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a b s t r a c t

YNi5Hx compounds with x = 0.0, 0.25, 0.5, 1.0, 3.0, 3.5, 4.0 were investigated using density functional the-
ory with ultrasoft pseudopotentials and a plane wave basis set. The formation energetics of the consid-
ered compounds was investigated, and the preference of H atoms for particular interstitial sites was
explored. The enthalpy of formation of the b phase, through the reaction a! b, was calculated and a rea-
sonable correspondence was found between theoretical values and a value that was previously obtained
from experiment.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Among the plethora of structures assumed by the intermetallic
compounds, the so-called hexagonal Haucke phases (CaCu5

structure) have attracted attention due to both their magnetic
properties and for the purposes of hydrogen storage and its related
applications [1,2]. Notable members of the group of hexagonal
Haucke intermetallic compounds that exhibit the desirable hydro-
gen absorption properties are LaNi5 and some LaNi5-based inter-
metallics [2,3].

The binary intermetallic compound YNi5 has also attracted
attention from the point of view of hydrogen absorption properties
[4–10]. Investigations of the YNi5–H2 system [4–10] indicate that
the stability of hydrides in the YNi5–H2 system is considerably
lower than the stability of hydrides in the LaNi5–H2 system.

In order to investigate the stability of different atomic arrange-
ments that could be realised when H atoms enter the YNi5 crystal
structure, density functional theory (DFT) calculations were
performed for various model structures of YNi5Hx (x = 0.0, 0.25,
0.5, 1.0, 3.0, 3.5, 4.0) compounds. More specifically, the investiga-
tions of the stability of the considered compounds included
an investigation of the site preference of H atoms, the energetics
of a solid solution formation and the energetics of the a! b
reaction.
2. Computational details

The DFT calculations were performed using plane waves (PW)
as a basis set and ultrasoft (US) pseudopotentials (PP) [11,12] to
describe the ion cores, as implemented in the QUANTUM ESPRESSO

package [13].
Unless otherwise stated, the calculations included optimizations

of crystal (and molecular for H2) geometries and the presented
results correspond to these relaxed structures.

All investigated YNi5Hx compounds were treated with non-
spin-polarized (NSP) calculations, unless stated otherwise. Y-hcp,
Ni-fcc and the H2 molecule were treated within spin-polarized
(SP) calculations and, as expected, only Ni-fcc was found to be
magnetic.

For the wavefunctions the plane wave cut-off was 35.0 Ry,
while for the charge density and potential it was set to 350.0 Ry.
Generalized gradient approximation (GGA) in the Perdew, Burke
and Ernzerhof (PBE) form [14,15] was used for the calculation of
the exchange–correlation energy.

For the modelling of hydrides YNi5Hx with lower hydrogen con-
tents (x = 0.25, 0.5, 1.0), neutron diffraction data obtained in [16]
and given in Table S1 in the Supplementary data were used. The
CaCu5 structure with the five interstitial positions that were used
to model hydrides with lower hydrogen contents in this work are
shown in Fig. 1. Compositions x = 1.0, 0.5 and 0.25 were modelled
using single (1 � 1 � 1), double (1 � 1 � 2) and quadruple (2 � 2 �
1) CaCu5-type unit cells with one H atom, respectively. Although
the symmetry will be, in general, lowered after the insertion of a
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Fig. 2. bI-LaCo5H3.35 structure [17]. Rose, yellow and blue spheres correspond to the
La-like, Co-like and H atoms, respectively. The figure was produced with the VESTA
programme [72]. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 3. bIII-CeCo5H2.55 structure [17]. Rose, yellow and blue spheres correspond to
the Ce-like, Co-like and H atoms, respectively. The figure was produced with the
VESTA programme [72]. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 1. CaCu5 structure with five interstitial positions [16]. Rose, yellow and blue
spheres correspond to the Ca-like atoms, Cu-like atoms and interstitial positions (or
H atoms), respectively. The figure was produced with the VESTA programme [72].
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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H atom into the YNi5 structure, the interstitial positions will be
labelled as if the original space group of the intermetallic
compound YNi5 (P6/mmm) is conserved.

We also note that in this work we use the two formulae RnNi5nHxn

and RNi5Hx interchangeably.
Hydrides with higher hydrogen contents (x P 3:0) were mod-

elled using crystal structure parameters obtained from neutron
diffraction experiments for bI-LaCo5D3.35 (see Table S2) and
bIII-CeCo5D2.55 phase (see Table S3) [17]. Unit cells of the
bI-LaCo5D3.35 and bIII-CeCo5D2.55 phases are given in Figs. 2 and 3,
respectively. Unless stated otherwise, the results reported for
compounds with x P 3:0 are those corresponding to the crystal
structures derived on the basis of the bI-LaCo5D3.35 phase [17].

Brillouin zone (BZ) integrations were performed using Monk-
horst–Pack [18] k-point meshes along with the Marzari–Vanderbilt
(MV) cold-smearing (CS) method [19] with a broadening of 0.01 Ry.

