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(V, Cr, Mn, Fe, Co, Ni, Al) metals together with the existence of the extended solid solutions formed by
mixing various selected components on both A and B sites dramatically extends the list the known binary
and ternary individual compounds. A vast majority of the Laves type intermetallics crystallises with C15 /
FCC MgCu, and C14 [ hexagonal MgZn, types of structures, both formed for a large range of ratios between
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Laves phase intermetallics the atomlg radii of the A and B c.omponents.qumde the ideal ratio ra/rg= 1.225. Their hydrogengtlon per-
Intermetallic hydrides formance is defined by the chemical composition and structure of the alloys and proceeds according to the
Hydrogen storage and compression following alternative | parallel mechanisms: (a) Formation of the insertion type interstitial hydrides con-
Metal hydride batteries taining up to 6-7 at. H/f.u.AB,; (b) Amorphisation of the alloys on hydrogenation; (c¢) Disproportionation

with the formation of a binary hydride of the A metal and depleted by A metal B-components based alloys/
hydrides. Equilibrium pressures of hydrogen desorption from the AB,-type hydrides span a huge range of
ten orders of magnitude and thus Laves type-based intermetallics satisfy the requirements for various
applications including getters of hydrogen gas, volume- and mass-efficient hydrogen storage materials
operating at ambient conditions, materials for the efficient thermally driven compression of hydrogen gas
with an output pressure of several hundred bar and high capacity and high rate anode materials for the
metal hydride batteries operating in a challenging temperature range - at subzero temperatures and also
above 60 °C. The paper contains references to 245 publications and will guide the future work in the areas of
fundamental research and also in advancing the applications of the hydrides of the Laves type inter-

metallics.
© 2022 The Author(s). Published by Elsevier B.V.
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1. Introduction M(s) + XHy O (1) + xe~ “==""MHj(s) + xOH~(I)
oxi(thion (1b)

Metal hydrides (MH) contribute to the hydrogen-based energy
storage enabling operation of various hydrogen energy systems.

Applications of MH utilise a reversible chemical interaction of
hydride-forming alloys / intermetallic compounds, M, with hydrogen
to form a metal hydride, MHy, via a direct interaction with hydrogen
gas (1a) or electrochemically when atomic hydrogen is formed at the
surface of the metal hydride used as an electrode in alkaline elec-

where (s), (g) and (I) define solid, gas or liquid phases, while
molecular or atomic hydrogen is, respectively, supplied from hy-
drogen gas or via electrochemical reduction of an aqueous elec-
trolyte.

The hydrogenation process is exothermic and often a significant
amount of heat is released. The value of the heat effect of reactions

trolyte (1b): (1a and 1b) Q is approximately equal to the negated enthalpy, -AH,
, of hydrogen absorption by the metal M.

M(s) + X/2Hs (2) 2P H, (5) + Q Several properties of the MH are quite unique. Indeed, (a) metal

“desorption. (1a) hydrides form and decompose with extremely quick rates - just in

seconds; (b) the volumetric content of the accommodated in the
metal lattice hydrogen is very high - reaching a double value as
compared to the liquid hydrogen; (c) interaction with hydrogen
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creating clean nonoxidized surfaces; (d) hydrides are able to selec-
tively absorb hydrogen from the gas mixtures thus purifying it; (e)
MH are able to significantly change the pressure of hydrogen ab-
sorption and desorption as related to the applied temperature thus
making it possible to compress hydrogen gas by utilising thermal
energy.

Due to the beneficial combination of these properties, MH found
numerous applications including [1-14]:

e Compact hydrogen storage, thermally driven hydrogen com-
pression, heat management, hydrogen separation and purifica-
tion (hydrogen gas is utilised).

Electrochemical hydrogen storage and conversion (Ni-MH bat-

teries, air - MH batteries and PEM fuel cells utilising hydrogen as

a fuel).

e Applications in various technologies utilising intrinsic properties
of the MH - in nuclear technologies, in switchable mirrors, as H
sensors, in powder metallurgy, in vacuum-plasma technologies,
and as catalysts.

MH technology is an application-driven area of R&D where
convenient processing conditions and efficient energy conversion
can be achieved and these can be adopted to suit a particular ap-
plication, by tuning operational parameters of the metal-hydrogen
systems, including metal hydride component selection, structure
and phase composition of the hydride-forming materials, opera-
tional conditions - temperature and hydrogen pressure, and hy-
drogen energy system layout. In each particular case, the success
performance needs efficiency of the use of the materials and cor-
responding systems, including choice of the target composition of
the MH material, its manufacturing in the upscaled amounts, de-
velopment of the MH-containing system components and, im-
portantly, integration of the system as a whole [11-17].

Among a great variety of the MH materials, intermetallic hy-
drogen storage alloys are of a special importance [18-20]|. These
materials are used in many electrochemical and gas phase applica-
tions related to energy storage (Ni-MH batteries), hydrogen and fuel
cell technologies (hydrogen storage, compression, separation and
purification), as well as energy conversion (heat management sys-
tems, permanent magnet materials). Changing the structure type
and component composition of the MH alloys allows to tune their
hydrogenation-dehydrogenation properties in a broad range. Sub-
sequently, MH systems utilising metal hydrides are characterised by
tuneable performance conditions which can be adopted to suit
specific applications by appropriate selection of the type of the
Metal-Hydrogen system.

AB; (A = Ti, Zr, Rare Earth Metals, Mg; B = Fe, Co, Ni, Mn, other
transition metals and nontransition elements) Laves-type inter-
metallics are known as active hydride-forming compounds ab-
sorbing hydrogen up to a limiting composition of 7 at.H/f.u. AB,.
These hydrides reversibly form and decompose in impressively
broad range of operating temperatures and equilibrium H, pres-
sures, from a few millibar at T~300°C to several kilobar at near-am-
bient temperatures [4]. These hydrides with a typical hydrogen
storage capacity of AB,Hs_4 are characterised by a high volumetric
hydrogen storage density (~100-150 gy/L, that is 1.4-2 times higher
than the density of H in liquid H,) and relatively high gravimetric
storage capacity (up to 2-2.5wt% H) [21]. As these features are ac-
companied by a fast hydrogenation /| dehydrogenation kinetics and
the alloys are cost-efficient, AB, Laves type hydrogen storage alloys
attracted a high research interest of the international community.
Since start of their thorough studies from the beginning of 1980 s
(see, e.g., [22,23]), the number of publications in the field ex-
ponentially grew reaching about 10% in the overall number of pub-
lications on hydrogen storage materials for the period 2000-2015
(> 16800 papers in total [24]).
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A broad review on the Laves phases hydrides and their various
applications containing more than 1000 references has been re-
cently published [25]. Though the review contains a separate section
dealing with the Laves-type hydrogen storage materials, it mostly
presents general features describing their behaviours and their ap-
plications and leaves without a consideration various important
properties of these materials, first of all, related to the interrelation
between the composition and the hydrogenation/dehydrogenation
behaviours.

The present review is focused on the analysis of the structural,
thermodynamic and kinetic properties of the Laves-phase type hy-
drides (Sections 2-4), and analyses and presents a vast amount of
the literature data published since the 1960s (Section 5). Special
attention is paid to the multi-component AB,-type Laves phase hy-
drides (where A is Ti and Zr), which are particularly promising in the
development of the hydrogen storage systems [26-29], hydrogen
compressors [29-32], low-temperature heat management [33-35]
and as advanced negative electrodes of the Ni-MH batteries [36,37].
These applications, along with the analysis of the “composition —
properties” relationships, together with the issues related to the
large-scale manufacturing of the AB,-type hydrogen storage alloys,
and their technological features, are considered in Section 6.

2. General overview of Laves-type intermetallics

Laves type intermetallics are the most abundant group of inter-
metallic compounds containing over 360 binary and more than 540
ternary compounds [38].

The reason for the exceptional number of the existing Laves type
intermetallics is because the metallic compounds preferably crys-
tallise with the close packing of atoms, with high atomic symmetry
of their structures and metallic bonding, and Laves phases satisfy
these more comprehensively than other types of the structures ob-
served for these compounds.

Three types of Laves type structures form the most re-
presentatives, including hexagonal C14, cubic C15 and hexagonal
C36 types. The ordered hexagonal C14 structure has at least 131
binary representatives and 263 ternary compounds, the ordered
cubic C15 structure forms at least 219 binary and 272 ternary com-
pounds, and the ordered hexagonal C36 structure - 17 binary and 14
ternary compounds [39]. Therefore, over 900 binary and ternary
Laves compounds have been identified, with over 360 Laves phases
being binary compounds. Even though Laves type intermetallics
further to the conventional 2-layers C14, 3-layers C15 and 4-layers
C36 intermetallics also include multilayers stackings, with con-
tinuously expanding list of representatives (one recent example is
MgNi,_xCoy - 7-layers Laves type compound [R.V. Denys and V.A.
Yartys, 2022]), their practical importance is limited and they will not
be considered further in the present review.

For the Laves-type AB, intermetallic compounds, rare earth
metals, zirconium, titanium and calcium and magnesium are the
main elements on the A sites. A variety of elements used on the B
sites includes such elements as aluminium, vanadium, chromium,
manganese, iron, cobalt, nickel and copper.

Most frequently Laves type structures are formed by the rare
earth metals, which exist for the entire range of the rare earths, from
La to Lu, forming the whole series of the Laves type intermetallics
REFe,, RECo, and RENi,, with hydrogenation behaviours and prop-
erties of the metal hydrides RE(Fe,Co,Ni), systematically changing
depending on a transition metal - Fe, Co or Ni.

Atomic size factor and electron concentration are the two main
factors affecting not only the formation of the Laves type inter-
metallics with a particular type of the structure - C14 or C15 - but
also their hydrogenation properties and electrochemical perfor-
mance as anode electrodes of the metal hydride batteries.
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Table 1

Ratios of atomic radii, Ra/Rp in the binary systems. The Laves type phases are preferably formed in the range of Ra/Rg between 1.19 and 1.32 (listed in bold font in the Table 1),

Journal of Alloys and Compounds 916 (2022) 165219

while an ideal value Ra/Rp is 1.225 [25]. The shaded cells indicate a formation of the Laves phases (C14, C15 or C36) in the particular binary systems [39].

B (R [A]) A (R[A])
Sc Y La Ce Lu Ti Zr Hf
(1.641) (1.801) (1.877) (1.825/1.715) | (1.734) (1.462) | (1.602) (1.580)
Al (1.432) 1.146 1.258 1.311 1.274/1.198 1.211 1.021 1.119 1.103
V (1.346) 1.219 1.338 1.395 1.356/1.274 1.288 1.086 1.190 1.174
Cr(1.282) 1.280 1.405 1.464 1.424/1.338 1.353 1.140 1.250 1.232
Mn (1.264) | 1.298 1.425 1.485 1.444/1.357 1.372 1.157 1.267 1.225
Fe (1.274) 1.288 1.414 1.473 1.432/1.346 1.361 1.148 1.257 1.240
Co (1.252) 1.311 1.438 1.499 1.458/1.370 1.385 1.168 1.280 1.240
Ni (1.246) 1.317 1.445 1.506 1.465/1.370 1.392 1.173 1.286 1.268
Mo (1.400) | 1.172 1.286 1.341 1.304/1.225 1.239 1.044 1.144 1.129
W (1.408) 1.165 1.279 1.333 1.296/1.218 1.232 1.038 1.138 1.122
BCC AB,-C14 AB,-C15 below 5.3, a BCC type of structure replaces Laves type intermetallics
(see Fig. 1). Furthermore, Fig. 1 also lists e/a ratios for some com-
monly used elements contributing to the composition of the alloys
which span a range from 4 to 10.
In the non-stoichiometric Laves phases, AB,.y, mutual sub-
stitutions of A~B may occur (e.g., A-atoms partially occupying
[ T T T T | B-positions for AB,.x compositions and vice versa for the AB,_
4 5 6 7 8 9 alloys), while, less frequently, A- and B-vacancies for AB,., and
) . AB,_,, can appear [25]. The substitutional site occupation for the
Average Electron Concentration (e/a) alloy of A- and B-components with atomic fractions XA and XB,
Zr Ti V. C Mn Fe Co Ni respectively (XA + XB = 1), can be calculated as:
e/a 4 4 5 6 7 8 9 10 AxaBxg = (AlfyBByB)(BlfyAAyA)z, (3)
Fig. 1. Formation of the particular types of the crystal structures of the alloys as re- where:

lated to the average electron concentration.
Adopted from [40].

The ideal ratio between the radii of the components Ra/Rg= 1.225
[25]. Analysis of the experimental data (Table 1) shows that in fact
Laves type compounds are formed for Ra/Rg being much different
from this value, spanning a range from Ra/Rg = 1.1 for HfAl, to Ra/Rg = 1.5
for LaNi,.

Further to the size factor, electron concentration also affects the
formation of the particular Laves type structures. The electron con-
centration factor e/a accounts the average number of the outer
electrons per atom for the component atoms [40]. The average
electron concentration factor e/a of the alloy can be obtained using
the following equation

(e/@)attoy = Z,. (e/a)iX (at%); )

Average electron concentrations for the AB, alloys are presented
in Fig. 1.

Analysis shows that for this group of alloys hexagonal C14 type
structures are formed at lower e/a, between 5.3 and 7.0, while cubic
C15 type structures appear at higher e/a exceeding 7.0. When e/a is

)

A= 1 - 3/2XB, for XB < 2/3
ya= 0, for XB > 2/3

and:

0, for XB < 2/3 }

B =

Y {3XB — 2, for XB > 2/3 (5)
As an example, A- and B-site occupation for the intermetallics

ZrMn,g and ZrMns 4 (see Section 2.1 below) can be written as Zr

(Mng 964Z10,036)2 and (Zroes2Mng 318)Mny, respectively.

3. Hydrides of Laves phase intermetallic compounds
3.1. Zirconium and titanium based Laves phases

First characterised AB, Laves type hydrides were hydrides of Zr-
containing intermetallics ZrV;, ZrCr, and ZrMo, [41]. These studies
showed formation of stable at ambient conditions hydrides ZrV,Hs
and ZrCr,H,4 which partially released hydrogen on their heating (see
Fig. 2, a and b), with residual H content of ZrV,-based hydride
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Fig. 2. Temperature- and pressure-dependent equilibria in the ZrCr,-H, (a) and ZrV,-H, (b) systems. Curve labels show temperatures (in C) for the hydrogen desorption

isotherms.
Adopted from [41].

remaining rather high, around 1.5at.H/ZrV, even at a very high
temperature of 799 °C (1 bar Hj).

ZrTM, (TM=transition metals) Laves type intermetallics are also
formed by Mn, Fe, Co and Ni. They all absorb hydrogen, and the
properties of their hydrides are determined by the nature of the TM.
The most suitable for the reversible hydrogen storage at convenient
conditions is ZrMn, which absorbs around 3 at.H/f.u. and forms a
hydride with desorption pressure slightly below 1 bar H, at ambient
temperature. For TM=Fe, Co and Ni the hydrogenation of their Laves
type intermetallics with Zr requires application of very harsh con-
ditions - pressures of several kbar H, and use of elevated tem-
peratures. This results in the formation of an insertion type
tetrahydride ZrFe,H, for TM=Fe [42] or a disproportionation process
resulting in Zr,CoHs and Co for ZrCo, [43].

A significant number of the works published in 1970-80s was
focused on the studies of the effects of:

e Substitution of the B- and A-components in the ternary and
quaternary Laves phases [Zr,Ti](B1,B2), where
B1,B2 =V,Fe,Cr,Mn,Co,Mo [44-52] and

e Modulations of the stoichiometry of the Laves type alloys AB;.x
between hypostoichiometric and hyperstoichiomertic composi-
tions for Zr-based [22], [53-60] and Ti-based compounds [61-66].

80

A=Ti

75

AB2‘x
-- AB,

AB,

Indeed, it is well known that compounds of Zr with Mn, Fe, and
Co and of Ti with Cr, Mn, Co, Fe can be prepared having compositions
substantially deviating from the ideal 1:2 AB, stoichiometry (see
Fig. 3). For some intermetallics Laves type structures span the area
between understoichiomertic (B/A<2.00) and overstoichiometric
(B/A>2.00) compositions, with systematic, frequently very drastic
changes in the properties of the hydride phases (H storage capacity,
thermodynamics and kinetics of the metal-H interactions). One ty-
pical example is ZrMn, . x (ZrMn; g_3 4) hexagonal C14 type hydrides,
where H capacities gradually decrease while equilibrium pressures
of H, absorption increase following an increase of the Mn content in
the ZrMn,.y alloys (see Fig. 4). These changes are caused by a con-
traction of the unit cells of the ZrMn, . x following an increase in the
content of Mn thus decreasing sizes of the intersices in the metal
sublattice.

Similar dependencies were observed during the hydrogenation of
the C14 alloys in the Ti-Mn system, where the homogeneity area
spans an interval between TiMn,s and TiMn,; [61]. These alloys
showed high hydrogen-storage capacities, suitable plateau hydrogen
dissociation equilibrium pressures and tailored properties as related
to the Ti/Mn ratio [61-66]. The best H storage performance (1.86 wt.
% H; 118 gy/L; plateau pressure 0.7 MPaH, at 20 °C) was demon-
strated by the TiMn, 5 alloy [61,66].

80 -

A=Zr

751

70

o

at. % B

65

60 4

Mn Fe Mo

Fig. 3. Homogeneity regions (coloured) for some binary TiTM; .« and ZrTM, . Laves phases [39]. Top/red and bottom/black lines correspond to the maximum and minimum

concentrations of the B-component).
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Fig. 4. Gradual increase of the hydrogen absorption pressures for the annealed ZrMn; g_, g intermetallics at 50 °C (a) and continuous contraction of the hexagonal C14 type unit
cells following an increase of the Mn content in the ZrMn, . intermetallics from 1.8 to 3.4 Mn/Zr (b).

