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The hydrogen storage behavior of the TiCrgs and ZrCrs alloys substituted with the third components
(Zr, V, Fe, Ni) have been studied using first-principles calculations. The change of the hydrogen
absorption energies caused by metal doping is arising from the charge transfer among the doped
alloys interior. Zr and V atoms devoted abundant electrons, leading to a great enhancement of the H
absorption energy, while Fe and Ni atoms always accepted electrons, yielding a remarkable decrease

of the H absorption energy. The hydrogen diffusion energy barrier is closely correlated with the
geometry effect rather than the electronic structure.
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1 Introduction

The search for ideal hydrogen storage materials has put
forward huge demand for the industrialization of hydro-
gen energy. Many new materials, like carbon or boron
based nanostructures, metal organic frameworks (MOFs)
and covalent organic frameworks (COFs), have been pro-
posed as potential candidates for hydrogen storage in
virtue of their excellent characteristics, such as high
gravimetric and volumetric density, low cost, safety, and
moderate working conditions [1-7]. However, few of them
have been utilized in practice due to some fundamental
and technological bottlenecks. On the other hand, tradi-
tional hydrogen storage alloys still play a central role in
the present market because of the mature technique and
the flexible and controllable chemical compositions al-
though their storage capacities have not yet reached the
standard for on-broad applications [8, 9]. For example,
the LaNis based alloys as hydrogen storage medium have
been commercialized. Hence, there is still much room for
the development of alloys in their hydrogen storage ap-
plications.

There have been numerous fundamental studies on
the hydrogen storage behavior of different types of bi-
nary alloys. Among them are the ABj5 type (LaNi;) al-

loys, which, as the early generation of hydrogen stor-
age materials, have been intensively studied for their su-
perior hydrogen absorption-desorption properties, which
is one of the key factors for realistic hydrogen storage
applications. A lot of experimental and theoretical ef-
forts have been devoted to understanding the thermo-
dynamic/kinetic properties and electronic structures of
the LaNisH, hydrides [10-12]. However, it is hard to
further improve the hydrogen storage capacity for the
ABj; alloys. Compared to the ABj5 alloys, the alloys of
AB (TiFe) and AsB (MgsNi) types exhibit relatively
higher hydrogen storage capacity (about 1.89% for TiFe
alloy and 3.59% for MgaNi) with lower cost [9], whereas
they also suffer from fatal technical bottlenecks such
as difficulty in activation (for AB alloys [13]), sluggish
hydriding/dehydriding kinetics and low electrochemical
discharge capacity at room temperature (for A2B alloys
[14]). Among the available hydrogen storage materials,
ABs type alloys show better integrated characteristics of
high gravimetric percentage, long cycle life, and low cost.

Overall speaking, the hydrogen storage behavior of all
these binary alloys still can not satisfy all of the com-
mercial requirements. One feasible way to improve the
hydrogen storage properties of those intermetallic com-
pounds is alloying with other elements. It has been shown
that the components and stoichiometry of these alloying
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elements remarkably affect the hydrogen storage proper-
ties of the host materials [15-18].

For the LaNis-related intermetallic compounds, their
thermodynamic and the electrochemical properties rely
strongly on the substituted element and its content [19-
23]. By mechanically alloying with the catalytic element
like Pd or Ni, the thermodynamic properties, activation
process and the hydriding/dehydriding kinetic of TiFe
systems have been substantially modified [24-26], sim-
ilar to the behavior observed in the MgsNi-based com-
pounds [27-30]. For the ABs-based systems, substitu-
tion of both A-type and B-type elements leads to the
great improvements in the activation process, hydrogen
storage capacity, thermodynamic properties and charg-
ing/discharging kinetics [31-36]. For instance, Mani et
al. reported that partial substitution of B-type transi-
tion elements (M =V, Cr, and Al) in ZrMnFej 5Nig 5
and ZrMnFeq 5Cog 5 systems has significant effects on the
lattice parameter, hydrogen storage properties including
plateau pressure, plateau slope, and thermodynamic, etc.
[17]. Kandavel et al. found that the increase of Zr content
(A-type) leads to the decrease in the equilibrium hydro-
gen sorption pressure plateau and fast absorption kinet-
ics, which are associated with the increase of hydrogen
storage capacity for Ti; 1CrMn and (Tig.9Zro.1)1.1CrMn
[35]. Unfortunately, they are barely able to provide a
thorough illumination for the mechanism of how compo-
nents and stoichiometry of the alloying elements affect
the hydrogen storage properties of the host binary met-
als.

