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1. INTRODUCTION

Extensive studies have been conducted on the crystal struc-
tures of Gd�Ni binary compounds GdNi2, GdNi3, Gd2Ni7,
and GdNi5.

1�3 The Laves phase compound GdNi2 has a
cubic MgCu2-type (C15) structure with lattice parameter a =
0.72056 nm.1 GdNi3 andGd2Ni7 have superlattice structures and
consist of cells with MgZn2- and CaCu5-type structures stacked
along the c axis in ratios of 1:1 and 1:2, respectively. GdNi3 has a
hexagonal PuNi3-type structure.2 Gd2Ni7 has a hexagonal
Ce2Ni7-type structure at low temperatures (873 K) and a
rhombohedral Gd2Co7-type structure at high temperatures
(1173 K).3 GdNi5 has a hexagonal CaCu5-type structure.

4 The
crystal structures of LaNi3, La2Ni7, and LaNi5 are isomorphic
with GdNi3, Gd2Ni7, and GdNi5 compounds, respectively.

GdNi2 has been investigated as a hydrogen-absorbing alloy.5

The alloy is hydrogenated slowly with high-purity hydrogen gas
(7 N) under 5 MPa; the alloy becomes amorphous after
hydrogenation at 323 K and decomposes into GdH2 and GdNi5
after hydrogenation at 773 K. The P�C isotherm of GdNi5 was
previously measured at a hydrogen gas pressure of 35 MPa.6 The
initial activation was achieved by exposing the alloy to a hydrogen
gas pressure of 35 MPa at 197 K for several hours. The hydride
showed two clear plateaus below 248 K. The lower and higher
absorption plateaus were at 0.3 and 2.0 MPa, respectively, at
197 K. The maximum hydrogen capacity reached approximately
1.0 H/M at 197 K.

The crystal structures of intermetallic compound R5Co19
(R = Ce, Pr, and Nd) were investigated by Khan.7 Ce5Co19
was determined to be rhombohedral (space group R3m), and the
lattice parameters were reported as a = 0.4947 (5) nm and
c = 4.8743 (4) nm from X-ray diffraction (XRD) data. Pr5Co19

was homogenized at 1173 K for 7�14 days, and the crystal
structure agreed with that of Ce5Co19. The lattice parameters of
Pr5Co19 were a = 0.506 (5) nm and c = 4.914 (4) nm. Inter-
metallic compound La5Ni19 was found for the first time by
Yamamoto et al.8 The crystal structure was determined to be of
the Ce5Co19 type (3R, space group R3m) by transmission
electron microscopy (TEM) analysis. The crystal structure of
Sm5Ni19 was found by Takeda et al. using TEM to be of the
Sm5Co19 type (2H, space group P63/mmc).

9 Ferey et al. reported
that the crystal structure of La5Ni19 was of the Sm5Co19 type;
they also measured its P�C isotherm.10 The lattice parameters of
the alloy were a = 0.50491(1) nm and c = 3.2642 (1) nm. The
maximum hydrogen capacity reached 1.2 H/M. Lemort et al.
reported the crystal structure and P�C isotherm of Pr5Ni19 and
Nd5Ni19.

11 There have been only a few reports on R5Ni19
compounds and their P�C isotherms.
The structural change in La2Ni7Hx with a superlattice struc-

ture was investigated using in situ XRD.12 The crystal structures
for the metal sublattice of the two hydride phases La2Ni7H7.1 and
La2Ni7H10.8 were determined. The La2Ni4 and LaNi5 cells of
La2Ni7H7.1 expanded by 48.9% and 6.0%, respectively, from the
original alloy, and those of La2Ni7H10.8 expanded by 69.8% and
12.2%, respectively. Most of the H atoms were located in the
La2Ni4 cells.

13

The phase diagram of the Gd�Ni system shows nine phases
in the equilibrium state: Gd3Ni1, Gd3Ni2, GdNi, GdNi2, GdNi3,
Gd2Ni7, GdNi4, GdNi5, and Gd2Ni17.

