the chemi-
cal and structural contributions (e.g. bonding, volume
expansion [50] and elastic modulus [29]). In AB, alloys,
hydrogen atoms prefer to occupy the tetrahedral holes
composed of atoms with lower average electronegativity in
the alloy [28]. However, the influence of the electronegativity
which related to the attraction for hydrogen atom is less sig-
nificant than the volume change upon hydrogenation in
determining the stability of the hydrides.

In Fig. 6, the hydrogenation enthalpy increases as the
atomic radius of B atom decreases (Fe < Mn < Cr < V) for
different Tip.g75Co.12sB2 alloys. Similarly, the ZrFe, hydride
becomes more stable by substituting V for Fe as shown in a
previous study [51]. This is possibly because the volume
expansion upon hydrogenation is mostly determined by the
geometric effect (related to the atomic size) than the chemi-
cal effect (related to the attraction for hydrogen atoms). This
is in good agreement with a previous study on Zr-based AB,
alloys [52], in which the authors found that a more stable
metal hydride is associated with a larger average atomic size.
It is worth noting that the trend of the formation energy of an
alloy is opposite to the trend of the enthalpy of metal hydride
with increasing atomic radius (Fig. 2(b) and Fig. 5(b)), which
agrees well with the findings in previous literatures that the
stability of alloy and hydride is opposite [28,29,53]. The hy-
drogenation enthalpies of different A-site and B-site sub-
stitutions discussed in this work were shown in the
supplementary material.

To understand the correlation between hydrogenation
enthalpy, alloy unit cell volume, and covalent radius, we
performed linear regressions of hydrogenation enthalpy as a
function of unit cell volume of alloy (V) and average covalent
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Fig. 7 — Coefficient of determination R? and slope of linear regression vs substitution concentration. (a) (c) Coefficient of
determination R? (b) (d) Slope of linear regression based on hydrogenation enthalpy vs (a) (b) volume of alloy (V,) and (c) (d)
average covalent radius (Tcv) in Fig. 5. Circle and triangle symbols refer to Ti,_,C,B; and TiB,(;_y)D,y alloys, respectively.
Black and red curves refer to the C14 and C15 phases, respectively. (For interpretation of the references to color/colour in this
figure legend, the reader is referred to the Web version of this article.)

Please cite this article as: Loh SM et al., Substitutional effect of Ti-based AB, hydrogen storage alloys: A density functional theory study,
International Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijjhydene.2022.12.083



https://doi.org/10.1016/j.ijhydene.2022.12.083

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY XXX (XXXX) XXX 7

(@ Cl4 (b) C15
SO prerrprree 50 preerperree

F GO x=0.125 F GO x=0.125
u ¥=0.188 u ¥=0250
4wl G0 x=0313] o G0 x=0375
S 30 4 S 30F 3
S - B o F 4
SN 1 2 ]
= 20k . NP =
S 20f 1 3 2f 1
10f- - 10 ]
I 2 3 4 5 6 I 2 3 4 5 6

N,/AB, N,/AB,

Fig. 8 — Ratio between volume expansion upon
hydrogenation and volume of alloy (AV/V,) as a function of
number of hydrogen atoms per formula unit (Ny/AB,) in
Ti,_xMg.Cr, in the (a) C14 phase and (b) C15 phase.

radius (rcov) at different substitution concentrations. The co-
efficient of determination R? of linear regression measures
how well a model predicts an outcome. Fig. 7(a) and 7(c) show
the coefficient of determination R? of linear regression in
Fig. 5(c) and (d) as a function of substitution concentration. We
can find that the R? of linear regression in Fig. 7(a) and 7(c) is
high (0.80—-0.95) at lower substitution concentration
(x = 0.1-0.2) for Ti; xCyB, alloy (black and red curves with
circle symbol), although the hydrogenation enthalpy was
expressed as a polynomial composed of a range of factors
including differences of average electronegativity, atomic
size, elastic modulus and electron concentration in previous
literatures [52,54]. Due to the more dispersed data points, the
R?of TiBy(1—y)D2y alloy is lower than Ti;_.C.B; alloy. Polynomial
regression may need to be employed for higher substitution
concentrations. The decrease of R? with the substitution
concentrations x or y may imply that different parameters
such as differences of average electronegativity, atomic size,
elastic modulus and electron concentration [52,54] originating
from the substitute atoms become more important with
increasing substitution concentrations.

