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� Tetragonal Zr2CuH2 to monoclinic Zr2CuH5 change is explained from cohesive energies.
� Structural crossover is identified at 2 < x < 3 in agreement with experiment.
� H uptake weakens inter-metal bonds while favoring metaleH leading to harder hydrides.
� From [Zr4] to [Zr3Cu] then [Zr3Cu2], Cu reduces H ionic charge leading to better kinetics.
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a b s t r a c t

Gradual hydrogen uptake into Zr2Cu intermetallic leads to crystal symmetry changes from tetragonal
Zr2CuH2 to monoclinic Zr2CuH5. This experimental finding is explained here from cohesive energies
computed within quantum DFT for Zr2CuHx (x ¼ 1, 2, 3, 4, 5) models in both structures. The threshold is
found at 2 < x < 3 in agreement with experiment. Beside structural crossover, electronic properties,
chemical bonding, and mechanical behavior are also analyzed. MetaleH interactions arising from
increasingly H presence in Zr2Cu lead to more and most cohesive and harder Zr2CuH2 and Zr2CuH5

respectively.
� 2013 Published by Elsevier Ltd.

1. Introduction

Several binary intermetallic compounds based on zirconium are
known as C15 Laves phases ZrT2 [1] and Zr2T [2], T being a transition
metal. Besides mechanical properties in equiatomic ZrT such as the
hardness sought for uses in biomedical materials [3] and shape
memory applications [4], a major characteristic is in their ability of
absorbing large amounts of hydrogen such as ZrFe2H3.5 [5], ZrNiH3
[6] and Zr2CuH5 [7] which led to their investigation as potential
candidates for hydrogen storage [8e10]. In this context, interme-
tallic Zr2Cu belongs to the A2Cu family (A¼ Ti, Zr, Hf) crystallizing in
the body centered tetragonal MoSi2-type (cf. Table 1) [8]. They can
absorb hydrogen by occupying the [A4] tetrahedral sites. The
structure of Zr2CuH2 and tetrahedral H surroundings are shown in
Fig. 1. Zr2Cu hydrides can be of interest experimentally because
they decompose slowly around 200 �C compared to 527 �C for
similar Zr2Pd [8]. This lets suggest significant iono-covalent char-
acter of hydrogen and lower enthalpies of formation.

The question arises as to whether more hydrogen can be
absorbed while keeping the MoSi2-type structure. In fact the

hydrogen saturated compound Zr2CuH5 is found in a monoclinic
structure shown in Fig. 1 with the different hydrogen environment
[7]. The ordering of hydrogen often leads to structural distortion,
e.g. body centered tetragonal Zr2Co becomes primitive tetragonal
with hydrogen ordering in Zr2CoH5 (cf. Ref. [11] and therein cited
works). This is also observed in the cubic Laves phases C15with Fm-
3m space group (SG), which becomes monoclinic in P1n1 SG in
saturated YFe2H5 [9].

It becomes subsequently relevant to examine the composition
threshold at which the monoclinic phase stabilizes in Zr2CuHx

based on energy criteria. These aspects and the effects of increasing
amounts of hydrogen on the mechanical properties and the iono-
covalent behavior of hydrogen can be addressed quantitatively in
the framework of the quantum density functional theory (DFT)
[12]. This is the aim of the present work.

2. Structural details

The structures of tetragonal Zr2Cu and Zr2CuH2, and monoclinic
Zr2CuH5 are described in Table 1 and sketched in Fig. 1. The di-
hydrogenated ternary has the tetragonal MoSi2-type structure (I4/
mmm space group SG). Fig. 1(a) shows H located in edge sharing
[Zr4] tetrahedra at (4d) Wyckoff position [7]. The saturated mono-
clinic structure has five coordination polyhedra for H as shown in
Fig. 1(b): (i) tetrahedral [Zr4] and [Zr3Cu] coordinations, and (ii)

* Corresponding author. CNRS, ICMCB, UPR 9048, F-33600 Pessac, France.
Tel.: þ33 540002690; fax: þ33 54002761.Q1
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prismatic [Zr3Cu2] coordination. The latter sites are partially
populated by H. It is important tomention the similarity of the [Zr4]
coordination of H in both tetragonal and monoclinic structures,
which lets suggest that the departure from such coordination in
tetragonal structure should lead to destabilizing the ternary sys-
tem. This is addressed in the upcoming sections.