14 Gd5Ni19 is not shown in
the Gd�Ni binary phase diagram. This study focused on the
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ABSTRACT: We successfully synthesized the new intermetallic compound Gd5Ni19 and
determined its crystal structure by X-ray diffraction (XRD) and scanning transmission
electron microscopy (STEM). The structure is a Sm5Co19-type superlattice structure (2H,
space group P63/mmc), and the lattice parameters were determined as a = 0.4950(1) nm and
c = 3.2161(5) nm by X-ray Rietveld refinement. The XRD results agreed with the STEM
analysis results. The P�C isotherm of Gd5Ni19 wasmeasured at 233 K. In the first absorption
cycle, the maximum hydrogen capacity reached 1.07 H/M at 2.0 MPa. The sloping plateau
was observed in the first absorption�desorption cycle. The maximum hydrogen capacity
decreased by 0.87 H/M in the second absorption cycle, implying that hydrogen in
the amount of H/M = 0.20 remained in the alloy before the second absorption�
desorption cycle.
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crystal structure and P�C isotherm of Gd5Ni19.We attempted to
synthesize Gd5Ni19 and determine the crystal structure by using
XRD and scanning transmission electron microscopy (STEM).
It is interesting to elucidate how the behavior of the MgZn2- and
CaCu5-type cells is related to the hydrogenation properties. This
paper presents the determined crystal structure and P�C
isotherm of Gd5Ni19.

2. EXPERIMENTAL SECTION

A Gd�Ni alloy was prepared by arc-melting Gd and Ni metals
(99.9%) in an argon atmosphere. The obtained alloy ingot was annealed
in the temperature region between 1423 and 1573 K under vacuum and
then quenched in ice water.
The powder sample for XRD measurements was sieved to a particle

size of <20 μm.The XRDdata were collected by using the diffractometer
Rigaku Ultima-IV in the step-scan mode. Cu Kα radiation monochro-
matized with a curved graphite diffractometer was used. The structural
parameters were refinedwith the Rietveld refinement programRIETAN-
2000.15�17 The XRD data in the 2θ region between 15� and 100� were
used for the Rietveld refinement. Data at the 2θ region around 33�
contained a peak from an unknown phase and were excluded from the
refinement. The reliability of the fitting was judged from the “goodness-
of-fit” parameter S, which is defined as S = Rwp/Re, whereRwp is a residue

of the weighted pattern and Re is the statistically expected residue.
A JEOL JEM-2100F transmission electron microscope operating at
200 kV was used in the STEM observations.

The sample for the P�C isotherm measurement was sealed in
a stainless steel container heated in a vacuum at 413 K for 1 h and
then kept at 233 K for 1 h. In the first cycle, the P�C isotherm was
measured by Sieverts’ method with no other pretreatment for activa-
tion. Before the second cycle measurement, the sample was evacuated
at 233 K for 3 h.

3. RESULTS

3.1. Crystal Structure of Gd5Ni19. XRD profiles of the
quenched samples from several heat-treatment temperatures
are shown in Figure 1a,b. The as-cast profile included the
CaCu5-type phase, and the peak broadening was observed.
The Sm5Co19-type (2H), Ce5Co19-type (3R), and CaCu5-type
phases coexisted between 1423 and 1523 K. The Bragg peak
intensity of the Ce5Co19-type structure decreased with increasing
heat-treatment temperature and disappeared at 1543 K. The
Bragg peak intensity of the CaCu5-type structure increased and
that of the Sm5Co19-type structure decreased when the tem-
perature rose over 1573 K. Finally, the Gd5Ni19 sample was
obtained by annealing at 1543 K for 11.5 h under a vacuum of 2.0
� 10�2 Pa and quenching in ice water. The XRD profile of
Gd5Ni19 in the 2θ region between 4� and 15� is shown in
Figure 2. Two superlattice reflections of the Sm5Co19-type
structure (002 and 004) or Ce5Co19-type structure (003 and
006) were clearly observed. These peaks corresponded to d =
1.61 and 0.804 nm, respectively. The crystal structures of the
Sm5Co19 and Ce5Co19 types are shown in Figure 3. The
Sm5Co19-type structure has two blocks, A and B, along the c
axis; each block is composed of one layer ofMgZn2-type cells and
three layers of CaCu5-type cells. The Ce5Co19-type structure has
three blocks, A�C, along the c axis.
An initial structural model based on the Ce5Co19-type struc-