For BZ integrations, 12 � 12 � 12 k-meshes, or appropriately
reduced k-meshes, were used for single or multiple CaCu5-like unit
cells, respectively. For hydrides that were modelled using crystal
structure data determined for the bI-LaCo5D3.35 phase [17], 13 �
12 � 12 (see footnote1) and 6 � 10 � 14 k-meshes were used for
the primitive (one YNi5 f.u./(unit cell)) and conventional (two YNi5

f.u./(unit cell)) unit cells, respectively. In the case of the YNi5H3 com-
position that was modelled with the structure isostructural to the
bIII-CeCo5D2.55 phase [17], a 12 � 12 � 6 k-mesh was used for prim-
itive unit cell (two YNi5 f.u./(unit cell)). The Y-hcp and Ni-fcc
k-meshes employed in the calculations were 20 � 20 � 10 and
20 � 20 � 20, respectively. For calculation on the H2 molecule a
cubic box with sides 20.0 a.u. � 20.0 a.u. � 20.0 a.u. was used, and
the calculation was performed solely for the C point of the BZ.

Depending on the context, different notations for the enthalpy of
formation were used in this work. The enthalpy of formation of
chemical species C; DHðCÞ, through reaction Aþ B! C is calcu-
lated as DHðCÞ ¼ EðCÞ � ðEðAÞ þ EðBÞÞ, where EðXÞ is the total energy
of chemical species X. On the other hand, the enthalpy of formation
denoted as DHx1!x2 applies to the following reaction [20],

2
x2 � x1

YNi5Hx1 þH2 !
2

x2 � x1
YNi5Hx2 : ð1Þ
1 13 � 12 � 12 k-mesh corresponds to the reciprocal lattice that is constructed
from the direct primitive lattice parameters given in the following order: c, a and b = a
i.e. lattice parameters are exchanged relative to the usual convention. Results with
these exchanged lattice parameters are given in Table S7 in the Supplementary data.
In the following, if the meaning is clear from the context the
notation DHx1!x2 is abbreviated with DH or DE. Unless stated
otherwise, contributions from zero-point energies (ZPE) are not
included in the calculated enthalpies of formation.

3. Results and discussion

3.1. Intermetallic compound YNi5

Results of the present US-PP-GGA calculations on YNi5 are given
in Table 1, along with previously obtained experimental and theo-
retical results.

The experimental and theoretical studies on YNi5 are numerous
and the set of references given in Table 1 is certainly not complete.
Without aiming to give a complete set of references of the electronic
structure calculations on YNi5 and its related hydrides we note that,
apart from the references given in Table 1, additional electronic
structure calculations on YNi5 and related hydrides include also
[21–30]. Different computational approaches were used for the
calculations, namely the full potential (FP) linear muffin-tin
orbital (LMTO) method with the local density approximation
(LDA) in [21,22], FP-LMTO-LDA and LMTO in the atomic sphere



Table 1
Results obtained from non-spin-polarized (NSP) and spin-polarized (SP) calculations for intermetallic compound YNi5. Some previous experimental (exp.) and theoretical (theo.)
results are also given. Enthalpy of formation, DH(YNi5), applies to the reaction Y + 5Ni! YNi5. NSP and SP values of DH(YNi5) were obtained from, NSP and SP values of the total
energy of YNi5, respectively, while for both (NSP and SP) cases the total energies of Y and Ni were obtained from SP calculations. Additional abbreviations: PM-paramagnetic.

YNi5

Present results Previous results

NSP SP Exp. Theo.

a (Å) 4.889 4.893 4.869 [10] 4.876 [31–34], 4.800 [35–37], 4.86310 [38]

c (Å) 3.956 3.964 3.972 [10] 3.950 [31–34], 4.094 [35–37], 3.94927 [38]

Mspin (lB/f.u.) – 1.63 PM [39], PM [40], PM [41], PM [44] 1.5073 [31–34], 1.720 [35–37], 1.513 [38], 0 [42], 0 [43], 0 [45], 0.17 [46]

DH(YNi5) (kJ/(mol YNi5)) �181.2 �185.9 �204.6 [47], �127.7 [48] �186.5 [31–34], �201.3 [38], �211.2 [47], �156 [49]
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approximation (ASA) with LDA in [23], pseudopotentials with GGA
in [24], LMTO-ASA-LDA in [28] and the discrete variational (DV)-Xa
cluster method in [25–27,29,30].

From Table 1 it can be seen that there is good agreement
between the lattice parameters of YNi5 as previously obtained from
experiment [10] with the data obtained from our calculations. Pre-
vious theoretical values [31–38] are mainly in good agreement
with previous experimental [10] values and our theoretical values.

