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a b s t r a c t

The hydrogenation properties of the LaNi5 (CaCu5 type, hP6, P6/mmm) and Pd substituted derivatives

LaNi5�xPdx compounds have been studied in the whole homogeneity range of the solid solution

(0.25rxr1.5). The pressure versus hydrogen content isotherms show several plateaus and an increase

of the plateau pressure as a function of palladium concentration. The volume increase of the Pd

substituted alloys should have resulted in a lowering, and not an increase, of the plateau pressure,

according to the conventional models based on the size effect. In order to elucidate the origin of this

anomalous behavior, both an experimental and a theoretical ab initio electronic structure investigation

have been carried out. Experimentally, the nature and the structural properties of the hydrides have been

studied by both in situ and ex situ neutron diffraction. The crystal structures of the three hydride phases

are reported (LaNi3.5Pd1.5D1.96, filled-up CaCu5 type, P6/mmm; LaNi4PdD2.72, LaNi2(Ni0.75Pt0.25)3H2.61

type, oI128, Ibam; LaNi4.75Pd0.25D5.67, partly ordered CaCu5 type, P6mm). In addition, the phase diagram of

LaNi5�xPdx-H system has been investigated. The electronic and thermodynamic properties of both

intermetallic compounds and the hydrides have been studied by ab initio electronic structure calculations.

The theoretical results are in good agreement with our experimental data, and show that electronic

interactions play a major role in the hydrogenation behavior of these Pd substituted intermetallic

compounds, and that these effects cannot be accounted for by a simplistic model based on the size

effect alone.

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

The intermetallic compound (IMC) LaNi5 is well known for its
ability to store hydrogen reversibly at pressures and temperatures
of interest for applications close to ambient conditions [1]. Con-
sequently, it serves as a reference compound to understand the
physical and chemical phenomena influencing the hydrogenation
properties. The effects of substitutions at lanthanum and nickel
sites by many different elements on the hydrogen absorption and
thermodynamical properties, the hydrogen storage capacity, and
the ageing behavior during hydrogen cycling have been studied in
detail. One of the most remarkable and nearly universal observa-
tion from these studies is the stabilization of the hydride by
substitution at the nickel or the lanthanum site by larger atoms
[2]. This has been attributed to a larger size of the hole available for
the hydrogen atom provided by such substitutions which pre-
sumably stabilizes the hydrogen atom. However, several excep-
tions have been reported, as for example, substitution by platinum
[3] at the nickel site where the cell volume increases but the
ll rights reserved.
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hydride is instead destabilized. A short report [4] indicates that
similar effect could occur with the composition LaNi4Pd. In the
present paper, the results of our detailed and systematic, both
experimental and theoretical investigations, of the effect of palla-
dium substitution at the nickel site in the whole homogeneity
domain, are reported. This work forms part of a more general study
of the substitution of nickel by 4d and 5d transition elements [5]
and its effect on the hydrogenation properties. The hydrogen
absorption thermodynamic properties have been measured by
the Sieverts method. The structural properties of the hydrogenated
compounds have been studied all along the absorption and
desorption isotherm by both in situ and ex situ neutron diffraction.
The experimental structural data have been used as starting
configurations in our ab initio electronic structure calculations
for the enthalpies of formation of both IMCs and the hydrides.
2. Experimental details

As explained in our previous paper [5], the Pd substituted LaNi5

compounds LaNi5�xPdx IMCs (0.25oxo1.5) have been synthe-
sized using materials of high purity (499.9%), melted in an arc
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furnace and annealed at 1273 K during seven days under vacuum.
The IMCs have been characterized by X-ray diffraction (XRD) and
electron probe micro-analysis (EPMA). The hydrogenation proper-
ties have been studied using the Sieverts method. The pressure–
composition–isotherm (PCI) curves have been measured at 298 K.
Before the measurements, five cycles of absorption and desorption
were performed to activate the compounds and to ensure the
reproducibility of the PCI curves.

The neutron diffraction measurements have been performed at
room temperature on the four compositions LaNi5�xPdx (x¼0.25, 0.5, 1
and 1.5). The samples (mass 5 g) were placed in an amorphous silica
tube linked to a Sieverts apparatus operating with deuterium gas. Two
instruments were used. The D1B beamline at the Institut Laue-
Langevin (Grenoble, France) allowed to conduct in situ measurements
during deuterium absorption and desorption. After each change of
composition, a diffractogram was measured once the pressure was
stabilized. Thus, the diffraction measurements characterize equili-
brium points only. The wavelength used was 1.287 Å. The detector
possessed 400 cells and covered 801 (2y). The acquisition time was
15 min.

Higher resolution diffraction patterns have been measured ex situ

on the 3T2 beamline of the Laboratoire Léon Brillouin (Saclay-France,
Laboratoire commun CEA-CNRS) for several well defined deuterium
and palladium compositions. The wavelength used was 1.23 Å and
the step size was 0.021 with a total angular range of 1201 (2y).