Parallel to the experimental efforts, the theoretical in-
vestigations, especially the first-principles calculations,
provide a possible way to the intrinsic mechanism. Zhang
et al. investigated the role of Al in the LaNis-type hy-
drogen storage alloys by first-principles calculations [37].
At semi-empirical level, Li et al. studied the hybrid char-
acteristics of the Mgo_, A,Ni;_, B, alloy systems and il-
lustrated the relationship between the macroscopic char-
acteristics and atomic structures [38]. In addition, some
mathematical models have been applied to selected hy-
drogen storage properties (formation enthalpy and hys-
teresis) of ABa-type alloys [39-41]. However, our current
theoretical understanding on the multi-component alloys
is still very limited. In particular, none of the previous
first-principles calculations have been conducted on the
AB,-type alloys with third components to the best of
our knowledge.

Recently, our group has systematically investigated
the hydrogen storage behavior of the binary TiCrsy alloy
[42]. As an extension of this work, we perform here first-
principles calculations to clarify the influences of compo-
nents and stoichiometry on the hydrogen storage behav-
ior of multi-component ABs-based compounds. The hy-
drogen absorption sites, absorption energy, crystal struc-
ture, interaction between the hydrogen and the metal
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hosts, and the barrier energies in the A/B substituted
AB, alloys have been computed and discussed.

2 Computational methods

All calculations were performed with the CASTEP pro-
gram, which is based on the density functional theory
(DFT) and planewave pseudopotential technique [43,
44]. Generalized gradient approximation (GGA) of the
PWO1 functional [45, 46] were adopted for describing the
exchange—correlation interaction, and the ultrasoft pseu-
dopotentials [47] was used for modeling the ion—electron
interaction. A cutoff energy of 400 eV was used for the
planewave basis. Most calculations were done on the unit
cell of TiCry of Laves phase (C14 type), which contains 4
formula units, 12 atoms. The Brillouin zone was sampled
by a 6x6x4 k grid. Test calculations showed that fur-
ther increasing the cutoff energy or k grid leads to little
changes on the computed total energy and stress tensor.
Our previous work in the same computational scheme
have demonstrated that this method is appropriate for
describing the TiCrg systems [42].

All the structures were fully relaxed during geometry
optimizations. The convergence criteria were set as: the
energy changes on each atom being less than 1x107°
eV, the maximum force less than 0.05 eV, and the max-
imum stress less than 0.1 GPa. The calculated lattice
constants of the TiCry and ZrCra crystals (of C14 type)
were a =b=4.908 A, ¢ =7.874 A and a = b = 5.097 A,
¢ =8.159 A, respectively, well consistent with the exper-
imental values: a = b =4.918 A, ¢ = 7.962 A for TiCr,
[48] and @ = b = 5.106 A, ¢ = 8.292 A for ZrCry [49],
respectively.

The absorption energy of an H atom in substituted
ABs compounds can be obtained via the following for-
mula:

1 1
Eups = — [B(TiCraH,) — E(TiCra)] — 5 E(Hy)

where E(A) means the total energy of system A. The
absorption energy measures the energy difference of an
H atom inside the TiCroH, hydrides and in the gaseous
Hs molecule. Positive s value represents endothermic
reaction, and negative F,s denotes exothermic reaction.

3 Results and discussion

We chose the TiCrs and ZrCry compounds with C14
type Laves-phase structures as the representatives for
AB; alloys. Within one unit cell, there are four Ti and
eight Cr atoms. Starting from the binary TiCry crystals,
we substituted the Ti atoms (A-type) by Zr atoms in
the stoichiometries of Tig.757Zrg.95Cre and Tig 5Zrg.5Crs,
and replaced Cr atom (B-type) by Fe or V atoms in the
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Fig. 1 Representative crystal structures of pure TiCra, V-substituted Ti—-Cr—V (TiCr1.5Vo.5), Fe-substituted Ti-Cr—Fe
(TiCr1.5Feq.5), and Zr-substituted Ti—Zr—Cr (Tip.5Zro.5Cr2) compounds.