Adopted from [69].

Quasi-binary Laves type intermetallics can be formed by repla-
cing Zr for Ti or having a solid solution of two components B=Al, V,
Cr, Mn, Fe, Co and Ni on the B-site. In both cases a formation of
unlimited homogeneous solid solutions frequently happens allowing
to achieve gradual composition-dependent changes of the properties
of the hydrides, their stabilities and H storage capacities. Examples
of such composition-dependent changes in H storage behaviours are
shown in Fig. 5 below.

The hypostoichiometric C14-TiMn,_, Laves phases were shown
to be promising for both gas phase and electrochemical applications

6
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5 b —15
/v
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/ XTe)-x"2
31 3
/
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S 2 , | | | m .// 3 4
a LA T
3 t AT 4
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/
1 /{ 1
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due to their high reversible hydrogen storage capacity, fast hydro-
genation/dehydrogenation kinetics and tuneability of the hydrogen
sorption performances at near-ambient conditions by using the
variation of the type and amount of the extra to Mn metal compo-
nent (M=V, Cr, Fe, Co, Ni, Cu, Mo) and (Mn+M)/Ti stoichiometric ratio
in the Ti-Mn-M Laves phase alloys. The corresponding hydrogen
storage materials were patented by Japanese companies already in
the 1970 s (Matsushita Electric Industrial) [67]. Subsequent detailed
studies of the multicomponent alloys based on the C14-TiMn,_y
with substitutions on both A(Ti)- and B(Mn)-sides appeared in

6
-
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Fig. 5. Hydrogen absorption capacities of Zr(M14M2;_4), pseudobinary Laves phases as related to the atomic fraction, x, of the M2 component.

Reproduced from [23].
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Fig. 6. Temperature-dependent variation of the PCT curves for the AB;g Laves type
hydride showing several beneficial features, including (i) negligible hysteresis be-
tween absorption and desorption; (ii) flat single-plateau isotherms; (iii) merging of
the isotherms of abs-des at 353K thus indicating a proximity of the critical tem-
perature.

Reproduced from [125].

1990 s-early 2000s [62-64], and optimised compositions of the al-
loys were patented [66,68].

Ti(V,M),.x alloys (M=Mn, Ni, Cr) show benefits of combining
hydrogen storage capacities above 2 wt.% H with easy activation and
fast hydrogenation/dehydrogenation kinetics. These alloys are mul-
tiphase consisting of a BCC solid solution and a Laves phase inter-
metallic with each phase contributing to the hydrogenation
performance. This class of promising hydrogen storage
materials,“Laves phase related BCC solid solutions”, was described
by Akiba (see [65] and references therein for further details).

A partial replacement of Zr by Ti or vise versa, reduces the sta-
bility of the hydrides for the Ti—Zr replacement while achieving an
opposite effect stabilising the hydrides for the Zr—Ti replacement. A
ratio between Ti and Zr forming a solid solution on the A side defines
the thermodynamic properties and stabilities of the AB,Hy hydrides.
Ti and Zr have similar chemistry, however, are significantly different
in their atomic sizes (Ti-1.462 A; Zr-1.602 A). Increasing the content
of Ti and replacing Zr in the AB, the intermetallics (normally limited
by a maximum value of 22%, Tig22Zrg7g) results in a gradual con-
traction of the unit cells of the intermetallics, which causes a de-
stabilization of the corresponding hydrides [70,71].

Creation of the multicomponent Laves phase compositions con-
taining a mixture of the components on both A and B sites proved to
be efficient in optimising the hydrogenation-dehydrogenation

100+
TiMn, (293 K) (@)
\
104 TiMn, ; (296 K) -
€
5
o 15 ZrMn, , (323 K)
o
0.1
0.011— . . : : . .
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H/M
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performance particularly when applied as the metal hydride anode
electrodes of the Ni-MH batteries.

In the multi-element AB,. alloys, the constituting elements
contribute to the H storage performance in a variable way. Indeed,
Ti, Zr, and V are the hydride-forming elements, Ni has a high cat-
alytic activity facilitating splitting of the molecular hydrogen, Co
and Mn provide surface activity relevant for the improvement of
hydrogen exchange, while Cr, Al, and Fe increase alloys stability in
hydrogen on cycling. Choice of elements and their relative content
contributing on the B side (Fe, Co, Ni, Mn, Cr, V, and Al) can be
optimised using empirically defined optimal ratio of mixing of four
transition metals on the B side - Ni;oMns g3VFe - which allows to
achieve excellent reversibility of hydrogen absorption and deso-
rption with extremally small hysteresis between the isotherms of
hydrogen absorption and desorption. This allows to achieve energy
efficient compression of hydrogen gas by using such alloys and to
decrease an overpotential of the metal hydride anodes utilising the
alloys [70,71].

Changing the ratio of B and A between AB, g (see Fig. 6) and AB5;
while keeping a single phase Laves type structure unchanged ap-
pears to be very useful in modifying their behaviours. Increase of the
B/A ratio in the alloys causes a gradual contraction of the unit cells
and a corresponding destabilization of the hydrides allowing to fi-
nely tune their stability.

Effect of Ti replacing Zr in the AB; alloys is very distinct as can be
concluded from the data presented in Fig. 7(a) showing that hy-
drogen desorption pressure is more than 2 orders of magnitude
higher for TiMn, based hydride as compared to ZrMn, . based hy-
drides. Simultaneous doping on both A and B sites allows to finely
tune hydrogen desorption pressures conveniently making them
being close to 1 bar H, Fig. 7(b).

Relatively high hydrogen storage capacities of the Laves phases
on the basis of Ti and Zr (up to ~2 wt.% H) along with fast hydro-
genation |/ dehydrogenation kinetics and extremely wide range of
stabilities of their hydrides which can be effectively controlled by
the variation of the alloy’s composition (see Section 5) makes these
materials very promising for the various applications covering a
broad range of operating temperatures and hydrogen pressures
(Section 6). At the same time, disadvantages of these hydrogen
storage materials include: (a) metallurgical difficulties of their large-
scale preparation associated with high melting temperatures and
increased high-temperature reactivity of Ti and Zr because of the
high affinity to oxygen; (b) difficulties in activation to initiate the
hydrogenation; (c) sensitivity to the impurities of active gases when
present in H,; and (d) pyrophoricity of the activated hydrogenated /
dehydrogenated alloy powders. These features will be later con-
sidered in the Sections 4.1 and 4.5 of this review.
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Fig. 7. Hydrogen desorption isotherms for some C14 Laves phase intermetallics. (a) Binary AB, .« [46,60,72]. (b) Ternary and quaternary AB, [50,51,73].
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Lattice expansion of the REB: intermetallics and their hydrides
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Decrease in the stability of the REB:-based hydrides

Fig. 8. Influence of the nature of transition metal (TM) component with the rare-
earth metals (RE) in the Laves type intermetallic compounds RETM, on the crystal
structure features of the intermetallics and their hydrides and the stability of the
hydrides.

3.2. Rare earth-based RETM,, REAl, and REMg, intermetallics

3.2.1. RETM, based hydrides
RETM, intermetallics are formed by all rare earth metals and a
large variety of transition metals including but not limited to Mn, Fe,
Co, Ni, Ru together with nontransition elements Al and Mg.
Hydrogen interaction with this group of intermetallic alloys
proceeds via three alternative mechanisms:

(a) Formation of insertion type hydrides with hydrogen atoms filling
the available interstitials in the structures of the initial inter-
metallics. This insertion is always accompanied by a volume
expansion, 10-30%. Its extent is determined by the nature of the
RE and TM components and maximum hydrogen storage capa-
city, most frequently being in a range between RETM,Hs; and
RETM,H,. The expansion amounts 2-4 A3/at.H, with the most
frequent value close to 3 A3/atH. For the isostructural inter-
metallic hydrides a gradual change proceeds in the following
sequence presented in the Scheme (Fig. 8):

One typical example is ErFe,-H, system. The PCT diagram for this
system is shown in Fig. 9 [74]. One can see multi-ptateau equilibria
between 6 individual phases resulting in a step-by-step synthesis of
ErFe,H,_s.

For the Sc-based intermetallics ScNi,, ScCo, and ScFe, H storage
capacity and stability of the crystalline insertion type hydrides in-
creases in a sequence Ni< Co< Fe [75].

(b) Disproportionation of the intermetallics during their interaction
with hydrogen resulting in the formation of the binary hydrides of
rare earth metals and enriched with B component phase con-
stituents or individual elements B. One example is presented in [76]:

CeFe, + 3/2H, — CeHs + 2 a-Fe (6)

Hydrogen Induced Amorphisation (HIA) of the metal lattice
takes place for many C15 Laves compounds RETM, (TM = Fe, Co,
Ni) during their hydrogenation at 130-230 °C. The atomic size
ratio is the most important feature determining the HIA reaction
of the C15 Laves compounds, and the compounds with the ratio
above 1.37 become amorphous on hydrogenation. When the
temperature of the hydrogenation is further increased, a crys-
tallisation of the binary hydrides of the rare earth metals to-
gether with enriched with transition metal intermetallics / their
hydrides (normally, RETMs) takes place [77,78].

(c

~—

3.2.2. Hydrides of RENi, Laves type alloys

C15 cubic Laves type RENi, (RE = rare earth metal) compounds are
formed for the whole series of the rare earth metals, including vacancy-
free stoichiometric alloys of heavy rare earths or slightly RE-deficient
and containing vacancies ordered at the empty RE sites thus causing a
doubling of the FCC unit cells of intermetallics of light rare earths.
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Fig. 9. Desorption isotherm in the ErFe,-H, system, at various temperatures (°C)
shown as curve labels. The full curves are model calculations based on the multi
plateau Lacher-Kierstead model.

Adopted from [74].

The mechanism of the hydrogenation of the RE;Ni, Laves
phases is defined by the type of the rare earth metal. Compounds of
light rare earth metals have the highest H storage capacity forming
tetrahydrides RENi,H3 6_4> (RE=Y, La,Ce, Pr), while for the heavy rare
earth metals the hydrogenation yields trihydrides RENiyH5 g 31
(RE=Sm,Er) with a lower hydrogen content [79-85]. During the
heating to 400-470K, a partially reversible hydrogen desorption
occurs for the all studied RENi,-hydrides.

However, in general saturated hydrides are prone to dipro-
portionation, and saturated RENi,Hs_4 hydrides (RE=La, Ce, Pr and
Sm) when heated to 650-670 K, decompose to form REH,_3 binary
hydrides and RENis intermetallics. At higher temperatures, a gra-
dual, step-by-step (through the formation of intermediate IMCs
RE,Ni; and RENi3) regeneration of the parent REM; occurs. While Er-
and Y-based hydrides can be formed as crystalline hydrides with
expanded unit cells (with AV/Vy~14.2% for ErNi,Hs; and 17.7% for
YNiyH3 6 [85]), their amorphization occurs during the hydrogenation
at high H, pressures and high temperatures.

Degradation of the RENi, hydrides takes place at ca. 550-600 K
and results in the formation of amorphous binary hydrides REH__3
and hydrides of nonstoichiometric Laves phases accommodating
extra Ni on the sites depleted by the rare earth metal, (RE;-yNiy)
NiHy (y ~0.05 for Er, ~0.1 for Y; x ~1) [84]. Similar transformation
occurs at 700K in the amorphous PrNi,Ds ¢ [83].

Hydrogen induced amorphization of various RENi, intermetallics
has been studied for the various intermetallics in [78].

3.2.3. REAL; hydrides

When transition metals in RETM, Laves type alloys are replaced
by aluminium, the formed REAI, intermetallics crystallise with C15
cubic Laves type structures. Even though their crystal lattice expands
as compared to RE(Fe,Co,Ni), because Al has a larger atomic size as
compared to Fe/Co/Ni, and interstitial sites become larger in size, no
insertion type hydrides are formed by any of the REAI, inter-
metallics. The hydrogenation at 50 bar H,/500 °C results in a dis-
proportionation yielding binary hydrides of rare earth metals and a
variety of enriched by Al binary intermetallics (LasAly;, EuAly or
YbAls) [86].

3.2.4. REMg> hydrides with Mg as a B component

When the hydrogenation temperature is below 100 °C, cubic C15
type LaMg, and CeMg, form tetragonal heptahydrides REMg,H;
[87]. The hydride formation results in a volume expansion of appr.
15 % and gives a completely ordered distribution of hydrogen atoms
filling RE;Mg,, Mg, and RE;Mg interstitial sites.
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Fig. 10. Metal sublattice of the parent (left) and hydrogenated (right) NdMg, IMC
with C15 Laves type structure.
Adopted from [88].

The metal sublattice and a framework of corner-sharing Mg,
tetrahedra undergo a deformation on the hydrogenation, see
Fig. 10 [88].

Hexagonal C14 type EuMg, forms an orthorhombic unit cell of
EuMg,Hx where a similar to the C15 type matrix deformation of the
metal sublattice takes place (Fig. 11).
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Fig. 11. Metal sublattice of the parent (left) and hydrogenated (right) EuMg, IMC with
C14 Laves type structure.
Adopted from [88].

Hydrogenation at high temperatures of 673-723 K and hydrogen
pressure of 50 bar H; results in a disproportionation to form binary
hydrides of the rare earth metals and magnesium hydride (RE=La, Ce,
Pr, Nd, Sm, Eu, Gd, Tb, Ho, Er, Tm, Yb) [88].

3.3. Hydrides of magnesium-containing MgTM> (TM=Ni, Co)
intermetallics: MgNi,, MgCo, and Mg(Ni,Co),

3.3.1. MgNi»-H,

MgNi, intermetallic alloy crystallises with the hexagonal C36
type of Laves phase structure. It does not absorb hydrogen at normal
P-T conditions. However, at 300 °C during interaction with hydrogen
(deuterium) gas compressed to 2.8-7.4GPa, a trihydride MgNi,H
(D)3 was formed. The trihydride remained metastable at ambient
conditions allowing its structure, stability and magnetic properties
to be studied. The formation of MgNi,Hs is associated with a com-
plete rebuilding of the initial hexagonal structure into the orthor-
hombic distorted MoSi,-type sublattice. Neutron diffraction of the
MgNi,D3, demonstrated that D atoms fill sites having octahedral
Mg4Ni, and planar Ni, coordination (see Fig. 12). DFT and phonon
calculations showed that the Cmca structure of MgNi,Ds is the most
stable, both from the electronic structure and the lattice dynamics
arguments. The calculated gross heat of formation for the Cmca
phase of MgNiyHs is —37.3 k]/mol H,. The stability of the orthor-
hombic crystal structure of MgNi,Hs is enhanced by the formation of
the directional Ni-H covalent bonds supplemented by the electron
transfer from Mg to both Ni and H. The Bader charge analysis in-
dicates an electron transfer from Mg (-1.59¢e") to Ni (+0.21e7), H1
(+0.55e7) and H2 (+0.31e7) [90].
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Fig. 12. Crystal structure of MgNi,D3. Two types of sites occupied by deuterium in-
clude a MgyNi, octahedron for H1(D1) and a chair Nis configuration for H2(D2) lo-
cated within the buckled Ni-H nets containing bended spirals -Ni-H2-Ni-H2-.
[89]. (Reproduced with permission from Elsevier.)

3.3.2. MgCo»-H, and MgNiCo-H,

MgCo, and MgNiCo crystallise with hexagonal Laves type inter-
metallic structures of the C14 type and do not form hydrides at
ambient hydrogen pressures. However, applying high hydrogen
pressures in the GPa range forces the hydrogen absorption and leads
to the formation of multi-phase compositions, which contain ap-
proximately 2.5 atoms H per formula unit of MgCo, or MgNiCo and
remain thermally stable under normal conditions. The hydrogena-
tion of MgCo, results in its decomposition to a ternary Mg,CoDs
deuteride and metallic cobalt. In situ neutron powder diffraction
study showed a complete recovery of the initial MgCo, intermetallic
via a Hydrogenation-Disproportionation-Desorption-Recombination
process on heating. At 300 °C, the Mg,CoDs deuteride first decom-
posed to elementary Mg and hexagonal Co. At 400 °C, a MgCo phase
was formed by interaction between Mg and Co. At the highest pro-
cessing temperature of 500 °C, a solid-state interaction of MgCo and
Co resulted in the recovery of the initial MgCo,. The interaction of
MgNiCo with deuterium under the synthesis conditions of 2.8 GPa
and 200 °C proceeded in a more complex way. A very stable ternary
deuteride MgNi,;D3 was leached away while Co was separated in the
form of Mg,CoDs and the remaining nickel formed a solid solution
with Co with the approximate composition Nig;Cog3 [43].

Fig. 13. The FCC crystal structure of the REMgNi, intermetalic alloy featuring an or-
dered replacement of half of the RE atoms by Mg atoms.
Adopted from [91].
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Fig. 14. PCT hydrogen absorption-desorption curves (323 K) measured for Y,_xMgxNi4
(0.6 <x < 1.2) alloys.
Adopted from [92].

3.4. Hydrides of Mg-containing REMgNi, and related alloys

Mg can replace RE in the C15 MgCu,-type FCC Laves structures
forming RE,_\MgxNi, intermetallics. Following a replacement of RE
by Mg or Ni, MgCusSn | AuBes FCC superstructures are formed, and
these are formed by an ordered filling by RE and Mg of the 8a sites of
the initial structure, as for PrMgNis shown in Fig. 13 as an example.

Magnesium content in the RE,_yMg:Ni; intermetallics can
change in a broad range, between 0.6 <x<1.2 as for Y,_yMgNiy.
Increase of Mg content causes a gradual decrease of the unit cell
parameter a reaching 0.83% when the composition changes from
Y14MgoeNis to YogMgi,Nig. The stability of the hydrides sig-
nificantly decreases, while Peq(H;) in the PCT diagrams increases by
one order of magnitude when X increases from 0.6 to 1.2 (see Fig. 14)
[92]. Hydrogen storage capacity is smaller for the intermetallics with
the lowest and the highest content of Mg, while it reaches its
maximum of 1.23 wt% H for Y;,MgosNi4 (see Fig. 14).