It may be noted that there is a significant difference between the
two experimental values of the enthalpy of formation of YNi5,
DH(YNi5), that were given in [47] and [48]. The value of DH(YNi5) =
�204.6 kJ/(mol YNi5) [47] seems to agree better than the value of
�127.7 kJ/(mol YNi5) [48] with the values obtained from our DFT
calculations (�181.2 (�185.9) kJ/(mol YNi5) for NSP (SP) calcula-
tions), and previous ones, with �186.5 kJ/(mol YNi5) (projector
augmented wave (PAW)-GGA method) [31–34] and �201.3 kJ/
(mol YNi5) (PAW-GGA) [38]. The semiempirical tight-binding (TB)
Hartree-Fock (HF) approach was used in [47] and the calculated
value was�211.2 kJ/(mol YNi5), in a fair agreement with the values
obtained from our and previous [31–34,38] DFT calculations, and an
experimental value of �204.6 kJ/(mol YNi5) [47]. Besides DFT and
semiempirical TB-HF approaches, the Miedema model [50,51]
was also employed for the calculation of the enthalpy of formation
of YNi5, and the obtained value was�156 kJ/(mol YNi5) [49]. This is
seemingly too high when compared with present and previous
theoretical [31–34,38,47] results, as well as the previous experi-
mental result [47]. On the other hand, the other experimental value
[48] is somewhat higher than the value Niessen et al. [49] obtained
using the Miedema model [50,51].

According to the experimental investigations of the magnetic
properties of YNi5, this compound is paramagnetic [39–41,44]. While
in present calculations it was found that a magnetic state is more sta-
ble than a nonmagnetic state, with a spin magnetic moment of 1.63
lB/f.u., previous DFT calculations resulted in both nonmagnetic
[42,43,45] and magnetic [31–38,46] states. More precisely, a solution
with zero magnetic moment was obtained in the previous LMTO-
ASA-LSDA (LSDA-local spin density approximation) [42], TB-LMTO-
ASA-LSDA [43] and FP-LMTO-LSDA calculations [45], while a mag-
netic solution was obtained in the previous PAW-GGA [31–38] and
KKR-ASA-LSDA (KKR–Korringa–Kohn–Rostoker) [46] calculations.

The spin magnetic moment of 1.63 lB/f.u. obtained in the present
work agrees well with the former values of 1.5073 lB/f.u. [31–34],
1.720 lB/f.u. [35–37] and 1.513 lB/f.u. [38] while the former value
of 0.17 lB/f.u. [46] seems to be somewhat too low when compared
with the present value and other theoretical values given in [31–38].
Fig. 4. Total energy changes for steps (1) YNi5! YNi5H0 and (2) YNi5H0 + 1/2H2!
YNi5H as well as the full reaction YNi5 + 1/2H2 ! YNi5H vs. calculated radii ðrISÞ of
interstitial spheres for 3f, 4h, 12o, 12n and 6m sites in YNi5. The local coordination
of the interstitial sites is also provided [16,52–54]. Abbreviations: T-tetrahedral,
O-octahedral.
3.2. YNi5Hx (x = 0.25, 0.5, 1.0) compounds and the stability of the
a-solid solution

In the CaCu5 structure there are three different crystallographic
positions which accommodate metal atoms, and it is generally
accepted that there are five (3f, 4h, 12o, 12n and 6m) [16,52–54]
or six (3f, 4h, 12o, 12n, 6m and 6i) [55–57] interstitial crystallo-
graphic positions that should be considered as possible locations
for hydrogen atoms. It should be noted that among the six
positions, three of them (3f, 12n and 6i) are very close to one
another in LaNi5Hx compounds [55–57]. They are related as
follows: 3f (1/2, 0, 0) ! 6i (1/2, 0, z6i) ! 12n (x12n, 0, z12n) [58]
where x12n will be close to 1/2, while z6i and z12n will be close
to 0 [55–57]. In this paper only five (3f, 4h, 12o, 12n and 6m)
interstitial positions will be considered, unless otherwise stated.

In this section the relative stability of different structures,
corresponding to the H atom occupation of different interstitial
positions, will be explored in the case of YNi5H and YNi5H0.5

compositions.
From Figs. 4 and 5 it can be seen that the most stable position

for the accommodation of hydrogen atoms is the 12n position,
and that the 3f position is the second most stable. The 12n position
was also found to be the most stable in the US-PP-GGA study
on LaNi5Hx [54], the FP linearized augmented plane wave
(LAPW)-GGA study on LaNi5Hx [59], the US-PP-GGA study
on SmNi5�xGaxHy (on the SmNi5Hx composition) [60] and the
US-PP-GGA study on CaNi5Hx [61] compounds.

We also note that the sequence of stability of different intersti-
tial sites is the same for YNi5H and YNi5H0.5 compositions, and that
it is identical to the sequences of stability previously found for
CaNi5Hx [61] and SmNi5Hx [60] compounds.

In Fig. 4 the local coordination of interstitial sites is also
indicated [16,52–54]. Although the 12n site is given in both
tetrahedral (T) and octahedral (O) coordinations [16,52–54] in
Fig. 4, it was found in previous studies [16,52–57,59,61] and in
the present work (Tables 3, and S4 and S5 in Supplementary data)
that the 12n site is very close to the 3f site. Therefore, it may be
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volume change DV = (V(YNi5Hx) � V(YNi5))/x for the 3f, 4h, 12o, 12n and 6m
interstitial sites.