Table 1 Hydrogen absorption energies (eV/H) for the energetically favorable sites within TiCra- and ZrCra-based alloys.

TiCrz-based alloys

ZrCra-based alloys

Alloy Favorable site ~ FE,qs /(eV/H) Alloy Favorable site ~ E,qs /(eV/H)
TiCra —0.17
Tio.75Zr0.25Cr2 2Ti-2Cr —0.30
Tig.5Zrp.5Cra —0.30
TiCra —0.17 ZrCrg —0.28
TiCri.75Feq.25 —0.12 ZrCr1.75Nig.25 —0.25
TiCry 5Feq 5 2Ti-2Cr ~0.09 ZrCry 5Nig 5 2Zr-2Cr ~0.25
TiCrq.25Feq.75 —0.06 ZrCr1.95Nig.75 —0.24
TiCry.oFe1.0 —0.06 ZrCr1.oNiy o —0.09
TiCrg —0.17 ZrCro —0.28
TiCr1.75Vo.25 —0.31 ZrCr1.75Vo.25 —0.46
TiCry.5Vo 5 2Ti-Cr-V ~0.51 ZxCry 5Vo5 2Zr-Cr=V —0.53
TiCri.25Vo.75 —0.52 ZrCr1.25Vo.75 —0.52
TiCr1.0Vi.0 —0.62 ZrCr1.0V1i.0 —0.58

stoichiometries of TiCrq 75Feqgos; ~ TiCrygFei g or
TiCr1_75V0_25 ~ TiCrlvon_o, respectively. Sumlarly, as
for the ZrCry crystals we substituted Cr with Ni or
V atoms in the stoichiometries of ZrCry 75Nigos ~
ZrCrl,oNil,o or ZYCF1,75V0,25 ~ ZI"CI‘l,()Vl_Q, respec-
tively. The stoichiometries for all studied systems are
summarized in Table 1 and a few representative alloy
structures are presented in Fig. 1.

It is possible that the crystal structure of the ternary
alloy may undergo some phase change when the third
alloying element is added. However, we did not take into
account such structural change due to the following rea-
sons: i) In this work we mainly focus on the substitution
effects on the hydrogen storage behavior rather than the
structural change; ii) there are many possible structures
for different ternary compositions and it would be diffi-
cult to include all of them; iii) the local circumstance of
the hydrogen absorption site did not dramatically change
with different structural phases.

For each alloy system, we have explored all the pos-
sible hydrogen absorption sites and determined the en-
ergetically favorable sites for accommodating H atom.
For all circumstances, the H atom tends to occupy the
tetrahedral interstitial sites, whereas the detailed chem-
ical environment varies with the stoichiometry of the al-
loy, as summarized in Table 1. For example, the pre-

ferred H absorption sites are 2Ti2Cr for the Ti;_,Zr,Crs
and TiCrg_,Fe,, and 2TiCrV for the TiCry_,V, and
ZrCry_,V, compounds.

Although the atomic radius of Zr is larger than Ti,
the most favorable hydrogen absorption site in Zr-
substituted TiCrg alloy is surrounded by Ti and Cr
atoms rather than Zr atoms. Our previous calculations
revealed that the H prefers 2A2B site in binary TiCr,
alloy due to the large interstitial space [42]. The present
results, however, imply that the larger interstitial space
is not the sole factor determining the most preferred ab-
sorption site. Influences by the electronic structures and
the detailed hydrogen-metal interactions must be taken
into account.

The calculated hydrogen absorption energies in the en-
ergetically favorable sites of these systems are listed in
Table 1 and plotted in Fig. 2. Clearly, substitution of
A-type Ti atoms with Zr leads to significant increase
in the magnitude of H absorption energies. With one Zr
atom per unit cell (Tig.75Zrp.25Cra), the H absorption en-
ergy rises to 0.3 eV, compared to 0.17 eV in the binary
TiCry compound. In the Tig 5Zrg5Cre compound with
two Zr atoms per unit cell, the absorption energy reduces
to 0.25 eV. The H absorption energy slightly oscillates
with the Zr composition and rises to 0.28 eV in ZrCrs
(see Fig. 2). Overall speaking, the Ti alloying effect on