All the diffractograms have been refined using the Rietveld
method with the Fullprof program [6]. In the refinements, the
background was interpolated between given points. For the
samples measured on D1B, the palladium site occupancies were
refined with composition constraint on the sample without any
deuterium and kept fixed in the refinement of the deuterated
samples. For the samples measured on 3T2, they were refined,
again with a composition constraint. The deuterium occupancy
parameters were fixed to zero when the refined value is strongly
negative. However, when the refined value is negative but close to
zero (within 3s), the value was kept to show that the parameter
was refined. The deuterium atomic positions were not refined but
kept from the models.
3. Computational details

The ab initio electronic structure calculations have been performed
using two different methods based on the density functional theory
(DFT). First, the IMCs have been studied with the full potential
linearized augmented plane wave (FPLAPW) method within the local
Table 1
Characterization of the metallic samples. Lattice parameters are from XRD and compos

Nominal composition Samples used for hydrogen PCI measurements

Cell parameters (Å) Composition

LaNi4.75Pd0.25 a¼5.0382(1) La1.002(4)Ni4.747(5)Pd0.251(2)

c¼3.9968(1)

LaNi4.5Pd0.5 a¼5.0612(3) La0.99(2)Ni4.50(2)Pd0.509(1)

c¼4.0113(3)

LaNi4.25Pd0.75 a¼5.0852(1) La1.000(6)Ni4.260(7)Pd0.740(8)

c ¼4.0281(1)

LaNi4Pd a¼5.1086(3) La0.993(4)Ni4.003(8)Pd1.004(8)

c¼4.0380(3)

LaNi3.75Pd1.25 a¼5.1284(2) La1.001(4)Ni3.771(9)Pd1.23(1)

c¼4.0639(2)

LaNi3.5Pd1.5 a¼5.1429(2) La0.995(4)Ni3.53(1)Pd1.47(1)

c¼4.0873(2)
density approximation (LDA). A grid of 12�12�16 k-points was
used to calculate the total and partial density of states (DOS). Since the
hydrides present more complex structures, we used the Vienna ab

initio simulation package (VASP) pseudo-potential method [7] with
all-electron projector augmented wave (PAW) derived potentials for
the elemental constituents. This method is much faster in computing
time, and its accuracy has been well established. The exchange and
correlation terms are described using the generalized gradient
approximation (GGA) of Perdew and Wang [8]. The internal atomic
coordinates and the lattice constants were fully relaxed. A dense grid
of k-points in the irreducible wedges of the Brillouin zones of the
different crystals ensured a convergence of 10�6 eV/(unit cell) for the
electronic energies, and the forces on the atoms after relaxation were
smaller than 10�3 eV Å�1. The enthalpies of formation of the IMCs
and their corresponding hydrides were calculated using the total
energies of the elemental solids, IMCs, hydrides and H2 molecule
obtained with the VASP code.
4. Results

4.1. Samples for hydrogenation

In our previous work [5], we have shown that nickel can be
substituted by palladium up to the composition LaNi3.34Pd1.66. This
allows us to study the effect of palladium substitution in a quite large
composition range. The samples LaNi5�xPdx (x¼0.25, 0.5, 0.75, 1,
1.25 and 1.5) have been synthesized. They are all single-phase and
crystallize with the CaCu5 structure type (P6/mmm space group). The
results of the EPMA and XRD characterization are shown in Table 1.
Among the two possible substitution sites (2c and 3g), a clear
preference of palladium for sites 3g has been observed and studied in
detail in Ref. [5]. This preference is frequently observed when
substituting nickel by larger atoms [2,3].

4.2. Hydrogenation properties

Fig. 1 shows the PCI curves of the compounds LaNi5�xPdx. At low
palladium contents (x¼0.25, 0.5 and 0.75), the curves are char-
acterized by two pressure plateaus whereas, at higher palladium
concentration (x¼1, 1.25), only one plateau is observed. The curve
of the compound LaNi3.5Pd1.5 does not show any clear plateau
but rather a solid solution branch. The first plateau extends from
0.3 H/f.u. to approximately 3 H/f.u. The second plateau strongly
depends on the palladium concentration. In the case of the
compound LaNi4.75Pd0.25, it extends from 3.5 to 6 H/f.u. When the
itions are from EPMA.

Samples used for deuterium PCI and neutron diffraction measurements

Cell parameters (Å) Composition

a¼5.0380(2) La0.976(5)Ni4.84(1)Pd0.19(1)

c¼3.9960(2)

a¼5.0620(2) La0.99(2)Ni4.49(2)Pd0.509(5)

c¼4.0115(2)

– –

a¼5.1078(2) La0.994(5)Ni3.982(8)Pd1.023(8)

c¼4.0426(2)

– –

a¼5.1462(2) La0.99(4)Ni3.51(7)Pd1.50(4)

c¼4.0870(2)



Fig. 1. Hydrogen PCI curves of the LaNi5�xPdx compounds (x¼0.25, 0.5, 0.75, 1, 1.25

and 1.5) at 25 1C. LaNi5 (x¼0) is shown for comparison.

