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ABSTRACT: The structural and hydrogen storage properties of (Nd; ;Mg s)Ni,-based alloys (i.e., A,B,-type) with a coexistence of
two structures (hexagonal 2H and rhombohedral 3R) are investigated in this study. In both 2H- and 3R-type A,B; structures, Mg
atoms occupy Nd sites of Laves-type AB, subunits rather than those of AB; subunits because Mg substitution for Nd in the AB,
subunits more significantly strengthens the ionic bond in the system. An increase in the A-atomic radius or the B-atomic radius
stabilizes the 2H structure, but a decrease in the A-atomic radius or the B-atomic radius is favorable for formation of the 3R
structure. The 2H-A,B, and 3R-A,B,, phases in each alloy have quite similar equilibrium pressures upon hydrogen absorption and
desorption, which show a linear relationship with the average subunit volume. The hydriding enthalpy for the (Nd; ;Mg,s)Ni,
compound is about —29.4 kJ/mol H, and becomes more negative with partial substitution of La for Nd and Co/Cu for Ni but

less negative with partial substitution of Y for Nd.

B INTRODUCTION

Since the use of La,MgNi, and La,MgNi,y compounds was re-
ported as hydrogen storage materials,' ternary M—Mg—Ni
(M = rare earth metals) compounds have been studied because
their hydrogen storage properties are superior to correspond-
ing binary M—Ni compounds.” >° Binary M—Ni compounds
have layered structures where MNi, and MNis subunits (also known
as AB, and AB; subunits, respectively) stack along the ¢ axis
alternatively according to certain combinations.”"** In the ternary
La,MgNi, and La,MgNi,y compounds, Mg atoms preferentially
occupy some A sites in AB, subunits rather than AB; subunits,”"
which leads to superlattice structures with stacked AB, and ABj;
subunits. Although a similar phenomenon was also found in the
(La; sMgys)Ni; (e, the La;MgNi,,) compound,” occupation
of Mg atoms in (M, Mg,s)Ni, structures should be inves-
tigated systematically because there are two forms: viz,, a hexagonal
2H structure (Ce,Ni,-type) and a rhombohedral 3R struc-
ture (Gd,Co,-type) in M,Ni, compounds.”' Moreover, for the
Mg occupation in the (M; sMg, s)Ni, structures there is a lack of
theoretical understanding. For this purpose, the (Nd; Mg, ;)Ni,
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compound is selected in this research due to a coexistence of 2H
and 3R forms in the binary Nd,Ni, compound.”' Site occupa-
tions of Mg atoms in 2H and 3R structures of (Nd, Mg, s)Ni;
are investigated by Rietveld analysis of experimental X-ray powder
diffraction (XRD) data and first-principles calculations based on
density functional theory (DFT).

Furthermore, previous research revealed that the crystal struc-
ture of a binary M,Ni, compound is size dependent; viz., the 2H
structure is stable for larger M-atomic radii, the 3R structure is
preferred for smaller M-atomic radii, and both structures coexist
in the case of medium-sized M-atomic radii.*" This phenomenon
raises the question as to whether the crystal structure of ternary
(M, sMgy5)Ni; compounds is also size dependent similar to
binary M,Ni, compounds. To clarify this question, the struc-
tural stabilities of 2H and 3R were studied by comparing their
relative amounts in the (Nd, Mg, s)Ni,-based compounds after
partial substitution by different elements. On the basis of the
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(Nd, sMgys)Ni; compound, La and Y are used as larger and
smaller substitutes for Nd, respectively, to change the average
A-atomic radius. Similarly, Ni is partially replaced by Co or Cu
to increase the average B-atomic radius because Ni has the smallest
atomic radius among transition metals. Accordingly, correlations of
the relative amounts of 2H-A,B, and 3R-A,B, phases with an aver-
age A-atomic radius or an average B-atomic radius are obtained to
reveal structural stabilities.

