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investigation of the
(Ti0.5Zr0.5)1(Fe0.33Mn0.33Cr0.33)2 multicomponent
alloy for room-temperature hydrogen storage
designed by computational thermodynamic tools†

Jéssica Bruna Ponsoni, ab Mateusz Balcerzak, *bc Walter José Botta, ad

Michael Felderhoff b and Guilherme Zepon *ad

Multicomponent alloys with C14 Laves phase structures are promising hydrogen storage materials because

of their ability to reversibly absorb substantial amounts of hydrogen at room temperature with good

kinetics, long cycling life, and easy activation. The applicability of these alloys as hydrogen storage media

is governed by their thermodynamic properties, which can be tuned by the design of the chemical

composition, as well as electronic and geometrical factors. In this work, the

(Ti0.5Zr0.5)1(Fe0.33Mn0.33Cr0.33)2 alloy was designed using computational thermodynamic tools. CALPHAD

calculation predicted that this alloy would solidify as a single C14 Laves phase. Moreover, the calculation

of the pressure–composition–temperature (PCT) diagram, using a recently developed thermodynamic

model, indicated that it would present mild hydrogen equilibrium pressure (∼12 bar) at room

temperature. The calculated hydrogen equilibrium pressure in the order of 101 bar would enable this

alloy to store hydrogen at room temperature reversibly. The alloy was synthesized by arc-melting, and

X-ray powder diffraction (XRD) demonstrated that the alloy indeed solidified as a single C14 Laves phase.

The thermodynamic properties of the alloy during the hydrogen absorption and desorption processes

were experimentally investigated by the acquisition of PCT diagrams. The alloy absorbs at room

temperature a large amount of hydrogen (up to 1 H/M; ∼1.7 wt%) under moderate hydrogen equilibrium

pressures and with fast kinetics. Furthermore, it was demonstrated that the alloy reversibly absorbs and

desorbs the total amount of hydrogen (H/M = 1) at room temperature with excellent cycling stability.
Introduction

Hydrogen is a strategic renewable and clean energy carrier that
offers solutions to the key technologies of a future sustainable
economy. However, for the use of hydrogen to be efficient and
cost-effective, signicant challenges must be overcome, espe-
cially in terms of safe and compact storage and transportation.
Regarding applicability, different hydrogen storage methods
such as gas-, liquid- and solid-state were investigated and
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compared. Solid-state storage through metal hydrides (MH) has
proven to be an excellent alternative to the other available
methods, providing reversibility, safety, and high volumetric
storage capacities. Therefore, MHs can be strategically used in
some applications as tanks for solid-state hydrogen storage,
heat-storage systems, heat pumps, fuel cells, and batteries.1,2 In
this regard, high entropy alloys (HEA), multi-principal element
alloys (MPEA), complex concentrated alloys (CCA), or, more
generally, multicomponent alloys signicantly expanded the
number of potential chemical compositions that should be
assessed to nd alloys with optimized hydrogen storage prop-
erties for any hydrogen storage application.

Multicomponent alloys for hydrogen storage have been
classied as body-centered cubic (BCC), lightweight, and
intermetallic multicomponent alloys.3 Among the intermetallic
multicomponent alloys, the Laves phases have been identied
as the most common.4 Furthermore, as reported by some
studies, Laves phase alloys have been considered promising
hydrogen storage materials due to their ability to reversibly
absorb substantial amounts of hydrogen with good kinetics,
long cycling life, easy activation, and relatively low-cost
This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Mole fraction of equilibrium phases as a function of tempera-
ture calculated by CALPHAD for the (Ti0.5Zr0.5)1(Fe0.33Mn0.33Cr0.33)2
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materials. In addition, most works that report the functional
properties of multicomponent alloys deal with single Laves
phase structures.4–9

The Laves phases are classied into three structures:
hexagonal MgZn2-, cubic MgCu2-, or hexagonal MgNi2-type
structures, namely C14, C15, and C36, respectively. The C14
Laves phase is the most common among them.4 The interme-
tallic compound for hydrogen storage is typically designed by
combining a strong hydride-forming element (A elements) and
a non-stable hydride-forming one (B elements). The classica-
tion of A- and B-type elements is related to the interaction of the
individual elements with hydrogen, i.e., by the enthalpy of
hydride formation. A-type elements have low values (more
negative) of enthalpy of hydride formation and a higher
tendency to form a hydride phase. B-type elements have high
values of enthalpy of hydride formation (less negative or even
positive), which results in a lower affinity with hydrogen.3,10

Among the AB2-type Laves phase alloys, the TiMn2 system
has been extensively studied due to its attractive hydrogen
storage capacity.11,12 Furthermore, partial substitutions of the A
and/or B elements by other elements such as Zr, Nb, V, Cr, Fe,
Co, and Ni have been the primary strategy to improve the
hydrogen storage properties of this alloy.5,6,11–16

Because of the vast compositional eld of multicomponent
alloys, different strategies have been proposed to design alloy
compositions with optimized hydrogen storage properties for
various applications. Recently, we presented an approach to
design multicomponent alloys with C14 Laves phase structure
for hydrogen storage based on empirical and thermodynamic
models.17 The empirical model considered geometrical and
electronic factors, usually associated with the formation and
stability of multicomponent Laves phase, based on the chem-
ical alloy composition, such as the valence electron concentra-
tion (VEC), atomic radius ratio between A- and B-type elements
(rA/rB), and atomic size mismatch (d) calculated by eqn (1).

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

ci

�
1� ri

r

�2
� 100

r
(1)

where ci and ri are the atomic fraction of element i, ri is the
atomic radius of element i, and �r =

P
ciri is the mean atomic

radius of all elements in the alloy.
In addition, the Calculation of Phase Diagrams (CALPHAD)

method was applied as a thermodynamic-based tool to predict
phase formation and stability of the alloy compositions.
Furthermore, a thermodynamic model was developed to
calculate PCT diagrams of multicomponent C14-type Laves
phase alloys, which made it possible to determine pressure–
temperature operation conditions for the designed alloys.