Table 2
Interstitial positions and radii calculated for YNi5 according to the geometrical
approach described in [53]. Lattice parameters used for the calculation of atomic
positions and interstitial radii are those obtained from present DFT calculations:
a = 4.889 Åand c = 3.956 Å.

Interstitial positions and radii in YNi5

Position x y z rIS (Å)

3f 1/2 0 0 0.204
4h 1/3 2/3 0.374 0.274
12o 0.197 0.394 0.270 0.366
12n 0.394 0 0.120 0.369
6m 0.100 0.200 1/2 0.538
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regarded as an octahedral site [54,61]. The coordinates of the five
interstitial sites, as obtained for LaNi5Dx compounds from neutron
diffraction [16] (see, also, Table S1), also indicate that the 12n and
3f sites are close.

Although we are not aware of any neutron diffraction studies
that were performed to determine the positions of H (D) atoms
in YNi5Hx compounds, it seems reasonable to compare the present
results with neutron diffraction results obtained on the LaNi5Dx

[62–64,55,56] and CaNi5Dx [65,66] compounds with low hydrogen
(deuterium) content (x < 1.0). Results obtained in the present work,
which show that H atoms prefer 12n and 3f sites that can be both
regarded as octahedral sites [54], seem to be in accordance with
these neutron diffraction studies, which also indicated a noticeable
tendency of D atoms to occupy octahedral-like sites.

In the past the so-called Westlake geometrical approach [52,67]
was used to explain the occupation of particular interstitial sites,
the arrangement of H atoms and the maximum hydrogen content
in metal hydrides. The model is based on the two criteria that
should be met by stable hydrides [52,67]: a minimum radius of
the interstitial hole of 0.4 Å and a minimum distance between H
atoms of 2.1 Å.

Accordingly, whether there is a correlation between the ener-
getics of formation of YNi5H hydride and the size of the corre-
sponding interstitial site will be investigated.

Following [68,69], the reaction YNi5 + 1/2H2 ! YNi5H will be
resolved into two steps: (1) YNi5 ! YNi5H0 and (2) YNi5H0 + 1/
2H2! YNi5H. Step 1 is distortion and expansion of the YNi5 struc-
ture to the arrangement of metal atoms in YNi5H and step 2 is the
insertion of the H atom into the expanded and distorted structure
YNi5H0. In Fig. 4 the total energy changes for the two steps are
shown, together with total energy change for the full reaction vs.
radii of interstitial spheres for the interstitial sites 3f, 4h, 12o,
12n and 6m.

Interstitial radii were calculated according to the procedure
given in [53]. Additional comments about the calculation of inter-
stitial sphere radii are given in the footnote.2 The interstitial radii
and atomic positions calculated from geometric conditions [53]
2 The radii of interstitial spheres in YNi5 are calculated according to [53] and the
presently calculated lattice parameters a = 4.889 Å and c = 3.956 Å were used for their
calculation. The 3f site is regarded as an octahedral site and its radius (i.e. the radius
of the inscribed sphere) is calculated from the distance between the interstitial atom
and the nearest metal atom [53]. Other interstitial sites are regarded as tetrahedral
sites and the radius of the corresponding interstitial sphere is calculated from the
requirement of the contact between this sphere and all metal atoms (i.e. correspond-
ing spheres) at the vertices of the tetrahedron [53].
can be found in Table 2. It may be also noted from Table 2 that
the 12n and 3f positions obtained from the geometrical approach
seem to be more distant relative to the positions obtained from
the present DFT calculations (Tables 3, S4 and S5).

The purpose of splitting the reaction YNi5 + 1/2H2! YNi5H into
two steps is to analyse the two contributions and their relation to
rIS separately.

From the geometrical model [52,67] one would expect that
interstitial sites with larger interstitial sphere radii will be more
suitable for the accommodation of H atoms (i.e. the corresponding
hydrides will be more stable) than those with smaller interstitial
spheres.

Since the radius of the sphere inscribed in the octahedral 3f site
is calculated differently from the radii of the spheres inscribed in
other sites that are assumed to be tetrahedral ([53] and footnote2),
tetrahedral sites will be discussed at first and the 3f site will be
included in the discussion afterward.

From Fig. 4 it follows that the expected relation between DH
and rIS for tetrahedral sites is not fully obeyed. The 4h, 12o and
12n sites exhibit a trend that is in agreement with the geometrical
model [52,67], while the 6m site deviates from this expected trend
[52,67].

If, on the other hand, the contribution from the partial step YNi5

! YNi5H0 is examined with respect to the geometrical model
[52,67], it can be observed that for the first step all tetrahedral sites
(4h, 12o, 12n and 6m) follow the expected trend [52,67] (i.e. larger
rIS corresponds to the lower DE).

The octahedral 3f site deviates significantly from the trend fol-
lowed by the other sites for both the full reaction YNi5 + 1/2H2 !
YNi5H and first step YNi5! YNi5H0. As given in [53] and footnote2,
rIS for the octahedral 3f site is calculated using different inter-
atomic connections than for the tetrahedral sites, and this may
be the reason for its deviating behaviour. It could be concluded that
the effective volume of the 3f site is larger and that its ability to
accommodate H atoms is higher than may be concluded from its
rIS.