From a hydrogen storage point of view, (La; Mg, s)Ni, with
a 2H structure as a representative of (M, sMg,s)Ni, compounds
can absorb and desorb hydrogen under moderate conditions.*®
Its hydride formation enthalpy is about —31.4 kJ/mol H,, which
is close to —30 kJ/mol H, for the LaNi;—H, system.”* However,
hydrogen storage properties of (Nd; sMg,s)Ni, have not been
reported to date. It is especially unclear whether (Nd, Mg, s)Ni,
complies with the case of La,MgNi,, that the two variants (2H
and 3R phases) have almost the same thermodynamics of hy-
drogen absorption and desorption. Moreover, the effects of
partial substitution for Nd or Ni in the (Nd; Mg, s)Ni; com-
pound on the thermodynamics of hydrogen absorption and de-
sorption also interest us because alloying is an effective method
to improve hydrogen storage properties. Hence, the hydrogen
absorption—desorption properties of (Nd; ;Mg s)Ni;-based
compounds were finally investigated.

B EXPERIMENTAL SECTION

Sample Preparation. (Nd,;Mg,;)Ni;, (NdLa,sMg,s)Nis,
(NdY(sMgo5)Niy, (Nd; sMgos)(NigCo), and (Nd; sMgy s)(NigCu) alloys
were prepared by the following steps: Appropriate amounts of pure
metals were induction melted under an argon atmosphere (about
0.1 MPa). An excess of about 3 wt % of rare earth metals and 16 wt %
of Mg was added to compensate for the losses of rare earth metals and
Mg during melting. The as-obtained ingots were wrapped in tantalum
foil and heated at 1273 K for 10 h under an argon atmosphere (1 MPa).
The ingots were then cooled to 973 K, again held for 10 h, and finally
quenched at room temperature.

Structural Characterization. Microstructural characteristics of
(Nd, sMg, 5)Ni,-based alloys were examined using a scanning electron
microscope (SEM) XL30 with an energy-dispersive X-ray spectrometer
(EDX) at an accelerating voltage of 20 kV. Before SEM observation, the
bulk samples were mechanically polished. To evaluate the phase struc-
tures, XRD measurements were carried out on a Rigaku D/Max 2500VL/
PC diffractometer with Cu Ka radiation at 50 kV and 200 mA. XRD
proﬁlgg were analyzed with the Rietveld refinement program RIETAN-
2000.

Calculation Method. Similar to a Ce,Ni, structure,' the 2H-type
Nd,Ni, structure was modeled by a supercell containing 36 atoms
where there are eight possible sites numbered 1—8 (see Figure 1a) and
10 possible site-occupation configurations as listed in Table 1 for Mg
atoms in (Nd; sMgys)Ni,. On the basis of the Gd,Ni, structure,”" we
employed a primitive cell containing 18 atoms for the 3R-type Nd,Ni,
structure where there are four possible sites numbered 1—4 (see
Figure 1b) and two possible site-occupation configurations (see Table 1)
for Mg atoms. The stable site occupancy of Mg atoms in both structures
was determined by comparing the total energies of the systems with dif-
ferent site-occupation configurations. The total energies were calculated
using the first-principles plane-wave pseudopotential method based on
DFT which was implemented as a Vienna ab initio Simulation Package
(VASP).27%° The projector-augmented wave (PAW) formalism,*' an
all-electron DFT technique with a computational efficiency close to
pseudopotential techniques, was employed for the atomic potential. The
exchange-correlation potential was described with the generalized
gradient approximation (GGA) parametrized by Perdew and Wang*>
The plane-wave cutoff energy was set as 360 eV. The k points were
generated by the Monkhorst Pack scheme and sampled on grids of
6 X 6 X 2 for 2H and 6 X 6 X 6 for 3R. Integration over the Brillouin
zone was performed by the improved tetrahedron method. Our test
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(a) 2H

(b) 3R

Figure 1. Possible sites for Mg atoms in (a) 2H- and (b) 3R-type
Nd,Ni; structures. Nd(1), Nd(2), and Ni sites are represented as green,
red, and blue spheres, respectively.