The present work shows the results of the studies run on an
alloy with the chemical composition selected by the recently
proposed alloy design approach. The selected alloy was
designed aiming at room temperature absorption/desorption
under moderate hydrogen pressure with good capacity and
reversibility. The (Ti0.5Zr0.5)1(Fe0.33Mn0.33Cr0.33)2 alloy was
chosen and experimentally investigated in terms of its crystal
structure and hydrogen storage performance concerning
This journal is © The Royal Society of Chemistry 2023
hydrogen capacity, kinetics of absorption/desorption, and
cycling reversibility and stability.
Alloy design

The (Ti0.5Zr0.5)1(Fe0.33Mn0.33Cr0.33)2 composition was selected
based on the design strategy reported by Ponsoni et al.,17

which focused on nding C14 Laves phase alloys based on
a high-throughput calculation of electronic and geometrical
factors (VEC, rA/rB, and d) and CALPHAD calculations of these
alloys (Thermo-Calc™ soware and TCHEA5 database). One
of the alloys designed in this recent report17 that showed
potential for room temperature hydrogen storage is the
(Ti0.5Zr0.5)1(Fe0.33Mn0.33Cr0.33)2 alloy, which was experimen-
tally investigated in the present work. Fig. 1 shows the mole
fraction of equilibrium phases as a function of temperature
calculated by CALPHAD for (Ti0.5Zr0.5)1(Fe0.33Mn0.33Cr0.33)2
composition. The thermodynamic calculation indicates that
under equilibrium conditions, the alloy solidies as a primary
C14 Laves phase. Moreover, it is predicted that a minor frac-
tion of the BCC phase (<1%) forms in the nal stage of the
solidication at approximately 1330 °C. Upon cooling to lower
temperatures (<900 °C), the formation of a C15 Laves phase
and other cubic phases is also predicted. Nonetheless, the
formation of the cubic phases might be suppressed due to the
high cooling rate imposed in the alloy synthesis process.

In this AB2-type system, the A elements are Ti and Zr, and the
B elements are Fe, Mn, and Cr. Table 1 shows the values of the
alloy's VEC, rA/rB, d, and its molar mass. The values of VEC, rA/rB,
and d are within the range of values with the highest incidence
of the C14 Laves phase observed in the study of a total of 1208
compositions, i.e., 5.8 # VEC # 7.0, 1.1233 # rA/rB # 1.223 and
d > 5%.17 Although these electronic and geometric factors alone
are insufficient to explain the formation and stability of the
Laves phase, they play an essential role in predicting the Laves
phase formation. They are widely discussed in the
literature.9,18–22
alloy.

J. Mater. Chem. A, 2023, 11, 14108–14118 | 14109
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Table 1 VEC, rA/rB, d andmolarmass of the (Ti0.5Zr0.5)1(Fe0.33Mn0.33Cr0.33)2
alloy

VEC rA/rB d MM [g mol−1]

6.0 1.205 9.52 59.36
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Furthermore, the design strategy reported by Ponsoni et al.17

presents a thermodynamic model to calculate PCT diagrams for
the C14 Laves phase alloys, hereaer called the PCT-C14 model,
for the sake of conciseness.

The PCT-C14 model estimates the enthalpy and entropy of
hydrogen solution in the C14 Laves phase by applying the
necessary considerations regarding the C14 Laves phase struc-
ture and available interstitial sites for hydrogen absorption. The
PCT-C14 modelling considers the hydrogen-multicomponent
alloy system under para-equilibrium (PE) conditions. PE is
a type of thermodynamic equilibrium observed in most
hydrogen storage systems working at low or moderate temper-
atures, in which the mobility of the metal atoms is limited. It
can be assumed that the metal atoms are “frozen”. In contrast,
only the hydrogen atoms have enough mobility to change the
chemical composition of the phases. In these circumstances, an
equilibrium condition is attained because hydrogen mobility
allows the chemical potential of hydrogen to be the same in all
the co-existing phases, resulting in a minimum free energy of
the system (DGm(cH)). It is important to emphasize that this
model is a further development of the thermodynamic model
rst proposed by Zepon et al.23 for calculating PCT diagrams for
multicomponent BCC alloys.

The crystal structure of the C14 Laves phase is hexagonal
with space group P63/mmc. The structure contains twelve atoms
and four AB2 formula units per unit cell. The A-type atoms
occupy the 4f (A1) Wyckoff position, and the B-type atoms
occupy the 2a (B1) and 6h (B2) Wyckoff positions. For the AB2

system studied in this work, the A-type elements, Ti and Zr,
occupy A1 positions, while B-type elements, Fe, Mn, and Cr,
occupy B1 and B2 positions. Furthermore, three types of tetra-
hedral interstitial sites exist in the C14-type Laves phase: A2B2,
AB3, and B4. The C14 structure has 12 equivalent A2B2 intersti-
tial sites, four equivalent AB3 interstitial sites, and one B4

interstitial site per formula unit, totaling 68 tetrahedral inter-
stitial sites per unit cell.