Fig. 2. Hydrogen and deuterium PCI curves of the LaNi5�xPdx compounds (x¼0.25,

0.5, 1 and 1.5) at 25 1C (open symbols: absorption, closed symbols: desorption).

Fig. 3. Deuterium PCI curves measured during the in situ neutron diffraction

analysis (room temperature). At each equilibrium point, a diffraction diagram has

been measured.
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palladium composition increases, the width of the second plateau
decreases sharply (x¼0.5). For the composition LaNi4.25Pd0.75, only
an inflexion is visible. If the second plateau is observed, the first
plateau pressure remains almost constant while the second plateau
pressure increases with x. As soon as the second plateau is no longer
observed, the first plateau pressure increases with the palladium
concentration. Moreover, the first plateau shrinks to such an extent
that only an inflexion is visible for the compound LaNi3.5Pd1.5.

4.3. Samples for neutron diffraction

Four new samples were synthesized and employed for the
neutron diffraction measurements. According to the different shapes
of the PCI measured previously, we have selected the compositions
x¼0.25, 0.5, 1 and 1.5. The alloys have been characterized by the
same methods as the samples mentioned above. It may be seen in
Table 1 that the new samples are really close to the samples used for
the hydrogen absorption properties as far as their chemical compo-
sition and structural parameters are concerned. Only LaNi4.75Pd0.25

shows a slight difference of analyzed composition. This has no
significant effect on the cell parameters. The presence of fcc Ni solid
solution was noticed on the neutron diffraction pattern of
LaNi3.5Pd1.5 and this phase was taken into account in the refinement.

4.4. Deuterium absorption properties

Since deuterium is to be used in neutron diffraction experiments,
we wanted to evaluate the effect of the isotope replacement before
the in situ experiments. The comparison of the PCI curves in Fig. 2
shows that, when hydrogen is replaced by deuterium, the first plateau
pressure increases whereas the second plateau pressure decreases.

4.5. Phase analysis during in situ measurements

The PCI curves measured during the in situ neutron diffraction
experiment are shown in Fig. 3. A diffractogram was measured at
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each point. The structural analysis of the compounds formed during
the absorption–desorption cycle revealed the existence of three
distinct phases in agreement with the observation of two pressure
plateaus for certain values of x. In the first solubility branch of the PCI
curves of the compounds LaNi4.75Pd0.25, LaNi4.5Pd0.5 and LaNi4Pd
and in the whole PCI of LaNi3.5Pd1.5, the same phase is observed. This
phase called a is the solid solution of deuterium in the IMC. The first
plateau corresponds to the equilibrium between the a phase and an
intermediate deuteride phase called g, characterized by a deuterium
content closed to 3 D/f.u. This phase is the unique phase observed in
the solubility branch between the two plateaus of the compound
LaNi4.5Pd0.5 and in the terminal branch of the compound LaNi4Pd.
The refinements show that the g phase does not form during the
absorption of the compound LaNi4.75Pd0.25 but is only observed in
desorption. The phase called b is observed at deuterium contents
above 4.5 D/f.u. It is in equilibrium with the g-phase for LaNi4.5Pd0.5

(absorption and desorption) and LaNi4.75Pd0.25 (desorption only) and
with the a-phase for LaNi4.75Pd0.25 (absorption).
Table 2

Designation of the different atomic sites in the three phases a, g and b. The

coordination of the deuterium atoms does not change in spite of the structural

modifications.

Atom Coordination Notation used (Wyckoff position)

P6/mmm Ibam P6mm

La La (1a) La (4b) La (1a)

Ni (Pd) NiI (2c) NiI (8j) NiI (2b)

Ni (Pd) NiII (3g) NiII (8e) NiII (3c)

NiII0 (4b)

D Ni4 D1 (4h) D1 (16k) D11 (2b) D12 (2b)

D La2Ni3g
2

D2 (6m) D21 (16k) D22 (8f) D2 (6e)

D LaNi2c
2 Ni3g D3 (12n) D31 (16k) D31 (6d)

D32 (16k) D32 (6d)

D33 (16k)

D LaNi2cNi3g
2

D4 (12o) D41 (16k) D41 (6e)

D42 (16k) D42 (6e)

D43 (16k)

Table 3
Results of the neutron powder diffraction refinement of LaNi4.5Pd0.5D0.26 (a phase, low deu

IMC measured before absorption on the same instrument.

Nominal composition LaNi4.5Pd0.5D0.26

Space group P6/mmm

a (Å) (Da/a)

c (Å) (Dc/c)

V (Å3) (DV/V)

Atom Site x y

La 1a 0 0

NiI 2c 1/3 2/3

PdI

NiII 3g 1/2 0

PdII

D1 4h 1/3 2/3

D2 6m 0.14 2x

D3 12n 0.47 0

D4 12o 0.21 2x

D total (atom/f.u.)

w2 5.7

RBragg (%) 5.2
4.6. Structural analysis

Before considering in detail the crystal structure of these
deuteride phases, we need to clarify the designation of the different
interstitial sites. In the CaCu5 type structure (P6/mmm space group)
there are four tetrahedral sites for hydrogen insertion [9]: D1 (4h),
D2 (6m), D3 (12n) and D4 (12o), all with different coordination, as
shown in Table 2. The corresponding Wyckoff positions of these
sites in the other space groups encountered for the different
deuteride phases are also indicated.

