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en storage properties of
ZrTiVAl1�xFex high-entropy alloys by modifying the
Fe content

Xiangfeng Ma, a Xin Ding,*b Ruirun Chen, *a Xuefeng Gao,b Yanqing Sub

and Hongzhi Cuia

Lightweight ZrTiVAl high-entropy alloys have shown great potential as a hydrogen storage material due to

their appreciable capacity, easy activation, and fast hydrogenation rates. In this study, transition metal Fe

was used to improve the hydrogen storage properties of the equimolar ZrTiVAl alloy, and ZrTiVAl1�xFex (x

¼ 0, 0.2, 0.4, 0.6, 0.8, 1) alloys were prepared to investigate the microstructure evolution and hydrogen

storage properties. The results show that the ZrTiVAl1�xFex alloys are composed of a C14 Laves phase

and Ti-rich HCP phase. With Fe substituting Al, the fraction of the C14 Laves phase increases and that of

the HCP phase decreases. Besides, the interdendritic area fraction reaches the maximum when the Fe

ratio is 0.2. The element V transferred to the C14 Laves phase from the HCP phase, which is caused by

the strong affinity between V and Fe. The ZrTiVAl1�xFex alloys show enhanced hydrogenation kinetics

and capacities. Notably, the ZrTiVFe alloy can reversely absorb 1.58 wt% hydrogen even at room

temperature under 1 MPa H2. The reduced interdendritic phase is beneficial to shorten the H atom

diffusion distance, thus improving the hydrogenation rates. Both the transfer of the hydrogen-absorbing

element V to the C14 Laves phase and the increased fraction of the C14 Laves phase lead to the increase

of hydrogen storage capacity with the addition of Fe. Moreover, the increased Fe content leads to an

increase of average valence electron concentration (VEC), where a larger VEC destabilizes the hydrides,

and the desorption temperature of ZrTiVAl1�xFex hydride decreases significantly.
1. Introduction

The energy crisis has become a serious problem that has to be
faced due to the rapid consumption of fossil fuels.1,2 In contrast,
hydrogen energy is considered as a potential energy solution
due to its cleanliness, renewable nature and high energy
density.3–5 However, the safe and efficient storage makes the
widespread use of hydrogen difficult.6,7Metal hydrides can serve
as a good container for hydrogen storage due to their safety and
high hydrogen storage capacity.8–11 Therefore, it is particularly
important to develop excellent hydrogen storage materials with
metal hydrides as carriers.

The concept of high-entropy alloys or multi-component
alloys, which are composed of multiple principal elements,
was rst proposed by Yeh et al. and Cantor et al. in 2004.12,13

High-entropy alloys have the characteristics of high entropy,
severe lattice distortion, slow diffusion and cocktail effect, thus
high-entropy alloys exhibit ultra-high fracture toughness,14
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excellent specic strength,15 outstanding superconductivity,16

and signicant corrosion resistance.17 This concept provides
a new strategy for material design. Since the severe lattice
distortion of high-entropy alloys can provide more favorable
interstitial positions for hydrogen atoms,18,19 high-entropy
alloys are considered to be excellent hydrogen storage
materials.

Recently, high-entropy alloys are emerging as a new category
of hydrogen storage materials, and their hydrogen storage
capacity,20 kinetics,21 thermodynamics,22 activation properties,23

and cycling performance24 are being investigated. In previous
studies,20–30 high-entropy hydrogen storage alloys are basically
divided into two types: Laves phase hydrogen storage alloys25–28

and BCC solid solution hydrogen storage alloys.29–31 These two
types of alloys have different advantages. The high-entropy
alloys with Laves phase structure have the advantages of easy
activation and fast kinetics.25,26 The high-entropy alloys of BCC
solid solution have relatively high hydrogen storage capacity,
and the phase structure of such alloys usually transforms to
generate hydrides of FCC structure during hydrogenation.20,29

Currently, for Laves phase high entropy alloys, it is very
important to improve the hydrogen storage capacity and
desorption properties of the alloy to approach practical
applications.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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In this study, the alloy samples contained Zr, Ti, and V
elements, which all have high hydrogen storage capacity. To
these alloy samples, the element Al and the element Fe were
added to form ZrTiVAl1�xFex (x ¼ 0, 0.2, 0.4, 0.6, 0.8, 1) high
entropy alloys. Theoretically, the addition of light element Al
may be benecial to produce new lightweight alloys that can
absorb hydrogen with improved gravimetric storage capacities.
The addition of transition element Fe with a larger VEC value
may improve the desorption performance of the alloy, and the
addition of Fe reduces the cost of hydrogen storage alloys,
which is more conducive to meet practical applications. The
purpose of this study is to investigate the effects of Al and Fe on
the microstructure and hydrogen storage properties of alloys,
and to reveal the changing mechanism of hydrogen storage
properties, so as to obtain a high entropy alloy with excellent
hydrogen storage properties.