Compounds of light rare earth metals - LaMgNi4 and NdMgNi, -
reversibly absorb up to 4 hydrogen atoms per formula unit (at
7barH, and 323 K) which is equivalent to the hydrogen storage
capacity of 0.99 wt.% H for the NdMgNis-based hydride [93]. When
content of Mg in the La-based intermetallic alloy decreases (a con-
tinuous solid solution of Mg replacing La in LaNi, with the C15
structure exists from LaNi, to Lag33MggesNiy), the alloys form
pseudo-amorphous (LaNi,) or well-crystalline for the magnesium-
containing alloys hydrides. However, these hydrides are prone to a
disproportionation into LaHs, MgH, and Ni at increased tempera-
tures [94].

In general, increased magnesium content in RE;_yMgyNi, stabi-
lises the alloys and makes possible a reversible cycling of hydrogen
absorption and desorption which is suitable for H storage applica-
tions. However, hydrogen storage capacity remains relatively
modest.

Hydrides of REMgNi, and REqsMg4Niqy C15b Laves phase inter-
metallics (RE = La, Pr, Nd, Sm, and Gd) were studied in [95]. Their PCT
diagrams contain one (REogMg;4Nis) or two (REMgNiy) plateaux
with maximum storage capacities from 0.6 to 1.0 H/M.

Intermetallic compounds LaMgNi3 gMo.4 (M = Ni, Co, Mn, Cu, Al)
form the hydrides with initial H storage capacity reaching 1.7 wt.% H.
However, the hydrogen storage capacities of the alloys rapidly de-
crease with increasing the cycle number because of the H-induced
amorphization. The discharge capacities of the hydrides used as
anode electrodes of the metal hydride batteries decrease in the order
Co> Ni> Al> Cu> Mn [96].
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Fig. 15. Melting and solidification (for eutectoid or peritectoid intermetallics) tem-
peratures for a series of binary Laves phases. The dashed line shows as a reference
point the melting temperature of LaNis [39].

3.5. Ca-based Laves type intermetallics

3.5.1. CaLi,

CaLi, C14 Laves type intermetallic shows a very quick hydrogen
absorption kinetics, however, the hydrogenation is irreversible as
the formed mixture contains CaH, and LiH with a storage capacity of
7wt% H. [97].

3.5.2. CaMg,

CaMg, does not form a hydride at ambient temperature and
hydrogen pressure. However, when Ni was added to partially replace
Mg forming CaMg,gNig, (C14 Laves phase structure remains), it
absorbed 6.0 wt.% H at room temperature. CaMg; gNig» decomposed
into the hydrides of Mg and Ca on the hydrogenation, thus H storage
is irreversible [98].

The mechanism of interaction has changed when small amount
of La was introduced to form (Cagglag,)Mg,>Nigq. The latter alloy
absorbed 5.1 mass% hydrogen with H/M ratio of 1.8. After the hy-
drogenation, the lattice of the Laves phase expands with the volume
expansion of 13 %. The interstitial hydride of (Cagglag2)Mg2Nig;
decomposed above 470K following the temperature increase and
hydrogen was released from the hydride above 610K [98].

Because of irreversible hydrogen storage or too high decom-
position temperatures, calcium compounds are not considered as a
viable option for the applications in the reversible hydrogen storage.

4. Fundamentals of hydride formation by the Laves phase
intermetallic compounds

4.1. Preparation routes

The preparation routes of Ti- and Zr-based AB,-type hydride-
forming Laves phase intermetallic compounds include conventional
metallurgical (melting) and powder metallurgical (sintering, me-
chanical alloying) methods. The post-processing aimed at homo-
genisation of the alloys includes annealing, rapid solidification, and
plastic deformation (cold rolling, equal channel angular pressing,
high-pressure torsion). The methods of preparation and post-pro-
cessing of hydrogen storage alloys based on Ti and Ti+Zr have been
recently reviewed by Liang et al. [99].

Fig. 15 shows the melting and solidification temperatures of
several binary Laves phases [39] which can form the hydrides either
individually, or when modified to form substituted multi-compo-
nent alloys. It is clearly seen that the melting temperatures for the
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majority of the Laves phase alloys (mostly between 1500 and 1650
°C) is significantly higher than the melting temperature for the ABs-
type hydride-forming alloys (1350 °C for a typical representative,
LaNis, as shown in Fig. 15). Thus, the preparation of the AB,-type
hydride forming Laves phase alloys is more demanding from the
metallurgical point of view. Furthermore, specific difficulties are
associated with high reactivity of the principal components (Ti, Zr),
as well as high vapour pressures of some B-metals (Mn) [18].

For the small, up to 100 g, ingot sizes, the commonly used pre-
paration method is arc melting of the alloy components in inert gas
using non-consumable electrode and water-cooled copper hearth.
The homogeneity of the ingots is achieved by their turning over and
re-melting several times, and additional purification of the process
atmosphere is provided by a pre-melting of a getter metal (e.g., Ti)
[100-102].

For the larger ingot sizes (up to 100 kg), vacuum induction melting
or induction melting in inert atmosphere is the most flexible and cost-
efficient preparation method [29,103,104]. The main problem of this
preparation route is a crucible - melt interaction resulting in the
contamination of the product and shortening the crucible service time.
The main ways to overcome this challenge include elimination of a
contact of the melt with the wall of the cooled crucible (levitation
melting), increase of the resistance of the crucible material to the in-
teraction with the melt (for example, by using protective coatings), or
application of crucible-less technologies like induction scull melting
[104]. The modifications of the latter approach (e.g., plasma scull
melting) are used for the large-scale manufacturing (up to 10 tons) of
the AB,-type hydrogen storage alloys [105]. The manufacturing routes
also include pre-melting of several alloy components (e.g., Fe, V and
Mn) to improve homogeneity of the final product. Adding deoxidiser
(Mischmetal) to the charge is also necessary to reduce oxygen content
thus improving the hydrogen storage performance. As it was shown in
[106], the controlled introduction of oxygen (1.67 at.%) into C14-(Ti,Zr)
(Mn,Ni,Cr,V,Fe), reduces reversible H storage capacity due to forma-
tion of n-phase (Ti,Zr);Fe;0;_x because of the formation of a stable
hydride with smaller H storage capacity than the parent Laves phase.
Introducing rare earth metal (La) into C14-(Ti,Zr)(V,Cr,Mn,Co,Ni,Al),_x
results in the formation of a LaNi secondary phase which significantly
improves the activation performance and high-rate dischargeability
and suppresses the formation of other Ti- and Zr-based secondary
phases thus preserving high H storage capacity of the material [107].
Adding minor (below 1 at.%) additives of La, to (Ti,Zr)(Ni,Mn,V,Fe) + x
alloys has been shown to improve the performance of their hydrogen
charge-discharge in gas-phase and electrochemical systems [108].
Studies of the alloys Tiq0>Cry1Mng3FeggREq 03 (RE=La, Ce, Ho) showed
appearance of the rare-earth oxides along with the major C14-type
intermetallic. The increase of the unit cell volume of the latter phase
by 0.3-0.4 % as compared to the pristine C14-Ti;,Cri;Mng3sFeqgs in-
dicated a small solubility of the rare-earth component in the major
C14 phase. The RE-modified alloys had a higher hydrogen storage
capacity and lower hydrogen desorption plateau pressures than the
pristine alloy [109,110].

Though Ti- and Zr-based hydrogen storage Laves phases do not
contain significant amounts of expensive rare-earth metals, their
costs can even extend the values for the RE-based ABs-type alloys
due to the metallurgical challenges of their preparation and use of
expensive V along with high-purity Ti and Zr. The costs, however,
can be decreased by a replacement of V with a less expensive
Ferrovanadium and the use of Ti and Zr sponge instead of the bulk
metals [18,29,105,111].

Along with metallurgical routes, several methods of direct pre-
paration of the Laves phase hydride forming alloys from the oxide
feedstock are of a special interest due to a potential cost decrease of
the final product. The methods include metallothermic [105] and re-
lated routes [112], as well as electrochemical reduction of the mixture
of oxides of the alloy components in a molten salt electrolyte [113].
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Fig. 16. (a): plateau pressures (H, desorption) for some binary Laves phase inter-
metallics at T=323 K; ScFe,_y [118,119], TiCrp_x [ 120,121], TiFe, (simulated data) [122],
TiMn, [46], ZrCr; [23,41,44], ZtMn; [53,55] and ZrV; [41,123]. (b): van’t Hoff plots (H,
desorption) for the selected binary Laves phases (see Appendix A for the detailed
data). The coloured rectangular regions correspond to the operating conditions of the
typical applications: 1 - hydrogen getters (T=50-300°C, P=10"7-10" bar H,); 2 -
hydrogen storage (T=20-100°C, P=0.1-100bar H;); 3 - hydrogen compression
(T=15-150"°C, P=1-1000 bar H,); 4 - Metal Hydride Battery anodes (T =-40 - °60 C;
P=0.1-1bar H,).

Preparation of multicomponent Laves phase compositions con-
taining a mixture of the components on both A and B sites has been
successfully employed by Ovshinsky et al. [114] and proved to be ef-
ficient in achieving an advanced hydrogenation-dehydrogenation
performance particularly when the applied alloys were used as the
metal hydride anode electrodes of the Ni-MH batteries. Compositional
and structural disorder is established in the MH materials on three
different length scales through the use of elemental composition and
processing techniques of alloys and electrodes. The length scales over
which disorder is created can be designated as atomic, which com-
prises regions with dimensions up to a few nearest-neighbour atomic
distances; intermediate range, regions from 10 to 20 nm extending up
around 100 nm, and long range, with regions exceeding 100 nm. Dis-
order on each of these length scales is used to achieve different per-
formance parameters of the hydrogen storage alloys.

The most efficient route allowing to control the phase composi-
tion, microstructure and, in turn, hydrogen sorption and electro-
chemical properties of the Laves phases is rapid solidification
including melt spinning and gas atomisation. This preparation route
allows to obtain very fine in size crystallites, reduce compositional
segregation, and significantly improves performance of hydrogen
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storage materials including reaching of high discharge capacity and
cycle stability during their electrochemical applications [115-117].

4.2. Thermodynamics of interaction with H, gas

H, desorption plateau pressures (top; T=50C) and van’t Hoff
plots (bottom) for some representative binary Laves phases are
shown in Fig. 16. Depending on the particular A and B constituents,
equilibrium in H-AB, systems is reached at very variable pressure/
temperature conditions, while the changes of the hydrogen equili-
brium pressures cover incredibly high, nearly 10 orders of magni-
tude, range - from 10 to 10> bar H,. Such great variations in the
stability of the Laves phase-based hydrides allow selection of the
compositions providing H, desorption pressure of 1barH, when
used in the temperature range between 20 and 200 °C, thus being
specifically suitable for their application in H, storage systems and
as metal hydride battery anodes.

For the most promising studied AB, Laves phases where A=Zr, Ti,
the strongest influence on the increase of the hydrides stability (i.e.,
decrease of the equilibrium pressure at a given temperature or in-
crease of an absolute value of the hydrogenation enthalpy) was
observed for ZrV, (A=Zr; B=V). Conversely, introduction of Ti on the
A-side and Fe on the B-side results in a significant decrease of the
hydride stability. An increase of the B/A ratio also decreases stability
of the intermetallic hydrides, though this effect is less pronounced
(see Fig. 7).

As suggested in [23], the origins of the variations of both stability
and hydrogen storage capacity of the Laves-type hydrides include
the atomic size effects, changes in electronic properties and a che-
mical affinity of the constituents to hydrogen. However, limited
available at that time quantitative data did not allow a detailed
analysis.

Subsequent systematic studies of hydrogen sorption properties of
the Laves-type hydrides characterized the behaviours of hundreds of
binary and multicomponent parent intermetallic compounds.
Mostly, these studies were focused on [Ti,Zr|B; . x intermetallics with
a hexagonal C14 structure, as such a type of the materials is the most
flexible in tailoring the hydrogen storage performance to meet the
specific requirements of the gas-phase applications [11,13,124]. In
the recent years, the growing attention was also paid to the C15
cubic Laves phases which were shown to be particularly promising
in applications as metal hydride anodes [13,36,125].

Significant attention has been recently paid to the application of
the multi-principal element or high-entropy alloys (HEAs) as hy-
drogen storage materials. Indeed, HEAs frequently exhibit unusual
hydrogen storage properties exceeding in H storage density the
conventional hydrogen storage alloys [126,127]. HEAs frequently
consist of several (5 and more) metallic components with atomic
fractions between 0.05 and 0.35 and are characterised by the high
values of entropy of their mixing exceeding 1.5 R=12.47 J/(mol K)
[128]. Quite frequently, HEAs form simple-phase solid solution
structures (with, e.g., BCC type of structure) containing the compo-
nents having strong affinities to hydrogen (Ti, V, Zr, etc.). Such alloys
are characterised by a poor reversibility of the hydrogenation/de-
hydrogenation process, as thermal decomposition of their hydrides
in vacuum or inert atmosphere takes place only above 200 °C that
makes impossible many applications [129]. At the same time, some
hydride forming HEAs may crystallise as Laves phase intermetallics.
A recent example is a hydride of an equiatomic C14-type TiZr-
FeMnCrV alloy showing hydrogen equilibrium pressures above
0.1bar at T > 30 °C [130]. We note that several hydride forming
multi-component Laves phases studied by the authors of the present
review are characterised by significantly lower hydride stabilities
[29,70,125], though they were not called high-entropy alloys, but
show high values of the mixing entropies of the components
(12.1-14]/(mol K)) that is close to or exceeds the above-mentioned
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HEA criterion of 12.47]/(mol K). Consequently, these latter alloys
belong to the Laves-type hydride-forming HEAs.

Further details on the analysis of interrelation between the
composition and thermodynamics of the interaction in the systems
of H, gas with the Laves-type intermetallics are presented in this
review later.

4.3. Kinetics of interaction with H, gas

When properly activated, Laves-phase intermetallics are char-
acterised by very fast hydrogen absorption |/ desorption kinetics,
with characteristic reaction time between ca 10s and 10 min and
activation energies of hydrogen absorption-desorption been in the
range 20-40kJ/ mol H, [18,131-134].

A recent detailed study on the kinetics of interaction of hydrogen
gas with the Ti/Zr-based Laves phase alloys [135] was focused of the
kinetics study of Tio_]5Zr0_85L30.03N11_126Mn0_657V0_113FEOJ]3 alloy, con-
taining additions of La for the improvement of the activation perfor-
mance and the cycling stability. The alloy was selected based on in-
house research performed at IFE on AB;., C15 Laves-type alloys for
their application as hydrogen storage and battery electrode materials.
Studies of hydrogen absorption and desorption kinetics in this C15
type Laves type alloy were performed using a single-step and stepwise
H, absorption-desorption methods. The kinetics modelling used a
generic Johnson-Mehl-Avrami-Kolmogorov (JMAK) model approach
which has been advanced by introducing pressure- and temperature-
dependent rate terms describing the phase-structural transformations
during the hydrogenation and dehydrogenation. The overall rate
constant considered contributions of a pressure-dependent term K(P)
and a temperature-dependent term K(T) into the rate of the process K
=K(P)*K(T). The temperature-dependent rate constant shows a well-
known classical Arrhenius type dependence while the pressure-de-
pendent term is directly related to the mechanism of transformation
during the hydrogenation/dehydrogenation and varies as related to the
rate limiting step of the process. As both hydrogen absorption and
desorption proceed faster with increasing temperature the tempera-
ture rate term K(T) also increases. The modelling showed excellent
agreement between the experimental data and fitting results.

The modelling shows that the reaction follows the Johnson-
Mehl-Avrami-Kolmogorov (JMAK) model, with the value of exponent
n=1-1.25 for the H, absorption and 1 for the H, desorption. This
concludes that the rate-limiting hydrogen absorption and desorption
steps are jointly governed by hydrogen diffusion and grain boundary
nucleation of alpha-solid solution and beta-hydride. The activation
energies for both hydrogen absorption and desorption decrease
along with increasing hydrogen content in the hydride.

4.4. Structure — H storage properties relationship

Laves type hydrides belong to the IMC hydride structures formed
by "isotropic" expansion of the unit cells of the initial alloys on their
hydrogenation. Crystal structures of the Laves type intermetallic
alloys, independent of their type - C14/C15/C36 - all contain three
types of tetrahedral interstitial sites, A,B,, ABs and B,4. Their relative
numbers are always 12 (A;B,): 4 (ABs3): 1 (B4) per formula unit of
AB,. If all available sites will be occupied by H atoms, the maximum
H storage capacity will reach AB,H;;. This never happens because H
atoms cannot simultaneously occupy the tetrahedra sharing
common triangular sides, and because of that the A;B,/AB3/B; sites
are filled partially and statistically (as the blocking of the occupancy
of the neighbouring sites is taking place) or in an ordered way when
some sites are preferably filled to achieve the shortest H...H se-
paration longer than 1.8-2.0 A and a decrease in the symmetry of the
crystal lattice takes place because of that.

When the metal lattice expands because of hydrogen absorption,
the filling of the particular tetrahedral interstitials takes place as
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Fig. 17. The crystal structure of the cubic AB,D, o deuteride [142]. D atoms partially
fill 96g sites are shown as small spheres. A, B and D represent Zr/Ti/V (8a), Ni/Mn/Fe/V
(16d), and D atoms, respectively. A spatial framework of the B, tetrahedra is shown.
(Reprinted with permission from Elsevier.)

soon as they become larger in size than 0.4 A (then the distances Me-
H for each of the metal atoms in the surrounding of the occupied by
H interstitial sites become larger than dye.y — I'vie 2 0.4 A).