Tables 3–6 give results of detailed structure refinement for four
different compositions. The a phase conserves the structure and
space group of the IMC. When the deuterium concentration of
hydrogen is small, deuterium atoms occupy mainly site D3 (see
LaNi4.5Pd0.5D0.26 in Table 3). The compound LaNi3.5Pd1.5 absorbs
deuterium without any observed phase transformation. For this
compound, at high deuterium content, sites D2 and D4 are also
occupied (see LaNi3.5Pd1.5D1.96 in Table 4). For this compound, a
significant improvement of the refinement was obtained by intro-
ducing anisotropic displacement parameters for the metallic atoms.

The g phase is characterized by the presence of several super-
structure peaks on the neutron diffraction diagrams. The structure
can be indexed considering an orthorhombic cell with the Ibam

space group and is refined based on the comparison with the
structure of LaNi4.25Pt0.75D2.61 [3] (see LaNi4PdD2.72 in Table 5 and
the experimental and calculated diagrams in Fig. 4). For comments
on the refinement see Section 5.3.

The b phase could be indexed in the same cell as the a phase
with increased lattice parameters and with significantly broader
diffraction peaks. However, the refinement of the diagrams is
clearly improved when the space group P6mm, subgroup of
P6/mmm, is used (see LaNi4.75Pd0.25D5.67 in Table 6).
4.7. Ab initio electronic structure calculations

Since the crystallographic structures of the IMCs and the
hydrides are now experimentally established, we can build struc-
tural models of crystals for the ab initio calculations. For the IMCs,
starting from the experimental structural parameters, the volume
and the c/a ratio have been calculated by minimization of the total
terium content, Instrument D1B). Cell parameter increase is by comparison with the

5.0712(3) (+0.3%)

4.0062(3) (+0.0%)

89.2262(2) (+0.6%)

z B (Å2) Occupancy (atom/f.u.)

0 0.79(8) 1

0 1.39(5) 1.892

0.108

1/2 0.93(4) 2.608

0.392

0.38 3.4(9) 0

1/2 3.4(9) 0

0.09 3.4(9) 0.32(5)

0.33 3.4(9) 0

0.32(5)



Table 4
Results of the neutron powder diffraction refinement of LaNi3.5Pd1.5D1.96 (aphase, high deuterium content, Instrument 3T2). Cell parameter increase is by comparison with the

IMC. Small amount of fcc phase (a¼3.533 Å) was taken into account in the refinement.

Nominal

composition

LaNi3.5Pd1.5D1.96

Space group P6/mmm

a (Å) (Da/a) 5.2625(1) (+2.3%)

c (Å) (Dc/c) 4.1457(1) (+1.4%)

V (Å3) (DV/V) 99.427(3) (+6.1%)

Atom Site x y z b11 b22 b33 Occupancy

(atom/f.u.)

La 1a 0 0 0 0.0219(8) ¼b11 0.0106(8) 1

NiI 2c 1/3 2/3 0 0.0443(1) ¼b11 0.0155(6) 1.60(1)

PdI 0.40(1)

NiII 3g 1/2 0 1/2 0.0213(4) 0.0134(4) 0.0143(4) 1.90(1)

PdII 1.10(1)

B (Å2)

D1 4h 1/3 2/3 0.38 1.8(1) 0

D2 6m 0.14 2x 1/2 1.8(1) 0.76(1)

D3 12n 0.47 0 0.09 1.8(1) 1.04(1)

D4 12o 0.21 2x 0.33 1.8(1) 0.18(2)

D total (atom/f.u.) 1.98(4)

w2 5.8

RBragg (%) 4.3

Table 5
Results of the neutron powder diffraction refinement of LaNi4PdD2.72 (g phase, Instrument 3T2). The occupancies are given in atom/f.u. in order to compare with the other

hydride phases. Cell parameter increase is by comparison with the IMC.

Nominal composition LaNi4PdD2.72

Space group Ibam

a (Å) (Da/a) 9.1632(6) (+3.6%)

b (Å) (Db/b) 5.2860(3) (+3.5%)

c (Å) (Dc/c) 8.2234(2) (+1.7%)

V (Å3) (DV/V) 398.32(4) (+9.0%)

Atom Site x y z B (Å2) Occupancy (atom/f.u.)