Fen Li, Ji-jun ZHAO, and Li-zian SUN, Front. Phys., 2011, 6(2)

the hydrogen storage behavior ZrCrq is not straightfor-
ward according to our present calculations. Experimen-
tally, Kandavel et al. proved that the substitution of the
A-type Zr increased the hydrogen storage capacity from
1.9% to 2.2% for Ti;.1CrMn and (Tig.9Zrg.1)1.1CrMn, re-
spectively [35].
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Fig. 2 Absorption energy of H (eV) versus the ratio of the third-
component metal within TiCry and ZrCra based alloys.

For the B-type substitution, replacing Cr by Fe dra-
matically weakened the H absorption energy, i.e., from
0.17 eV for TiCrs to 0.12 eV for TiCrq 75Feq 25 and 0.06
eV for TiCrj o5Feq. 75, as shown in Fig. 2. Similarly, the
hydrogen absorption energy in the ZrNi,Crs_,-based al-
loy also gradually decreases as the Ni content increases
(see Fig. 2). On the contrary, introducing V into both
TiCry and ZrCry compounds greatly enhances the hy-
drogen absorption energy. Thus, the present theoretical
results suggest that the Fe and Ni elements are help-
ful for hydrogen desorption while V is a terrific element
for improving the affinity of H. Accordingly, Bobet et
al. demonstrated that the Ni substitution caused an in-
crease of the plateau pressure, while the V decreased the
plateau pressure and increased the hydrogen storage ca-
pacity in previous experiments [32].

We now discuss the H-M interaction between hydro-
gen (H) and metal (M) atoms in terms of interatomic
charge transfer by Mulliken analysis. Our theoretical re-
sults are shown in Table 2 for TiCrs-based alloys and Ta-
ble 3 for ZrCrao-based alloys, respectively. The H atoms
accept 0.33 electrons from Cr atom rather than Ti in the
pure Cl4-type TiCrs alloy, consistent with our previous
result of C15-type TiCry alloy [42], implying a stronger
interaction of H-B-type than H-A-type.

In the TiCrs-based compounds with Ti, V and Fe sub-
stitution, the interstitial H atoms always accept about
0.35 electrons from the surrounding metal atoms. In the
case of Zr;Ti;_,Cry compounds, the most favorable ab-
sorption site is surrounded by two Ti and two Cr atoms
and the electrons donated from Zr atoms do not directly
divert to the H atom. However, the electrons accepted by
the Ti and Cr atoms enhance the H-Cr and H-Ti inter-
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Table 2 On-site charge (e) for H absorbed TiCra-based alloys
from Mulliken analysis.

Third element

System Ti Cr H
(Zr, Fe or V)

TiCrp —0.07 0.08 —0.33
Tig.75Zr0.25Cra  —0.06 0.03 0.29 —0.32
Tig.5Zrg.5Cr2 -0.19 —0.01 0.41 —0.32
TiCry.75Feq .25 —0.09 0.15 —0.38 —0.33
TiCr1.5Feq.5 —0.08 0.19 —0.25 —-0.34
TiCri1.25Feq.75 —0.09 0.26 —-0.2 —0.33
TiCry.0Fe1.0 —0.06 0.3 —0.15 —0.33
TiCr1.75Vo.25 —-0.11 0.06 0.41 —0.36
TiCr1.5Vo.5 —0.17 0.02 0.45 —0.35
TiCr1.25Vo.75 —0.21 —0.01 0.4 —0.36
TiCr1.0Vi.0 —-0.27 —0.10 0.46 —0.35

action and improve the hydrogen absorption en-
ergy. For the TiV,Crso_, systems, there are substantial
amount of electrons (0.4-0.46 e) donated from V atoms,
which partially accounts for the remarkable increase of
H absorption energy. In addition, the extra electrons on
H atom mainly come from V. Accordingly, the most fa-
vorable H absorption site is 2Ti2V rather than 2Ti2Cr.
On the other hand, the existence of Fe atoms as elec-
tron acceptor in the TiFe,Cry_, systems increases the
on-site charge on Cr atoms and weakens the H-Cr and
H-Ti interaction. Therefore, there is a clear correlation
between the on-site charge of third alloying element and
the variation of H absorption energy. Similar phenomena
are also observed in the ZrCre-based systems, in which
V is electron donor and Ni is acceptor. The former en-
hances the H-M interaction while the latter reduces the
H absorption energy.