Note that the determination of hydrogen positions determined
from powder neuron diffraction data in the title compounds and in
other compounds such as the intermediate hydrides of MgPd3 [13]
can be verified and predicted from computations as in the inves-
tigation of hydrogenated LaNi5 and LaCo5 [14].

3. Computation methods

Two computational methods within the DFT were used in a
complementary manner. The Vienna ab initio simulation package

(VASP) code [15] allows geometry optimization and total energy
calculations. For this we use the projector augmented wave (PAW)
method [16], built within the generalized gradient approximation
(GGA) scheme following Perdew, Burke and Ernzerhof (PBE) [17].
Also preliminary calculations with local density approximation LDA
[18] led expectedly to an underestimated volume versus the
experiment. The conjugate-gradient algorithm [19] is used in this
computational scheme to relax the atoms. The tetrahedron method
with Blöchl corrections [16] as well as a MethfesselePaxton [20]
scheme were applied for both geometry relaxation and total en-
ergy calculations. Brillouin-zone (BZ) integrals were approximated
using the special k-point sampling. The optimization of the struc-
tural parameters was performed until the forces on the atoms were
less than 0.02 eV/�A and all stress components less than 0.003 eV/�A3.
The calculations are converged at an energy cut-off of 300 eV for
the plane-wave basis set with respect to the k-point integration
with a starting mesh of 4 � 4 � 4 up to 8 � 8 � 8 for best
convergence and relaxation to zero strains. Using larger energy cut-
off values as 500 eV did not lead to better convergence or to

Table 1
Experimental and (calculated) crystal data for Zr2Cu, Zr2CuH2 and Zr2CuH5 [7,8]. SG:
space group. FU ¼ formula unit.Q4

Zr2Cu
SG#139 I4/mmm
MoSi2, C11b-type
a ¼ 3.120 (3.21) �A
c ¼ 11.183 (11.23) �A
V ¼ 108.86 (115.7101) �A3

At.(Wyck.) x y z

Cu (2a) 0 0 0
Zr (4e) 0 0 0.340 (0.345)
Total energy (eV)/FU: �21.08 eV

Zr2CuH2

SG#139 I4/mmm
MoSi2, C11b-type
a ¼ (3.256) �A
c ¼ (11.796) �A
V ¼ (125.06) �A3

Hypo. 1

At. (Wyck.) x y z

Cu (2a) 0 0 0
Zr (4e) 0 0 (0.361)
H (4d) 0 ½ ¼
d(ZreH) ¼ 2.09 �A
Total energy (eV)/FU: �29.13 eV

Hypo. 2: H (4e) 0 0 z (zcalc. w 0.17): d(ZreH) ¼ 2.20 �A; ETOT. ¼ �28.87 eV.
Hypo. 3: H (4c) 0 ½ 0 : d(CueH) ¼ 1.73 �A; ETOT. ¼ �28.04 eV.

Zr2CuH5

SG12 I2/m
Exp. Ref. [7]
a ¼ 9.336 (9.882) �A
b ¼ 3.603 (3.667) �A
c ¼ 8.343 (8.390) �A
b ¼ 104.29� (103.93�)
V ¼ 271.94 (278.06) �A3.

At.(Wyck.) x y z

Cu (4i) 0.3792 (0.377) 0 0.5250 (0.529)
Zr1 (4i) 0.0768 (0.081) 0 0.2320 (0.236)
Zr2 (4i) 0.6653 (0.683) 0 0.086 (0.100)
H1 (4i) (Zr4) 0.1385 (0.134) 0 0.7211 (0.711)
H2 (4i) (Zr4) 0.4617 (0.464) 0 0.1419 (0.140)
H3 (4i) (Zr3Cu) 0.3155 (0.316) 0 0.2938 (0.296)
H4 (4i) (Zr3Cu) 0.1883 (0.183) 0 0.4039 (0.482)
H5a (4i) (Zr3Cu2) 0.8895 (0.882) 0 0.0291 (0.022)

Shortest distances with H:
� Zr substructure: d(ZreH1) ¼ 2.07 �A; d(ZreH2) ¼ 2.06 �A; d(ZreH3) ¼ 2.13 �A;

d(ZreH4) ¼ 2.02 �A; d(ZreH5) ¼ 2.20 �A.
� Cu substructure: d(CueH3) ¼ 1.86�A; d(CueH4) ¼ 1.75�A; d(CueH5) ¼ 1.84�A.
Total energy (eV)/FU: �40.46 eV.

a Experimental occupancy 0.71.