La 4c 0 0 0 2.07(6) 1

NiI 8j 0.337(1) 0.0272(6) 0 a 1.89(1)

PdI 0.11(1)

NiII 8e 1/4 1/4 1/4 1.51(9) 1.41(1)

PdII 0.59(1)

NiII0 4b 1/2 0 1/4 1.0(1) 0.704(4)

PdII0 0.296(4)

D1 16k 0.33 0.0 0.19 1.4(1) �0.05(2)

D21 16k 0.43 0.29 0.25 1.4(1) 0.02(4)

D22 8f 0.86 0 1/4 1.4(1) 0.85(5)

D31 16k 0.735 0.265 0.032 1.4(1) 0.49(4)

D32 16k 0.5 0.03 0.032 1.4(1) 0.42(3)

D33 16k 0.265 0.265 0.032 1.4(1) 0.57(4)

D41 16k 0.395 0.185 0.165 1.4(1) 0.17(4)

D43 16k 0.79 0.0 0.165 1.4(1) �0.12(4)

D42 16k 0.395 0.815 0.165 1.4(1) 0.26(4)

D total (atom/f.u.) 2.8(3)

w2 8.7

RBragg (%) 5.2

a Refined as anisotropic: b11¼0.0089(6), b22¼0.028(2), b33¼0.0028(2), b12¼�0.0033(7).
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energy for the different configurations used. The calculated lattice
parameters agree within a few percent with the experimental
values. These results are summed up in Table 7. We considered here
the theoretical composition LaNi3Pd2 which is as close as possible
to the experimentally found solubility limit LaNi3.44Pd1.66 of the
ternary CaCu5-type phase. The experimental data for the LaPd5

compound has been taken from the work of Yuan-Tao et al. [10].
The enthalpies of formation of the IMCs have been calculated
according to the following reaction:

Laþð5�xÞNiþxPd-LaNi5�xPdx ð1Þ

so that

DHLaNi5�xPdx

f ¼ ELaNi5-xPdx
tot �ðELa

totþð5�xÞENi
totþxEPd

totÞ ð2Þ



Table 6

Results of the neutron powder diffraction refinement of LaNi4.75Pd0.25D5.67 (b phase, Instrument D1B). Cell parameter increase is by comparison with the IMC measured before

absorption on the same instrument.

Nominal composition LaNi4.75Pd0.25D5.67

Space group P6mm

a (Å) (Da/a) 5.3873(2) (+7.0%)

c (Å) (Dc/c) 4.2628(4) (+6.7%)

V (Å3) (DV/V) 107.14(2) (+22.1%)

Atom Site x y z B (Å2) Occupancy (atom/f.u.)

La 1a 0 0 0 1.4(2) 1

Ni 2b 1/3 2/3 0 1.18(8) 1.913

Pd 0.087

Ni 3c 1/2 0 1/2 0.90(7) 2.837

Pd 0.163

D11 2b 1/3 2/3 0.366 3.0(3) 0

D12 2b 1/3 2/3 �zD11 3.0(3) 0.73(4)

D2 6e 0.145 2x 0.5 3.0(3) 1.62(7)

D31 6d 0.465 0 0.101 3.0(3) 2.96(8)

D32 6d 0.465 0 �zD31 3.0(3) 0

D41 6e 0.173 2x 0.366 3.0(3) 0

D42 6e 0.173 2x �zD42 3.0(3) 1.01(9)

D total (atom/f.u.) 6.3(3)

w2 4.1

RBragg (%) 4.4

Fig. 4. Rietveld plot obtained for the sample LaNi4PdD2.72. Experimental (points),

calculated (line) and difference (line below) patterns are shown. The markers show

the positions of the different reflections. The arrows indicate the superstructure

peaks characteristic of the symmetry decrease from P6/mmm to Ibam.
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The building of the structural models used for the hydrides is
more complex due to the availability of a variety of sites for hydrogen
insertion, and the fact that the occupancy of some of these sites is
fractional. To obtain the most realistic structure, we optimized the
structures according to the following conditions: (i) the site
occupation is an integer and as close as possible to the experimental
values, (ii) the H–H distances have to be larger than 2.1 Å to respect
Switendick’s criterion [11], (iii) the Ni–H distances have to be larger
than �1.5 Å, since the shortest Ni–H distance observed is equal to
1.44 Å in the quasi molecular complex Mg2NiH4 and (iv) the
deuterium atoms have to be distributed as homogeneously as
possible in the cell. From these calculations, we obtained the total
energy of the hydride. Considering the total energies of the IMC, the
hydride and the hydrogen molecule, it is possible to determine the
enthalpy of the reaction of formation of the hydride:

LaNi5�xMxþðy=2ÞH2-LaNi5�xMxHy ð3Þ
so that

DHhydride
f ¼ Ehydride

tot �EIMC
tot �ðy=2ÞEH2

tot ð4Þ

The results of these calculations are summarized and compared
with the formation enthalpies of the IMC in Table 8. The partial and
total DOS for the IMCs are shown in Fig. 5 and those for the g and b
hydrides in Figs. 6 and 7.
5. Discussion

5.1. Hydrogen absorption in the LaNi5�xPdx system

This system shows quite peculiar hydrogenation properties. First,
it presents multiplateau isotherms for low palladium substitutions.
Few CaCu5-type compounds show a multiplateau isotherms corre-
sponding to the existence of an intermediate hydride. Among them,
we can cite the compounds LaNi5�xCox [12], CaNi5 [13] and LaNi5 for
temperatures up to 60 1C in desorption and 90 1C in absorption [14].
Moreover, in the case of palladium substitution, the composition
dependence of the first plateau pressure is unexpected since it
remains constant while the second plateau is present and then it
increases which is contrary to the linear dependence observed in
many other systems [3]. However, the most interesting feature of this
system is the increase of the plateau pressure as a function of
increasing palladium content in spite of an increase of the cell volume
of the IMC, as was observed for platinum substitution, but contrary to
the general rule [2,3] based on size effect considerations. The only
composition for which PCI literature data were previously reported is
LaNi4Pd [4]. Our results compare well with this measurement.