Table 1. Total Energies (in eV/(36 atoms)) of

(Nd, sMg, s)Ni, with Various Site-Occupation
Configurations for Mg Atoms in both 2H- and 3R-type A,B,
Structures

2H 3R
configuration energy configuration energy
Nd,Ni, —202.123 —202.136
Nd sites in NdNi, 14 —195.262 14 —195273
subunits
1,5 —195.274
1, 8 —194.894
N sites in NdNig 2,3 -192.825 2,3 ~193.011
subunits
2,6 ~193.013
2,7 -192.976
mixing Nd sites in 1,2 —193.883
NdNi, and
NdNig subunits
1,3 —194.107
1,6 —194.147
1,7 ~194.103

calculations demonstrated that the selected plane-wave cutoff energy
and k-point mesh ensured an accuracy of about 0.3 meV for total energy
calculations.

Hydrogen Absorption and Desorption. To investigate the hydro-
gen storage properties of (Nd; Mg, s)Ni, based compounds, pressure—
composition (P—C) isotherms were measured using a Sieverts-type
apparatus (Suzuki Shokan Co. Ltd., Japan) at 298, 318, and 338 K.
The bulk samples were first ground to powders (less than 45 ym) in a
glovebox under a dry argon atmosphere and then sealed in stainless
steel containers. Prior to formal measurements, powder samples were
heated in a vacuum at 423 K for 1 h and then activated by repeatedly
hydriding—dehydriding at 353 K four times. During each cycle the
samples were hydrided under a hydrogen pressure of 8 MPa for 1 h and
subsequently dehydrided against a backpressure of 0.001 MPa for 1 h.

B RESULTS AND DISCUSSION

Site Occupation of Mg. Figure 2a shows the Rietveld re-
finement of the XRD pattern of the (Nd, Mg, s)Ni, alloy with
the coexistence of a hexagonal phase (2H-A,B;) and a rhom-
bohedral phase (3R-A,B,) accompanied by minor impurity phases
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Figure 2. (a) Rietveld refinement of the observed XRD pattern and
(b) backscattered SEM image of the (Nd; Mg, s)Ni; sample. Vertical
bars below the patterns show the positions of all possible reflection
peaks of the 2H-A,B, 3R-A,B,, NdNi;, 2H-AB,,, and 3R-AB,
phases.

NdNi;, 2H-A(By, and 3R-A;B,,. For the Rietveld refinement,
starting structure models for 2H-A,B, and 3R-A,B, phases were
taken from reported data for (La; sMg,s)Ni, and (Ca; sMg,)-
Ni,, " respectively. Rietveld analysis revealed that the abun-
dance of 2H-A,B,, 3R-A,B;, NdNi;, 2H-A;B,,, and 3R-A B
phases are 35, 51, 5, 4, and S wt %, respectively. Compared with
the binary Nd,Ni, alloy consistlng of 80 wt % of 2H-A,B,, phase
and 20 wt % of 3R-A,B, phase,”" the present result suggests
that partial substitution of Mg for Nd in Nd,Ni, is favorable
for formation of the 3R phase which agrees with our previous
investigation on La,MgNi;.>° Figure 2b shows the back-
scattered SEM image of the (Nd, ;Mg,s)Ni, alloy where the
impurity phase NdNij is clearly visible. However, 2H-A,B, and
3R-A,B, phases cannot be distinguished from each other under
SEM due to their identical composition. Their average atomic
composition was measured to be Ndi;,.0sMgss.0.5Niz7 04115
which is close to the nominal composition Nd,4,Mgs ssNi- 7.
This result means that the influence of minor impurity phases
on the composition of 2H-A,B, and 3R-A,B, phases can be
neglected in this alloy.