Fig. 1. Sketches of the crystal structure of: (a) tetragonal Zr2CuH2 with H in [Zr4]
tetrahedral site, and (b) the hydrogen rich monoclinic Zr2CuH5 showing the different
environments of hydrogen atoms as given in Table 1. Q6
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different results (volume/energy). The calculations are scalar-
relativistic.

Then all-electron calculations with the GGAwere carried out for
a full description of the electronic structure and the properties of
chemical bonding, using full potential scalar-relativistic augmented
spherical wave (ASW) method [21,22]. In the minimal ASW basis
set, we chose the outermost shells to represent the valence states
and the matrix elements were constructed using partial waves up
to lmax þ 1 ¼3 for Zr and Cu and lmax þ 1 ¼1 for H. Self-consistency
was achieved when charge transfers and energy changes between
two successive cycles were below 10�8 � e and 10�6 eV, respec-
tively. BZ integrations were performed using the linear tetrahedron
methodwithin the irreducible wedge. In order to optimize the basis
set, additional augmented spherical waves are placed at carefully
selected interstitial sites (IS). Besides the site projected density of
states, we discuss qualitatively the pair interactions based on the
overlap population analysis with the crystal orbital overlap popu-
lation (COOP) [23]. In the plots, positive, negative, and zero COOP
indicate bonding, anti-bonding, and non-bonding interactions,
respectively.

4. Results from PAW-GGA calculations

4.1. Geometry optimization and cohesive energies

The experimental and calculated structure parameters [7,8] are
given in Table 1. The latter results show fairly good agreement with
experiment for Zr2Cu and Zr2CuH5. Larger volume magnitudes can
be assigned to the use of GGA DFT functional which is underbinding
compared to LDA and leads to overestimated lattice spacing. For the
dihydride calculations were done using three hypotheses for two-
fold hydrogen positions in the MoSi2-type. The energy results
clearly show preference for H in [Zr4] tetrahedra (Fig. 1(a)). When H
is positioned in (4e) sites it is found in [Zr5] square planar prisms
(Hypo. 2, Table 1) and the energy is higher. Finally when (4c) po-
sition is occupied by H (Hypo. 3, Table 1) the least favorable energy
is obtained where H is in the vicinity of Cu with d(CueH) ¼ 1.73�A.
This is significantly shorter than the ZreH distances of 2.09 and
2.20 �A found when H is in the neighborhood of Zr in hypotheses 1
and 2. The difference of distance magnitudes likely arises from the
difference of eletronegativity between Zr and Cu following the
Pauling scale: cZr ¼ 1.33 and cCu ¼ 1.90. Although the metaleH is of
iono-covalent character, the more electronegative copper leads to
more covalent like CueH bonds versus more ionic like ZreH which
allows for larger charge transfer from Zr to H. This is also shown for
the shortest distances of H with Zr and Cu substructures in Zr2CuH5
with systematically shorter CueH than ZreH, reflecting the coor-
dination polyhedra shown in Fig. 1(b), i.e.with no CueH1 or CueH2
contacts identified.

The magnitude of charges on the different constituents are also
analyzed using the AIM (atoms in molecules theory) approach [24]
developed by Bader who devised an intuitive way of splitting
molecules into atoms as based purely on the electronic charge
density. Typically in chemical systems, the charge density reaches a
minimum between atoms and this is a natural region to separate
them from each other. Such an analysis can be useful when trends
between similar compounds are examined; they do not constitute a
tool for evaluating absolute ionizations. Bader’s analysis is done
using a fast algorithm operating on a charge density grid [25]. The
results of computed charges (Q) are such that they lead to neutrality
when the respective multiplicities are accounted for. The obtained
values for Zr2CuH2 in the three hypotheses are:

Hypo. 1: Q(Zr) ¼ þ1.39e; Q(Cu) ¼ �1.29e; Q(H) ¼ �0.74e.