Hydride structures based on the Laves phases of composition
(Sc,Ti,Zr)T, (T =transition metal of the first row) with the MgCu,,
MgZn, and MgNi, structure types share common features
[42,136-142]. Neutron diffraction studies showed that the A;B,
tetrahedral sites with maximum number of A atoms in their sur-
rounding are first filled by H atoms. When the hydrogen content in
the hydrides does not exceed H/AB, = 3.2, the A,B, sites are the only
ones being occupied by H atoms (TiFe;16Vog4D21 [136], ZrMoFeD, g
[137], ZrCr2D3,5 []38], X]-SCF62D2_5 []39], 7»3-5CF€2D2'9 [140], Ao-
ZrV,Dq 5 []4] ], Zl‘FengA]o_ozDz.g [42], (Ti,Zl',V)(Ni,Mn,Fe,V)zD2_9 with
Ti/Zr=0.2/0.8 [142], (Ti,Zr,V)(Ni,Mn,Fe,V),Ds, with Ti/Zr=0.15/0.85
[71]). One typical example of such a structure - the structure of the
(Ti,Zr,V)(Ni,Mn,Fe,V),D, 9 C15 type deuteride is shown in Fig. 17
[142]. Fig. 18 shows that an excellent agreement has been reached
during the Rietveld full-profile refinements of the neutron powder
diffraction pattern of the (Ti,Zr,V)(Ni,Mn,Fe,V),D, ¢ deuteride mea-
sured for a crystal structure model assuming an exclusive filling of
the A;B; sites at D, pressure of 5 bar.

When the hydrogen content is close to reaching a saturation
limit, the hydrogen atoms also become accommodated in the AB;
and B, interstices, which are smaller in size and less suitable for the
accommodation of H because of their surrounding (less A compo-
nent). Thus, in the ZrV,D, 5 deuteride [141], a partial filling of the
ZrVs interstices (5 % of the total number of D atoms) was observed.
In the ZrV,D4 5 deuteride, the main part of the deuterium atoms in
excess of the composition D/ZrV, =2.8 is located in the ZrVs; inter-
stices, and this raises the fraction of filled ZrV5 interstices up to ~ 1/3.
The reason for this may be in the expansion of the unit cell up to a
=7.68 A, which causes thencalculated values of the rgdii of the ZrVs
interstices to exceed 0.4 A (for ZrV,D,5: a ~ 7.77 A). This creates
chemical conditions suitable for the formation of a stable metal
hydride: dy.; > rv +0.4 A [143].

For the C14-type ZrVFeDs g, Zr'VCuD, and ZrVNbDs 4 deuterides
[144], in addition to the preferentially occupied Zr,(V,T), interstices,
their structures contain partially filled Zr(V,T)s and (V,T),4 interstices:
3% and 0%, 4% and 7%, 3% and 0%, respectively, of the total hydrogen
content. In this case all filled interstices also have radii ex-
ceeding 0.4 A.

Ordering of hydrogen atoms in the C15 type Laves type hydrides
is taking place when lowering the temperature. Various types of
ordering have been systematically reviewed in [145]. Below and
including hydrogen content of 4 at.H | f.u. tetrahedra A,B, are filled.
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Fig. 18. Whole profile Rietveld refinements of the neutron powder diffraction pattern
of the Ti15/Zr85 alloy deuteride AB,D3 [71], The peaks of the stainless-steel sample
container were eliminated from the refinements. Neutron diffraction pattern were
measured in situ at D, pressure of 5bar. Insert: The crystal structure of the FCC
AB,D3, deuteride. A, B, and D represent Ti/Zr/V (8a), Ni/Mn/Fe/V (16d), and D(H)
(96 g) atoms, respectively.

However, for ZrTi,D4 only ZrTi; tetrahedra are completely filled at
low temperatures 11-300K [145], while a trend of populating 96 g
sites at the expense of 32e sites persists at high temperatures [146].
When the maximum hydrogen storage capacity of 6 at. H / f.u. ZrV,
is reached in the ordered structure of ZrV,Hg, it is described as 3 at.
Hin Zr,V, + 3 at. H in ZrV; showing an equal overall ordered filling of
these sites by H atoms [147].

4.5. Activation, poisoning tolerance and pyrophoric properties

The activation of the Laves AB,-type hydride forming alloys is
generally more difficult than that for the ABs-type ones but easier
than that for the TiFe and its derivatives. The alloys based on A=Zr
and B=Mn can be activated without vacuum heating while addition
of Ti to the A-side and Cr to the B-side results in hardening of the
activation conditions requiring an increase of the activation tem-
perature and/or long-time exposure of the virgin alloys to the high-
pressure hydrogen [18].

Surface analysis of the commercial AB,-type alloy
(Ti0.952r0_04Mn1_43V0_45Feg.og; ]apan Steel WOrkS) showed [148] that
after a long-term exposure to air its surface was completely oxidised
to form a 15 nm-thick layer consisting of TiO,, MnO/Mn;03/Mn304
and VO,; the layer was enriched by the segregated manganese
oxides. The air-exposed alloy activated by 4-5 cycles of vacuum
heating to 120 °C followed by an exposure to hydrogen at 18 bar
pressure and T=0 ‘C absorbed up to 2.7 at. H per formula unit in
10-15 min. During such processing, the alloy flakes disintegrate into
a fine powder, with the particle size of ~20 p. The powder was found
to be highly pyrophoric and sensitive to oxygen as re-activation of
the material shortly exposed to air (P=0.1 bar at RT for 3 min) did
not allow to achieve H sorption capacity higher than 0.7 at. H/f.u.

There is a lack of the reported data describing pyrophoric prop-
erties of the Laves phase hydrides. At the same time, it was noted
that the activated AB,-type alloys rich in Zr and Mn are highly
pyrophoric, in contrast to the Ti- and Cr-rich alloys [18].

Recent XPS studies of Ti-Zr-Fe alloys (33.3-50 at.% Fe, 25-28.6 at.
% Zr) which form under-stoichiometric C14-(Zr,Ti)(Fe,Ti), major
phases and additionally contain minor phase of (TiZr),Fe [149],
showed a preferential surface oxidation of Zr and Ti. The authors
assumed a formation of a mixed oxide of Zr, Ti and Fe which may
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facilitate initial activation of the hydrogen uptake. Indeed, the alloys
could be easily hydrogenated at room temperature and P =30 bar.
We note that observed effect can be caused by the phase identified
in [149] as (Ti,Zr),Fe having the Ti,Ni-type structure which is sta-
bilised by oxygen (n-(Ti,Zr)4sFe;0,_«) and facilitates hydrogenation
reactions in the H - AB, systems [106].

Degradation of hydrogen sorption performance of (ZrTi)
(Ni,Mn,VFe), intermetallic when operating in hydrogen con-
taminated by water vapours was eliminated by doping the pristine
alloy with 1 at% La [150].

Significant improvement of the activation performance and poi-
soning tolerance of the Laves phases (A=Ti, Zr) during their gas-
phase or electrochemical H charge can be achieved by the surface
modification including hot alkaline treatment [151], fluorination
[152], or coating with Platinum Group Metals including Pd and its
alloys [153,154].

4.6. Electrochemical hydrogenation / dehydrogenation performance

Recent studies of the Zr- and Ti- containing Laves-type inter-
metallics [36,71,108,125,142,155-157] showed their excellent high
rate performance with electrochemical storage capacities reaching
495 mAh/g and possibilities to optimise electrochemical behaviours
as related to a) Type of structure - C15/C14; b) Ratio between Zr and
Ti; c) Selection of chemical composition of B (Mn, Ni, Fe, V, Sn, Al)
and B/A ratio; d) Presence of catalytic additive - small amounts of La
promoting an easy activation of the alloys; e) Metallurgical route of
the alloy’s preparation with benefits of increased H diffusion rates
created by the rapid solidification processing of the alloys.

5. Statistical data analysis for the Laves phase based hydrides

Large volume of the accumulated to date experimental data
strongly motivates a need for establishing the regularities in an in-
terrelation between the alloy’s composition and its hydrogenation/
dehydrogenation properties. One prospective approach is based on
the statistical analysis of the data for the AB; .« Laves phases and has
been applied in the early studies [29], [70], [112], [158], [159]. This
approach has been further developed during analysis of the data in
the present review. The results are presented in the current section.

5.1. Input information and data processing

The reference data describing the properties of the AB,. hy-
dride-forming intermetallics, all introduced into the Microsoft
Access database, included:

e Type of intermetallic alloy - C14 or C15." For the multiphase
materials, their classification is based on the type of the majority
phase, while the other (minor) phase constituents are all speci-
fied as well.

e Elemental composition. If available, the data on the elemental
analysis (by EDX or other relevant techniques), instead of the
target alloy composition, were used in the database. The com-
positions were normalised as [Alx1A2y;...](B1y1B2y5...),, where
the elements in square brackets represent A components, the
elements in round brackets - the B ones, the values of x; and y;
represent atomic fractions of the i-th A and B-component, re-
spectively, and z = :_i (see Tables A.1, A.2).

e Specific unit cell volume, Vj, for the parent intermetallic per one
formula unit of AB, (crystallographic unit cells contain 4 f.u. for
C14 and 8 f.u. for the C15 types intermetallics).

1 As only a very few reference publications describe hydrogen storage properties of
(36 Laves phases, these data were not considered during the analysis.
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Table 2
Summary information in the database of hydride-forming Laves phase intermetallics
(see Tables A.1, A.2 of the Appendix).

Modification Number of entries
All Single phase Accounted during regression analysis
C14 275 238 230
C15 67 52 44
Total 342 290 274

Maximum hydrogen content in the intermetallic hydride in H
atoms per one metal atom in the AB; .y unit.

e Relative volume increase upon hydrogenation, AV/Vj.

Absolute values of the standard hydrogen desorption enthalpy
(AH®) and entropy changes (AS°).

Hysteresis energy loss, RT In(Pa/Pp) where indexes A and D are
related to H, absorption and desorption, respectively.

Plateau slope, d(InPp)/d(H/M).

In case the original data for the thermodynamic parameters, AH
and AS, were given at different H concentrations, the values included
in the database were taken for the plateaux midpoint. When nu-
merical data on hydrogen sorption properties were not given, they
were obtained by digitalising the original figures showing pressure -
composition isotherms. The values for hysteresis were taken from H
absorption/desorption isotherms at the lowest experimental tem-
perature, while the plateau slope was deduced from the desorption
isotherms taken at the temperature closest to the ambient condi-
tions (300 K).

The corresponding data are summarised in the Table 2 and are
presented in Tables A.1 and A.2 (Appendix A).

The correlations between the composition and hydrogen sorp-
tion properties were deduced by the applying a linear regression
equation:

n
Y=Ao+ ) AXi

i=1

(7)

where Y is a response parameter, X; are the atomic fractions of the i-
th component (i = 1.n-1). The fractions for the A- and B-components
were considered separately. In doing so, one component from both
A- and B-side was considered as belonging to a “base” AB, inter-
metallic for which the fraction balanced other fractions of the A- and
B-components to yield 1 in total, and the calculated response
parameter Y was equal to Ao. For example, when considering C14
intermetallics (A=Ti,Zr; B=Al,Co,Cr,Cu,Fe,Mn,Mo,Ni,V,W), the “base”
was assumed to be TiMn,, so as:

Xi=1-Xz,

Xvn =1 = Xa — Xco — Xer — Xou — Xpe — Xmo — Xni — Xv — Xw  (8)

For C15 intermetallics, the “base” intermetallic was assumed as
ZrFe, where the fractions Xz and Xge were calculated similar to Eq.
(8). In other cases (e.g., for common datasets C14 +C15), TiFe, was
selected as the “base”.”

The n-th independent variable in Eq. (7) was a deviation of B/A

ratio from the exact AB, stoichiometry:
ng.
na

Xp=8_2

(9)

where ng and na correspond to the sums of the stoichiometric
coefficients in the formula.

2 Selection of the “base” intermetallic does not significantly influence the fitting
results but it allows to exclusively use independent composition variables. It also
provides clarity of the free term (Ap) of Eq.(7) ascribing it to the response parameter Y
which corresponds to the “base” intermetallic composition.
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I?slzlzfihe composition-dependent variables in the database of hydride-forming Laves phases. The shaded boxes contain the variables accounted during the regression analysis.
C14 C15 Total
Type | Component . . ) . # of
Entries | Xmin | Xmax | Entries | Xmin | Xmax entries

Sc 2 0.50 1.00 |3 0.20 1.00 |5

A Ti 37 0.05 1.00 |6 0.15 1.00 |43
Y 0 - - 6 0.09 0.39 |6
Zr 36 0.01 1.00 |13 0.20 1.00 |49
Al 16 0.00 040 |9 0.03 0.20 | 25
Co 17 0.02 0.75 |6 0.08 0.12 | 23
Cr 81 0.02 1.00 |2 0.1 1.00 |83
Cu 6 0.00 0.29 |1 0.10 0.10 |7
Fe 78 0.02 1.00 | 23 0.06 1.00 | 101

B | Mn 97 0.05 1.00 |8 0.09 0.33 [ 113
Mo 8 0.01 0.50 |0 - - 9
Ni 34 0.05 0.65 |8 0.10 0.56 |42
Sn 6 0.00 0.01 |1 0.01 0.01 |7
\Y 53 0.02 0.52 |9 0.02 1.00 | 62
W 3 0.01 0.05 |0 - - 3
Z—i -2 68 -0.50 |1.80 |21 -0.20 | 0.50 |89

During the regression analysis of the composition - properties
relationships, in most cases the data for the single-phase inter-
metallics were taken (second column of Table 2). Furthermore, the
entries containing less than 3 different composition-dependent
parameters for the parent intermetallic (X min and X max correspond
to the minimum and maximum values of the variables X; in Eq.(7) -
see Table 3) were omitted. The resulting number of entries ac-
counted in the regression analysis is presented in the Table 2 (third
column).

5.2. General statistics

Fig. 19 shows statistical data for a complete dataset of the hy-
dride-forming Laves phases presented as histograms of the parti-
cular hydrogen sorption properties.

The maximum hydrogen capacity, see Fig. 19(A), mostly varies
between 0.5 and 0.6 and 1.2-1.3 (H/M)n.x with the highest number
of entries being between 0.8 and 1.2. Please, note that pressure —
temperature conditions of the hydrogenation experiments affect the
data and should be consulted in the reference works for the details
(see end notes (1) and (2) to Tables A.1 and A.2, respectively). The
highest maximum H concentration (H/M=1.6-2.0) was observed for
C15-Z1V, [41,123,147].

Typical volume expansion of the crystal lattice on the hydro-
genation of the Laves type intermetallics is 20-25% volume
(Fig. 19B). Most frequently this is equivalent to 2-4 A3/at.H for both
C14 and C15 intermetallics. Please, note that for some of the hy-
drides no reliable data is available because of the experimental
challenges when performing the X-ray diffraction experiments for
the unstable hydride samples releasing hydrogen at ambient con-
ditions.
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Both maximum H storage capacity and the relative volume in-
crease upon the hydrogenation are characterised by a Gaussian
distribution of the histograms data.

The distributions of the data on hydrogenation enthalpies and
entropies show maxima in the ranges 19-29 kJ/mol H, and 90-120]/
(mol H; K), for AH® and AS°, respectively. The enthalpy distribution
histogram (Fig. 19C) can be satisfactory fitted by a logarithmic
normal distribution while the entropy one (Fig. 19D) is well de-
scribed by the Weibull distribution.

A rather surprising fact is that for many of the studied systems
the hysteresis appears to be close to zero. This is because many H -
AB, systems have low critical temperatures (see below), and when
the data for the studied systems are collected at the temperatures
close to or exceeding the critical temperature, the hysteresis van-
ishes.

The histograms of the data on hysteresis (Fig. 19E) and plateau
slope (Fig. 19F) can be characterised by the Weibull and logarithmic
normal distributions, respectively.

5.3. Composition-dependent thermodynamics of H — AB5 . interaction

The interrelation between the stability of the multicomponent
intermetallic hydrides and composition of the parent alloys was
analysed already in 1970s. Miedema et al. [160,161] proposed a
simple to apply “rule of reversed stability” (related to the Hess law)
when the enthalpy of the formation of a ternary hydride, AB,H; 1,
can be calculated as a sum of the formation enthalpies of the binary
hydrides of its components minus the enthalpy of the formation of
the parent intermetallic compound, AB,:

AH (AByHom) = AH (AHp) + AH (ByHp) — AH (AB,). (10)
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Fig. 19. Distribution histograms of maximum hydrogen concentration (A), volume increase upon hydrogenation (B), hydrogenation enthalpy (C) and entropy (D), hysteresis (E)
and plateau slope (F). The estimated distribution functions are shown as lines: normal / Gaussian (red), logarithmic normal (magenta) and Weibull (blue). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Application of Miedema’s model [162-164] results in reaching a
qualitative agreement between the model predictions and the ex-
perimental data on the stabilities of the Laves type AB, alloys
[23,44,165]. The related “imaginary binary hydrides” model [162] is
also able to predict the hydrogen site occupancies from which are
derived the hydrogen sorption capacities [163].

However, the quantitative correlations do not appear to be
equally successful. Indeed, an application of the Miedema’s
model to quaternary Laves phases (Zr,Ti)(Cr,Fe), [166] showed
discrepancies between the reference data and the calculation
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results, (|AHcaic| — |AHgxp|)/|AHgxp|, ranging between -21 and
+15%. These discrepancies correlate with the values of |AHgxp|
(see Supplementary Information, Fig. S1).

The main reasons for the discrepancies between the experimental
data and the model predictions include (i) Uncertainties in the values of
the formation enthalpies for the unstable binary hydrides of the B-
components and (ii) Incomplete breaking of the A-B bonds in the in-
termetallic hydrides which normally have the structure closely related to
the original metallic matrix. The latter aspect can be accounted by uti-
lising a more general form of the Eq. (10):
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Table 4
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Fitting results for Ts= AH°/AS°® for the single-phase C14 and C15 intermetallics with Eq. (7).