The isotope effect found in the present work is also interesting.
When substituting H2 by D2 in the system LaNi5�xPdx (xo1), the
first plateau pressure increases and the second plateau pressure
decreases. This unexpected behavior is similar to what is observed
for CaNi5 that also forms different hydrides [13].

5.2. LaNi5�xPdx-H2 phase diagram

The phase analysis of the in situ neutron diffraction measure-
ments gives access to the phase diagram of the LaNi5�xPdx-D2



Table 7
Results of the ab initio calculations of the IMCs. For the different compositions and models tested, the cell parameters (compared to the experimental ones [5,10,24]), and the

density of states at the Fermi level N(EF) are given.

IMC Nb. of Pd on

site 2c

Nb. of Pd on

site 3g

V Calculated Experimental N(EF) (eV�1)

a c a c

LaNi5 0 0 78.9997 4.8627 3.8578 5.0229 3.9826 9.26

LaNi4Pd 0 1 84.8891 5.0031 3.9160 5.1086 4.0380 8.17

LaNi3Pd2c
2

2 0 90.2372 5.0543 4.0788 Not determined 8.27

LaNi3Pd3g
2

0 2 89.4567 5.0564 4.0401 Not determined 7.33

LaPd5 2 3 104.5577 5.2641 4.3569 5.300 4.431 5.67

Table 8
Calculated enthalpies of formation of the IMCs and hydrides. The experimental

values [25] obtained for LaNi5 and the hydride LaNi5H5 are also reported for

comparison.

IMC DHf
IMC (kJ)

(mol f.u.)�1

Hydride DHf
hydride (kJ)

(mol H2)�1

LaNi5 exp �166 LaNi5H6 exp �30.5

LaNi5 �170 LaNi5H7 �40

LaNi4.5Pd0.5 �188 LaNi4.5Pd0.5H5 �35.4

LaNi4Pd �218 LaNi4PdH3 �33

Fig. 5. Total density of states (black line) and contribution of the palladium atoms

(in gray) of the IMCs. The Fermi level is chosen as the origin of the energy.

Fig. 6. Total and partial density of states of the hydride LaNi4PdH3 (g phase). In the

partial DOS, the contribution of the atom is drawn with a line. The contribution of

the main orbital is represented in gray.
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system. The single-phase and the two-phase regions have been clearly
identified at the palladium substitution rates x¼0.25, 0.5, 1 and 1.5.
Looking at the shape of the plateaus on the PCI curves, they have been
extrapolated for the intermediate compositions. Contrary to what is
observed with hydrogen and owing to the isotope effect, the com-
pound LaNi4.75Pd0.25 exhibits, during absorption, the same two-phase
a–b region as LaNi5. Yet, during desorption, the intermediate g-phase
is encountered just like in the LaNi4.5Pd0.5-D2 isotherm. These results
are in accordance with the shape of the absorption and desorption
isotherms. Consequently, we have drawn two phase diagrams, for the
deuterium desorption (Fig. 8) and absorption (Fig. 9). Since the
LaNi4.75Pd0.25 compound exhibits clearly two plateaus during H2

absorption, we can suppose that the actual phase diagram for
hydrogen absorption is closed to the D2-desorption diagram.

Along the horizontal sections corresponding to the composi-
tions x that we have studied, the phase transitions observed



Fig. 7. Total and partial density of states of the hydride LaNi4.5Pd0.5H5 (b phase). In

the partial DOS, the contribution of the atom is drawn with a line. The contribution

of the main orbital is represented in gray.
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Fig. 8. Phase diagram of the system LaNi5�xPdx-D2 (desorption) at 25 bar and 25 1C.
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between a, b and g are always of the first order as evidenced by the
presence of pressure plateaus and by the coexistence of two phases
in the diffraction diagrams. However, the shape of the domains
evidenced is compatible with the observed equilibrium with the
gas phase under 25 bar, only if these first order transitions trans-
form into second-order transitions as a function of x. Note that the
three structures are related by order–disorder relations making
possible a second-order transition. These transformations, giving
rise to two Meijering horns [15] are indicated as dotted lines in
Figs. 8 and 9 since the exact shape is somewhat speculative.

5.3. Structural properties

The a solid solution (Fig. 10) is observed in a large range of
deuterium compositions in the LaNi3.5Pd1.5 compound only. Ani-
sotropic displacement parameters of the metallic atoms can be
already seen in the IMC but the anisotropy increases as a function of
the deuterium composition. The displacement is larger in the basal
plane for all the atoms and the anisotropy is particularly large for
NiI. It may be attributed to either thermal or static displacement of
the atoms from their equilibrium positions but we cannot conclude
this without further measurements at other temperatures.