The correlation between rIS and total energy changes for step 2)
YNi5H0+1/2H2 ! YNi5H appear to be less obvious than the analo-
gous correlation found for step 1.

In Fig. 5 total energy changes for reactions YNi5 + 1/4H2! YNi5-

H0.5, YNi5 + 1/2H2 ! YNi5H and steps (1) YNi5 ! YNi5H0 and (2)
YNi5H0 + 1/2H2 ! YNi5H are given vs. DV = (V(YNi5Hx) � V(YNi5))/
x for the five interstitial sites.

With the expected exception of the 3f site, DV values of partic-
ular interstitial sites follow the trend expected from the geometri-
cal model [52,67], with a larger DV corresponding to a smaller rIS

(Table 2).
An interesting feature is shown in DE vs. DV for step 2. It con-

sists of the dip in the total energy change vs. DV , which is located
at the 12n (and close to the 3f) interstitial site. The same feature is
also found in the overall energy change, DH vs. DV , for both reac-
tions YNi5 + x/2H2 ! YNi5Hx (x = 0.5, 1.0). We also note that the
same dip for the insertion of the H atom (step 2) and the overall



Table 3
Optimized crystal structure parameters of YNi5H hydrides with H atoms occupying interstitial 3f, 4h, 12o, 12n and 6m sites.

a (Å) b (Å) c (Å) a (�) b (�) c (�)

YNi5H3f 4.840 5.045 3.963 90.00 90.00 118.66
YNi5H4h 4.982 4.982 4.034 90.00 90.00 120.00
YNi5H12o 5.021 4.925 4.006 88.90 90.00 120.65
YNi5H12n 4.828 5.015 4.004 90.00 90.00 118.78
YNi5H6m 5.000 4.921 3.980 90.00 90.00 120.54

Y Ni Ni Ni Ni Ni H

YNi5H3f x 0.0000 0.3173 0.6827 0.5000 0.0000 0.5000 0.5000
y 0.0000 0.6347 0.3653 0.0000 0.5000 0.5000 0.0000
z 0.0000 0.0000 0.0000 0.5000 0.5000 0.5000 0.0000

YNi5H4h x 0.0000 0.3333 0.6667 0.5076 �0.0151 0.5076 0.3333
y 0.0000 0.6667 0.3333 0.0151 0.4924 0.4924 0.6667
z 0.0016 �0.0217 0.0014 0.5058 0.5058 0.5058 0.3705

YNi5H12o x �0.0051 0.3393 0.6605 0.5012 �0.0070 0.5131 0.2020
y �0.0101 0.6785 0.3210 0.0023 0.5061 0.5061 0.4040
z �0.0220 0.0098 0.0109 0.5130 0.5164 0.5164 0.3094

YNi5H12n x �0.0064 0.3122 0.6750 0.4936 �0.0064 0.4936 0.4935
y 0.0000 0.6372 0.3628 0.0000 0.5000 0.5000 0.0000
z 0.0055 0.0000 0.0000 0.5095 0.5032 0.5032 0.0955

YNi5H6m x �0.0023 0.3394 0.6621 0.4987 �0.0058 0.5062 0.1376
y �0.0045 0.6787 0.3243 �0.0025 0.5004 0.5004 0.2752
z 0.0000 0.0000 0.0000 0.5000 0.5000 0.5000 0.5000

Table 4
Optimized crystal structure parameters of the YNi5H4 compound.

YNi5H4 (space group Cmmm)

a (Å) b (Å) c (Å)

8.729 5.259 4.032

Atom Position x y z

Y 2a 0.0000 0.0000 0.0000
Ni1 4g 0.3592 0.0000 0.0000
Ni2 2c 0.5000 0.0000 0.5000
Ni3 4f 0.2500 0.2500 0.5000
H1 4e 0.2500 0.2500 0.0000
H2 4h 0.1380 0.0000 0.5000
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reaction was also found in previous work on CaNi5Hx hydrides [61].
This dip is probably a consequence of the well known fact that at
some optimum interatomic distance the total energy will exhibit
a minimum (i.e. that cohesion will be at its maximum) [70]. Finally,
we note that the DV value that corresponds to the dip is about 3.0
Å3/(H atom) for x = 0.5 and 3.1 Å3/(H atom) for x = 1.0 and that this
value is in a good agreement with the value of 2.9 Å3/(H atom)
given by the rule extracted from experimental observations [71].