2. Experimental methods
2.1 High-entropy alloy fabrication

The purity of raw materials (Zr, Ti, V, Al and Fe) used in this
work were all higher than 99.5%. Alloys with a nominal
composition of ZrTiVAl1�xFex (x ¼ 0, 0.2, 0.4, 0.6, 0.8, 1) were
synthesized by using the arc-melting method in a water-cooled
copper crucible. The smelting process took place under the
protection of argon atmosphere. Each alloy ingot weighs about
120 g. The mass of each metal is shown in Table 1. The V, Zr
metals with higher melting temperature were put on the top
layer, while the Ti, Fe, Al metals with lower melting temperature
were put on the bottom layer. Aer the arc current slowly
increased to 600 A, melting temperature was around 2000 �C.
And the melted Zr, Ti, V, Al, and Fe metals were mixed to form
an alloy ingot. The alloy ingots were rotated and remelted ve
times to improve the compositional homogeneity.

2.2 Sample characterization

The crystalline structures of ZrTiVAl1�xFex alloys were charac-
terized by X-ray diffraction (XRD). Before XRD analysis, 1000#
sandpaper was used to polish and remove the oxide layer from
the surface. The X-ray diffractometer model is Empyrean. The
test conditions were: copper target radiation (Cu-Ka ray, l ¼
0.15405 nm) was used, the test angle was 20–100�, and the test
step size was 4 degrees per min. Samples were prepared for
microstructure analysis by polishing with 3000# sandpaper. The
microstructures of ZrTiVAl1�xFex alloys were acquired by
a SUPRA55 eld emission scanning electron microscopy (SEM).
Table 1 Mass of each metal in ZrTiVAl1�xFex alloy

Alloy Zr (g) Ti (g) V (g) Al (g) Fe (g)

x ¼ 0 50.43 26.47 28.17 14.93 0
x ¼ 0.2 49.13 25.79 27.44 11.63 6.01
x ¼ 0.4 47.89 25.14 26.74 8.50 11.73
x ¼ 0.6 46.71 24.52 26.08 5.53 17.16
x ¼ 0.8 45.58 23.93 25.46 2.70 22.33
x ¼ 1 44.52 23.37 24.86 0 27.25

© 2022 The Author(s). Published by the Royal Society of Chemistry
The elemental distributions of Zr, Ti, V, Al, and Fe elements
were determined by energy dispersive spectroscopy (EDS). To
study hydrogen desorption behaviors of hydrogenated samples,
powder samples with a mass of approximately 20 mg were
placed in Al2O3 crucible and subjected to differential scanning
calorimetry (DSC) measurements from room temperature (RT)
to 700 �C at a heating rate of 5 �C. The equipment model is the
German Netzsch STA 449F3. To reduce the severe oxidation of
the ZrTiVAl1�xFex hydride powders, the DSC tests were carried
out in an inert argon gas owing environment.
2.3 Sample hydrogenation

Samples for dehydrogenation/hydrogenation testing were taken
from the core of each ingot. Prior to isothermal dehydrogena-
tion testing, the bulk samples were mechanically cut, and then
pulverized to less than 200 mesh using a planetary high energy
ball mill (HEBM) with a 50 mL stainless steel sealed vial. The
weight ratio of ball to powder was 10 : 1. The ball-milling
process was performed under the protection of high purity
argon (purity 99.999%) at a rotate speed of 100 rpm for 2 h.
Before the performance testing, ZrTiVAl1�xFex samples were
activated by three de-/hydrogenation cycles at 200 �C under
1 MPa hydrogen pressure. The hydrogenation process of the
ZrTiVAl1�xFex powder samples was carried out using a precise
volumetric Sieverts-type apparatus, and the purity of hydrogen
gas is 99.999%. Before the second hydrogenation of the
samples, the samples were desorbed again under vacuum at
400 �C for one hour in order to ensure the complete desorption
of hydrogen. To avoid oxidation of powder samples, all opera-
tions were performed in a glove box.
3. Results
3.1 Structural characterization of ZrTiVAl1�xFex