C14

Component type Fitted Coefficient

C15

Component type Fitted Coefficient

Variable Value Variable Value
- Ao:Y (TiMny) 182.86 - Ao: Y (ZiFe,) 161.71
Ar: X4(Zr) 22112 Aq: X1(Sc) 153.96
B Az Xo(Al) 203.35 Az Xo(Ti) -158.62
As: X5(Co) -172.41 As: X5(Y) 308.83
Aq: X4(Cr) 38.05 B Aa: X4(Al) 456.55
As: Xs(Cu) 205.90 As: Xs(Mn) 257.28
As: Xo(Fe) -149.84 As: Xs(Ni) 74.90
Az X7 (Mo) -47.86 A7: Xo(V) 718.07
As: Xs(Ni) -125.76 - As: Xs (ng/na-2) -31.40
Ag: Xo(V) 31235
Avo: X10(W) -760.66
- Anr: Xn(ng/na-2) -75.12
Number of points 230 Number of points 44

X
+y
H(A:By)

AH(AxByHu+v) = X

y
AH(AHy) + yAH(BHV) - (1-F)A

(11)

Here F depends on the number of A-B bonds which correlates
with a y/x ratio [164]. In other words, the enthalpy of the formation
of the multicomponent intermetallic hydride is assumed to be pro-
portional to the sum of the formation enthalpies of the existing or
expected to be formed hydrides of its components multiplied by
their atomic fractions in the intermetallic alloy.

Other not accounted by the Miedema model factors are related to the
structural features of the intermetallic structure as a potential host to
accommodate hydrogen atoms. These include criterium of minimum
interstitial hole size suitable to be occupied by H atoms and a lower limit
of the H-H distances in the structures of the hydrides [ 167], the decrease
of the hydride stability with the decrease of the unit cell volume [165], as
well as the factors describing the electronic structure of the parent in-
termetallics and their hydrides [168-171].

As it can be seen from the data listed in the Tables A.1 and A.2,
the formation entropies of the Laves phase hydrides exhibit sig-
nificant deviations from the “ideal” value of -130.52 J/(mol H; K)
which corresponds to the standard entropy change for molecular
hydrogen when transformed into atomic H and was adopted during
the estimations of the hydride stability in the reference publications
[160-164].

As is well known, in the plateau region of the Me-H phase dia-
gram, the equilibrium between the H; gas and the mixture of a-solid
solution in the metal matrix and p-hydride can be determined by the
change of the standard Gibbs energy, AG°, during the a—p transi-
tion [172]°:

AG® = AH° — TAS® = RTInPy, (12)

where Py is the plateau pressure [atm] received using the van’t Hoff
equation by a division of both sides of Eq. (12) by RT:

AS®  AH®
- +
R ~ RT (13)

As a complimentary approach, Kojima et al. considered a con-
tribution of strain energy originating from the H atoms-induced
lattice expansion into the Gibbs free energy of the solid during the
hydride formation. They showed that AG® (or InPy at T=Const) is
directly proportional to the bulk modulus of the initial intermetallic
compound and to its reciprocal unit cell volume [26,173].

3 Here and below, we consider the quantities AG°, AH® and AS° as the values at the
standard temperature (298 K) per 1 mol H,. Accordingly, AG® is equal to the chemical
potential of the reaction (1a) where M is a-solid solution of hydrogen in the parent
metal.
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Application of the above-mentioned approaches to the quantifi-
cation of the composition - stability relationships in the Laves phase
hydrides is not simple as it requires knowledge of the several input
parameters which are frequently not known and are taken as rough
estimates only. This includes the value of the bulk modulus of in-
termetallic compound which is approximated as a weighted sum of
bulk moduli of its components; this simplified approach results in
underestimations in a range from 7.3 % to 15.3 % when comparing
the experimentally determined values and approximation results
[26]. As a result, the modelling of the stabilities of intermetallic
hydrides which utilises stabilities of the binary hydrides of the
components of the parent intermetallic, bulk moduli and unit cell
volumes, as well as the combination of these factors yields rather
poor agreements with the data. Further details can be found in
Supplementary Information (Section S2).

Thus, it would be useful to analyse the composition - stability cor-
relations empirically, by using a regression analysis of a vast in its vo-
lume reference data collected during the last five decades (Tables
Al,A2)

Direct processing of the data on the hydrogenation enthalpy
(Y=—-AH°) by Eq. (7) and, particularly, on entropy (Y=-AS°), yields a
rather poor correlation with the reference data as the squared
Pearson correlation coefficients (R?) appeared to be 0.7 and 0.4 for
AH®° and AS° respectively (see example in Supplementary
Information; Table S1 and Figs. S5, S6).

In contrast, fitting of the Y=AH%AS® ratio, which is equal to the
temperature Ts corresponding to the equilibrium plateau pressure of
1atm, yields very good results (see Table 4, Fig. 20%), as the Pearson
correlation coefficient between the calculated and reference data (linear
fit) exceeds 0.99. This feature is related to the frequently discussed issue
concerning enthalpy - entropy correlation in the metal-hydrogen sys-
tems |11], which is manifested by the disappearance of the difference in
the changes of the hydrogenation Gibbs energy for the bulk and na-
nostructured materials at Ts= AH°/AS® [174].

If to consider hydride formation as a first-order phase transition,
the values of AH®, AS° and Ts can be considered as the latent heat,
entropy and temperature of the transition at a standard pressure
(1 atm).” Equilibrium of the phase transformation is described by the
following equation [175]:

AH° = TsAS® (14)

4 The labelled points in Fig. 17 and Fig. 18 correspond to the intermetallics ex-
hibiting minimum (TiFe;) and maximum (ZrV,) values of AH°/AS°, as well as C14
Laves phases which showed maximum deviations from the general trend.

5 This is an approximation as AH® and AS° correspond to a standard temperature
(298 K), while the temperature dependence of the AH and AS should be considered for
the accurate calculations.
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Fig. 20. Comparison of results of the regression analysis (Eq. (7)) for single-phase C14
(black triangles) and C15 (red squares) intermetallics assuming Y= AH°/AS® with the
data taken from the references. The trend line was calculated for the overall dataset.

and

AH°
X (15)

Recently, Zhou et al. [176] showed that the values of Ts for the
systems of hydride-forming metals and intermetallics with H, gas
well correlate with their critical temperatures, T, according to the
empirical Guldberg rule for liquids where Ts defines the boiling point
at 1atm.:

Tc = 1.5Ts (16)

The established correlation Ts= AH°/AS° (Table 4, Fig. 20) when
combined with Eq. (16) is very useful for the estimation of the cri-
tical temperatures for the H-AB, . x systems in case the experimental
measurements are difficult. Analysis of the data of Fig. 20 shows that
in most cases the values of Ts vary between 150 and 360 K that gives
the range of critical temperatures Tc=225-540K. Thus, the critical
temperatures for the H, interaction with AB,., Laves phases are
significantly lower than the T, for the ABs-type intermetallics [177]
indicating that attractive interactions between the H atoms filling
the interstitials in the structure of the parent intermetallic com-
pounds are weaker [178].

The influence of the compositional parameters, i.e., type of the
components and ng/na ratio, on Ts= AH°/AS° shows the following
dependencies (see the data of the Table 4 for further details):

Ts

e For the C14 type intermetallics, the influence of the elemental
composition on the decrease of Ts and, in turn, critical tem-
perature, T, is strengthened in a series Mo< (ng/na-
2)<Ni<Fe<Co< <W. In turn, Ts and T¢ increase in a series
Cr< <Al=Cu=Zr<V.

For the C15 type intermetallics, the decrease of Ts and T¢ is
caused by the increase of (ng/ns-2) and, to a larger extent, by the
changes in the atomic fraction of Ti. Ts and T increase is observed
when increasing the fractions of other components, i.e., the in-
fluence is strengthened in a series Ni<Sc<Mn<Y<Al<V.

Fig. 21 shows the correlations between the values of AG° calcu-
lated using Eq. (12) from the experimental reference data (AH® and
AS®) at T=298K, and the values of Y=AG° calculated from the
composition of the alloys fitted using Eq. (7). The top X- and right Y-
axes show the corresponding values of plateau pressures at T=298 K
(Eq. (13)) varying between approximately 10~° to 10° atm for ZrV,
and TiFe,, respectively. Both C14 and C15 intermetallics exhibit very
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Fig. 21. Comparison of the data of the regression analysis (Eq. (7)) for the single-
phase C14 (black triangles) and C15 (red squares) intermetallics assuming Y= AG°
with the data calculated from the reference values (Eq. (12)). The trend line was
calculated for the overall dataset.

good correlations with R?> 0.94 for the common linear fit of the
calculated and reference data. When the multi-phase alloys are in-
cluded into the starting dataset (C14 +C15), this retains a rather high
R? value being close to 0.9 (see Fig. 22), even though R? slightly
decreases.

Analysis of the data listed in Table 5 allows to quantify the in-
fluence of elemental compositions on the stability of Laves phase
hydrides. Three trends can be observed:

e For the single-phase C14 intermetallics, the hydride stability (as
compared to the base TiMn, intermetallic) increases stronger
with the increase of the atomic fraction of the components in the
series: Cr<Cu<Al=Zr<V. The effect of components on the de-
crease of hydride stability becomes stronger in the series:
Mo < (ng/na-2)<Ni<Fe<Co< <W.°

For the single-phase C15 Laves phases (base ZrFe;), the effect of
components follows the series V< Al<Mn=Y <Sc<Ni< <(ng/na-
2)<Ti, where the deviation from stoichiometry and increase in
the content of Ti increases the hydride stability while other
parameters decrease it.

For the C14 +C15 multi-phase alloys where TiFe, was selected as a
base intermetallic, the increase of hydride stability while the
effect of the components follows the series Sn< < V <
Y=Al < Sc < Cu=Cr=Zr=Mo=Mn < Ni < Co < (ng/na-2)< <W.

The observed regularities show that the “elemental composition
- hydride stability” correlations are strongly related to the chemical
potential of hydrogen which is equal to In Py multiplied by RT (Egs.
(12),(13)), rather than to the conventionally considered hydrogena-
tion enthalpies. The reason for that is in a significant variation of the
hydrogenation entropies for the Laves phase hydrides (see Fig. S6)
which are usually lower (by their absolute values) than the standard
entropy of H, gas (130.52J/(mol K)) being the main contributor to
the entropy change during the hydride formation. The main factor is
related to the changes of configurational entropy originating from
the statistical distribution of hydrogen atoms over the interstitials of

6 The strongest effects observed for Sn and W can be explained by a small number
of entries available for these components and a very narrow variation of their atomic
fractions at the B-side (0.0045-0.0056 and 0.01-0.05 for Sn and W, respectively).
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Fig. 22. Comparison of the data of the regression analysis (Eq. (7)) for the single-
phase and multi-phase C14 intermetallics (combined datasets) assuming Y= AG® with
the data calculated from the reference values (Eq. (12)).

the metal matrix [179]. Hydride-forming Laves phases, particularly,
multicomponent and non-stoichiometric ones, are characterised by
a very high configurational entropy contribution originating from
the high level of disorder of the metal matrix including presence of a
large number of chemically equivalent hydrogen-accommodating
interstitial sites [25,57,180]. A strong entropy - enthalpy correlation
(see Fig. 20) has been established and is manifested by a good
agreement between the values of the chemical potentials calculated
from the reference data and the corresponding values derived by
accounting the chemical composition of the intermetallic alloys
(Fig. 21, Fig. 22).

A good correlation between the calculated (Eq. (7)) and the re-
ference data on AG®, accordingly, provides a nice agreement be-
tween the values of InPy calculated using Eq. (13) from the
experimental reference data (AH® and AS°) in the temperature range
300-450K, and the corresponding values of InP, calculated from the
composition of the alloys fitted using Eq. (7). Both C14 and C15 in-
termetallics exhibit R? = 0.96 for C14 (Fig. S7, Table S3) and R? close
to 1 for C15 (Fig. S8, Table S4).

Since In Py linearly depends on 1/T (Eq. (13)) and the regression
analysis uses a linear Eq.(7), the values of the fitted coefficients A;

Table 5
Results of fitting of AG® for C14 and C15 intermetallics with Eq. (7).
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linearly depend on the reciprocal temperature (Figs. S9, S10). The
effect of most of the composition parameters increases with the
temperature (more pronounced for V and Y) while decreasing for Ti
and approximately constant with changing temperature for Sc and
(ng/na-2).

6. Applications of the hydrides of Laves-type intermetallics

Advantages of the AB,-type hydrogen storage materials on the
basis of Laves phase intermetallics used for various applications
include:

(a) Higher hydrogen storage capacity and lower cost of the raw
materials as compared to the ABs-type hydrogen storage alloys;

(b) Extremely wide range of stabilities of the AB,-based hydrides
allowing to operate at hydrogen pressures from<<1 mbar to>
1000 bar;

(c) Brittleness of the AB,-type alloys (in contrast to the hard and
ductile solid solution type BCC hydrogen storage alloys) assisting
in preparation of their powders from ingots [18].

At the same time, high pyrophoricity, challenges in performing
activation and sensitivity to the impurities of active gases present as
admixtures in the commercial hydrogen gas require appropriate
handling of the alloys/hydrides during operation and service of the
hydrogen energy systems based on use of AB,-type hydrides.

A short overview of the key applications of the hydride-forming
Laves-type intermetallics is given below.

6.1. Hydrogen storage

“Low-temperature” AB,-type hydrides are characterised by hy-
drogen storage densities reaching 1.9 wt% H/100 gy/L and low heat
effects of hydrogen absorption, as low as 20-25 k]/mol H,, that al-
lows to develop weight-, volume- and energy-efficient hydrogen
storage systems on their basis [21,29]. As these systems provide
compact hydrogen storage at convenient ambient temperature-hy-
drogen pressure conditions, they are frequently used in integrated
energy systems proving hydrogen fuel to a low-temperature
polymer exchange membrane fuel cell (LT-PEMFC) [9]. Apart from
the stationary [181-183] and portable [184] applications where the
system weight is either not critical or has flexible margins of toler-
ance due to a small amount of the stored H, and thus utilising a low
amount of the H storage material, AB,-type alloys showed promising
performance in on-board hydrogen storage in some special mobile

C14 (single phase) C15 (single phase)

C14 +C15 (incl. multi-phase)

Component type Fitted Coefficient Component type

Fitted Coefficient

Component type Fitted Coefficient

Variable Value Variable Value Variable Value
- Ap:Y (TiMny) 12.56 - Ao: Y (ZrFe,) 14.95 - Ap: Y (TiFe,) 3291
A Aq: X4(Zr) -23.66 A Aq: X;(Sc) -15.89A A1z X4(Sc) -34.47
B Az: Xo(Al) -22.73 Azt Xo(Ti) 17.84 Az Xo(Y) -36.84
As: X5(Co) 18.09 As: X5(Y) -33.04 As: X5(Zr) -23.26
Ag: X4(Cr) -4.06 B Ag: X4(Al) -58.00 B Ag: X4(Al) -36.71
As: X5(Cu) -11.44 As: Xs(Mn) -34.27 As: X5(Co) -0.47
Ag: Xo(Fe) 15.89 As: Xe(Ni) -6.46 Ag: Xo(Cr) -25.67
A7: X7 (Mo) 3.88 A7: X5(V) -66.65 A7: X7(Cu) -28.52
Ag: Xg(Ni) 113 - As: Xg(ng/na-2) 715 Ag: Xg(Mn) -20.34
Ag: Xo(V) -32.36 Aq: Xo (Mo) -20.77
Ato: X10(W) 75.77 Ato: X10(Ni) -5.02
- A1 X11(ng/na-2) 7.62 Aqq: X11(Sn) -537.85
A X12(V) -59.16
Aqz: X13(W) 62.63
- Aa: Xqa(ng/na-2) 6.22
Number of points 230 Number of points 44 Number of points 329
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applications, like weight efficient fuel cell vehicles [185] and mate-
rials handling units | forklifts [70,186,187]. Unstable Laves phase
hydrides are also suitable for their use in hybrid hydrogen storage
tanks combining advantages of compressed gas (unlimited rate of H,
supply) and metal hydride based hydrogen storage methods (com-
pactness, low H, working pressure and high volumetric density of H)
[28,102,109,188].

6.2. Hydrogen compression

AB,-type hydrides on the basis of C14-Laves phase intermetallics
allow thermal compression of hydrogen gas to very high pressures
(above 1 kBar H,) while utilising moderate heating - up to
150-170°C. Their particular important advantage related to this
application is in a higher cycling stability as compared to ABs-type
and BCC solid solution alloys for hydrogen compression, which both
suffer from a decayed performance on cycling [4]. Thus, the devel-
opment, preparation and characterisation of the C14-AB, high-
pressure hydrogen compression alloys all intensified in the recent
years [29-31,189-192]. The associated research activities also in-
clude modelling and design of the MH compressors utilising the
Laves phase alloys [11,193-196], as well as a development of the
various prototype units some capable of compressing hydrogen to
450-900 bar H, [11,13,70,197-199].

6.3. Heat management

Applications based on use of the Reaction (1a) for cooling,
heating, heat upgrade and heat storage are realised in the heat en-
gines which operate as inverted metal hydride compressor units,
when the difference in hydrogen pressure is used as a driving force
of the processes of heat absorption (cooling) and release (heating)
associated with a decomposition or formation of the metal hydride,
respectively [1,3,6, 200-203] while providing a maximum specific
heating/cooling power per unit weight and volume based on the
high reversible hydrogen sorption capacity in the operating pres-
sure/temperature range of the selected material. Since the efficiency
of the intermetallic hydrides is inferior to the light-weight “high-
temperature” hydrides on the basis of Mg and Ca, the latter ones are
mainly considered as the candidates for the heat management ap-
plications at the operating temperatures above 300-350°C [13,204].
However, at low operating temperatures use of intermetallic hy-
drides including Laves phases remains as the only option.