Tables 2 and 3 list the refined atomic coordinates, isotropic
thermal parameters, and occupation numbers for 2H- and 3R-
type A,B, structures in the (Nd; sMg,s)Ni; alloy, respectively.
One-half of the Nd(1) sites are preferentially occupied by Mg
atoms, but neither Nd(2) sites nor Ni sites are filled with Mg
atoms in both 2H and 3R structures, which means that Mg
atoms occupy the Nd sites in the Laves-type AB, subunits rather
than the AB; subunit sites for both structures (see Figure 3).
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Table 2. Atomic Coordinates, Isotropic Thermal Parameters
(B Values), and Occupation Numbers (g Values) for the
2H-Type A,B, Structure in the (Nd, ;Mg s)Ni, Alloy
Determined from XRD Data“

atom site g x y z B (an)
Nd(1)/Mg(1) 4f 0.52(1)/048 1/3 2/3  0.0301(6) 0.011(2)
Nd(2) 4 10 1/3 2/3  0.1743(4) 0.008(1)
Ni(1) 2a 1.0 0 0 0 0.012(2)
Ni(2) 4e 1.0 0 0 0.1680(5) 0.010(1)
Ni(3) 4 10 1/3 2/3  0.8325(6) 0.009(1)
Ni(4) 6h 1.0 0.8378(6) 2x 1/4 0.009(2)
Ni(5) 12k 1.0 0.8358(5) 2x  0.0858(7) 0.010(2)

“Space group P6y/mmc (no. 194). Cell parameters: a = 0.49775(3) nm
and ¢ = 2.4098(4) nm.

Table 3. Atomic Coordinates, Isotropic Thermal Parameters
(B Values), and Occupation Numbers (g Values) for the
3R-Type A,B, Structure in the (Nd, Mg, ;)Ni, Alloy
Determined from XRD Data®

atom site g 0 y z B (nm?)
Nd(1)/Mg(1) 6c  0.51(1)/0.49 0 0 0.1492(2) 0.016(2)
Nd(2) 6c 10 0 0 00546(5)  0.002(1)
Ni(1) 3b 10 0 0o 12 0.011(1)
Ni(2) 6c 10 0 0 02782(4) 0010(1)
Ni(3) 6 10 0 0 03881(5) 0.010(1)
Ni(4) 9 1.0 1/2 ) 0.009(1)
Ni(3) 18h 1.0 04972(3) —x  0.1090(4)  0.009(1)

“Space group R37% (no. 166). Cell parameters: a = 0.49780(6) nm and
¢ = 3.6187(7) nm.
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Figure 3. Structure stacking models for 2H- and 3R-type (Nd, sMgjs)-
Ni,. Nd, (Nd+Mg), and Ni atoms are represented as red, yellow, and
blue spheres, respectively.

This preferential occupation of Mg atoms in (Nd, Mg, s)Ni;
structures is 1dentlcal to ternary La,MgNi, and La,MgNig
compounds,”"® which is favorable for hydrogen absorption—
desorption properties. 19,20

To fully understand the reason for the preferential site occu-
pation of Mg in Nd,Ni; as determined by XRD measurements,
we calculated the total energies of (Nd,; Mg, s)Ni, with different
site-occupation configurations of Mg atoms as listed in Table 1.
For the 2H-type A,B, structure, there are 10 different possible
site-occupation configurations for two Mg atoms in the supercell
(see Figure 1a). Our calculations show that configurations with
Nd1-Nd4 and Nd1-NdS sites (corresponding to the Nd(1)
site in Table 2) are almost energetically degenerated and lower in
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energy (and therefore, more stable) than the other eight con-
figurations. Note that Nd1, Nd4, and NdS belong to AB, sub-
units, and therefore, Mg atoms prefer to occupy Nd sites in AB,
subunits, which is in agreement with the XRD measurement.
For the 3R-type A,B, structure, there are only two possible site-
occupation configurations since the calculations are performed
with the primitive cell containing only one Mg atom. We found
that the Nd1—Nd4 configuration (corresponding to the Nd(1)
site in Table 3 in AB, subunits is 2.262 eV/(36 atoms) lower in
energy and therefore more stable than the Nd2—Nd3 con-
figuration (corresponding to the Nd(2) site in Table 3) in AB
subunits and again is in agreement with XRD measurement.