The PCT-C14 model considers that the hydrogen atoms will
form an interstitial solid solution only in the A2B2 interstitial
sites, which are more energetically favorable, and the maximum
hydrogen capacity will be H/M = 1. The unit cell of the hexag-
onal C14 Laves phase and the tetrahedral interstices are illus-
trated in Fig. S1 in the ESI.†

In the PCT-C14 model, the authors considered that the
enthalpy of the C14 Laves phase (DHm(cH)) varies linearly with
the hydrogen content. A detailed description of the calculation
method of the thermodynamic model and its advantages and
limitations can be found in the study reported by Ponsoni
et al.17 In summary, the PCI curves can be calculated using
eqn (2).17
14110 | J. Mater. Chem. A, 2023, 11, 14108–14118
ln

�
PH2

p0

�
¼ 2

RT

 
hC14 � T

"
�R ln

�
cH

1� cH

�
� S

�
H2

2

#!
(2)

where p0 = 1 atm is the reference state, PH2
is a given hydrogen

pressure, R is the ideal gas constant, and T is a given temper-

ature. cH ¼ nH
nM

is the amount of hydrogen in the phase, where

nH and nM are the number of mol of hydrogen and metal atoms
in the phase, respectively. S

�
H2

is the standard entropy of H2 gas,

which is given by eqn (3).23

S�ðH2Þ ¼ A lnðtÞ þ Btþ Ct2

2
þ Dt3

3
þ Et�2

2
þ GðJ per mol of H2Þ

(3)

where t = T (K)/100, A = 33.066178, B = −11.363417,
C = 11.432816, D = −2.772874, E = −0.158558, and
G = 172.707974. It is worth noting that eqn (2) is only valid
between 298 K and 1000 K. hC14 is the hydrogen partial molar
enthalpy of the C14 Laves phase. Some alloys with Laves
C14 phase present PCI curves with plateau pressure, suggesting
that a phase equilibrium between a low hydrogen content solid
solution and high hydrogen content hydride occurs for these
alloys.5,7,15 However, the thermodynamic model applied in this
study considers that the alloy absorbs hydrogen only by solid
solution, which results in the absence of a well-dened plateau
pressure, as reported in several studies.6,8,24 In this way, hC14 was
described as a sum of the contribution of each element in the
A2B2 tetrahedral sites, which were considered the only ones
occupied by hydrogen. The contribution of the hydrogen partial
molar of each alloy element i was approximated by its enthalpy
of hydrogen solution at innite dilution (DHN

i ). Therefore, hC14
was described as eqn (4).17

hC14 ¼ 1

2

X
i

cAi DH
N
i þ 1

2

X
i

cBi DH
N
i (4)

where cAi is the atomic fraction of element i in the A sublattice,
and cBi is the atomic fraction of element i in the B sublattice
(therefore,

P
cAi =

P
cBi ). Experimental values of DHN

i are re-
ported by R. Griessen, T. Riesterer,25 and the values for the alloy
elements in kJ mol−1H are DHN

Ti =−52, DHN
Zr =−52, DHN

Fe = 29,
DHN

Mn = 1, and DHN
Cr = 28.

The (Ti0.5Zr0.5)1(Fe0.33Mn0.33Cr0.33)2 alloy is characterized by
hC14 = −16.33 kJ mol−1 H, and the calculated PCI curves for the
(Ti0.5Zr0.5)1(Fe0.33Mn0.33Cr0.33)2 alloy at 30 °C, 60 °C, 90 °C, and
130 °C are shown in Fig. 2.

The applicability of an alloy as a hydrogen storage material is
intrinsically related to its PCT diagram, which determines the
maximum hydrogen storage capacity and pressure–temperature
operation condition. For a solid-state hydrogen storage tank
operating at room temperature and moderate pressure condi-
tions, the alloy needs to have a set of properties, such as high
hydrogen storage capacity, good absorption and desorption
kinetics, cycling stability, reversibility, and the PCT diagram has
to present an equilibrium pressure just above atmospheric
pressure, for example, between 2 and 20 bar. Thereby, the
pressure needed to charge the tank would be relatively low and
far below the pressure used in typical commercial hydrogen gas
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Calculated PCT diagram for the (Ti0.5Zr0.5)1(Fe0.33Mn0.33Cr0.33)2
C14 Laves phase alloy.
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View Article Online
cylinders (z200 bar). In addition, since the plateau pressure is
above the atmospheric, the alloy might desorb the hydrogen at
room temperature by simply reducing the system pressure.

Therefore, since the calculated PCT diagram for the
(Ti0.5Zr0.5)1(Fe0.33Mn0.33Cr0.33)2 alloy shows an equilibrium
pressure of 12 bar for H/M = 0.5 at 30 °C, the alloy might
reversibly absorb hydrogen at room temperature and be
a potential candidate for solid-state hydrogen storage tank
application operating under mild temperature–pressure
conditions. In addition, this composition can be produced at
a relatively low cost because of the high fraction of Cr
(19.47 wt%), Mn (20.57 wt%), and Fe (20.91 wt%). Moreover,
the high Cr content prevents alloy oxidation, an essential
feature for hydrogen storage alloy.
Experimental procedures
Sample production

The (Ti0.5Zr0.5)1(Fe0.33Mn0.33Cr0.33)2 alloy was produced from
pure elements (purity > 99%) by arc-melting under an inert
argon atmosphere. The titanium getter was melted before the
alloy to reduce the oxygen content in the melting chamber. The
sample was turned over and re-melted three times to ensure
chemical homogeneity. The sample was stored in an argon-
lled MBRAUM glovebox (H2O and O2 levels below 1 ppm).
Structure characterization

The structural characterization was conducted via XRD using an
STOE STADI P transmission diffractometer with Mo radiation
(0.7093 Å). The instrument is equipped with a primary Ge (111)
monochromator (MoKa1) and a position-sensitive Mythen1K
detector. Data were collected in the 2q range between 5° and 50°
with a step width of 0.015°. The measurement time per step was
20 s. The samples were lled into 0.3 mm diameter borosilicate
glass capillaries for the XRD analysis. The XRD proles were
This journal is © The Royal Society of Chemistry 2023
analyzed by the Rietveld renement method using the GSAS-II
soware26 to determine lattice parameters and phase fraction.
The as-cast ingot sample was crushed inside an argon-lled
MBRAUM glovebox (H2O and O2 levels below 1 ppm) using an
agate mortar and pestle for the XRD measurements.