In Fig. 7(b) and 7(d), the smaller absolute value of slope for
TiByu_y)D2y alloys compared with Ti;_,CxB, alloys in the
same phase may imply that TiB,;_,D,, alloys are less
affected by the average covalent radius and unit cell volume
of alloy. The smaller absolute value of slope can also be seen
at higher substitution concentrations, implying the lower
influence of the average covalent radius and unit cell volume
of alloy on hydrogenation enthalpy at higher substitution
concentrations.

Magnitude of volume change upon hydrogenation

The magnitude of volume change almost remains at a con-
stant when increasing number of hydrogen atoms in both C14
and C15 phases (Fig. 8). The linear increase in magnitude of
AV/V, with increasing number of hydrogen atoms can also be
seen in Ref. [55]. The curve gradually becomes non-linear if we
increase the number of hydrogen atoms absorbed because the
volume expansion is different when hydrogen atoms are
stored in different types of tetrahedral holes. For example, the

AV/Vy, is about 0.4% when a hydrogen atom is inserted into a
A,B, tetrahedral hole, whereas the AV/V, is about 0.8% when a
hydrogen atom is inserted into a B, tetrahedral hole of the
Tio.725sMgo.125Cr5 alloy in C14 phase. This constant magnitude
of volume change remains up to x = 0.3 (the highest substi-
tution concentration considered in this work) for Ti; ,Mg,Cr,,
but the magnitude may be different for alloys of different
compositions.

Conclusion

The formation energies and the hydrogenation enthalpies of
Ti;_xCxB, and TiB,(;_y)Dyy alloys were discussed in this work.
In general, the formation energy of A-site substituted Ti; .
C«B, alloy increases with increasing unit cell volume change
after substitution and increasing atomic radius of C atom, and
decreases with increasing electronegativity of C atom in each
row of the periodic table. However, this observation does not
apply to the B-site substituted TiB,; _,)Dyy alloys. The stability
of the alloy can be further increased by further substitution of
Ti by C atoms if the substitution is energetically favourable.
The substitute distribution of an alloy has little effect on the
hydrogenation enthalpy of metal alloy, although the local
substitute segregation may exist in the alloy depending on the
electronegativity of the substitute C atom. For example, the
enthalpy difference between clustered distribution and iso-
lated distribution of Sr substitute is less than 0.4% for
Ti;_xSryMn, hydrides which has a strong tendency to form
clustered distribution.

The hydrogenation enthalpies of Ti; _xC,B, and TiBy1_y)Day
alloys mostly decrease with increasing compositionally-
averaged atomic and covalent radii. This is related to the
volume expansion upon hydrogenation being inversely pro-
portional to the volume of alloy (see Fig. 5(d) and (e)). The
hydrogenation enthalpy is also partly influenced by the
average electronegativity (hydrogenation enthalpy increases
as the average electronegativity increases).

The linearity of the correlation between hydrogenation
enthalpy and covalent radius (or volume of alloy) is obvious at
lower substitution concentration (R? > 0.9 for Ti; _,C,B, alloys).
The TiBy;_y)D2y alloys (B-atoms substitution) are less affected
by these factors than the Ti; «C.B, alloys (A-atom substitu-
tion). In addition, the magnitude of volume change upon hy-
drogenation almost linearly depends on the number of
hydrogen atoms absorbed in the alloy when hydrogen atoms
occupy the same type of tetrahedral hole (e.g. A,B,). Hydrogen
atoms will occupy different types of interstitial holes if the
number of hydrogen atoms absorbed increases, leading to the
curve in Fig. 8 becoming non-linear at higher hydrogen
loading levels. The magnitudes of volume change in the C14
and C15 phases are different, which may be related to the
difference in the distribution of different tetrahedral holes in
the C14 and C15 phases.

These findings imply that we can choose substituted atoms
with smaller atomic size if we want to form a more stable AB,
alloy, and vice versa. However, we also need to take into
consideration that alloys composed of substituted atoms with
smaller atomic size will lead to a less stable hydride upon
hydrogenation [28,29,53]. Therefore, the optimal alloy
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composition for a chosen hydrogen storage application can be
more easily predicted based on the relative stability of the
alloys and intermetallic hydrides at different experimental
conditions, and thus boosting the development of this area.

Supplementary material

DFT predicted formation energies and hydrogenation entha-
plies of Ti;_ CiB, and TiB,;_y)Dy (x = 0.125, 0.188, 0.313,
y = 0.094, 0.188, 0.313 for C14 phase and x = 0.125, 0.250, 0.375,
y = 0.125, 0.250, 0.375 for C15 phase) alloys were provided.
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