Table 4. Electron Transfer in Undoped and Mg-Doped
2H-Type Nd,Ni, Compounds®

Mg in NdNi, Mg in NdNig
subunit atom undoped subunit subunit
NdNi, Nd/Mg —1.151 —1.466 —-1.162
Nil +0.512 +0.584 +0.505
Ni2 +0.416 +0.517 +0.411
NdNiS Nd/Mg —1.381 —1.388 —1.519
Nil +0.416 +0.421 +0.403
Ni2 +0.278 +0.279 +0.256
Ni3 +0.285 +0.276 +0.277
Ni4 +0.312 +0.294 +0.352
Nis +0.284 +0.288 +0.348

“Positive values indicate electron gains, negative values indicate elec-
tron losses, and values of electron losses of the Mg atoms are shown in
italic font.

For both Nd,Ni; and Nd, Mg, sNi, with the stable site occupa-
tion of Mg, the total energy difference (<0.4 meV) between
2H- and 3R-type A,B, structures approaches the accuracy of
first-principles calculations which indicates that 2H- and 3R-type
A,B; structures are almost equally stable and further explains the
coexistence of 2H and 3R phases in Nd,Ni, and Nd, Mg, sNi,.
To explore the physics underlying the site occupancy of Mg
in Nd,Ni;, we analyzed the bonding character in the 2H-type
(Nd, sMg,s)Ni, with different site occupations of Mg atoms.
Using the Bader charge analysis technique,”>° we found sig-
nificant electron transfer from Nd/Mg to Ni in this system (see
Table 4), which indicates that the bonds in the (Nd,; ;Mg s)Ni,
compound are somehow ionic in nature. For the binary Nd,Ni, the
Nd of the AB, subunit loses about 1.151 electrons while the Nd of
the ABg subunit loses about 1.381 electrons in the 2H-type
A,B, structure. The Mg atom replacing the Nd atom in the AB,

Table S. Bond Length (in nm) between Nd/Mg and Its
Surrounding Ni in Undoped and Mg-Doped 2H-type Nd,Ni,
Compounds®

Mg in NdNi, Mg in NdNig
subunit bond undoped subunit subunit
NdNi, Nd/Mg—Nil 0.2870 0.2807 0.2818
Nd/Mg—Ni2 0.2983 0.2958 0.2985
NdNig;  Nd/Mg—Nil 0.3290 0.3200 0.3289
Nd/Mg—NiZ 0.2896 0.2874 0.2877
Nd/Mg—Ni3 0.2896 0.2874 0.2876
Nd/Mg—Ni4 0.3113 0.3172 0.3019

“Bond lengths associated with Mg are shown in italic font.
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Figure 4. Rietveld refinements of observed XRD patterns for the (a) (NdLaysMgys)Ni, (b) (NdY,sMgys)Ni;, (c) (Nd; sMgys)(NigCo), and
(d) (Nd,sMg,5)(NigCu) samples. Vertical bars below the patterns show the positions of all possible reflection peaks of the 2H-A,B,, 3R-A,B,

NdNig, 2H-AB)y, and 3R-AsB )y phases.
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Table 6. Lattice Parameters and Abundance of Each Phase in
(Nd, sMg, ;)Ni,-Based Alloys Determined from XRD Data®

lattice parameters (nm)

abundance
compound phases a c (wt %)
(Nd, sMg, s)Ni, 2H-A,B, 049773(4)  2.4098(6) 35
0.4978 2.4033
3R-AB,  049784(7)  3.6187(7) 51
0.4983 3.6062
NdNig 0.49683(5)  0.3977(9) S
2H- 0.49740(5)  3.1942(8) 4
AsByy
3R-AB,, 049776(8)  4.8202(S) S
(NdLaysMgos)Ni, 2H-A,B,  0.49978(7)  2.4155(7) 42
0.4995 2.4069
3R-A,B,  049979(4)  3.6236(6) 45
0.4987 3.6097
NdNig 0.49881(8)  0.3979(7)
2H- 0.50009(7)  3.1974(8) 3
ASB 19
3R-AB,, 049916(9)  4.8312(6) 4
(NdY,sMgos)Ni;,  2H-A,B,  0.49588(1)  2.4058(8) 22
0.4963 2.3934
3R-A,B, 049593(7)  3.6088(1) 63
0.4960 3.5901
NdNig 0.49412(2)  0.3975(5) 9
2H- 0.49604(6)  3.1902(8) 2
ASB 19
3R-AB,, 049576(8)  4.8145(9) 4
(Nd, Mgy 5) 2H-A,B, 049849(6)  2.4166(8) 3
NigCo
3R-AB,  049841(6)  3.6153(4) 35
NdNig 0.49715(6)  0.3986(9) 7
2H- 0.49823(7)  3.2080(6) 2
ASB 19
3R-AB,, 0.49839(7)  4.8253(8) 3
(Nd, sMgy5) 2H-A,B,  0.49953(3)  2.4234(S) 78
(NigCu)
3R-A,B,  049907(5)  3.6221(5) 10
NdNig 0.49807(6)  0.3991(3)
2H- 0.49840(7)  3.2278(8) 3
ASB 19
3R-AB,,  0.49959(8)  4.8372(7) 3