The microstructure characterization was performed by
Scanning Electron Microscopy analysis (SEM), acquiring a back-
scattered electron (BSE) signal using a Hitachi TM 3030
microscope with an accelerating voltage of 15 kV. The chemical
composition was evaluated by Energy Dispersive Spectroscopy
(EDX) using an Xplore Compact 30 Oxford detector in the SEM
microscope. Before SEM-EDX analysis, the sample was
embedded into resin and ground with SiC papers with mesh
sizes of 180, 320, 400, 600, and 1200 followed by polishing in
silica suspension.
Hydrogen storage characterization

For the hydrogen storage characterization, the as-cast ingot
samples were crushed into powder inside a glovebox as previ-
ously described and loaded into a Sieverts-type apparatus
(Setaram PCT Pro-version E&E). Approximately 1 g of the alloy
powder was loaded into the sample holder. The sample was
subjected to a heat treatment at 390 °C under a dynamic
vacuum for 12 h before the measurements to avoid any delete-
rious effect of the hydrogen leak test performed before the
experiments and ensure a good rst hydrogenation. For the rst
hydrogen absorption kinetic measurement, the sample was
cooled to 30 °C and exposed to hydrogen at 52 bar. Pressure–
composition–isotherm (PCI) were obtained at 30 °C, 60 °C,
90 °C and 130 °C. The absorption and desorption PCI curves
were recorded by applying doses of hydrogen up to the
maximum pressure of 100 bar. Aer each measurement, the
sample was exposed to a dynamic vacuum for a few minutes at
the current temperature. For cycling experiments, the absorp-
tion kinetics were carried out under initial hydrogen pressures
of 52 bar (reservoir plus sample holder with 30.54 cm3) for
30 min. The desorption kinetics were carried out by reducing
the hydrogen pressure in the sample to values below 1 bar and
also lasted 30 min. Therefore, the sample was not exposed to
a vacuum during the desorption kinetics measurements. The
hydrogen gas was expanded into the apparatus's largest volume
reservoir (1163.61 cm3) to reach pressures below 1 bar. The alloy
was subjected to y cycles of hydrogen absorption and
desorption without air or vacuum exposure.
Results and discussion
Structural characterization

Fig. 3 presents the XRD pattern with the results of its Rietveld
renement for the as-cast (Ti0.5Zr0.5)1(Fe0.33Mn0.33Cr0.33)2 alloy
conrming that the alloy has C14 Laves phase structure. No
reections from a secondary phase can be observed. The crystal
structure and a unit cell of the hexagonal C14 Laves phase of the
studied alloy are shown in Table S1 and Fig. S1, respectively, in
the ESI.† This crystal structure was used in the Rietveld
renement procedure. The lattice parameters obtained by the
J. Mater. Chem. A, 2023, 11, 14108–14118 | 14111
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Fig. 3 Rietveld refinement of the XRD pattern of the as-cast
(Ti0.5Zr0.5)1(Fe0.33Mn0.33Cr0.33)2 indicating that the sample formed
C14 Laves phase structure. No reflections from the secondary
phase can be seen.

Table 2 The chemical composition of the (Ti0.5Zr0.5)1(Fe0.33Mn0.33Cr0.33)2
alloy determined by SEM-EDX

Alloy

Chemical composition in at% of the as-cast alloy

Ti Zr Fe Mn Cr

Nominal 16.67 16.67 22.22 22.22 22.22
Overall 17.90 17.34 21.90 20.57 22.30
Dendritic 22.09 13.89 21.26 21.88 20.89
Interdendritic 15.06 19.48 22.48 19.60 23.37
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Rietveld renement for the C14 Laves phase are a = 0.496 nm
and c = 0.814 nm.

The alloy's microstructure was further investigated by SEM
equipped with EDX, and the result is shown in Fig. 4. The as-
cast sample presented a dendritic microstructure, as seen in
the SEM-BSE image. EDX analyses were carried out in two
selected areas: at the interdendritic regions (spectrum 1) and in
the middle of dendrites (spectrum 2). The results of the overall
chemical composition and the chemical composition in the
dendritic and interdendritic regions are presented in Table 2. As
can be seen, the overall composition of the alloy is very close to
the nominal one. Ti and Zr are not homogeneously distributed
between the dendritic and interdendritic regions as a result of
segregation during solidication. On the other hand, Fe, Mn,
and Cr appear uniformly distributed in both regions. The Mn
content is generally slightly lower than the nominal one, which
Fig. 4 SEM-BSE image and corresponding EDX elemental maps of the
as-cast (Ti0.5Zr0.5)1(Fe0.33Mn0.33Cr0.33)2 alloy.

14112 | J. Mater. Chem. A, 2023, 11, 14108–14118
can be explained by its partial vaporization during the arc
melting procedure due to its lower melting and boiling point
and higher vapor pressure compared to the other alloying
elements.

The chemical composition measured in the interdendritic
region of the alloy is slightly richer in Zr and poorer in Ti. In
contrast, the chemical composition measured in the middle
of the dendrites is slightly richer in Ti and poorer in Zr.
Nevertheless, the XRD analysis shows that the substitution
behavior between Ti and Zr elements observed in regions 1
and 2 of the sample has no substantial inuence on the alloy
crystal structure. According to the XRD results, all the alloy
regions have a C14 Laves phase structure, and no other phase
can be observed. Furthermore, we can relate the slight
broadening of the C14 Laves phase reections to the minor
deviations in the chemical composition of different alloy
crystals. Those deviations lead to smaller or greater lattice
parameters in different crystals (compared to the one of
nominal (Ti0.5Zr0.5)1(Fe0.33Mn0.33Cr0.33)2 alloy), resulting in
the mentioned broadening.