The g phase orthorhombic superstructure is due to the slight shift
in the basal plane of the atoms in position 2c in the CaCu5 type
structure (see Fig. 11). Since they leave the plane (110), the
hexagonal P6/mmm symmetry is lost and an orthohexagonal cell
has to be used to describe the periodicity. Moreover, as two
consecutive atoms along the c-axis move in opposite directions, it
is necessary to double the cell along the c-axis. Consequently, the
orthorhombic cell volume is four times that of the initial CaCu5-type
hexagonal cell. Our refinement was based on the structural model
proposed by Joubert et al. [3] for the compound LaNi4.25Pt0.75D2.61 in
Ibam space group. Other models have been proposed for the same
type of superstructure in the compounds CaNi5Dy (y¼0.9, 4.8) [16]
and RCo5D2.9 (R¼Pr, Nd) [17] with space group Im2m. This latter
structure model has also been tried but yields less satisfactory
results. In addition, as in the case of LaNi4.25Pt0.75D2.61, no lines
breaking the extinction rules of Ibam justify to refine the structure in
a less symmetric space group. However, the first refinement made in
Ibam was not completely satisfactory either. High displacement
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Fig. 10. Schematic representation of the P6/mmm cell observed in the a-phase. The white circles represent the metallic atoms La and Ni/Pd.
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Fig. 11. Schematic representation of the Ibam cell observed in the g-phase. The NiI atoms are represented by highlighted circles.
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Fig. 12. Schematic representation of the P6mm cell observed in the b-phase. The open circles represent the metallic atoms La and Ni/Pd. The other open symbols represent the

deuterium insertion sites which are not significantly occupied. The close symbols represent the deuterium occupied sites.
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parameters were found for NiI and anomalies in the Fourier
difference map were noticed around this atom. A refinement in
Iba2, in the same extinction group as Ibam was tried but did not give
better results. Finally, two refinements were conducted with almost
similar results. In the first one, anisotropic displacement parameters
were refined for NiI. In the second one, it was assumed that the
displacement of NiI from its ideal position in the CaCu5 phase is not
completely ordered i.e. that part of NiI atoms is in xy0 while the other
part is in xy0. The first refinement is presented in Table 5.

NiI displacements in the a and g phases may be related. In the
first case, the displacement is disordered and is treated by
anisotropic displacement. In the second case, it is ordered and
yields a superstructure. This is also in favor of the second order
transition between a and g phases hypothesized in the previous
section.
In the b-phase structure, the loss of the symmetry mirror is due
to an ordering of the deuterium atoms. In other words, because of
the high deuterium concentration in the cell and in order to reduce
the D–D repulsion, a differentiation of the insertion sites D1, D3 and
D4 occurs: these sites do not have the same occupancy if they are
localized in the lower half-part or in the upper half-part of the
hexagonal cell (see Fig. 12). As we can see on the example given in
Table 6, sites D31, D42 and D12 are partly occupied and the sites
D32, D41 and D11, localized in the opposite part of the cell, remain
empty. This ordering at high deuterium concentration has often
been observed, as in the compounds LaNi5D5 [9], LaNi4.75Pt0.25D5.23

[3] or other compounds substituted by aluminum or tin [18–20].
The observed capacity decrease with palladium substitution

could in principle be attributed to a blocking effect of the insertion
sites surrounded by this atom. This is however very difficult to
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prove because all the insertion sites are coordinated by atoms in
position II (the substitution site preferred by Pd), and because
substitution of nickel by palladium occurs as well (though in a
smaller amount) in position I. A simple calculation shows that the
average number of palladium atoms in the coordination shell of the
insertion sites remain more or less the same for sites 6m, 12n and
12o up to the substitution rate x¼1.5.
5.4. Electronic structure and stability

We now present the results of our ab initio electronic structure
calculations in order to understand the effect of Pd substitution at
the Ni site on the hydrogenation properties. Previous investigations
of the electronic structure of LaNi5-based compounds and some of
their hydrides [21–23] have shown that the occupied states of the
valence band are mainly composed of Ni-3d states hybridized with
La-5d states. LaNi5 is not a charge transfer compound since the
Ni-3d states, of total width 3.5 eV are not entirely filled. The broad
empty La-5d states are mainly centered above the Fermi level while
the peak of the DOS located at �3 eV above the Fermi level
corresponds to the empty La-4f states.

The total DOS of the palladium substituted compounds
LaNi5�xPdx is shown in Fig. 5 together with the contribution of
the Pd-4d states. It is clear from this figure that the Pd-4d states
centered essentially below the Ni-3d bands in LaNi4Pd, increase in
width and intensity as the Pd concentration increases. This trend is
associated with the relative positions of the Ni-3d and Pd-4d atomic
states and the much larger spatial extension of the 4d versus 3d

orbitals, leading to much broader, �5 eV wide, occupied d bands in
LaPd5. This phenomenon plays an important role in the decrease of
the total energy of the compounds, as shown in Table 8, and
explains the stabilization of the IMC when the substitution rate of
nickel by palladium increases.