“Lattice parameters without standard deviation were obtained from
first-principles calculations.

subunit loses about 1.466 electrons, whereas the Mg atom
replacing the Nd atom in the AB; subunit loses about 1.519
electrons; both amounts are greater than the electron losses of
the host Nd atoms, which means that substitution of Nd in
either the AB, or the ABg subunit by Mg increases the ionic
bond strength. On the other hand, the Mg—Ni bonds in
(Nd, sMg, s)Ni, are shorter in length than the Nd—Ni bonds in
Nd,Ni, (see Table 5), which further enhances ionic bonds in
the system. Although Mg substitution strengthens ionic bonds
in both AB, and ABj; units, the net electron increment induced
by Mg substitution of Nd in AB, subunits (0.31) is more than
twice the amount induced by Mg substitution of Nd in the AB;
subunit (0.14). Accordingly, the strengthening of the ionic
bond by Mg substitution of Nd in the AB, subunit is expected
to be more significant than Mg substitution of Nd in the AB;
subunit, which makes the former more stable than the latter.
Therefore, Mg atoms prefer to occupy Nd sites in AB, subunits
instead of AB; subunits sites.
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Effect of Atomic Size. Figure 4a and 4b shows Rietveld
refinements of XRD patterns for (NdLa,sMg,s)Ni; and
(NdY,sMg, s)Ni, alloys, respectively. The abundance of each
phase in the alloys was obtained by Rietveld refinements (see
Table 6). Partial substitution of La for Nd leads to an increase
in the relative amount of the 2H-A,B, phase from 35 to 42 wt %
but a decrease in the relative amount of the 3R-A,B, phase from
51 to 45 wt %. On the contrary, the amount of the 2H-A,B, phase
decreases to 22 wt % while the amount of the 3R-A,B phase
increases to 63 wt % when Nd is partially substituted by Y.
Because the atomic radius of Nd is smaller than the atomic
radius of La but larger than the atomic radius of Y, the average
A-atomic radius increases or decreases due to partial substi-
tution of La or Y for Nd. Hence, this result suggests that the
increase in the A-atomic radius is favorable for formation of the
2H-A,B;, phase in ternary (M, Mg, s)Ni, alloys (see Figure Sa),
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Figure S. Correlations of the phase abundance of 2H-A,B, and 3R-A,B,
phases with (a) average A-atomic radius and (b) average B-atomic radius,
respectively, in A,B,-type alloys.

which complies with the binary M,Ni; compounds whose
layered structure is size dependent;21 i.e,, with the preference of
a 2H structure for larger A-atomic radii and the 3R structure for
smaller A-atomic radii.

To our knowledge, the influence of the B-atomic radius on
the crystal structure in A;B; compounds is unclear. To clarify
this question, XRD patterns for (Nd; Mg, ;) (NigCo) and
(Nd, sMgys) (NigCu) were also refined (see Figure 4c and
4d, respectively). The abundance of each phase listed in
Table 6 indicates that partial substitution of Co or Cu for
Ni leads to an increase in the 2H-A,B- phase and a decrease
in the 3R-A,B. phase. Figure Sb displays the correlation of
the phase abundance of 2H-A,B, and 3R-A,B, phases with
an average B-atomic radius in A,B;-type compounds, which
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Figure 6. P—C isotherms of hydrogen absorption and desorption for (a) (Nd;sMgys)Ni;, (b) (NdLagsMgys)Ni;, (c) (NdY,sMg,s)Ni;, (d)
(Nd, sMg,5)(NigCo), and (e) (Nd; sMg,;)(NigCu) samples. (f) Correlation of the equilibrium pressure in the hydriding process at 298 K with an

average subunit volume of the 2H and 3R phases in the A,B,-type alloys.

clearly shows that a larger B-atomic radius is also favorable
for formation of the 2H-A,B., phase.