Hydrogen storage properties

Kinetics and PCI measurements. The hydrogen storage
performance of (Ti0.5Zr0.5)1(Fe0.33Mn0.33Cr0.33)2 alloy was rst
investigated by absorption kinetic measurement at 30 °C as
illustrated in Fig. 5. The alloy absorbs approximately 1.71 wt% of
hydrogen, equivalent to H/M = 1.02, during the rst absorption
Fig. 5 Measurement of hydrogen absorption kinetics at 30 °C in H/M
and wt% of the (Ti0.5Zr0.5)1(Fe0.33Mn0.33Cr0.33)2 alloy under an initial
hydrogen pressure Pi = 52 bar.

This journal is © The Royal Society of Chemistry 2023
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cycle under an initial hydrogen pressure of 52 bar. The inset in
Fig. 5, which shows the rst minutes of the process, conrms that
the material absorbs hydrogen extremely fast, reaching 99% of
the total hydrogen capacity in less than one minute. Similar
kinetics behavior was observed for some reported alloys, such as
TiZrCrFeMnNi,5 Ti0.8Zr0.2Mn0.9Cr0.6V0.3M0.2 (M = Fe, Ni, Co),15

and Ti0.8Zr0.2Cr0.75M1.25Ce0.02.27 It is important to mention that
the alloy does not require any activation treatment to absorb
hydrogen. The alloy was observed to absorb hydrogen during the
necessary high-pressure hydrogen leak tests conducted prior to
the start of the experiments. However, before the rst absorption
kinetics measurement, a heat treatment at 390 °C under
a dynamic vacuum for 12 h was employed to ensure the sample
was utterly hydrogen-free.

The hydrogen absorption and desorption performance of
(Ti0.5Zr0.5)1(Fe0.33Mn0.33Cr0.33)2 alloy was further evaluated by
PCI measurements at 30 °C, 60 °C, 90 °C and 130 °C up to the
maximum hydrogen pressure of 100 bar, as showed in Fig. 6. It
is worth mentioning that the same sample was used for the
measurements at four different temperatures. Aer each PCI
measurement, the sample was exposed to a dynamic vacuum
for a few minutes at the current temperature. Fig. 6 shows that
the maximum hydrogen uptake at 100 bar decreases as the
temperature increases: 1.75 wt% (H/M = 1.04), 1.66 wt% (H/M
= 0.99), 1.56 wt% (H/M = 0.93), and 1.35 wt% (H/M = 0.81) for
30 °C, 60 °C, 90 °C, and 130 °C, respectively. For these
temperatures, the observed hydrogen equilibrium pressures
for the alloy having H/M = 0.5 were approximately 6, 13, 27,
and 54 bar, respectively. Furthermore, the absence of a well-
dened plateau pressure was observed in the PCI curves. As
mentioned above, in the literature, experimental PCT
diagrams of alloys crystalizing in a major C14 Laves phase are
found in two typical shapes: with a at plateau region with
well-dened pressure and without a well-dened plateau
pressure. These shapes are related to the occurrence or not,
respectively, of phase separation between a low hydrogen
Fig. 6 PCIs of (Ti0.5Zr0.5)1(Fe0.33Mn0.33Cr0.33)2 alloy at 30 °C, 60 °C,
90 °C and 130 °C.

This journal is © The Royal Society of Chemistry 2023
content solid solution and high hydrogen content hydride.
This phase separation might be understood as a hydrogen
miscibility gap in the C14 Laves phase alloy, as discussed in
detail by Ponsoni et al.17 PCT curves with a well-dened
plateau pressure were reported for the Laves phase alloys
TiZrCrMnFeNi,5 Ti1−yCr2−xMnx,7 Ti0.8Zr0.2Mn0.9Cr0.6V0.3M0.2

(M = Fe, Ni, Co)15 and (Ti0.8Zr0.2)1.1Mn1.2Cr0.55Ni0.2V0.05.28

On the other hand, the absence of a well-dened plateau
pressure suggests hydrogen absorption by interstitial solid solu-
tion, as considered in the development of the PCT-C14model. This
behavior was reported for the TiZrNbFeNi,6 CruFevMnwTixVyZrz,8

ZrTiVNiCrFe,24 and Ti0.5Zr0.5(V0.5Ni1.1Mn0.2Fe0.2)2 (ref. 29) alloys.
It should be pointed out that the hydrogen storage capacity

observed for the (Ti0.5Zr0.5)1(Fe0.33Mn0.33Cr0.33)2 alloy in the
kinetics and PCI measurements are quite close to the theoret-
ical value of 1.67 wt% calculated considering the formation of
an AB2H3 system. In addition, the PCI curves at the four
measured temperatures presented minimal hysteresis. The
sample could be desorbed almost entirely (H/M < 0.1) by
reducing the hydrogen pressure to approximately 1 bar, even at
30 °C. Therefore, no temperature increase or vacuum is
required to cycle this alloy. However, aer each PCI measure-
ment, the sample was exposed to a dynamic vacuum for a few
minutes at the current temperature to ensure no remaining
hydrogen was in the lattice. It is also worth mentioning that the
decrease in the hydrogen absorption capacity of the alloy with
the increasing temperature is related to the limitation of the
maximum pressure achieved in the experiment. However, we
believe hydrogen uptake would increase at higher temperatures
if pressure above 100 bar was applied to the sample.

Although the experimental PCI curves do not show a well-
dened plateau pressure, the van't Hoff plot was calculated
for the pressure corresponding to cH = H/M = 0.5. The van't
Hoff plot and the thermodynamic data determined by it are
shown in Fig. S2 and Table S2 in the ESI,† respectively.