After the site preference of H atoms in the YNi5 metal matrix
has been determined, the stability of the a solid solution can be
discussed. It should be noted that the pressure–composition iso-
therms given in [7,9,10] have certain discrepancies in their results.
According to [7], in the approximate interval of 0 < x < 2.5
(x = n(H)/n(YNi5)) there are three different hydride phases and
two two-phase coexistence regions at 294 K. According to the
absorption isotherms measured in [9,10] that were measured at
248 K and 296 K, respectively, there are only two hydride phases
and one two-phase coexistence region in the approximate intervals
of 0 < x < 3.0 (at 248 K) and 0 < x < 4.5 (at 296 K). The boundary of
the region of the a solid solution would be roughly at about x = 0.5
at 296 K [10] (or lower at 248 K [9]). It should be noted that there is
a significant difference between the absorption and desorption iso-
therms measured at the same temperatures in [9,10], and that
two-phase coexistence region (indicated by pressure plateaux)
found in one isotherm could be absent in the other. Isotherm given
in [7] indicates that the border of the region of the a solid solution
would be lower than x = 0.5 at 294 K.

If not stated otherwise, in this work we assume that, in accor-
dance with [9,10], only two phases and one two-phase coexistence
region exist in the approximate interval of 0 < x < 4.5 at low
temperatures.

To investigate how the enthalpy of formation of the a solid solu-
tion depends on the composition, a composition with x = 0.25 was
modelled. The H atom was placed, according to the above results,
at the 12n site (YNi5H12n

0:25 or Y4Ni20H12n). The enthalpies of forma-
tion of YNi5H12n

x hydrides, DH0:0!x, calculated in the present work
are �4.4 kJ/(mol H2), �8.8 kJ/(mol H2) and �12.6 kJ/(mol H2) for
x = 0.25, 0.5 and 1.0, respectively. To the best of our knowledge, a
corresponding value that could be obtained either from experi-
ment or from some other theoretical study is not available at
present.
3.3. YNi5Hx (x = 3.0, 3.5, 4.0) compounds and the a! b reaction

The pressure–composition isotherms given in [10] indicate that
a single phase region of the b-phase extends approximately in the
region of about x P 4:5, while the two phase a–b region is found
approximately between 0:5 6 x 6 4:5, at 296 K.

Since the crystal structure of the YNi5Hx hydrides is, to the best
of our knowledge, not known at present, in order to model the
crystal structure of YNi5Hx compounds with x P 3.0, the crystal
structures of the bI-LaCo5D3.35 and bIII-CeCo5D2.55 phases [17] were
used in the present work.

In Table S2 the crystal structure parameters, as determined
from a neutron diffraction experiment on a bI-LaCo5D3.35 com-
pound [17], are provided. Three different compositions were mod-
elled, namely YNi5H3.0, YNi5H3.5 and YNi5H4.0. According to [17]
(see, also, Table S2) a full occupancy of D positions in bI phase
deuteride LaCo5Dx would result in the composition LaCo5D4 or,
analogously, in the YNi5H4 composition in the case of YNi5Hx com-
pounds. Therefore, these data were used to model the YNi5H4 com-
position in the present study, and the corresponding crystal
structure parameters obtained in the present calculations are given
in Table 4. The conventional unit cell of the bI phase LaCo5D3.35 is
base centred orthorhombic, containing two f.u., and the primitive
unit cell contains one f.u. Therefore, hydrides with lower hydrogen
contents can be realised either by removing one H atom from one
of the two crystallographic H positions in the conventional unit cell
(Y2Ni10H7 or YNi5H3.5 composition), or by removing one H atom
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from one of the two crystallographic H positions in the primitive
unit cell (YNi5H3.0 composition). It should be determined whether
the removal of the H atom from the 4e or from the 4h position will
result in a more stable structure. For both YNi5H3.5 and YNi5H3.0

compositions it was found that removal from the 4e position
results in a more stable structure, with energy differences of 6.3
kJ/(mol H2) and 14.5 kJ/(mol H2), respectively. Therefore, for both
YNi5H3.5 and YNi5H3.0 compositions with crystal structures
modelled on the basis of the bI phase LaCo5D3.35, structures with
one atom removed from the 4e position in the conventional and
primitive unit cell, respectively, will be used for the calculation
of the enthalpies of formation.

As an additional model for the YNi5H3.0 composition, crystal
structure data of the bIII-CeCo5D2.55 phase [17] (see Table S3) with
H occupancies set to 1.0 were used in the present work, and the
corresponding crystal structure parameters obtained are given in
Table 5.

Since there are two crystal structure models that represent the
YNi5H3.0 composition, it is necessary to compare their relative
stability. The structure modelled on the basis of the bIII-CeCo5D2.55

phase is more stable by 1.5 kJ/(mol H2) than the structure modelled
on the basis of the bI-LaCo5D3.35 phase.

In Table 6 the enthalpies of formation corresponding to the
reaction (1) obtained from non-spin-polarized calculations are
given. The previous experimental result [10], which provides the
enthalpy of formation of the b phase from the a phase and molec-
ular hydrogen according to the reaction (1), is also given in Table 6.

Different starting and ending compositions and the correspond-
ing structural models are used for the calculation of the
Table 5
Optimized crystal structure parameters of the YNi5H3 compound.