The XRD patterns of ZrTiVAl1�xFex (x ¼ 0, 0.2, 0.4, 0.6, 0.8, 1)
alloy samples are shown in Fig. 1. The phase composition does
not change signicantly as the Fe element gradually replaces
the Al element. Themajor diffraction peaks of the ZrTiVAl1�xFex
alloys are identied to C14 Laves phase which crystallizes in the
hexagonal (MgZn2 type) structure with space group P63/mmc.
Beside the C14 Laves phase, a small amount of HCP phase is
also present. In addition, the diffraction peaks of the C14 Laves
phase shi to the higher scattering angle, while the diffraction
peaks of the HCP phase shi toward an opposite direction. It
indicates a decrease of lattice constants for the C14 Laves phase
and an increase for the HCP phase.32 It may be related to the
smaller radius of Fe than that of Al.

The SEM backscattered electron images of the ZrTiVAl1�xFex
(x ¼ 0, 0.2, 0.4, 0.6, 0.8, 1) alloy samples are shown in Fig. 2. It
can be clearly seen that the ZrTiVAl1�xFex alloys are mainly
composed of two phases, which is consistent with the result of
XRD. Typical dendritic and interdendritic structures (dene as
DR and ID, respectively) are observed in the ZrTiVAl1�xFex
alloys. Combined with the XRD results, the light area is the C14
Laves phase, the dark area is the HCP phase. The DR areas of
the ZrTiVAl1�xFex alloys are C14 Laves phase. With Fe replacing
RSC Adv., 2022, 12, 11272–11281 | 11273
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Fig. 1 X-ray diffraction patterns of ZrTiVAl1�xFex (x ¼ 0, 0.2, 0.4, 0.6,
0.8, 1) alloy samples.

Table 2 The phase fraction of the phases for ZrTiVAl1�xFex alloys

Phase x ¼ 0 x ¼ 0.2 x ¼ 0.4 x ¼ 0.6 x ¼ 0.8 x ¼ 1

C14 30.40% 22.40% 14.50% 11.80% 8.10% 5.60%
HCP 69.60% 77.60% 85.50% 88.20% 91.90% 94.40%

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
A

pr
il 

20
22

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 6
:4

3:
33

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Al gradually, the ID structure changes from the two phases of
C14 Laves and HCP phase to a single HCP phase, and the ID
area fraction increases and then decreases. The area fraction of
each phase was calculated by Imagin-Pro soware. Table 2
displays the phase fraction of the phases for the ZrTiVAl1�xFex
alloys. With the increase of Fe content, the phase fraction of C14
Laves increases while that of HCP decreases.

The EDS maps of the ZrTiVAl1�xFex (x ¼ 0, 0.6, 1) alloy
samples are shown in Fig. 3, which reveal the elemental
distribution between the two phases. These show that the dark
area (the HCP phase) is rich in Ti, while the light area (the C14
Fig. 2 SEM backscattered electron images (a–f) of ZrTiVAl1�xFex (x ¼ 0,

11274 | RSC Adv., 2022, 12, 11272–11281
Laves phase) is rich in Zr, Fe and Al. The Ti element segregation
can be explained by the mixing enthalpies among the principal
metallic elements.32 It is worth noting that the distribution of V
element changes signicantly. As Fe gradually replaces Al, V
element changes from evenly distribution to enrichment in the
C14 Laves phase.
3.2 Hydrogenation of ZrTiVAl1�xFex

Since the hydrogen storage properties of the novel ZrTiVAl1�x-
Fex alloy is not clear, to evaluate whether the alloy needs acti-
vation, the rst three hydrogenation curves were carried out at
a medium temperature of 200 �C. Moreover, to evaluate the
effect of different temperatures on the hydrogenation behavior
of the ZrTiVAl1�xFex alloy, the isothermal kinetic curves of the
alloy were measured at RT, 150 �C and 300 �C sequentially. In
order to evaluate the hydrogenation behavior of the alloy with
the best composition at different pressures, its isothermal
kinetic curves were measured at 0.2 Mpa, 0.5 Mpa and 1 MPa,
respectively.