Heat pumps utilising metal hydrides use two different MH with
tailored thermodynamics of the metal-hydrogen interactions func-
tioning at the hot and cold sides of the heat pump. The vast majority
of the MH heat pumps use the pairing between an ABs hydride (hot
side) and AB, Laves type hydride (cold side) [207]. To achieve effi-
cient operation, the selected AB, Laves type hydride should have
high heat effects of H, absorption (approx. above 30 kj/mol H,) and
low absolute values of the hydrogenation entropy changes on the
hydrogenation, < 110]J/(mol H; K) [15]. As it can be seen from the
Tables A.1 and A.2, many of the studied Laves phase hydrides well fit
these criteria and are suitable for the heat management applications
at low-temperatures. Already 40 years ago, at the end of 1980s, Laves
phase hydrides were used in applications as heat pumps in the
metal-hydride-based coolers and heat transformers [205]. Detailed
studies of the Laves-type AB, alloys (A=Ti, Ti+Zr; B=Cr,Mn,Fe,V))
which cover possible range of their operation in the MH heat pumps:
T=-80...+60 °C, P=5-300 bar are described in [206]. Analysis of the
properties of 336 (pseudo)binary, complex and intermetallic hy-
drides (with>100 000 available hydride pairs) for the heat man-
agement applications showed that> 700 pairs comprising the AB,-
type MH on the cold side can provide the static Coefficient of Per-
formance (COP) above 1 (showing their suitability for this
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application) when operating in a temperature range 20 (cooling) -
50 (heat sink) - 150 °C (heating) and P(H;) < 150 bar.

Further detailed data describing the performance of the proto-
type heat pumps utilising AB,-type Laves phase hydrides can be
found in the reviews [G, 202,203], and in the original publications
[34,201, 208,209].

6.4. Getters and low-pressure sources of hydrogen

Among the studied Laves phases, C15-ZrV, forms the most stable
hydride, with H, equilibrium pressure about 10~ mbar at T=50 'C
(see Fig. 16) and ~1 mbar at T=300 °C (Fig. 2). Thus, this intermetallic
and its related derivatives are promising for their use as reversible
getters of hydrogen and its heavy isotopes, D and T.

Cuevas and Latroche [210] have recently published a compre-
hensive review on the intermetallic-based materials for hydrogen
gettering. One type of getters contain Laves phases Zr(V,Fe), and
(Ti,Zr)(V,Fe), while the commercial getter Zr-V-Fe and Zr-Ti-V-Fe
alloys are multi-phase and contain a-Zr in addition. In spite at am-
bient temperature hydrogen absorption by ZrV,-based alloys is
strongly passivated by small impurities of air present in H, (1%), the
passivation effect, however, can be significantly reduced by the
surface modification of the alloy particles via fluorination followed
by electroless deposition of Pd-Ag coating [211]. On the other hand,
introducing oxygen into Zr-V getter alloys during their preparation
(from either gas phase or oxide additive in the charge) is accom-
panied by the formation of an oxygen-stabilised intermetallic n-
Zr3V304_x phase which significantly improves the rates of hydrogen
absorption at low applied pressures [212].

Hydrogen release from Zr(Vq.7s5Feq »5), hydrogenated at pressures
below 1072 Pa takes place at T=327-737 °C. The rates of hydrogen
desorption increase with an increase of the applied H, exposure
dose when varied between 10 and 1.3-10% Langmuir’ [213].

Hydrogen thermodesorption behaviour [214] is strongly influ-
enced by the residual hydrogen concentration in the hydrogenated
Zr-V-(0) alloy (0.1-0.5wt% O; ~40% ZrV, and n-Zr3V30,_x each,
balance - o-Zr). A decrease of H/M from 1.00 to 0.32 results in a
gradual increase of onset temperature of H, desorption from 100 to
350°C. At T > 400°C the desorption rate linearly increases with
temperature until reaching its maximum at T=590 °C and quickly
drops with a completion of H desorption at T=650 °C.

Nearly uniform and well-controlled hydrogen desorption from
the hydrogenated Zr-V based getter type alloys during their heating
allows to use these materials in vacuum-plasma technologies uti-
lising hydrogen, deuterium and tritium. In such technologies re-
versible Zr-V-(Fe) getters can combine functions of a getter and are
a source of the working gas with controlled hydrogen flow rate thus
providing the required for the efficient system operation condi-
tions [215].

6.5. NiMH batteries

Rechargeable Nickel-Metal Hydride (Ni-MH) batteries serve as
commercial power sources for portable applications, stationary en-
ergy storage and automotive transportation. While having the same
operational voltage as primary alkaline batteries, 1.2 V, Ni-MH bat-
teries are superior in reaching high energy densities and high power
performance, while operating in a broad temperature range, from
subzero, down to - 40 °C, to the increased temperatures as high as
60-70 °C. Long cycle and calendar life allow to use them in stand-
alone, operating for many years applications, as they are able to keep
the battery’s functionality and to maintain stable in time

7 One Langmuir corresponds to the exposure of a getter to the adsorbate at a
pressure of P=107% Torr for one second.
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performance. Particularly successful is application of the MH bat-
teries in the hybrid vehicles where their use saves fuel and drama-
tically reduces CO, emissions with more than 10 M vehicles used
worldwide and Toyota standing as the main technology developer.
Recent large-scale applications include battery systems for buses,
ships and trams [216].

Electrochemical discharge capacities of the Ti/Zr-based Laves type
alloys (400-495 mAh/g) are superior to the conventional Co-containing
ABs type alloys of the rare earth metals (320 mAh/g), and they together
with Mg-substituted alloys of rare earth metals with a capacity of
420 mAh/g increasingly replace ABs type anodes. Various options to
tune the performance of the anode materials to suit specific applica-
tions include: (a) Variation of the ratio between Ti and Zr; (b) Changes
of the stoichiometry between understoichiometric (B/A<2.0), stoi-
chiometric AB, and overstoichiometric (B/A>2.0) compositions; (c)
Surface treatment, adding catalytic additives (La) and microstructure
modification (nanostructuring) by rapid solidification to achieve im-
proved battery anode performance at high current densities [217].

7. Concluding remarks

Laves type hydrides will continue to remain in focus of research
and development of intermetallic hydrides. The present review will
guide the future work in the areas of fundamental research and also
in advancing the applications of the hydrides of Laves type inter-
metallics, based on the performed systematic comprehensive over-
view of the past and current activities in the field. A great advantage
of utilising Laves type hydrides is in a fact that the crystal lattices of
Zr[Ti-based alloys are very stable towards the cycling in hydrogen
gas, withstanding thousands of cycles, and are not prone to de-
gradation because of the disproportionation process even at elevated
working temperatures, 100-200 °C, and hydrogen pressures up to
several hundred bar H,. Thus, they are used to build hydrogen sto-
rage and compression systems allowing a long-term operation
without a need for the maintenance. What is even more important -
is a unique opportunity to finely adjust their hydrogen storage per-
formance because of the presence of the extended homogeneity
ranges of the intermetallics allowing to tune equilibrium pressures
of hydrogen desorption in a range spanning ten orders of magnitude.
Thus, Laves type hydrides fit the requirements for many applications
including hydrogen getters, materials for hydrogen storage operating
at ambient conditions, materials for the efficient compression of
hydrogen gas with an output pressure of several hundred bar and
anode materials for the metal hydride batteries operating from
subzero temperatures (down to -40 °C) and also at extreme heat, at
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60-70 °C. Pseudo-binary and more complex multi-element in com-
position Laves type intermetallics achieve a continuous variation of
hydrogen sorption properties, based on an interplay between the
stability and crystal structure features of the original alloys. An ex-
cellent flatness and high length of the hydrogen absorption plateau
pressure can be achieved and optimised based on the intrinsic be-
haviours of the alloys, including a contribution from elastic and
electronic H-H interactions. One promising, yet insufficiently ex-
plored feature is in the fact that many Laves type alloys in fact be-
long to the high entropy materials offering a reversibility of
hydrogen storage at convenient for the customer conditions in
contrast to the traditional high entropy compositions forming too
stable and thus non-reversible hydrides. The fundamentals of Laves
phases regarding their structure and properties need to be better
understood, even though new important findings have been recently
reported. Taking into consideration that rare earth metals belong to
the critical raw materials, replacement of their alloys by the Laves
phase compounds not containing rare earths will proceed at in-
creasing scale and a future progress in this direction is anticipated.
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Appendix A

See Appendix Table A1 and Table A2 here.

Table A1

Properties of C14 Laves phases and their hydrides. The stoichiometric coefficients are rounded to 2 decimal digits.
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# Composition Vo/Z (H/M) AV[Vq -AH° —-AS° RT In (Pa/Pp) d (InPp)/ Refs
[A%] max [%] [kJ/mol Hy] [J/ (mol H; K)] [J/mol] d (H/M)

1 [Sc](Fe), 42.96 1.07 24.21 352 106.7 [119]
2 [Sco.sTig5](Fe), ' 4114 1.03 22.04 17.7 103.8 2.578 [119]
3 [Ti](Alg02Cro.08) 134 41.99 1.07 228 112 2390 3.525 [218]
4 [Ti](Alg,03Cro.97)1.8 42 1 24 116 50 4189 [218]
5 [Ti](Alp11Cro.go)1.8™ 41.99 1.04 334 90.8 175 10.184 [218]
6 [Ti](Alg11Croge)1o™ 4225 1.09 28.1 128.5 100 11.04 [218]
7 [Ti](Cr); o7 41.84 1.21 17.86 22.58 97.8 0 5.04 [121]
8 [Ti](Cr) 19<2) (7) 42,06 1.3 26.5 122 4,997 [120]
9 [Ti](Cro.46Mngs4)172 1 21.56 102.98 1511 3.278 [26]
10 [Ti](Cro.4sMng1sFeo 38)1.06 0.96 18.7 116.4 3193 1.661 [189]
11 [Ti](Cro.52Mng1sFeo32)1.06 0.96 19.8 1171 2744 0.963 [189]
12 [Ti](Cro.52Mng15Feo34)1.06 0.96 19.3 1155 3143 1.501 [189]
13 [Ti](Cro.53Mng 47)1.06™> 1.04 22 113.3 [26]
14 [Ti](Cro.55Mng1sFegs)1.06 40.65 0.84 16.47 103.75 1161 0.205 [109]
15 [Ti](Cro.55Mng1sFeg3)1.96 0.94 20.2 117.6 2968 0.963 [189]
16 [Ti](Cro.sFeq ), 0.97 17.2 119 349 0.519 [219]
17 [Ti](CrosMng12Feq.38)1.96 0.97 19 117.9 3193 1.208 [189]
18 [Ti](Cro.sMng1sFeo.35)1.96 0.97 19.9 119.8 3492 1111 [189]
19 [Ti](CrosMng 5)1.67"*? 41.01 1.05 25.52 111.29 306 0.659 [220]
20 [Ti](CrosMngs)1.52 40.68 0.84 22.9 114.7 0.917 [28]
21 [Ti](CrosMng s)1.6('® 4125 1.05 22.8 114.9 1472 [218]
22 [Ti](CrosMng;s) 40.67 0.87 19.6 106.5 0.192 [120]
23 [Ti](Cro.62Mng3g)2 40.85 1 19.9 106.1 0.438 [120]
24 [Ti](CrosMno1Feo3)1.82 40.74 0.89 14.98 91.25 453 2.038 [221]
25 [Ti](CroeMno;Feps)10 40.65 0.86 17.46 103.51 308 0.662 [221]
26 [Ti](Cro6Mng1Feo3)1.06 40.62 0.84 16.67 101.51 303 0.629 [221]
27 [Ti](Cro6Mng1Feg3) 40.55 0.72 13.7 94.14 250 1193 [221]
28 [Ti](Cro.sMng 4);.54124€) 41.33 0.98 25.1 108.37 44 1.785 [220]
29 [Ti](Cro.sMng.4)1.67 1?74 413 1 25.94 117.99 109 1.296 [220]
30 [Ti](CrosMng.4) g2 1P"4€) 41.48 0.94 25.1 114.64 306 1.011 [220]
31 [Ti](Cro.75Mng 25),® 4112 1.53 214 108.6 0.657 [120]
32 [Ti](Cro.g5Mng5),13) 41.26 12 1270 [218]
33 [Ti](Cro.gsNig 15 ), 13450) 41.41 0.99 21.7 106.7 748 7.554 [218]
34 [Ti](CrogoMng )16 41.64 0.98 28 129 75 [218]
35 [Ti](Cro.05Mng g5)1.67" 41.71 0.91 20.08 100.42 22 2.611 [220]
36 [Ti](Cro.0oM0g,01)1.9:"® 4151 1 24.8 113 2968 3.393 [218]
37 [Ti](Fe),® 39.1 14 134.5 [122]
38 [Ti](Mn), 5 4091 0.84 25.95 23.6 94 2.369 [60]
39 [Ti](Mn),""® 39.51 1 24.6 1141 6339 0.27 [46],[222]
40 [Ti](Vo.02Cro.sMng 42Feg o5 )™ 0.95 20.6 107 1330 0.6 [223]
4 [Ti](Vo.05CrosMng 3sFeg 1), 0.97 20.6 107 1100 0.6 [223]
42 [Ti](Vo.05Cro.sMng 35Feq 1)z 4091 0.93 19.6 101.2 421 0.784 [32]
43 [Ti](Vo.08Cro.sMng 25Feq15)2 0.85 20.9 106 470 0.24 [223]
44 [Ti](Vo1CrooFeq7)"® 0.9 14 114 125 1.713 [219]
45 [Tl](VmCrg5Mn02Feoz)2(w) 1 22 109 0.72 [223]
46 [Ti](Vo.26Cro.07Mng 67)a. 92 5b.c) 40.49 0.58 27.73 103.97 433 0.884 [224]
47 [Ti](Vo.26Mng gsNbg 062,842 4132 0.83 23.68 104.48 340 1.589 [224]
48 [Ti](Vo26Mnog 65Tag 06 )2.54>>H®) 41.73 0.68 [224]
49 [Ti](Vo.27Mng 67M0g,06)2.92¢>2 40.82 0.63 19.81 93.58 469 1.384 [224]
50 [Ti](Vo20Mng g7Nbg 042,557 42.42 0.67 25.71 109.73 433 1.686 [224]
51 [Ti](Vo2Mng 67Nbg 13 ).62><H®) 41.88 0.7 [224]
52 [Ti](Vo.32Mng gg)3.114€ 40.87 0.83 25.4 100.28 1597 0.87 [225]
53 [Ti](Vo.34Mng g6)3.02°™ 40.75 0.86 26.63 11716 1758 0.375 [225]
54 [Ti](Vo.3Feq 7)1 0.83 215 121 100 6.648 [219]
55 [Tig.05Zr0.95](Cro4Feq6) 44.76 1.05 32.55 101.67 1367 0.225 [180]
56 [Tig.15Zr0.85)(Cro4Feqs)z 0.95 30.12 98.74 437 2412 [180]
57 [Tig.1Zr0.0](CrossFeq.6s)2 44.4 1.01 32.05 106.27 1490 0.255 [180]
58 [Tig.1Zro.0](CrosFeo )2 4416 0.95 29.79 104.18 1571 0315 [180]
59 [Tig1Zr0.0](Cro.4sFeoss)z 44,53 1.03 34.73 105.02 1155 0.183 [180]
60 [Tio.1Zr0.0](Cro4Feos)2 44.92 1.02 3243 104.18 1321 0339 [180]
61 [Tig.1Zr0.0](CrosFeos)z 44.74 1.03 36.02 105.02 962 0.381 [180]
62 [Tio1Zrog](Cr05Mn05) (ad) 4116 119 377 9291 2760 1.677 [226]
63 [Tig1Zro.0](M 4513 113 24.50 [49]
64 [Tlg_lZro_g](V0_15Feo_35)1_92 4434 112 285 103.9 1.227 [227]
65 [Ti.21Zr0.79](Mng sFeg 5)2.02 4352 0.94 33 111.4 3570 1318 [228]
66 [Tig.25Zr0.75](Mng s5Feg.45),(4""° 1 30.2 98.45 800 [57]
67 [Tio2Zro.5](Aio.0sFe0.92)' 0.97 204 112 150 1.641 [219]
68 [Tig.2Zro5](Alg1sFeq.ss5)2 " 0.67 16.8 118 100 1.992 [219]
69 [Ti.2Zr0.5](Cro0sMng 2Feq s)2 4391 0.92 31.51 97.91 2803 0.441 [229]
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70 [Tip2Zro8](Cro12Mng 3sFeq s)2 4391 0.92 33.39 111.71 2435 0.561 [229]

71 [Tip2Zr08](Cro25Mng2sFeq 5 )2 0.91 30.71 103.93 1138 0.771 [229]

72 [Tig2Zrog](CrossFepss)2 44,08 0.98 19.96 [51]

73 [Tig2Zrog](Cro3sMng12Feqs)2 0.95 32.76 103.85 946 0.891 [229]

74 [Tig2Zro 5](Cro sFe0.;),4 43.76 1.06 21.28 26.89 100.45 1.219 [51]

75 [Tip2Zrog)(Cro.aFeos)2 4412 0.9 30.67 102.09 2091 2.454 [180]

76 [Tig2Zro8)(Cro.s6Mng 44)2.25 44.54 11 20.53 4142 2.947 [22]

77 [Tip2Zro5](CrosFeos)z 48.39 0.97 31 93.3 527 2.88 [180],

[229]
78 [Tig2Zrog](Mn), 4478 12 25.31 47.2 115.9 2.289 [46],
[49],[23]

79 [Tig2Zrog])(MngsFeqs)2 0.9 29.62 101.25 1782 0.381 [229]