YNi5H3 (space group Cccm)

a (Å) b (Å) c (Å)

8.615 5.125 8.048

Atom Position x y z

Y 4c 0.0000 0.0000 0.0000
Ni1 8l 0.3477 0.9694 0.0000
Ni2 4b 0.5000 0.0000 0.2500
Ni3 8k 0.2500 0.2500 0.2394
H1 4e 0.2500 0.2500 0.0000
H2 8g 0.1354 0.0000 0.2500

Table 6
Results of non-spin-polarized calculations for the enthalpies of formation
for the reaction (1). The previous experimental result [10] is also provided
for comparison.

DH (kJ/(mol H2))

Present results
DH0:0!3:0

a �17.9a

DH0:0!3:0
b �19.5b

DH0:0!3:5
a �17.0a

DH0:0!4:0
a �16.9a

DH0:25!3:0
a �19.1a

DH0:25!3:0
b �20.8b

DH0:25!3:5
a �18.0a

DH0:25!4:0
a �17.7a

DH0:5!3:0
a �19.7a

DH0:5!3:0
b �21.6b

DH0:5!3:5
a �18.4a

DH0:5!4:0
a �18.0a

Previous experimental result
DHa!b �21.9 � 1.7 [10]

a This value was obtained using bI-LaCo5D3.35 phase [17] as a model for
the corresponding YNi5Hx composition.

b This value was obtained using bIII-CeCo5D2.55 phase [17] as a model for
the YNi5H3.0 composition.
corresponding enthalpies for two reasons, these being to model
each phase with more than one model to hopefully employ
an approximately appropriate model and to examine the sensitiv-
ity of results on the different structural models used for the
calculations.

From the examination of the enthalpies calculated in the pres-
ent work, and given in Table 6, it can be seen that their values lie
in a relatively narrow range of �16.9 to �21.6 kJ/(mol H2), demon-
strating that the enthalpy is not too sensitive to the details of the
model used for its calculation. Moreover, the borders of this
interval of calculated values correspond to 77% and 99% of the
experimentally determined value of �21.9 � 1.7 kJ/(mol H2),
respectively [10].

If one reduces the considered phases to those that contain
hydrogen (i.e. if one removes x1 = 0.0 for the a phase) in Table 6,
the set of values given in Table 6 is then reduced to the interval
�17.7 to �21.6 kJ/(mol H2), and these borders correspond to 81%
and 99% of the experimental value, respectively [10].
3.4. Inclusion of zero-point energy corrections

The theoretical results obtained in the present work and dis-
cussed above do not include zero-point energy (ZPE) corrections.
According to the calculations of the ZPE in LaNi5H compounds with
H atoms in the 12n, 6m, 12o and 4h positions, the ZPE of LaNi5H12n

was found to be the lowest among considered interstitial positions
[73]. Therefore, we believe that our conclusion that H atom will
occupy the 12n position in the case of YNi5Hx (x = 0.25, 0.5, 1.0)
compounds will not change after inclusion of ZPE corrections.

To check the possible influence of ZPE corrections on the ener-
getics of the a! b reaction, phonon spectra were calculated for
YNi5, H2 and YNi5H4 in the bI-LaCo5D3.35 (i.e. bI-LaCo5D4.0) phase
structure [17] using density functional perturbation theory (DFPT)
[74–76]. In the case of YNi5, the calculated ZPE was 19.1 kJ/(mol
YNi5). The calculated vibrational frequency of the H2 molecule
was found to be x = 4337 cm�1 (corresponding to a ZPE of 25.9
kJ/(mol H2)), compared to a previously calculated DFT value
of 4399 cm�1 [77] and experimental value of 4405 cm�1 [77].
However, in the case of YNi5H4 imaginary frequencies were found,
indicating a structural instability in this compound. It seems that
this finding is in agreement with previous DFT calculations on
isostructural compound LaCo5H4, where structural instabilities
were also detected [77]. The two imaginary frequencies correspond
almost entirely to the vibrations of the two H atoms on the 4e
positions (space group Cmmm), that are located at the centres of
Table 7
Optimized crystal structure parameters of the YNi5H4 compound (bI-LaCo5D4.0-like
structure) with the initial positions of the H atoms shifted to avoid imaginary modes.

YNi5H4

a (Å) b (Å) c (Å)

4.129 5.041 5.041

a (�) b (�) c (�)

61.79 90.00 90.00

Atom x y z

Y 0.0430 0.0400 0.0400
Ni 0.0013 0.3958 0.3958
Ni 0.0013 0.6842 0.6842
Ni 0.5076 0.5400 0.5400
Ni 0.5177 0.5400 0.0400
Ni 0.5177 0.0400 0.5400
H 0.1105 0.5402 0.0400
H 0.1105 0.0400 0.5402
H 0.5451 0.1749 0.1749
H 0.5453 0.9050 0.9050
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the Y2Ni4 octahedra. In the case of the P6/mmm space group these
correspond to the 3f positions and this result is also in agreement
with previous DFT analysis of the vibrational properties of H atoms
in LaNi5Hx compounds, where it was found that the interstitial 3f
position does not correspond to the local minimum of total energy
[57].