At 200 �C and 1 MPa hydrogen pressure, three cycles of de-/
hydrogenation were carried out for ZrTiVAl1�xFex (x ¼ 0, 0.2,
0.4, 0.6, 0.8, 1). Hydrogenation kinetic curves in the rst three
cycles (1st, 2nd, 3rd) are shown in Fig. 4(a), (b) and (c),
respectively.

During the 1st hydrogenation process, the alloys except
ZrTiVAl0.8Fe0.2 absorb hydrogen extremely fast in less than
a minute, exhibit rapid hydrogen chemisorption kinetics. The
relatively gentle hydrogenation process of ZrTiVAl0.8Fe0.2 is
probably related to its wide interdendritic region.33 The ZrTiVFe
alloy has the largest hydrogen storage capacity, which is
0.2, 0.4, 0.6, 0.8, 1) alloy samples.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The EDS maps (a–c) of the ZrTiVAl1�xFex (x ¼ 0, 0.6, 1) alloy samples.
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1.67 wt%. While the ZrTiVAl alloy has the smallest hydrogen
storage capacity, which is 1.4 wt%. Aer complete dehydroge-
nation (complete dehydrogenation refers to the state aer one
hour of dehydrogenation under vacuum at 400 �C in this study),
ZrTiVAl1�xFex alloys undergo a second hydrogenation. All alloys
have fast hydrogen chemisorption kinetics, and the hydrogen
© 2022 The Author(s). Published by the Royal Society of Chemistry
storage within 3 minutes reaches more than 95% of the
maximum hydrogen storage. The maximum hydrogen storage
capacity of all alloys decreases. This is related to the fact that
part of the hydrogen cannot be desorbed under vacuum at
400 �C. The maximum hydrogen storage of ZrTiVFe is reduced
to 1.3 wt%. During the third hydrogenation process, the
RSC Adv., 2022, 12, 11272–11281 | 11275
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Fig. 4 Hydrogenation kinetic curves in the first three cycles (a–c) andmaximum hydrogen storage (d) of ZrTiVAl1�xFex (x¼ 0, 0.2, 0.4, 0.6, 0.8, 1)
alloy powders at 200 �C under 1 MPa hydrogen pressure.
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maximum hydrogen storage capacity of alloys ZrTiVAl0.8Fe0.2
and ZrTiVAl0.6Fe0.4 decreases again. The maximum hydrogen
storage capacity of other alloys is basically unchanged.

As Fe gradually replaces Al, the maximum hydrogen storage
of ZrTiVAl1�xFex is shown in Fig. 4(d). The ZrTiVAl alloy has the
smallest hydrogen storage capacity in the 1st hydrogenation,
which indicates that the light element Al has no positive effect
on the hydrogen storage capacity in the ZrTiVAl1�xFex alloys.
The difference between the 1st and the 2nd hydrogenation
represents the amount of hydrogen that is difficult to desorb. It
can be seen from Fig. 4(d) that the addition of the element Fe
has a positive effect on the hydrogen desorption of
ZrTiVAl1�xFex series alloys.

In order to illustrate the hydrogen storage capacity of
ZrTiVAl1�xFex (x ¼ 0, 0.2, 0.4, 0.6, 0.8, 1) alloys at different
temperatures, hydrogenation tests were performed on the alloys
at RT, 150 �C and 300 �C. Hydrogenation kinetic curves of
ZrTiVAl1�xFex at RT, 150 �C and 300 �C are shown in Fig. 5(a),
(b) and (c), respectively.