80 [Tio.36Zr0.64] 42.92 0.98 21.97 25.77 80 0 3.262 [230]
(Alo.01V0.15Cro.07Mno 2Nip 57
Sno.o1)1.08

81 [Tig.36Zr0.64] 4291 0.91 32 104 101 4.28 [36]
(Alg.01V0.15Cro.11Mng 12Nig 48
C00.125N0,01 )1,98(5a'c)

82 [Tig37Zro.63] 43.22 0.82 27 90 593 6.23 [231],[177]
(Alo.01V0.15Cro.0sMno 06Nio 6
C00.128Mg,01)1.89°*

83 [Tig37Zr0.63] 43,51 0.73 28 87 312 7.426 [231],[177]
(Alg.01V0.15Cro.06Mng 0sNio.s
C00.125n0,01)1.81 (5a)

84 [Tio37Zro.63] 43.72 0.82 26 77 1065 7.279 [231],[177]
(Alp.01V015Cr0.08Mno 0gNig 61
C00.075M0.01)1.8°*

85 [Tig37Zr0.63] 43.26 0.72 22 75 321 4.659 [231],[177]
(Alo.01V0.15Cr0.08Mng 08Nig 61
C00.08500.01)1.08°*

86 [Tig37Zro.63] 43.43 0.83 24 75 919 7.328 [231],[177]
(Alp.01V015Cr0.00Mno 07Nig 61
Co0.07SN0.01 )1.88(5“)

87 [Tio.37Zr0.63] 43.98 0.83 29 77 1630 10.89 [231],[177]
(Alo.01V015Cro.13Mng 0gNig 61
C00.02500,01)1.8%*

88 [Tig37Zro.63] 43.75 0.91 28 81 1912 6.87 [231],[177]
(Alp.01V0.15Cr0.13Mng o9Ni 61
C00.025N0.01 )1.88(53'0

89 [Tio.37Zr0.63] 43.6 0.88 24 77 633 6 [231],[177]
(Alo.01V0.15Cr0.13Mng o9Nig 61
€00.02500.01)1.08°*

90 [Tig.37Zro.63] 43.21 0.82 23 76 516 6.39 [231],[177]
(Alp.01V015Cro.13Mng 0oNio 6
C00.025n0.01 )Z.ll(sa'c)

91 [Tig37Zr0.63] 43.02 0.69 21 71 547 7.309 [231],[177]
(Alo.01Vo.15Cro.13Mng o9Nio 6
C00,025Mg,01)2.255%)

92 [Tio.39Zr0.61](Mng 3sFeo 62)1.86 429 0.97 25.69 103.66 3556 0.738 [232]

93 [Tig.3Zr7](Cro3Feq.7 )49 43.71 0.96 20.89 22.03 89.35 1.955 [51]

94 [Tig.3Zro.7](Cro.sFeq.s )% 43.97 1.07 19.74 29.7 97.5 360 3.159 [180],[52]

95 [Tig.3Zr-](CrosMng 5),(% 42.47 117 33.64 93.65 1701 3.452 [226]

96 [Tig 3Zro,](Mn),4® 44,06 1.2 25.78 29.346 80.26 0.039 [49]

97 [Tig3Zro](Mn),4) 1 325 96.3 2.856 [73]

98 [Tig.3Zro7](Mng 71Feo 20 )2 842 4313 0.63 13.5 53.2 4.181 [23],[54]

99 [Tio3Zro.7)(VoaisFeo.ss)1.02 43.39 0.97 26.1 102.8 1.383 [227]

100 [Tio.3Zr0.7](Vo1Feoo)1.02 43.07 0.96 235 105.9 0.794 [227]

101 [Tip3Zro.7)(Vo.25F€0.75)1.92 44,03 1.04 331 103.8 1.767 [227]

102 [Tip.41Zr0.50](Mng 44F€0 56)1.88 42.96 0.98 26.91 104.26 3899 0.966 [232]

103 [Tig.a5Z1055] 41.66 0.97 28.3 107.9 1.392 [233]
(Vo.18Mng 54Nio 28)2.48

104 [Tio.45Z10.55](Vo.22Mng 35Nig 42)2 42.09 124 328 112 1.701 [233]

105 [Tio.45Zr055] 42.27 1.24 323 108.6 2.019 [233]
(V022Mno.44Nig:34)2.05

106 [Tig.a5Zr055] 42.73 115 20.89 35.6 108.1 2182 [233]
(Vo.24Mng 35Nig 38)1.86

107 [Tig.a5Zr055] 42.73 113 36.4 1133 2.445 [233]
(Vo.25Mng29Nig.46)1.83

108 [Tig.a5Zr055] 42.93 116 19.70 36.9 104.4 7.486 [233]
(Vo26Mno16Nio.58)1.73

109 [Tig.a5Z1055] 4319 113 19.89 39 105 10.011 [233]
(Vo27Mng12Nig61)1.64

110 [Tig.a5Z10 55] 43.29 1.05 23.60 54.8 153 10.883 [233]
(Vo27Mng 32Nig 42)1.68
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m [Tio.a5Z10.55](Vo.28Mng 2Nig 52)1.63 43.02 1.07 442 125.7 4.518 [233]

112 [Tip.45Zr055] 43.54 113 18.40 41.7 109.1 11.984 [233]
(Vo.20Mng 06Nig65)1.54

113 [Tig.a5Z1055] 43.21 1.25 18.70 47.6 133.8 5.245 [233]
(Vo.20Mng15Nio s6)1.53

114 [Tip.49Z1051](Mng 45Feo 55)1.97 4223 0.9 2491 107.43 3697 1.873 [232]

115 [Tig.4Zro 6](Fe), 12453 41.27 0.87 23.80 18.3 127 873 0.864 [218],

[219]

116 [Tig.4Zros](Mn); 43.64 11 35.94 102.51 2.577 [46]

117 [Tig.4Zros])(Mn); 43.68 0.93 25.69 34.81 102.62 0.408 [49]

118 [Tip.aZro6])(Mng 34Feo 66)1.92 42.84 0.92 24.57 106.09 3415 1.302 [232]

119 [Tio.51Zr0.49](Vo.02Mng sFep 48)1.89 42.6 0.99 26.42 104.39 3758 2.297 [232]

120 [Tio.s5Z10.45] 0.94 18.46 78.1 624 0.541 [29]
(Cro.42Mng 19Feg 27Nio1Cug 01)2

121 [Tig.5Zro5](AlgosFeoos)2 0.9 16 117 349 1.725 [219]

122 [Tig.sZro5](Alg2Feos)2 0.67 233 108 75 3.408 [219]

123 [Tig.5Zro.5](CrosFeq.5),“49 42.98 1 16.75 243 96.7 4.104 [234]

124 [Tig.5Zro5)(Cro,sMng s)2 4343 115 29.82 96.47 1924 3.922 [226]

125 [TigsZro5)(Mn);, 42.72 0.6 25.89 [49]

126 [Tig.5Zro5](MnosFeos)101 42.27 0.96 2513 103.65 4202 1.859 [232]

127 [Tio.5Zro5](VoisFeoss )12 42.4 0.84 219 103.1 149 [227]

128 [Tig.5Zrg5] 0.96 38 109.94 6984 10.23 [235]
(Vo.25Cro.25F€0 25Nio 25 )2

129 [Tig.65Z10.35] 0.81 21.74 102.44 536 0.27 [29]
(Cro.42Mng14Feg 32Nio1CUo 01)2

130 [Tio.65Z10.:35](Cro.4Mng sFeg1)1.86 121 26 96 1440 [134]

131 [Tio.65Z10.35](Cro.aMng sFegp1)1.0 118 29 100 1060 2.364 [134]

132 [Tip.65Z10.35](Cro.4Mng sFeg 1)1.08 1.27 28 99 1704 [134]

133 [Tip.65Z10.35](Cro.4Mng sFeg )2 115 29 100 [134]

134 [Tip.6Zro.4])(Mn), 42.29 0.9 25.69 90.79 1.935 [46]

135 [Tio.6Zr0.4)(Vo.2Feo sNio3)2 0.77 26.8 112.66 370 4.951 [32]

136 [Tio.72Z1028] 0.96 19.26 93.66 455 1.088 [29]
(Cro.42Mng 12Feg 34Nio1Cuo01)1.0

137 [Tig.72Zr0.28] 0.91 24.847 115.33 698 2.641 [29]
(Cro.42Mng14Feq 35Nip1Cuo.01)2

138 [Tig.78Z10.22] 0.9 23.989 108.94 274 0.604 [29]
(Cro.42Mng 19Feg 27Nio1CU0.02)2.02

139 [Tio.7Z103] 41.47 0.91 23.18 23.03 108.96 1198 0.836 [29]
(Cro.42Mng 12Feg 34Nio1Cuo 01)2.03

140 [Tig7Zro3)(CrosFens)2 41.75 0.4 19.63 22.87 106.81 4.225 [234]

141 [Tig.7Zro3](Vo.sFeq),(1 42.59 12 18.01 311 116 499 3.75 [218]

142 [Tio.81Z10.19)(Vo.05Cro.48F€0.48)1.96 41.52 0.88 21.38 103.41 0 1.825 [31]

143 [Tio.83Zr0.17](Cro.cFeo.4)1.06 41.52 0.88 20.49 102.79 0 1.182 [31]

144 [Tio.83Z1r0.17](V0.05Cro.48F€0.48)1.96 41.4 0.83 20.38 102.84 0 13 [31]

145 [Tio.83Zr0.171(Vo.05Cro.s5F€0.4)1.96 41.63 0.9 22.67 104.16 0 2424 [31]

146 [Tio.83Z1r017](Vo.05Cro.6F€0.35)1.96 41.79 0.49 24.42 106.69 0 2.262 [31]

147 [Tio.83Z1r017](Vo.1Cro.sFeo.4)1.06 41.68 0.89 2441 104.84 0 3.352 [31]

148 [Tip.g5Z10.15) 0.82 22.2 103.9 1451 [31]
(Cro.42Mng sFeg 07)1.82

149 [Tio.85Zr0.15) 42 0.94 21.7 100.9 0.853 [28]
(Cro.42Mng sM0g 08)1.52

150 [Tip.g5Z1015] 0.92 22.035 110.3 424 0.423 [29]
(Cro.4sMng15Feg 20Nio1CU0.02)2.02

151 [Tio.g5Z10.15) 0.87 24.7 1124 1.674 [236]
(Cro.4sMng sFeg 05)1.82

152 [Tio.85Zr0.15) 41.87 0.99 23.7 106.4 0.922 [28]
(Cro.4sMng sM0g 05)1.82

153 [Tip.g5Z1015) 41.82 0.79 22,6 106.2 1.216 [28]
(Cro.45Mng sWo,05)1.82

154 [Tip.g5Z10.15) 0.87 254 112.7 1104 [236]
(Cro.46Mng sFeg 04)1.82

155 [Tios5Zr015] 0.87 26.7 115 1197 [236]
(Cro.47Mng sFeq.02)1.82

156 [Tip.g5Z1015) 41.63 1.04 26.2 115.2 0.957 [28]
(Cro.47Mng sM0g 03)1.82

157 [Tip.g5Z1015) 41.73 0.81 243 109.2 0.536 [28]
(Cro.47Mnp sWo 03)1.82

158 [Tios5Zr015] 41.68 0.84 26.3 113.8 0.879 [28]
(Cro.49Mng sWo 01)1.82

159 [Tio.s5Zr0.15)(Cro.sMno.s)1.s2 41.61 0.98 26.6 1121 0.837 [28]

160 [Tip.85Z10.15)(CrosMng s)1.82 0.92 26.6 1121 0.868 [236]

161 [Tio.85Zr0.15)(CrosMngss) 1 25.3 1121 1990 1.701 [223]

162 [Tio.85Z10.15)(Cro.6Mng4)2 11 26.2 114 800 1.71 [223]

163 [Tio.85Zr015](Vo.05Cro.4sF€0.48)1.96 41.31 0.8 19.62 101.91 0 1.329 [31]
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164 [Tio.s5Z10.15) 1.02 26.61 109.68 873 0.225 [29]
(Vo15Cro1Mng Feg 03Nio11
Cugo1)2

165 [Tip.g5Z1015] 0.72 21.17 102.63 574 0.075 [29]
(Vo.8Cro.08Mno eFeo 03Nio.11
Cuoo1)2

166 [Tio.8Zr02)(Cro.saMng )2 11 28.87 112.97 114 [45]

167 [TiosZro2](CrosMngs)182 41.87 1.05 283 111.8 1.083 [28]

168 [Tig.Zro2](CrosMng 5),“ 117 2145 91.61 1.358 [29]

169 [Tio.8Zro2](CrosMngs )2 45.08 0.86 21.54 98.63 2266 2.099 [226]

170 [Tig.sZro2](Vo2Feos),'® 4119 1.01 20.60 17.85 99.25 299 3.678 [32]

171 [Tig.sZro2](Vo2Feos),(' 41.26 1.01 20.66 19.7 109.9 100 3.528 [218]

172 [Tio.93Z10.07)(V0.1Cro35Mng 55)2 41.37 0.97 22.86 100.41 907 0.876 [238]

173 [Tio.04Z10.06])(Voa Cr0_35Mrtg_E)5)z 41.27 0.97 22.36 99.61 907 1.034 [238]

174 [Tig.95Z10.05](Cro.sMng s)2 1 20.8 105 2100 0.801 [223]

175 [Tip.05Z10.05])(Cro.sMng 4)2 0.92 219 108.1 900 0.18 [223]

176 [Tip.95Zr0.05] 0.89 25 112.3 414 0.101 [29]
(Vo0.19Cro1Mng sgFeq.03Nig 1
Cuo01)2.07

177 [Tio.05Z10.05](V0.1Cro25Mng 65)2 4111 0.98 21.18 97.25 1462 0.678 [238]

178 [Tio.05Z10.05](V0.1Cro.35Mng 55 )2 41.24 0.96 21.27 96.88 882 0.737 [238]

179 [Tio.05Z10.05](Vo0.1Cro.45Mng 45)2 41.36 0.94 21.64 97.34 353 0.767 [238]

180 [Tig.95Zr0.05] 0.95 28.11 112.34 1559 0.362 [29]
(Vo2Mng 7Feg 05Nio.05)2.15

181 [Tio.06Zr0.04] 40.99 0.87 25.8 110 798 1.268 [30]
(Vo.zcro.onﬂo.73Feo.05)1.91(56)

182 [Tio.07Ceo.03] sy 40.79 0.87 19.27 112.11 1268 0.536 [109]
(CrossMng1sFep3)iont ™

183 [Tip.97H00,03] b5 40.76 0.89 19.39 111.29 1164 0.9 [109]
(CrossMng1sFep3)iont

184 [Tig.o7Lag03] by 40.82 0.91 16.63 104.17 1428 0.149 [109]
(Cro.s5sMngisFeq3)1.01 >

185 [Tig.08Zr0.02] 40.87 0.74 248 1113 1272 0.624 [30]
(V0.16Cro.06Mno.72Fe0.06)2.41%

186 [Tig.08Zr0.02] 40.89 0.81 24.7 109.3 1347 0.854 [30]
(V0.19Cro.02Mno 7aFeq 04)2.11 %

187 [Tip.08Zr0.02] 40.91 0.8 24.2 107.1 1098 1.078 [30]
(Vo Cl'o.onﬂo.nFeo.os)2.21(5c)

188 [Tig.08Zro.02] 0.79 24.06 101.56 1.469 [29]
(Vo Cfo.ozMno.73Feo.04)z.06(4c)

189 [Tip.08Zr0.02] 40.88 0.85 243 109.5 1422 0.434 [30]
(Vo.23Cr0.02Mng 71Fe0,04)2.25

190 [Tio.08Zr0.02] 40.92 0.71 24 107.8 1297 0.532 [30]
(Vo.23Cro.02Mno.71 Feo.05)2.13(sc)

191 [Tio.08Zr0.02] 41.03 0.68 287 1175 574 1.831 [30]
(V0.23Cro.03Mng 67Feq.07)1.04°

192 [Tip.08Zr0.02] 4143 0.84 27.8 108.5 574 3.369 [30]
(Vo.25Cro.03Mng g7Feq 05)1.0°

193 [Tio.08Zr0.02] 41.52 0.69 299 110.2 624 4177 [30]
(V0.27cr0.02Mn0.66Fe0.05)1.82(5c)

194 [Tig.08Zr0.02] 41 0.87 26.3 1111 748 1313 [30]
(Vo0.2Cro.02Mng esFeo 05
Nio09)2.19

195 [Tig.08Zr0.02] 41.32 0.87 27.2 105.9 698 1.968 [30]
(V0,34CF0.02M00,6F60,03)2.09(5c)

196 [Tio.09Zr0.01] 42.29 0.91 327 99.2 [30]
(Vo.52Cr0.02Mno.43Feq.03)1.57°™

197 [Tig.9Zrg1](Cro.42Mng s5M0g.02)1.6 4141 0.81 24 110 1100 1.09 [102]

198 [Tip.9Zro1](CrosMngs)1.82 41.2 0.9 25.5 112.6 0.687 [28]

199 [Tig.oZroa ](Cl‘o,sMﬂo.s)z(w) 0.67 22.5 104.9 [33]

200 [Tig.0Zro1](VoisFeo.ss )" 40.36 0.98 2222 13.5 1129 199 1.254 [218]

201 [Tio.0Z101](Vo.1Cro1sMng 7Feq 02)2 1.03 25.89 106.9 [15]

202 [Tio.0Zro1] 0.9 25.29 110.11 324 0.21 [29]
(Vo0.1Cro.32Mng 4Feg 0oNig 15
Cuoo1)2

203 [Tip.9Zro1](Vo1Cro35Mng s55)2 41.53 1.01 22.92 97.9 857 0.477 [238]