Hypo. 2: Q(Zr) ¼ þ1.10e; Q(Cu) ¼ �0.77e; Q(H) ¼ �0.71e.

Hypo. 3: Q(Zr) ¼ þ0.65e; Q(Cu) ¼ �0.37e; Q(H) ¼ �0.47e.

Consequently regardless of the structure, H enters the inter-
metallic lattice in the neighborhood of zirconium which allows for
the largest charge transfer, whence the larger stabilization. From
Table 1 showing the crystal data of the monoclinic structure, this is
also observed and the first two H are located in [Zr4] tetrahedra.
[Zr3Cu] tetrahedra start being occupied at the third and fourth
inserted hydrogen. Lastly the 5th H is located in prismatic [Zr3Cu2]
partially occupied.

In this context it is relevant to determine the composition
threshold at which the monoclinic structure prevails over the
tetragonal one from energy calculations. In themonoclinic ordering
the calculations are done considering progressive filling of the
hydrogen positions as shown in Table 1. For the tetragonal structure
hypotheses 1 and 2 were followed in inserting H. The resulting total
energies are plotted against hydrogen composition xH in Fig. 2(a).
The obtained energies are shown to decrease with the H composi-
tion in a closely linear manner. The linear fit parameters shown in
the inserts indicate that at xH¼ 0, i.e. for the binary intermetallic, the
tetragonal form is more stable than the monoclinic one in agree-
ment with experimental findings [7,8]. Then as H enters the lattice,
energy decreases further down showing a larger slope for the
monoclinic structure. This implies that a crossover should occur. The
tetragonal structure is more stable than the monoclinic one for the

a)

b)

Fig. 2. (a) Total electronic energy versus hydrogen composition xH, for Zr2CuHx models
in tetragonal and monoclinic structures. Linear parameterizations fits provide steeper
larger slope for the monoclinic structure. (b) Cohesive energies versus composition
showing the same crossover region in Zr2CuHx models.
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first two hydrogen atoms then there is a crossover between 2 and 3
Hwhere themonoclinic form stabilizes for larger compositions. This
shows that the tetragonal structure can only accommodate
hydrogen in [Zr4] tetrahedra then a distortion occurs towards a
monoclinic structurewhich hasmore tetrahedral sites (Table 1). The
lineardecrease of the energymight be expected in as far asmore and
more hydrogen is loaded. But it could hide the non-linear behavior,
which eventually drives the phase transition. Furthermore, more
meaningful than the calculated energies are the cohesive energies.
Therefore, a completed analysis of the results is provided in Fig. 2(b)
showing the corresponding plot of the cohesive energies versus
composition. The linear behavior is removed and one can observe
that the crossover region is found similar as in Fig. 2(a). From the
crystallography standpoint, the lowering of the symmetry leads to:
(i) two Zr substructures instead of one, and (ii) the availability of
further interstitial sites (monoclinic structure), whence the larger
number of hydrogen. Also no stable solution could be found for
xH ¼ 5 in the tetragonal structure. Following the monoclinic evo-
lution, we obtained the cohesive energies from energy differences
between the total energy of the compound and those of the atomic
constituents Zr and Cu as well as dihydrogen which have the
following energies from PAW-GGA calculations: E(Cu)¼�3.715 eV/
atom, E(Zr) ¼ �8.408 eV/atom and E(H2) ¼ �6.577 eV/H2. From the
total electronic energies given in Fig. 2, the resulting cohesive en-
ergies are: Ecoh.(Zr2CuH5) ¼ �0.436 eV/atom; Ecoh.(Zr2CuH4)
¼ �0.438 eV/atom; Ecoh.(Zr2CuH3) ¼ �0.415 eV/atom;
Ecoh.(Zr2CuH2) ¼ �0.376 eV/atom and Ecoh.(Zr2CuH) ¼ �0.255 eV/
atom. The stabilization along with the xH content goes along with
increasing amounts of electrons which should mainly go into
bonding states. This is addressed in the following sectionwithin the
chemical bonding analysis. It is important tomention that the slight
increase of energy with the 5th hydrogen is in agreement with the
experimental observation that the H5 site is only partially occupied.
Compared to other compound with the same stoichiometry, the
cohesive energy of the saturated compound is close to the one
computed for Zr2CoH5 (Ecoh. ¼ �0.488 eV/atom) lower than the
more ionic Mg2CoH5 with Ecoh. ¼ �0.343 eV/atom [26].