The calculated and experimental PCI curves shown in Fig. 2
and 6, respectively, present differences in terms of shape, the
equilibrium pressure and themaximum hydrogen uptake at 100
bar for the different temperatures. Fig. S3 in the ESI† compares
experimental and calculated PCI curves. The differences
between the calculated and experimental PCI curves are ex-
pected because of some simplications of the PCT-C14 model
employed. The S-shaped curves observed in the calculated PCIs
(with the equilibrium pressure tending to innity when H/M
tends to unity) arise from the fact that the model considers
that only 12 A2B2-type interstitial sites per unit cell are available
for hydrogen occupation. Thus, when H/M approaches one, the
model considers that almost all interstitial sites are occupied,
yielding very high equilibrium pressure, which clearly differs
from the experimental PCIs. In order to improve the predict-
ability of the model in terms of PCI curve shape, some aspects
should be considered in the thermodynamic description of
DGm(cH). For instance, the PCT-C14 model assumes a random
occupation of the A2B2-type interstitial sites by hydrogen atoms,
which is the same as considering the occupation of interstitial
sites with an average binding energy. However, the model does
not consider that interstitial sites with lower binding energy
J. Mater. Chem. A, 2023, 11, 14108–14118 | 14113
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may be more favourable to be occupied by hydrogen atoms than
those with higher binding energy. This condition would result
in a non-linear behaviour of DHm(cH) curve and would also
change the conguration entropy component of the C14 Laves
phase (DSm(cH)). Moreover, by assuming that only 12 A2B2-type
tetrahedral sites are available for hydrogen accommodation, the
model does not consider the occupation of higher binding
energy sites (AB3- and B4-type sites) especially at high temper-
atures, which is probable to occur in practice, resulting in
a maximum hydrogen storage capacity higher than H/M = 1.
Therefore, there is room for improvement of the model in this
regard. Another simplication is that the hydrogen partial
enthalpy for the C14 Laves phase is estimated by considering
the enthalpy of hydrogen solution at innite dilution of the pure
elements in the A2B2-type tetrahedral sites. Therefore, no
interaction between the atoms is being considered for esti-
mating the enthalpy of hydrogen absorption in the C14 Laves
phase. These aspects, which are out of the scope of this work,
should be considered in future modelling and could result in an
improvement in the predictions of the shape of the PCI curves,
and consequently in an improved prediction of the hydrogen
storage properties. However, despite the differences between
calculation and experiment, the proposed model allowed us to
quite reasonably determine the equilibrium pressure of the
(Ti0.5Zr0.5)1(Fe0.33Mn0.33Cr0.33)2 alloy as shown in Fig. 7.

The calculated equilibrium pressures were only slightly
overestimated but were of the same order of magnitude as the
experimental ones. Ponsoni et al.17 reported that the equilib-
rium pressures for the C14-Laves phase can vary widely, from
10−4 up to 105 bar. Therefore, by combining the CALPHAD
method and the thermodynamic model to calculate the PCT
diagram for the C14 Laves phase, we could design an alloy
composition with the equilibrium pressure in the targeted order
of magnitude (101 bar), which would allow reversible
absorption/desorption of hydrogen at room temperature. The
experimental PCT diagram presented in Fig. 6 conrmed such
reversibility. These thermodynamic computational tools are
Fig. 7 Comparison between calculated and experimental (measured in
absorption) equilibrium pressure for the (Ti0.5Zr0.5)1(Fe0.33Mn0.33Cr0.33)2
alloy with cH = H/M = 0.5 at 30 °C, 60 °C, 90 °C and 130 °C.

14114 | J. Mater. Chem. A, 2023, 11, 14108–14118
paramount to reducing the number of experiments to explore
the vast compositional space of multicomponent alloys.

Reversibility and cycling performance. The hydrogen
absorption/desorption cycling performance of the alloy was
evaluated by measuring the hydrogen absorption capacity over
50 cycles. The results of the cycling test are shown in Fig. 8. The
hydrogen absorption behavior was performed at 30 °C under an
initial pressure of 52 bar for 30 min, while the hydrogen
desorption was carried out at the same temperature under an
initial pressure of approximately 0.6 bar for 30 min. Fig. 8(a)
shows the hydrogen absorption and desorption curves for the
1st, 2nd, 10th, 20th, 30th, 40th, and 50th cycles. The hydrogen
absorption capacity in the rst cycle was 1.71 wt% (H/M= 1.02),
decreased in the second cycle to 1.62 wt% (H/M = 0.97). This
behavior can be justied by the size renement of the alloy
particles, which occurs during the rst hydrogenation. The
renement of the particles might increase the crystalline
defects, such as dislocations and grain boundaries, which are
known to diminish the hydrogen storage content of metal
hydrides.15 Furthermore, it is important to emphasize that the
sample was not exposed to a dynamic vacuum during the
dehydrogenation kinetics measurements. Therefore, the slight
decrease in the hydrogen absorption capacity could also be
Fig. 8 Hydrogen absorption capacity in H/M and wt% of the
(Ti0.5Zr0.5)1(Fe0.33Mn0.33Cr0.33)2 alloy over the (a) 1st, 2nd, 10th,
20th, 30th, 40th, and 50th cycles of absorption and desorption, and
(b) over all fifth cycles of absorption. During the absorption cycles,
the initial hydrogen pressure was 52 bar, and the final pressure was
48 bar, approximately.

This journal is © The Royal Society of Chemistry 2023
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related to the remaining hydrogen in the crystal under cycling
measurements.

The hydrogen absorption capacities of the alloy for the 50
cycles are presented in Fig. 8(b). Aer the second cycle, a slight
decrease in hydrogen absorption from 1.62 wt% to 1.59 wt%
(H/M = 0.94) was observed during the subsequent cycles, which
indicates that the alloy can store at least 93% of its initial
capacity aer 50 cycles. Therefore, the alloy exhibits excellent
reversible hydrogen storage properties. Furthermore, no
kinetics damage was observed over the 50 hydrogen absorption/
desorption cycles. The kinetics curves show that the material
absorbs and desorbs hydrogen extremely fast and reaches its
total hydrogen capacity in less than a minute for all the cycles.
Fig. S4 in the ESI† shows the absorption and desorption curves
in a different format evidencing the fast kinetics. The absorp-
tion kinetics acquisition provides essential information about
the transformation of the material into a hydride, such as time,
temperature, and pressure conditions. However, investigating
these parameters for the reverse situation, i.e., when the hydride
returns to its metallic form, is equally relevant and rarely re-
ported. Therefore, the desorption kinetics study in this work
provided new insights into desorption behavior, which is
a critical factor from the application point of view.