From Fig. 5(a), it can be seen that all alloys except
ZrTiVAl0.8Fe0.2 have fast hydrogenation kinetics at RT. The
hydrogen atom diffusion rate is low at RT, which suggests that
the hydrogen atom diffusion rate in these alloys is not a key
factor affecting the kinetics of hydrogen chemisorption. It is
11276 | RSC Adv., 2022, 12, 11272–11281
worth noting that ZrTiVFe alloy has the largest hydrogen storage
capacity, which is 1.58 wt%. However, for ZrTiVAl0.8Fe0.2 alloy,
the hydrogen atom diffusion rate has an effect on its hydroge-
nation kinetics. As the temperature increases, the hydrogen
atom diffusion rate increases. The hydrogenation kinetics of
ZrTiVAl0.8Fe0.2 alloy at 150 �C and 300 �C are signicantly
improved compared with room temperature.22

Fig. 5(d) shows the change in the maximum hydrogen
storage of different alloy compositions with temperature. As the
temperature increases, the maximum hydrogen storage of all
alloys except ZrTiVAl0.8Fe0.2 decreases, this is because the
chemisorption of hydrogen is an exothermic reaction.22

However, the maximum hydrogen storage capacity of
ZrTiVAl0.8Fe0.2 alloy increases rst and then decreases with
increasing temperature, which is attributed to the wide inter-
dendritic eutectic structure.

To study the hydrogen storage capacity of the optimal
composition ZrTiVFe alloy at room temperature and low pres-
sure, hydrogenation experiments were carried out at 1, 0.5, and
0.2 MPa. Hydrogenation kinetic curves of ZrTiVFe alloy at RT
under different hydrogen pressure are shown in Fig. 6(a).

It can be seen from Fig. 6(a) that the maximum hydrogen
storage capacity decreases with the decrease of the hydrogen
pressure. The ZrTiVFe alloy has a maximum hydrogen storage
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Hydrogenation kinetic curves (a–c) and comparison of hydrogen storage (d) of ZrTiVAl1�xFex (x ¼ 0, 0.2, 0.4, 0.6, 0.8, 1) alloy powders at
different temperature under 1 MPa hydrogen pressure.
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capacity of 1.54 wt% and 1.38 wt% at RT under 0.5 Mpa and
0.2 MPa hydrogen pressure, respectively. It is worth noting that
the hydrogenation kinetics of the ZrTiVFe alloy decreases
signicantly under 0.2 MPa hydrogen pressure and also slightly
decreases under 0.5 MPa hydrogen pressure. The hydrogenation
Fig. 6 Hydrogenation kinetic curves of ZrTiVFe alloy powders at RT und
1 MPa hydrogen pressure (b).

© 2022 The Author(s). Published by the Royal Society of Chemistry
kinetic behavior of ZrTiVFe alloy at different temperatures is
shown in Fig. 6(b). As the temperature increases, the maximum
hydrogen storage capacity of ZrTiVFe alloy decreases. But no
matter in low, medium or high temperature, ZrTiVFe alloy has
fast hydrogen chemisorption kinetics.
er different hydrogen pressure (a) and at different temperature under

RSC Adv., 2022, 12, 11272–11281 | 11277
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Fig. 7 X-ray diffraction patterns of ZrTiVAl1�xFex (x ¼ 0, 0.2, 0.4, 0.6,
0.8, 1) alloy powders after hydrogenation.

Fig. 8 DSC measurements during hydrogen desorption from
ZrTiVAl0.8Fe0.2Hx, ZrTiVAl0.6Fe0.4Hx, ZrTiVAl0.2Fe0.8Hx and ZrTiVFeHx at
a constant heating-rate of 5 �C min�1 from RT to 700 �C.
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3.3 Crystalline structure of ZrTiVAl1�xFex aer
hydrogenation

To study the change of the crystalline structure of ZrTiVAl1�xFex
(x ¼ 0, 0.2, 0.4, 0.6, 0.8, 1) aer hydrogen storage, the XRD test
was performed on the ZrTiVAl1�xFex powder samples aer
hydrogen storage. The XRD patterns of the ZrTiVAl1�xFex
powder samples aer hydrogenation are shown in Fig. 7.

The ZrTiVAl1�xFex powder samples have single C14 Laves
phase crystalline structure aer hydrogenation tests. Compared
with the XRD patterns before hydrogenation, few HCP phases
are observed because of the low HCP content. The H atoms are
stored in the interstices of the lattice. The crystalline structure
of ZrTiVAl1�xFex remains unchanged aer hydrogen storage,
which is consistent with previous research.25

3.4 Hydrogen desorption of ZrTiVAl1�xFex

The hydrogen desorption behaviours of hydrogenated
ZrTiVAl0.8Fe0.2, ZrTiVAl0.6Fe0.4, ZrTiVAl0.2Fe0.8 and ZrTiVFe
alloys were also studied by DSC under inert gas (Ar) with
a heating rate of 5 �C min�1 from RT to 700 �C. The DSC curves
during desorption of hydrogen are shown in Fig. 8.