Lastly a charge analysis for the different compositions of the
monoclinic structure gives:

Zr2CuH: Q(Zr) ¼ þ1.13e; Q(Cu) ¼ �1.26e; Q(H1) ¼ �0.76e.

Zr2CuH2: Q(Zr) ¼ þ1.39e; Q(Cu) ¼ �1.22e; Q(H1) ¼ �0.74e;
Q(H2) ¼ �0.78e.

Zr2CuH3: Q(Zr) ¼ þ1.50e; Q(Cu) ¼ �0.89e; Q(H1) ¼ �0.70e;
Q(H2) ¼ �0.74e; Q(H3) ¼ �0.62e.

Zr2CuH4: Q(Zr) ¼ þ1.60e; Q(Cu) ¼ �0.57e; Q(H1) ¼ �0.69e;
Q(H2) ¼ �0.70e; Q(H3) ¼ �0.59e; Q(H4) ¼ �0.60e.

Zr2CuH5: Q(Zr) ¼ þ1.67e; Q(Cu) ¼ �0.22e; Q(H1) ¼ �0.67e;
Q(H2)¼�0.69e; Q(H3)¼�0.56e; Q(H4)¼�0.59e; Q(H5)¼�0.46e.

These results allow suggesting a mechanism of charge transfers
with increasing amounts of hydrogen: the Zr substructure becomes
increasingly ionized through transferring electrons to the hydrogen
sites; on the opposite Cu which is more electronegative is
decreasingly ionized; especially from H3 to H4 and H5, where it
starts contributing to the coordination polyhedron by sharing
electrons partly with corresponding hydrogen. This can also be
explained starting from fluorite structure ZrH2 for which the cal-
culations show it as characterized by a relatively large cohesive
energy: Ecoh. ¼ �0.614 eV/atom and a large charge carried by
hydrogen ofw�0.79e. In MgH2 the hydrogen charge is�0.83e [21].

Comparatively, the presently studied ternaries, all have cohesive
energies below that of ZrH2 and the charges are less ionic. The iono-
covalent character increases with copper as awhole, i.e. even before
it comes in the environment polyhedron and then when it within
[Zr3Cu] tetahedron.

4.2. Energyevolume equations of states

Hydrogen insertion expands the host structure (cf. Table 1) and
interacts with the metal substructures. The first effect which can be
regarded as “negative pressure” increases interatomicmetalemetal
spacing and decreases the magnitude of the overlap between the
orbital ensuring for the bonding. If the expansion role is prevailing
then one expects a more compressible hydrogenated compound.
The bonding magnitude effect is analyzed in Section 5 pertaining to
the chemical bonding. The expansion effect can be examined
through the equilibrium zero pressure parameters from the en-
ergyevolume, E(V), equation of state (EOS) with calculations
around minima found from geometry optimization. The resulting
values are plotted in Fig. 3. The fit of the curves with 3rd order Birch
EOS [28]:

E(V) ¼ Eo(Vo) þ [9/8]VoBo[([(Vo)/V])[2/3] � 1]2

þ [9/16]Bo(B^0 � 4)Vo[([(Vo)/V])[2/3] � 1]3,

provides Eo, Vo, Bo and B0 respectively as the equilibrium energy, the
volume, the bulk modulus and its pressure derivative. For tetrag-
onal Zr2Cu and Zr2CuH2 and for monoclinic Zr2CuH5, the E(V)
curves are given in Fig. 3 with the inserts showing the fit values.

The equilibrium energies and volumes show good agreement
with geometry optimized values. B0 which is around 4 for all
three compounds, is a magnitude unusually encountered (cf.
[11]. and therein cited works). In spite of the volume increase
from the intermetallic to the dihydride and then to the penta-
hydride, the bulk modulus B0 increases continuously. This is a
signature of the effects of hydrogen bonding with the metal
substructure. Such an effect is found prevailing over the volume
expansion.