In terms of hydrogen absorption capacity, this alloy presents
an excellent performance since the capacity is very similar to the
calculated theoretical capacity for the AB2H3 hydride
(1.67 wt%). This alloy performance can be considered compa-
rable or superior to those reported for many C14 Laves phase
alloys, which are oen observed to be close to H/M = 1.5–8,15,27–32

For example, Edalati et al.5 reported that the equiatomic
TiZrCrMnFeNi multicomponent alloy has a hydrogen absorp-
tion capacity of 1.70 wt% (H/M = 1) in the rst cycle. Floriano
et al.6 showed that the Ti20Zr20Nb5Fe40Ni15 alloy absorbs
1.38 wt% (H/M = 0.95) in the rst cycle.

Furthermore, in terms of cyclability, the excellent perfor-
mance of this alloy is also comparable to the few reported
studies on the cycling of C14 Laves phase alloys. Li et al.15 re-
ported a maximum hydrogen absorption of 1.80 wt% for
the Ti0.8Zr0.2Mn0.9Cr0.6V0.3Fe0.2 alloy with a slight decline in
the rst cycles, where a stabilization was reached with
a capacity of 1.71 wt% over ten cycles. However, it is worth
mentioning that in this case, the desorption was carried out by
increasing the temperature to 400 °C under a dynamic vacuum
for 30 min. Zhou et al.27 showed that the absorption capacity of
the Ti0.8Zr0.2Cr0.75Mn1.25Ce0.02 alloy increased from 1.89 wt% to
1.98 wt% in the rst cycles and then remained unchanged over
15 cycles. In this case, the desorption was carried out at 25 °C,
but under a dynamic vacuum for 20 min. Chen et al.33 observed
in their study of the equiatomic TiZrFeMnCrV alloy a maximum
hydrogen absorption capacity of 1.80 wt% for the rst cycle that
decreased to 1.76 wt% in the second cycle and remained prac-
tically constant over the subsequent 50 cycles. Again, the
desorption was performed at high temperatures (350 °C) under
a dynamic vacuum for 30 min. Thus, the room-temperature
cycling stability of the (Ti0.5Zr0.5)1(Fe0.33Mn0.33Cr0.33)2 is very
impressive since practically the total hydrogen storage capacity
This journal is © The Royal Society of Chemistry 2023
of the alloy can be cycled without the need of increasing
temperature or applying vacuum for hydrogen release.

In order to conrm that the alloy maintains its excellent
hydrogen storage properties aer cycling, the sample was sub-
jected to an additional PCI test at 30 °C aer the 50th cycle. The
resulting PCI curve is shown in Fig. 9. Comparing the PCI curve
of the cycled alloy with that before cycling, it is possible to
conrm that no damage to the absorption/desorption capacity
of the alloy was observed. Aer cycling, a slight increase in the
total capacity, from 1.75 wt% (H/M= 1.04) to 1.81 (H/M= 1.08),
was observed. Up to a pressure of approximately 60 bar, the PCI
curve obtained aer cycling showed a slightly lower absorption
compared to the PCI of the uncycled sample. However, with the
progressive increase in pressure up to 100 bar, the sample
showed increased hydrogen absorption capacity.

Fig. 10 shows the microstructural characteristics of the
(Ti0.5Zr0.5)1(Fe0.33Mn0.33Cr0.33)2 alloy in three conditions.
Fig. 10(a) and (d) show the as-cast sample aer being crushed
into powder (used to load into a Sieverts-type apparatus) in two
different magnications. The particle size of the alloy is in the
range of about 200 mm. Fig. 10(b) and (e) show the sample aer
one hydrogen absorption and desorption cycle. As observed, the
alloy particle size is obviously reduced, and cracks have
appeared on the surface of the particles. Similar behavior was
observed in previous studies and was related to the volume
expansion of the C14 Laves phase aer hydrogen absorption.
This expansion generates a high internal stress concentration in
the host metal. It leads to its embrittlement aer absorption,
resulting in a powder with a ne particle size of 10 to 100
mm.15,34,35 An even greater particle size renement and several
cracks on the surface of the particles can be seen in Fig. 10(c)
and (f), corresponding to the sample aer 50 cycles of hydrogen
absorption and desorption. As mentioned before, this reduction
in at least one order of magnitude in the size of the alloy
particles increases crystalline defects, such as dislocations and
grain boundaries, contributing to the slight reduction of
capacity during cycling.
black) and after (in red) 50 cycles of hydrogen absorption/desorption.

J. Mater. Chem. A, 2023, 11, 14108–14118 | 14115
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Fig. 10 SEM images of the (Ti0.5Zr0.5)1(Fe0.33Mn0.33Cr0.33)2 alloy in as
cast (a) and (d), after one hydrogenation/dehydrogenation cycle (b)
and (e), and after 50th cycles of hydrogenation/dehydrogenation (c)
and (f).
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Themicrostructure of the as-cast (Ti0.5Zr0.5)1(Fe0.33Mn0.33Cr0.33)2
alloy, and aer the rst and ieth cycles was further investigated
by SEM equipped with EDX, and the results are shown in Fig. S5–S7
of the ESI.†No changes were observed in the chemical composition
and distribution of the elements aer the hydrogen absorption and
desorption cycles to which the samples were subjected.