For the ZrTiVAl0.8Fe0.2Hy, ZrTiVAl0.6Fe0.4Hy, ZrTiVAl0.2Fe0.8-
Hy and ZrTiVFeHy phases, the desorptions consist of three
events. The rst endothermic peaks of ZrTiVAl1�xFex (x ¼ 0.2,
0.4, 0.8, 1) are detected at around 62 �C. Intense endothermic
peaks of ZrTiVAl1�xFex (x ¼ 0.2, 0.4, 0.8, 1) are observed around
475, 390, 380 and 322 �C, respectively, which is the typical
desorption of hydrogen from metal hydrides. The small endo-
thermic peaks of ZrTiVAl1�xFex (x ¼ 0.2, 0.4, 0.8, 1) are detected
at 556, 504, 459 and 403 �C, respectively.
11278 | RSC Adv., 2022, 12, 11272–11281
The C14 structure has three types of tetrahedral interstitial
sites: A2B2 sites, A1B3 sites, and B4 site. The A2B2 site has the
largest gap size, while the B4 site has the smallest gap size. It is
well known that hydrogen atoms stored in a small gap are easy
to desorb. The endothermic peaks at different temperatures are
speculated to be related to hydrogen desorption at different
interstitial sites. The decrease of the phase transition temper-
ature reects the decrease of the temperature at which the
desorption reaction occurs, which proves that the desorption
performance of the alloy is improved. It is worth noting that the
temperature of the desorption peak gradually decreases with Fe
replacing Al gradually, which indicates that the addition of the
element Fe has a positive effect on the desorption of the alloy.
4. Discussions

In this study, a series of ZrTiVAl1�xFex (x¼ 0, 0.2, 0.4, 0.6, 0.8, 1)
high-entropy alloys were prepared by arc melting, the alloys are
composed of C14 Laves phase and HCP phase. The
ZrTiVAl1�xFex alloys have excellent hydrogen storage perfor-
mance, especially fast hydrogen chemisorption kinetics. The dr
(atomic size mismatch), DcAllen (Allen electronegativity differ-
ence) and VEC (average valence electron concentration)
parameters of high-entropy alloys affect phase formation34 and
hydrogen storage properties.29,30,35 Equations for these terms are

dr ¼ 100%

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
cið1� ri=rÞ2

q
(1)

DcAllen ¼ 100%

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
cið1� ciAllen=caÞ2

q
(2)

VEC ¼ P
ciVECi (3)

Here ri, ci and VECi are atomic radius, electronegativity and
valence electron concentration of element i; ci is the atom
fractions of atom i; �r (¼P

ciri) and ca (¼
P

cici) are the average
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Atomic radii, Allen electronegativity and VEC for elements

Element r [Å] cAllen [B] VEC [B]

Zr 1.60 1.32 4
Ti 1.46 1.38 4
V 1.32 1.53 5
Al 1.43 1.613 3
Fe 1.24 1.80 8

Table 4 The dr, DcAllen and VEC parameters calculated for the
ZrTiVAl1�xFex (x ¼ 0, 0.2, 0.4, 0.6, 0.8, 1) alloys

Alloy dr/% DcAllen/% VEC

x ¼ 0 6.87 7.98 4
x ¼ 0.2 7.63 9.15 4.25
x ¼ 0.4 8.28 10.12 4.5
x ¼ 0.6 8.84 10.95 4.75
x ¼ 0.8 9.34 11.67 5
x ¼ 1 9.78 13.85 5.25
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atomic radius and electronegativity. Table 3 shows the atomic
radii, Allen electronegativity and VEC values of different
elements.36–38

The parameters of dr, DcAllen and VEC were calculated in
Table 4. In the previous study,34 the criteria for the Laves phase
were obtained as dr > 5.0% and DcAllen > 7.0%, which is
consistent with the results of this study. With Fe replacing Al
gradually, the value of the parameters dr and DcAllen increases,
and the tendency to form Laves phase increases. The increase of
the element Fe leads to the increase of the VEC value. Nygård
Fig. 9 Schematic diagram for diffusion of H atoms in ZrTiVFe and ZrTiV

© 2022 The Author(s). Published by the Royal Society of Chemistry
et al.35 reported that a larger VEC destabilizes the hydrides.
From the DSC results, it has a positive effect on the desorption
property, which is also consistent with previous research.