Furthermore, the lattice parameters of 2H-A,B, and 3R-A,B,
phases in the (Nd; Mg, ;)Ni;-based alloys obtained from XRD
patterns are also listed in Table 6, which indicates that partial
substitution of Nd or Ni by an element with a larger atomic
radius leads to lattice expansion of both structures and vice
versa. These changes in lattice parameters are confirmed by
first-principles calculations (see Table 6), although lattice
parameters for (Nd; sMg,s)(NigCo) and (Nd; sMg,s)(NigCu)
were not calculated due to a much higher computational com-
plexity. Such a lattice expansion or contraction significantly
influences hydrogen absorption—desorption properties which
will be discussed below.

Hydrogen Storage. Pressure—composition isotherms (P—C
isotherms) of the (Nd, Mg, s)Ni, alloy measured at 298, 318,
and 338 K are shown in Figure 6a, where the following two
features are observable. (i) Only one plateau is visible on each
curve at each temperature, which suggests that the 2H-A,B, and
3R-A,B, phases have quite similar equilibrium pressures upon
hydrogen absorption and desorption, although the plateau shows
a large sloping characteristic similar to 2H-type (LaLSMgO'S)Ni%23
(i) The hydrogen absorption capacity of (Nd,Mgys)Ni, is
about 1.2 wt % (ie., the atom ratio of hydrogen to metal H/M =
0.87) at 298 K, which is slightly smaller than the value of 1.4 wt %
(H/M = 1) for (La; sMg, 5)Ni..”> However, hydrogen desorption
shows good reversibility and small hysteresis due to preferential
occupation of Mg in AB, subunits of (Nd; sMggs)Ni,.
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Figure 6b, 6¢, 6d, and 6e shows P—C isotherms of the
(NdLay sMgys)Nis, (NdY, sMgqs)Niy, (Nd; sMgys) (NigCo), and
(Nd, sMg,s)(NigCu) alloys, respectively. Compared with the
results of (Nd, sMg,s)Ni,, the following changes can be observed.
(i) Partial substitution of La for Nd or Co for Ni leads to a flat-
tening of the sloping plateau, whereas partial substitution of Y for
Nd or Cu for Ni increases the plateau slope and reduces the total
hydrogen capacity. However, there seems to be no simple relation-
ship between sloping plateau behavior and the atomic size of a
substitute. The degree of sloping is generally considered to be
related to compositional inhomogeneity.***” Hence, the sloping
characteristic of (Nd;Mgs)Ni-based compounds (whether
A-site substitution or B-site substitution) can be improved by a
long-time annealing. (ii) By taking the equilibrium pressures
from the midpoints of sloping plateaus for P—C isotherms,
partial substitution of Y for Nd increases the equilibrium pressure
of hydrogen, but partial substitution of La for Nd, Co for Ni, or
Cu for Ni decreases the equilibrium pressure. The changes in
equilibrium pressure caused by these substitutions are generally
attributed to changes in lattice parameters (see Table 6) due to
different atomic radii of substitutes. In this study, use of the
average subunit volume instead of the unit cell volume is more
reasonable for a correlation with equilibrium pressure due to the
coexistence of 2H and 3R phases. Figure 6f represents the re-
lationship of the equilibrium pressure in the hydriding process at
298 K with the average subunit volume of 2H and 3R phases of
A,B.-type compounds. A linear relationship between equilibrium
pressure and average subunit volume is obtained which can be
used for practical selection of the type of substitution in devel-
opment of new A,B,-type compounds.