The total DOSs of the hydrides LaNi4PdH3 and LaNi4.5Pd0.5H5,
plotted in the upper part of Figs. 6 and 7, present two main structures.
Just under the Fermi level, down to �4 and �5 eV for LaNi4.5Pd0.5H5

and LaNi4PdH3, respectively, we find the states due to the metal–metal
interactions as in the corresponding IMCs. These states are dominated
by the Ni-3d bands and a small contribution of the Pd-4d bands
hybridized with the La-5d states. At low energy a new structure
appears which is due to the metal–hydrogen bonding. As the hydrogen
content increases, these bonding states split to lower energies from the
main part of the transition metal d bands and their intensity grows.
This metal–hydrogen bonding structure contains 10 electrons for theb
phase and 6 electrons for the g phase i.e. two electrons per hydrogen
atom. In its low-energy part (o�7 eV), the H-1s electrons interact
mainly with the s–p electrons of the transition elements (TE) whereas,
in the high energy part of the structure (-7 to �5 eV), they interact
with the d electrons of the TE. Owing to the small palladium content,
the interactions occur mainly between hydrogen and nickel. In Figs. 6
and 7, the partial-DOS scales are chosen according to the proportions
of each atom in the unit cell. Consequently, we can compare the
interactions of nickel and palladium with hydrogen on an atom basis.
We observe that the contribution per atom to the metal–hydrogen
bonding structure is twice as small for palladium as for nickel in spite
of the larger affinity of the former TE for hydrogen. This is rather due to
the larger number of nickel atoms around a hydrogen atom for the low
Pd contents under study.

We have calculated the total energy of the Pd substituted IMCs
as well as their hydrides. These energies have been used to
calculate their enthalpies of formations and are reported in
Table 8. For the hydrides the computed enthalpy of formation
for LaNi5H7 hydride is taken as a reference for comparison
purposes. The formation enthalpies of the hydrides increase (are
less negative) as the palladium content increases. This result is in
perfect agreement with the increase of the equilibrium plateau
pressure observed experimentally. These results show that the
electronic interactions play a major role in the hydrogenation
properties of the Pd substituted IMCs, and the empirical rule based
on the size effect is not universal. Table 8 also shows that while
nickel substitution by palladium destabilizes the hydrides, the
IMCs are, on the other hand, stabilized. This does obey another
empirical rule, the so-called rule of reverse stability [4], according
to which the more stable is the IMC, the less stable is the hydride
6. Conclusions

The hydrogenation properties of the compounds LaNi5�xPdx have
been studied in detail as a function of x. Most of the PCI present several
plateaus, the length and pressure of which are strongly dependent on
the palladium content. The most surprising feature is an increase of
the plateau pressure which follows a non-linear function of the
palladium substitution rate, despite a larger cell volume of the
substituted IMC. The phase diagram of the system LaNi5�xPdx-D2

has been determined using in situ neutron diffraction. Three phases
have been evidenced in accordance with the PCI curves. The first
phasea is the solid solution based on the IMC. The intermediate phase
g shows an ordered displacement of the nickel atoms but no ordering
of the deuterium atoms. On the contrary, the terminal b phase shows
an ordering of the deuterium but no displacement of nickel.

The ab initio electronic structure study confirms the experimental
observations of a plateau pressure increase, and shows that the
electronic interactions play a major role in the hydrogenation
properties of the palladium substituted IMCs. There are two impor-
tant empirical rules for hydrogen absorption in these IMCs; namely,
(i) the size effect, according to which a substitution by a larger atom
stabilizes the hydride, and (ii) the rule of reverse stability, according
to which the hydride is destabilized by a substitution by an atom that
stabilizes the IMC. In the present case we have shown that the second
rule is obeyed but not the first one. Thus the application of these
empirical rules has to be taken with caution.
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K. Yvon, J. Alloys Compd. 293–295 (1999) 124–129.
[19] Y. Nakamura, T. Ishigaki, T. Kamiyama, E. Akiba, J. Alloys Compd. 384 (2004)

194–202.
[20] Y. Nakamura, R.C. Bowman Jr., E. Akiba, J. Alloys Compd. 431 (2007) 148–154.
[21] M. Gupta, J.-C. Crivello, in: D. Chandra, R.C. Bautista, L. Schlapbach (Eds.),

Advanced Materials for Energy Conversion II, Minerals Metals and Materials
Society Publishers., Warrendale, USA, 2004, pp. 135–144.

[22] V. Paul-Boncour, M. Gupta, J.-M. Joubert, A. Percheron-Guégan, P. Parent,
C. Laffon, J. Mater. Chem. 10 (2000) 2741–2747.

[23] M. Gupta, J. Alloys Compd. 293–295 (1999) 190–201.
[24] P. Thompson, J.J. Reilly, L.M. Corliss, J.M. Hastings, R. Hempelmann, J. Phys.

F: Met. Phys. 16 (6) (1986) 675–686.
[25] C. Colinet, A. Pasturel, A. Percheron-Guégan, J.C. Achard, J. Less-Common Met.
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