We have performed additional geometry optimization of the
YNi5H4 composition with H atoms shifted from their positions. This
resulted in a structure (Table 7) without imaginary frequencies,
that was more stable by 4.2 kJ/(mol H2) than the structure that
used the initial crystal structure parameters obtained in [17]. If this
structure is used as a model of the b phase, theory is brought in
even closer agreement with experiment, with DH0:25!4:00 = �22.2
kJ/(mol H2) and DH0:5!4:00 = �22.8 kJ/(mol H2), compared to the
experimental value of �21.9 � 1.7 [10].

The calculated ZPE for this additionally relaxed YNi5H4

compound was 89.8 kJ/(mol YNi5H4), and the ZPE change for
the reaction YNi5 + 2H2 ! YNi5H4 is then DEZPE = 9.4 kJ/(mol H2).
This value can be used to approximately correct the above
values for the enthalpies of formation, giving approximate ZPE
corrected (AZPEC) values of DHAZPEC

0:25!4:00 = �12.8 kJ/(mol H2) and
DHAZPEC

0:5!4:00 = �13.4 kJ/(mol H2). The inclusion of the ZPE correction,
therefore, degrades the agreement between the present theoretical
results and experiment, resulting in theoretical values of about 58%
and 67% of the experimental value [10].

4. Conclusion

DFT calculations were performed for YNi5Hx compounds with
x = 0.0, 0.25, 0.5, 1.0, 3.0, 3.5, 4.0. The calculations employed ultra-
soft pseudopotentials and a plane wave basis set. The formation
energetics and the preference of H atoms for particular interstitial
sites was explored for the YNi5Hx compounds.

It was found that H atoms prefer the 12n (and 3f) interstitial
sites, in accordance with previous experimental and theoretical
studies on the hydrides (deuterides) of isostructural ANi5 com-
pounds in which H (D) atoms were found to preferentially occupy
octahedral-like sites.

The obtained results are analysed with respect to a geometrical
model [52,67], and certain correlations were found between the
radii of interstitial spheres and the total energy changes that occur
in the specific abstract steps of the formation of the hydrides, as
well as the corresponding enthalpies of formation.

The crystal structures of the a and b phases were modelled and
the enthalpy of formation for the a! b reaction was calculated.
Calculated values for the enthalpy of formation for the a! b
reaction were found to be in reasonable agreement with a value
previously obtained from experiment.
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[43] G.I. Miletić, Ž. Blažina, J. Alloy. Compd. 335 (2002) 81–90.
[44] A. Kuchin, A. Ermolenko, V. Khrabrov, G. Makarova, E. Belozerov, J. Magn.

Magn. Mater. 159 (1996) L309–L312.
[45] G.E. Grechnev, A.V. Logosha, I.V. Svechkarev, A.G. Kuchin, Y.A. Kulikov, P.A.

Korzhavyi, O. Eriksson, Low Temp. Phys. 32 (2006) 1140–1146.
[46] A. Bajorek, D. Stysiak, G. Chełkowska, J. Deniszczyk, W. Borgieł, M. Neumann,

Mater. Sci.-Pol. 24 (2006) 867–874.
[47] A. Pasturel, C. Colinet, C. Allibert, P. Hicter, A. Percheron-Guegan, J.C. Achard,

Phys. Status Solidi B 125 (1984) 101–106.
[48] P.R. Subramanian, J.F. Smith, Metall. Trans. B 16 (1985) 577–584.
[49] A.K. Niessen, A.R. Miedema, F.R. de Boer, R. Boom, Phys. B 152 (1988) 303–346.
[50] A.R. Miedema, R. Boom, F.R. De Boer, J. Less-Common Met. 41 (1975) 283–298.
[51] A.R. Miedema, P.F. de Châtel, F.R. de Boer, Phys. B+C 100 (1980) 1–28.
[52] D.G. Westlake, J. Less-Common Met. 91 (1983) 275–292.
[53] K.J. Gross, A. Züttel, L. Schlapbach, J. Alloy. Compd. 274 (1998) 239–247.

http://dx.doi.org/10.1016/j.jallcom.2014.10.106
http://dx.doi.org/10.1016/j.jallcom.2014.10.106
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0005
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0010
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0015
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0025
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0030
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0030
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0035
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0035
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0040
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0045
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0045
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0050
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0050
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0055
http://www.quantum-espresso.org
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0065
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0065
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0065
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0065
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0065
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0065
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0065
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0070
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0075
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0080
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0080
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0085
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0090
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0095
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0095
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0100
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0105
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0105
http://gurka.fysik.uu.se/ESP
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0115
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0115
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0120
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0120
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0125
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0125
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0130
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0135
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0140
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0145
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0150
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0150
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0155
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0155
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0160
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0160
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0165
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0165
http://materialsproject.org/
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0175
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0180
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0180
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0180
http://aflowlib.org
http://alloy.phys.cmu.edu
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0195
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0200
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0200
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0205
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0210
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0210
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0215
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0220
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0220
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0225
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0225
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0230
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0230
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0235
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0235
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0240
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0245
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0250
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0255
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0260
http://refhub.elsevier.com/S0925-8388(14)02535-3/h0265
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