The van’t Hoff plots for A,B,—H, systems are displayed in
Figure 7. For each system, the enthalpy changes of 2H-A,B,
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Figure 7. van’t Hoff plots for the A,B,—H, systems in (a) hydriding
and (b) dehydriding processes.

2982

Table 7. Hydriding and Dehydriding Properties for A,B,—H,
Systems

hydriding dehydriding

enthalpy entropy (J/ enthalpy entropy (J/

system (kJ/mol H,) K mol H,) (kJ/mol H,) K mol H,)
(Nd, Mgy )Ni;—H, —294  —1007 290 972
(NdLa, Mgy )Ni,—H, —326 -102.6 324 100.5
(NdY, Mg, s)Ni;—H, —285 ~1009 282 96.9
(Nd, Mg, ;) (NiCo)—H,  —315 -102.8 314 1012
(Nd, Mgy ) (NigCu)—H,  —322 ~1032 323 101.3

and 3R-A,B, phases are averaged and listed in Table 7 because
of their close equilibrium pressures. Hydriding enthalpies for
(Nd, sMg, s)Ni,-based compounds range from —28.5 to —32.6
kJ/mol H,, which further confirms that hydride formation en-
thalpies for ternary M—Mg—Ni comgounds are close to —30
kJ/mol H, for the LaNis—H, system.”*** Nevertheless, the in-
fluence of partial substitution on the hydriding enthalpy is
dimly visible in this study. For A-site substitution, the hydriding
enthalpy decreases from —29.4 to —32.6 kJ/mol H, when Nd is
partially replaced by La but increases to —28.5 kJ/mol H, due
to partial substitution of Y for Nd. This result compares favor-
ably with previous research on formation of hydrides from the
Rg,LagsNis (R = La, Y, and Nd) compounds,® which implies
that occupation of hydrogen atoms in ABg subunits of
(NdLaysMg, s)Ni; and (NdY,sMg,s)Ni, compounds may be
dominant during formation of hydrides. For B-site substitution,
partial substitution of Co for Ni leads to an increase in the
absolute value of hydriding enthalpy, which is consistent with
results for the LaNi,Co compound.” Similarly, the increase in
the absolute value of the hydriding enthalpy for (Nd, Mg, s)-
(NigCu) also compares with the reported result that partial
replacement of Ni by Cu stabilizes the LaNis hydride.>”*’
Evidently, the effects of partial substitution for Nd or Ni on the
thermodynamics of hydrogen absorption and desorption of the
(Ndl.si\;[g%s)NE compound comply with those of LaNis-based
alloys.”™

B CONCLUSIONS

A systematic investigation of the structural and hydrogen storage
properties of (Nd, Mg, s)Ni,-based compounds was conducted
in the this study. The (Nd,;Mgys)Ni, alloy is composed of a
hexagonal phase (2H-A,B,) and a rhombohedral phase (3R-A,B-)
accompanied by minor impurity phases NdNis, 2H-A;B,o, and 3R-
AsBo. In the 2H- and 3R-type A,B, structures, Mg atoms occupy
Nd sites of Laves-type AB, subunits rather than the Nd sites of the
AB; subunits as demonstrated by both XRD measurements and
first-principles calculations because Mg substitution of the Nd in
the AB, subunits more significantly strengthens the ionic bond in
the system. Furthermore, the phase abundance of (Nd, sMg, s)Ni,,
(NdLag sMgos)Ni, (NdYosMgys)Niz, (Nd; sMgos)(NigCo), and
(Nd, sMg,s)(NigCu) alloys indicates that an increase in the A-
atomic radius or the B-atomic radius stabilizes the 2H structure,
but a decrease in the A-atomic radius or the B-atomic radius is
favorable for formation of the 3R structure. The 2H-A,B- and 3R-
A,B, phases in each compound have quite similar equilibrium
pressures for hydrogen absorption and desorption, which show a
linear relationship with the average subunit volume. The hydriding
enthalpy for the (Nd,; ;Mg s)Ni; compound is about —29.4 kJ/
mol H,, which becomes more negative because of the partial
substitutions of La for Nd and Co/Cu for Ni but less negative due
to partial substitution of Y for Nd.
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