Table 3 On-site charge (e) for H absorbed ZrCra-based alloys
from Mulliken analysis.

Third element

System Zr Cr H
(V/Ni)

ZrCrg 0.3 —0.11 —0.32
ZrCr1.75Vo.25 0.22 —0.13 0.39 —0.34
ZrCr1.5Vo.5 0.13 —0.16 0.37 —0.33
ZrCri1.25Vo.75 0.04 —0.18 0.36 —0.34
ZrCr1.0Vi.0 —-0.05 —0.26 0.4 —0.33
ZrCry.75Nig.25 0.30 —0.09 —0.27 —0.32
ZrCri.5Nig.5 0.32 —0.08 —0.24 —0.32
ZrCry.25Nig.75 0.30 —0.04 —0.22 —0.32
ZrCr1.0Niq 0 0.33 —0.05 —0.20 —0.32

The direction of charge transfer can be interpreted
in terms of the electronegativity (x) [50]. Compared to
these metal atoms (x=1.33—1.91), H has a large elec-
tronegativity (y=2.1); thus, it always accepts electrons
from the metal atoms. Zr is a major electron donator
since it has the least electronegativity (xy=1.33) among
those metal atoms. V is also a significant electron dona-
tor since it has the less electronegativity (x=1.63) than
the original B-type Cr atom (x=1.66). Owing to their rel-
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atively larger electronegativity, the Fe (x=1.83) and Ni
(x=1.91) elements inside the alloys usually accept elec-
trons from the other metal atoms and then weaken the
H-M interaction.

In addition, the substitution by the third component
also affects the hydrogen diffusion behavior. With the
rigid lattice model approximation, we computed the hy-
drogen diffusion barriers of the TiCra-based systems. In
order to reveal the effects of the alloying elements, we
focused on the absorption site surrounded by the third
component rather than those energetical sites. The theo-
retical H diffusion barriers for different systems are listed
in Table 4. In the Tig 5Zrg 5Crs compound, diffusion of
H from one interstitial site surrounded by Zr atom to
another requires to overcome an energy barrier of 0.21
eV, lower than the barrier of 0.39 eV in the binary TiCrs
alloy. In other words, substitution of Zr by Ti can reduce
the hydrogen diffusion barrier in the TiCry alloy, in ac-
cordence with the previous experimental finding that the
increase of Zr content leads to the decrease in the equi-
librium hydrogen sorption pressure plateau and fast ab-
sorption kinetics [34]. As shown in Table 4, the addition
of Fe also slightly lowers the diffusion barrier. In contrast,
substitution of V improves the energy barrier although
it is favorable for the hydrogen absorption. There seems
no distinct relationship between the hydrogen diffusion
barrier and the electronic structures of the alloys.

Table 4 Barrier energies of H atom in the pure TiCrg,
Tig.5Zrp.5Cra, TiCr1.5Vo.5 and TiCr; 5Feg. 5 compounds.

System Barrier energy /eV

TiCrg 0.39
Tig.5Zrg.5V 0.21
TiCr1.5Vo.5 0.55
TiCr1.5Feo.5 0.34

4 Conclusions

We have studied the effects of the third-component metal
(Zr, V, Fe, Ni) substitution on the hydrogen storage be-
havior of the binary TiCry and ZrCrs alloys. The en-
ergetically preferred hydrogen absorption sites and the
absorption energies have been obtained by means of
first-principle calculations. Addition of Zr and V atoms
greatly improves the H absorption energy, whereas Fe
and Ni elements reduce the absorption energy. This can
be interpreted by charge transfer between the H and the
metal atoms determined from the Mulliken analysis. The
hydrogen diffusion barrier is also affected by the third-
component elements, that is, Zr greatly lowers the bar-
rier and V significantly heightens it. The present first-
principles results give some atomistic clue on the effect of
alloying elements in the ternary hydrogen storage alloys
of ABs-type and might be helpful for further improving
their hydrogen storage performance.
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