The fast hydrogen chemisorption kinetic of ZrTiVAl1�xFex
alloys can be related to the lattice defects caused by the lattice
distortion.19,21 It is generally believed that high-entropy alloys
suffer from serious lattice distortion due to the different atomic
sizes of multiple elements. Lattice defects contribute to the
nucleation of hydrides. A higher dr value represents a higher
degree of lattice distortion.29 Schematic diagram for diffusion of
H atoms in ZrTiVFe and ZrTiVAl0.8Fe0.2 alloys are shown in
Fig. 9. The HCP phase is a brittle phase that acts as a diffusion
channel, which has a positive effect on the diffusion of
hydrogen atoms. This is the reason why ZrTiVAl1�xFex alloys
have fast hydrogen chemisorption kinetics even at room
temperature. However, compared with other alloys, the
ZrTiVAl0.8Fe0.2 alloy absorbs hydrogen relatively slowly at room
temperature due to the wide interdendritic eutectic phase that
lengthens the diffusion path of hydrogen. And the small
amount of interdendritic C14 phase that can absorb hydrogen
acting as a suppressor of hydrogen diffusion.

The maximum hydrogen storage capacity of the ZrTiVFe
alloy is 1.58 wt% at RT under 1 MPa hydrogen pressure. It is
worth noting that the hydrogen storage capacity reaches
1.51 wt% in only twominutes, which is attributed to the high dr.
The mixing enthalpies of V and Al, Fe, Zr and Ti are�16,�7,�4
and �2 kJ mol�1, respectively.39 It can be seen that V has the
highest affinity with Al, while V has the lowest affinity with Ti.40

The decreased Al content causes the V element to be transferred
to the Zr, Fe-rich C14 Laves phase. As Fe gradually replaces Al,
the maximum hydrogen storage capacity increases, which is
Al0.8Fe0.2 alloys.
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mainly attributed to the transfer of the strongly hydrogen-
absorbing element V from the HCP phase to the C14 Laves
phase and the increase in the fraction of the C14 Laves phase.

5. Conclusions

In this study, a series of novel ZrTiVAl1�xFex (x ¼ 0, 0.2, 0.4, 0.6,
0.8, 1) high-entropy alloys for hydrogen storage were synthe-
sized by metallurgy methods. Their microstructure features and
hydrogen de-/hydrogenation properties were studied in detail.
The main conclusions can be drawn as follows:

(1) ZrTiVAl1�xFex high entropy alloys are mainly composed of
C14 Laves phase and HCP phases. Due to the severe lattice
distortion and friable HCP interdendritic phase, the
ZrTiVAl1�xFex alloys exhibited the rapid hydrogen chemisorp-
tion kinetics even at room temperature. With Fe replacing Al
completely, the ZrTiVFe alloy can absorb 1.58 wt% hydrogen
even at room temperature under 1 MPa hydrogen pressure.
Notably, the ZrTiVFe alloy can still absorb 1.38 wt% hydrogen at
the lower hydrogen pressure of 0.2 MPa.

(2) With Fe replacing Al gradually, interdendritic area
increases and then decreases. The interdendritic region serves
as the diffusion channel for hydrogen. The diffusion path is rst
lengthened and then shortened, and the hydrogenation rate
rst decreases and then increases.

(3) With Fe replacing Al, the phase fraction of C14 Laves
increases. And the hydrogen-absorbing element V gradually
transfers to the main hydrogen storage phase, namely the C14
Laves phase, which are the key factor that increasing the
hydrogen storage capacity.

(4) The element Fe shows a strong catalytic effect on lowering
the hydrogen desorption temperature of ZrTiVAl alloy. The
increase of the element Fe leads to the increase of the VEC
value, a larger VEC value destabilizes the hydrides. Therefore,
the desorption temperature of ZrTiVAl1�xFex hydride drops
signicantly with Fe replacing Al. Moreover, according to DCS
thermodynamic analysis, it can be known that the hydrogen
desorption property of the alloy is closely related to the phase
composition and size of the interdendritic region.
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M. Feuerbacher, W. Steurer and J. Dolinšek, Discovery of
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