204 [Tig.0Zro1]1(Vo1Feo75Nig15),(1® 40.01 0.99 20.38 12.08 119.5 168 2.166 [218]

205 [Tio.9Zr0.11(Vo.35Mng g5 ), A4 0.93 30 99.56 1046 2379 [239]

206 [Zr](Alp.4Feq6) 47.07 0.63 9.83 476 1224 36.205 [178]

207 [Zr](Cr),1 4 12 4519 121.34 3.555 [41]

208 [Zr](Cro.11Mng 44Feq 44)2 2549 44,61 119 25.6 75 0.66 [22]

209 [Zr](Cro2sFeq.75)2 0.9 323 112.97 1690 1.089 [180]

210 [Zr](Cro.25Feo.75)2 0.95 24.27 92.05 [23],

[44]

24

(continued on next page)
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Table A1 (continued)
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# Composition VP/Z H/M) AV[Vq -AH® -AS° RT In (Pa/Pp) d (InPp)/ Refs
[A%] max [%] [k]/mol Hy] [J/ (mol H; K)] [J/mol] d (H/M)

211 [Zr](Cro2Feg g), 14 1 28.4 100.8 2138 1131 [240]

212 [Zr](Cro.36Fe0.36C00.29)2.8 43.39 0.74 2011 20.02 88.14 3.96 [59]

213 [Zr](Cro.36Fe0.36CU0 29)2.84 4458 0.78 21.52 29.78 93.05 2.288 [59]

214 [Zr)(Cro.36Feq.36Nig 20)2.54 43.52 0.69 2119 20.73 88.29 4857 [59]

215 [Zr](Cro.36Fe0.64)2.5” 44,05 0.81 2123 19.51 7754 3.733 [59]

216 [Zr](Cro.36Mng 29Feq 36)2 8% 4462 0.9 21.51 295 94.8 4.497 [59]

217 [Zr](Cro38Fe0.62)2.6 0.72 291 107.6 1010 2455 [228]

218 [Zr](Cro.38Fep.62)2.6 4429 12 18.93 25.2 92.2 2317 [59]

219 [Zr](Cro3Feg7),4® 4447 1.04 20.21 26.92 89.43 1.044 [51]

220 [Zr](CrosFeg7)s 1 285 94.7 851 0915 [571,[231,147],
[241]

221 [Zr](Cro 3Feg 7)1 1 29.8 100.3 2980 0.378 [240]

222 [Zr](Cro.42Feq 58)2.44Y 4415 1.28 20 65.6 2.558 [22]

223 [Zr](Cro4Feos)a 1.02 32.97 99.16 1300 1131 [180]

224 [Zr](Cro.4Feq )4 1 36.2 103.3 1068 0.819 [240]

225 [Zr](Cro.4Feq )25 44.27 114 22.7 80.3 1.234 [22]

226 [Zr](Cro.5C00:5)2 1.07 4017 121.34 [44]

227 [Zr](CrosFegs)2 45.03 113 49.37 133.89 [23],[44]

228 [Zr](Cro.s5Feg 5),1 1 394 103.6 3100 0.648 [240]

229 [Zr](Cro sFeq 5),14® 4512 11 19.39 36.1 99 0.802 [52],[59]

230 [Zr](CrosMng 5),4® 46.32 1.27 37.21 8212 2190 0.572 [226],[22]

231 [Zr](Cro.71C00.29)2 54 44.72 0.84 21,55 453 118.9 0.132 [242]

232 [Zr](Cro.71Feg.29)2.84% 4536 1 22.96 46.5 130.7 0.456 [242]

233 [Zr](Cro.71Nip 29)2.84° 44.83 117 22.35 37.9 101.2 3.214 [242]

234 [Zr](FegsMog 5),14® 0.99 40.74 127.08 2.412 [48]

235 [Zr](FeogMom) (12)(2) 44.81 118 23.61 25.9 112.5 2993 1107 [218],[219]

236 [Zr(M 4516 12 28.57 5314 121.34 [46],
[44],153]

237 [Zr](Mn),¢421(9) 4516 1.2 28.57 40.4 12134 2400 [49],
[23],[55]

238 [Zr](Mn), 5 12 18 515 [23]

239 [Zr](Mn),; 43.72 0.85 33.6 100.6 2650 3.375 [228]

240 [Zr](Mn), g Lo 445 0.95 25.79 32.9 91.3 3000 0.583 [571,[53]

241 [Zr](Mn)s g ) 43.03 0.75 28.44 17 51 1.3974 [23],[53]

242 [Zr](Mng5Feq g),4€ 0.62 26.7 109.6 3.382 [50]

243 [Zr](Mng sFeq 7)1 0.93 245 98.3 2.689 [50]

244 [Zr](MngsFeo.s2)233 0.77 183 51.7 8410 [23]

245 [Zr])(Mng 4sFeq 52)2.33 43.57 0.85 29.4 104.9 3580 0.902 [228]

246 [Zr)(Mng s52Feq.48)236 43.76 0.82 31 106 4070 1161 [228]

247 [Zr](Mng ssFeg45)2.5 0.9 9.4 433 [23]

248 [Zr](Mng5Cog.5)2 1.03 34.73 108.78 0.99 [23],[44]

249 [Zr](Mng sFeg 35C00.15)2¢? 4416 0.82 23.73 87.22 3.228 [243]

250 [Zr](Mng sFeq s)2 4437 0.97 30.12 89.54 [44]

251 [Zr](Mng sFeq 5),49 4443 1 18.58 36.9 109.3 2.624 [50]

252 [Zr](Mng g2Feq.37)3.214 43.86 0.48 12.34 6.8 32.8 4988 [55]

253 [Zr](MnggCog.4)2 1.03 35.98 105.44 [23],[44]

254 [Zr](MnggFeg.4)> 1.07 33.05 96.23 [23],[44]

255 [Zr](Mng71C00.20)2.5® 0.55 2338 84 2900 [57]

256 [Zr](Mng.71C00.26)2.5? 4317 0.6 22.32 185 50 3.81 [58]

257 [Zr](Mng_71Cug 29) 543 0.92 359 83.4 4300 [57]

258 [Zr](Mng_71Cug 29)2.8 0.92 31.6 83.4 [57],[23]

259 [Zr](Mng_71Cug29).5® 45.04 0.94 25.74 27 61.2 0.302 [58]

260 [Zr](Mng_71Feq.20)2.79 4335 0.76 29.3 107.6 3310 4531 [228]

261 [Zr](Mng 71Feg.29)2.5 4417 113 21.35 25 83 5.453 [571],
[23],[55]

262 [Zr](Mng71Nig 29)2 4 43.76 0.85 18.44 18.6 70.8 445 [58]

263 [Zr](Mng71Nig29)7 g4 0.87 26.4 92.1 1400 [57]

264 [Zr](Mng75C00.25)2 113 4435 117.15 [23],
[44]

265 [Zr](Mng ggFeg.13)324 433 0.79 26.40 217 80.3 2777 [56]

266 [Zr](Mng ggNig.13)3.24° 43.19 0.83 2314 15.89 65.18 4812 [58]

267 [Zr])(Mng gFeg )™ 44.81 0.73 23.02 422 103.8 [50]

268 [Zr](Mng g3Fe 07)2 54 0.92 15 474 2.391 [56]

269 [Zr](Mng e5Feq 07)3 4425 0.9 27.05 [56]

270 [Zr](VoisFeoss)1.02 44.89 116 29.1 102.2 0.244 [227]

271 [Zr](Vo25C00.75)2 1 3431 109.62 [23],[44]

272 [Zr])(Vo.2sFeo75)1.02 4521 123 425 123.6 3.496 [227]

273 [Zr](Vo2sFeo7s)2 4526 1.07 32.22 87.86 [23],[44]

274 [Zr](Vo5Coo5)2 123 49.37 101.67 [23],[44]

275 [Zr](VosFeos)2 46.67 1.07 48.12 93.72 [23],[44]

Notes: (V) - (H/M)max measured at @ P > 1000 bar and/or ® T < -20 °C; ® - thermodynamic data for the first / lower plateau; ) - stable performances during 1000 cycles of H

absorption/desorption; ® - thermodynamic data presented for plateau midpoint corresponding to H/M about: @ 0.25, ® 0.33, () 0.4, 0.5 and ® 0.6; ) -

multiphase: @

C14+C15, ™ C14 + BCC, © C14 + FCC, ¥ impurity of RE oxide; ® - calculated thermodynamic data; ”’ - critical temperature below 20°C; ® - no plateau; ¢ - thermodynamic data

taken calorimetrically; (% -

(H/M)max presented as reversible H capacity between 20 and 85°C
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Table A2

Properties of C15 Laves phases and their hydrides. The stoichiometric coefficients are rounded to 2 decimal digits.
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# Composition Vo/Z (H/M) AV|V, -AH® -AS° RT In (Pa/Pp) d (InPp)/ Refs
[A%] max [%] [kJ/mol H,] [J/ (mol H, K)] [J/mol] d (H/M)
1 [Sc](Fe), s 43.99 0.91 12.38 29.6 86 3760 0.752 [119],[118]
2 [Sco2Zrg g](Fe),2203¢) 43.86 1.23 26.01 21 117 612 0.666 [119]
3 [Sco5Zrg 5](Fe),2232) 43.82 1.2 23.89 19 95 2.377 [119]
4 [Ti](Cr) 41.73 1.26 213 116 3.528 [120]
5 [Ti](Cro.63M0g,07)2.57 4134 0 17.2 117 200 3.424 [218]
6 [Ti](Cro.o5Nig 05)1.55 22 42) 41.49 11 20.5 107.8 848 4.016 [218]
7 [Tig15Zro.85] 113 33.984 107.67 374 0.355 [125]
(Vo.0sMng 33Feq.06Nio.56)1.96
8 [Tig15Zr0.85] 114 35.25 113.33 773 0.812 [125]
(Vo.0sMng 33Feg.06Nio.56)2.01
9 [Tio15Zro.85] 1.01 34.538 116.61 100 0.582 [125]
(Vo.0sMng 33Fe 06Nio.56)2.06
10 [Tig15Zro.85] 1 28129 98.06 748 0.56 [125]
(Vo.0sMnyg 33Feq o6
Nio.se)z.n“h)'(sa)
11 [Tig21Zr07sLao.01] 42.96 0.62 354 130 781 0.855 [36]
(Vo.06Mng 32Feq o6Nig 56
Snoo1)2.15
12 [Tig21Zr075Lag.01] 42.99 1.03 318 119 328 0.968 [36]
(Vo.06Mnyg 32Feq g6Nig 56
Snp.o1 )2.13(4C)'(5)
13 [Tio2Zros](Fe ), 435 116 2420 19.8 125 1247 0.756 [218],
[219]
14 [Tip2Zro5](Vo.1Feq.sNig.4)2? 4296 123 25.00 26.8 118.3 100 2.634 [218],
[219]
15 [Tio.37Zr0.63)(Alo.01Vo.1s 0.59 12 47 592 6.083 [177,231]
Cro.0sMng g6Nio.61C00.12
Sng.01 )1.98(43"’)
16 [Tio37Zr0.63](Alo.01Vo1s 0.57 1 47 1019 5.971 [177,231]
Cro.05Mng 06Nio 6C00.12
Snoo1)21 (ab)
17 [Tio37Zr0.63)(Alo.01Vo.1s 0.39 7 32 885 7.051 [177,231]
Cro.0sMng gsNig.6C00.12
Sng.01)22
18 [Tig37Zr0.63](Alo.01Vo1s 0.67 20 72 659 5.602 [177,231]
Cro.08Mnyg 0gNio.6C00 08
Snoo1)21 (@ab)
19 [Tio.37Zr0.63](Alo.01Vo.1s 0.48 14 54 1055 7.006 [177,231]
Cro.08Mng 0gNio.6C00.08
Snoo1)2 2(4a'h)
20 [Tig.4Zro 6](Feo,gNig 4),% 41.42 1.04 24.53 16.5 124 224 0.39 [218]
21 [Tig.sZro2](Vo1Feq sNig.4)2? 4296 123 15.1 117 150 3.966 [218],
[219]
22 [Yo.00Zr0.01](Fe)1.072™ 447 0.82 23.73 119.99 424 1.624 [244]
23 [Yo14Zro.s6](Fe)z.042™ 38.88 1.05 24.41 118.69 430 1.925 [244]
24 [Yo.26Zr0.74](Fe )2.052 4533 111 24.05 105.01 477 4.896 [244]
25 [Yo20Zro.71](Fe)z.02?? 455 115 29.19 114.49 954 8.809 [244]
26 [Yo2Zros](Fe); o5 4512 1.08 25.06 116.53 428 3131 [244]
27 [Yo39Zr0.61](Fe);.0s®™ 4598 121 313 107.58 1592 9.406 [244]
28 [Zr](Alg o3Feg .97)1.93 22432 44,59 1.02 12.64 83.13 1.688 [227]
29 [Zr](AlgosFeo95)1.032™ 44,59 0.88 15.2 90.6 4.422 [227]
30 [Zr)(Alg07Feg03)1.02 44,78 0.84 15.9 88.5 3.425 [227]
31 [Zr](Alg12Feq g8)1.02 45.02 0.66 19.3 90.3 5.246 [227]
32 [Zr](Alg12Feg g5),” 4495 0.93 2122 19.3 92.4 0 4138 [178]
33 [Zr](Alg.15Feo gs)1.92 45.06 0.59 21.4 92.3 6.801 [227]
34 [Zr](Alo16Feos4)2 4512 0.93 19.85 234 97.9 0 7.077 [178]
35 [Zr](Alo1Fep.0)1.02 44.83 0.76 181 92.9 4.634 [227]
36 [Zr](AlgsFeqs)s 45.52 0.87 17.30 28.7 1015 8.283 [178]
37 [Zr](Cr), 127 46.02 98.32 [44]
38 [Zr)(Cr),® 13 39.2 98 2800 [23]
39 [Zr](Crg1Feq.g) (122 4424 121 23.83 22 109 1023 0.999 [218],
[219]
40 [Zr](Crg1Feqg), (1342 0.43 232 108 898 1.398 [219]
4 [Zr](Fe), o2 44.46 127 21.8 1214 2419 1.058 [219],
[245]
42 [Zr](Fe),?® 4421 123 25.93 212 122 1871 0.672 [119],
[219]
43 [Zr](Fe), 5 43.89 119 18.3 120 998 1.074 [219],
[245]
44 [Zr](FeNig.4)212® 1.23 217 114 3317 1.008 [219]
45 [Zr](Feg7Nig.3),?® 1.2 216 114 2669 0.996 [219]
46 [Zr](Feq gNig 5 )12 0.5 22 115 2843 1.386 [219]
47 [Zr](Feo.gNig 5 ), 1P422) 12 18.7 111 1446 1332 [219]

26
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Table A2 (continued)
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# Composition Vo/Z (H/M) AV|V, -AH® -AS° RT In (P4/Pp) d (InPp)/ Refs
[A%] max [%] [k]/mol H,] [J/ (mol H K)] [J/mol] d (H/M)
48 [Zr](Fep9Cop.1),% 441 118 22.68 16.8 108.1 1746 0.666 [119],
[219]
49 [Zr](FepoCugs )" 43.75 112 25.00 19.6 112 997 1303 [218,219]
50 [Zr](Feg.oNig 1 ),13423) 0.4 226 120 1770 132 [219]
51 [Zr](Fe oNig ), 1?2 43.88 118 24.20 215 119.7 1496 0.795 [218],
[219]
52 [Zr)(Mno11Feo.s9)1.97 4434 0.53 18.06 91.23 3172 3115 [232]
53 [Zr](Mng1sFeo.g5)1.01 44.4 0.81 19.06 91.76 2808 2.498 [232]
54 [Zr](Mng;Feqg),? 44.22 121 28.01 218 115.8 1820 4.05 [218],
[219]
55 [Zr](Mng2Feg g)1.022® 44.47 1.04 19.97 92.81 2849 2.425 [232]
56 [Zr](Mng 5Feg 7)1.9520442) 44.49 1.08 255 99.25 3212 3.391 [232]
57 [Zr](V),Benaa) 51.44 16 14.99 91.21 133.89 0 [41]
58 [Zr])(V) 1.83 78 88.4 [123]
59 [Zr](v0 02Fe0.08)2.03%” 4416 118 20.41 113.86 899 1133 [246]
60 [Zr](VoosFeo.os)1.03 44.87 0.92 23 115.1 3.722 [227]
61 [Zr](Vo.osFeo.95)2.062 4431 1.07 20.69 111.99 623 1152 [246]
62 [Zr](Vo.0sMng goFeq g6 )1.023 44,59 1.04 19.27 87.86 1313 3.21 [232]
63 [Zr] 44.68 1.08 20.75 85.58 1758 3.436 [232]
(Vo.osMﬂo.15Feo.79)1.94(2")'(43)
64 [Zr](Vo.07Feq.03)1.0822H4) 4434 112 21.86 111.61 417 1.934 [246]
65 [Zr](Vo.0sFeo.92)2.0122+42) 4436 116 22.03 108.38 388 1.953 [246]
66 [Zr](Vo1Feoo)1.92 44.89 1.06 242 105.4 4.078 [227]
67 [Zr](Vo1Fes), 4432 12 25.36 23.6 102 200 3.24 [218],
[219]

Notes: (") —thermodynamic data for the  first / lower and ™ second | higher plateau; ) -

(H/M)max measured at @ P > 1000 bar and/or ® T < -30°C; ® - thermodynamic data

presented for plateau midpoint corresponding to H/M about: ® 0.4, ® 0.5 and © 0.8; ) multiphase: @ €15 +C14, ® BCC impurity, ) ZrNi impurity; ) as-cast alloy; © -
thermodynamic data taken calorimetrically

Appendix B. Supporting information

Supplementary data associated with this article can be found in
the online version at doi:10.1016/j.jallcom.2022.165219.
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