To better understand the hydrogen storage behavior of the
(Ti0.5Zr0.5)1(Fe0.33Mn0.33Cr0.33)2 alloy, the samples aer the rst
and the 50th cycle of absorption and desorption were charac-
terized by XRD. Fig. 11 shows the XRD patterns of these samples
and the XRD pattern of the as-cast sample. The complete Riet-
veld renements of these XRD patterns are presented in Fig. 3
for the as-cast samples and in Fig. S8 of the ESI† for the samples
aer the rst and 50th cycles of absorption and desorption. The
lattice parameters obtained by Rietveld renement for the C14
Laves phase in these three samples are also shown in Fig. 11.

One can see that even aer the hydrogenation cycles, no
change was observed in the samples in terms of the constit-
uent phase. Aer one and y hydrogenation cycles, the
samples still presented a single C14 Laves phase, and no
Fig. 11 XRD patterns of the (Ti0.5Zr0.5)1(Fe0.33Mn0.33Cr0.33)2 alloy. (a) as
cast, (b) after one absorption/desorption cycle, and (c) after fifty
absorption/desorption cycles.

14116 | J. Mater. Chem. A, 2023, 11, 14108–14118
changes in lattice parameters were observed. These XRD
results, PCI curves in Fig. 6, and the cycling test curves in Fig. 8
show that most of the hydrogen is easily desorbed from
(Ti0.5Zr0.5)1(Fe0.33Mn0.33Cr0.33)2 alloy when the hydrogen
pressure is reduced to 1 bar. It is important to note that the
alloy was almost entirely desorbed (H/M < 0.1) during the
cycling test at room temperature and at an initial hydrogen
pressure of 0.6 bar. The same procedure was applied during
the PCT tests, i.e., the practically full desorption (H/M < 0.05)
was successfully carried out at the same temperature as the
absorption (30 °C, 60 °C, 90 °C, and 130 °C) with the pressure-
reducing steps down to 0.01 bar. In addition, the hydrogen
remaining in the alloy structure was released during the
evacuation of the sample prior to the further characterization
of the alloy. Therefore, the characterization of the hydroge-
nated phase by XRD was not possible aer the hydrogenation
test.

The transport sector is undoubtedly the eld with the most
signicant potential to widen the use of systems based on
hydrogen energy. The rising concerns about the dwindling
resources of conventional energy and the environmental issues
regarding fossil energy sources have promoted great efforts in
developing systems to enable hydrogen-powered vehicles. In
2006, Toyota's group demonstrated the use of Ti1.1MnCr alloys
in a high-pressure MH tank with a very high hydrogen absorp-
tion plateau pressure. The maximum storage capacity of
1.9 wt% has been reached only for a hydrogen pressure of
around 350 bar at room temperature.36 In 2015, Toyota's group
launched the hydrogen fuel-cell-driven automobile adopting
two 700 bar high-pressure hydrogen storage tanks, presenting
a hydrogen density of 5.7 wt%.37 However, the high operating
pressure of the hydrogen storage tank raises safety and cost
issues, and hydrogen storage technology remains a signicant
obstacle to implementing hydrogen-powered vehicles. On the
other side, as reported in some studies, multicomponent alloys
have presented other critical problems for various applications,
such as poor reversibility, hysteresis, the need for activations
procedure, and high temperature to complete absorption or
desorption.6,11 Recently, AB2-type Ti–Zr–Cr-based alloy was
optimized for a hybrid hydrogen storage tank of a fuel cell
bicycle and showed a hydrogen storage capacity of 1.82 wt%
under a hydrogen pressure of around 11 bar at room
temperature.28

In this scenario, the development of hydrogen storage tanks
operating at room temperature has considerable potential to
enable the safe and cost-effective use of hydrogen-based energy
systems in stationary andmobile applications. Following the set
of properties that an alloy needs to have to be used in a solid-
state hydrogen storage tank operating at room temperatures
and mild pressure conditions, such as high hydrogen storage
capacity, good absorption and desorption kinetics, cycling
stability, reversibility, and equilibrium pressure just above
atmospheric pressure, this comprehensive study evidenced that
the (Ti0.5Zr0.5)1(Fe0.33Mn0.33Cr0.33)2 alloy designed through
computational thermodynamic tools is an excellent option for
this application.
This journal is © The Royal Society of Chemistry 2023
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Conclusions

This study systematically investigated the (Ti0.5Zr0.5)1(Fe0.33
Mn0.33Cr0.33)2 alloy for hydrogen storage application. We have
demonstrated that designing an alloy with specic hydrogen
storage properties is possible using computational tools and the
recently proposed thermodynamic model. A C14-type Laves
phase alloy with promising room-temperature hydrogen storage
properties was designed in this case.

In addition, the PCT-C14 model predicted a high tendency
towards reversibility at room temperature due to the calculated
hydrogen equilibrium pressure in the order of magnitude of 101

bar. Finally, the alloy was synthesized by arc-melting and
experimentally evaluated in terms of its structure and hydrogen
storage performance by structural and volumetric techniques.

The alloy presented a single C14 Laves phase, as the design
strategy and CALPHAD calculation predicted. Under hydrogen
pressure at room temperature, the alloy reached a total
hydrogen storage capacity equal to 1.71 wt% (H/M = 1.02) in
less than one minute, demonstrating fast absorption kinetics.

The PCT diagrams demonstrated that the alloy could
reversibly absorb and desorb signicant amounts of hydrogen
under moderate temperatures and in the pressure range of 0 to
100 bar. Moreover, the PCT-C14 model reasonably predicted the
order of magnitude of the experimental hydrogen equilibrium
pressure for a given temperature.

The alloy showed excellent cycling stability with a hydrogen
absorption of 1.59 wt% (H/M = 0.94) aer 50 cycles, exhibiting
superb reversible hydrogen storage properties. The structural
characterization of the alloy aer the hydrogenation/
dehydrogenation cycles demonstrated that the single C14
Laves phase and its lattice parameters remain unaltered over
cycling.
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