5. Electronic density of states and chemical bonding
properties

The calculated crystal parameters displayed in Table 1 were
used in subsequent calculations of the electronic density of
states and the chemical bonding assuming spin degeneracy for
all species (non magnetic configuration). At self consistent
convergence the charge transfer follows the trends observed
above with less magnitude and additional charge residues
(corresponding to less than 0.15 electrons) from the atomic
spheres to IS.

Fig. 4(a) and (b) show the site projected density of states (PDOS)
for tetragonal Zr2Cu and Zr2CuH2 respectively accounting for site
multiplicities. Along the abscissa axis the energy is brought to the
Fermi level EF. As expected from the filling of the upper most shells,
i.e. Zr (5s24d2) and Cu (4s13d10), the valence band (VB) is dominated
by Cu (3d) saturated states centered and localized well below EF
at �4 eV. A visual inspection of the hydride’s PDOS shows little
changes for Cu upon hydrogen uptake. Higher intensity Zr PDOS
peaks are seen at EF for the hydride contrary to pristine binary due
to the two H s-electrons injected within VB. The latter can be
explained by the presence of H in [Zr4] tetrahedra (Hypo. 1, ground
state), whence a significant ZreH bonding. The latter is further
evidenced by the similar shape of H and Zr PDOS lines within
[�5 eV; �10 eV]. However the larger PDOS due to Zr at EF does not
lead to magnetic instability as tested by trial spin polarized
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calculations. A broader VB is observed for the hydride with respect
to the intermetallic brought by H s-states.

PDOS for monoclinic Zr2CuH5 are depicted in Fig. 4(c). This
saturated hydride exhibits similar PDOS features despite the pres-
ence of two Zr substructures but a broader and closer to EF Cu d-
states peak is observed at �3 eV. This can be explained by the
presence of Cu within hydrogen surroundings (H3, H4, and H5)
contrary to Zr2CuH2 where H is found in [Zr4] tetrahedra.

Shedding light on the changes of interatomic species in-
teractions upon H uptake is illustrated with chemical bonding
analysis based on COOP criterion described above. This is shown
in Fig. 5 for Zr2Cu and its dihydride. Inter-metal interactions in
pristine intermetallic (cf. Fig. 5(a)) are all of bonding nature

throughout the VB, i.e. with positive intensities along the ordi-
nate axis for most dominant CueZr and ZreZr. Drastic changes
occur upon H insertion, as shown in Fig. 5(b), with prevailing
ZreCu bonding whereas ZreZr are vanishingly small. This is
structurally relevant as Zr constitutes H surroundings in [Zr4]

Fig. 4. Site projected PDOS for: (a) Zr2Cu, (b) Zr2CuH2, and (c) Zr2CuH5.

a)

b)

c)

Fig. 3. Energy versus volume equations of states of: (a) body center tetragonal Zr2Cu,
(b) Zr2CuH2, and (c) body centered monoclinic Zr2CuH5. Respective fit values from
Birch 3rd order EOS are given in inserts. c2 values indicate the goodness of fit.
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tetrahedra. MetaleH interactions are nicely reflected in Fig. 5(c)
with prevailing ZreH bonding throughout the VB. The overall
metalemetal COOP in the dihydride are then weaker than in the
intermetallic. The latter is concomitant with the cohesive en-
ergies on the one hand and the hindering brought by H on the
other hand.

6. Conclusion

Crystal symmetry changes from tetragonal Zr2CuH2 to mono-
clinic Zr2CuH5 induced by H uptake are explained from cohesive
energies computed for Zr2CuHx (x ¼ 1, 2, 3, 4, 5) models. The
structural crossover is identified at 2 < x < 3 in agreement with
experiment. For higher H composition, metal-to-metal interactions
are weakened while metaleH bonding prevails leading to harder
hydrides. Furthermore, ZreH interactions are stronger than CueH.
The latter suggests an H ordering in [Zr4] tetrahedra then [Zr3Cu2]
prisms within Zr2CuH5. From Bader charge analysis, H in [Zr3Cu2] is
found less ionic due to the presence of more electronegative Cu
with respect to Zr leading to better kinetics for potential
applications.
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