ture (space group R3m) was adapted for Rietveld refinement.
However, the calculated pattern did not fit well with the
observed pattern. The goodness-of-fit S was as large as 5.5,
indicating that the crystal structure of Gd5Ni19 is not of the
Ce5Co19 type. The second structural model based on the
Sm5Co19-type structure (space group P63/mmc) was then
adapted. The calculated pattern fit well with the observation,

Figure 1. XRD profiles of the Gd5Ni19 alloy as-cast and quenched from
several temperatures: (a) 2θ region between 15� and 100�; (b) 2θ
region between 28� and 47�.

Figure 2. XRD profile of Gd5Ni19 in a low-angle region. Two super-
lattice peaks corresponding to Sm5Co19-type (2H) or Ce5Co19-type
(3R) structures were observed.
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and S = 1.8. The final Rietveld refinement was carried out with a
two-phase model containing Sm5Co19-type Gd5Ni19 and
CaCu5-type GdNi5, and the results are shown in Figure 4.
The mass fractions of the Sm5Co19- and CaCu5-type phases
were 89% and 11%, respectively. The refined structural param-
eters of Sm5Co19-type Gd5Ni19 are listed in Table 1.

GdNi4 has a hexagonal structure with lattice parameters a =
0.535 nm and c = 0.583 nm.18 XRD results indicated that two
Bragg peaks were clearly observed in the 2θ region between 4�
and 15�. These observed peaks corresponded to lattice spacings
d = 1.61 and 0.804 nm. These values are larger than the lattice
parameters of GdNi4. The observed phase did not correspond to
the GdNi4 phase. Gd2Ni7 has a hexagonal Ce2Ni7 type (space
group P63/mmc), which is close to the structure of the Sm5Co19
type (space group P63/mmc). The obtained S, 5.9, of the Ce2Ni7-
type model was apparently larger than that of the Sm5Co19-type
model. The calculated pattern did not fit well with the observed
pattern. The same tendency was also seen in a rhombohedral
Gd2Co7-type model (space group R3m); the obtained S was 6.1.
The selected-area electron diffraction (SAED) pattern taken

along the Æ010æ direction of Gd5Ni19 is shown in Figure 5, where
indexing (100 and 008) of the Sm5Co19-type structure is given.
The high-resolution STEM image of Gd5Ni19 viewed along
[100] using a high-angle annular dark field is also shown in
Figure 5. Four bright spots along the c-axis direction indicate the
Gd atoms, which form a block composed of one layer of MgZn2-
type cells and three layers of CaCu5-type cells. These blocks are
stacked along the c axis in a sequence of ABAB.... Therefore, the
image corresponds to the Sm5Co19-type structure shown in
Figure 3. The Ce5Co19-type (3R) structure with a stacking
sequence of ABCABC... was not observed in the STEM image.
3.2. P�C Isotherm of Gd5Ni19. The P�C isotherm of

Gd5Ni19 at 233 K is shown in Figure 6. In the first absorption
process, the maximum hydrogen capacity reached 1.07 H/M at
2.0 MPa. A sloping plateau was observed in the first absorp-
tion�desorption process. The plateau pressures of the first
absorption and desorption were approximately 0.45 and 0.09
MPa, respectively. After full desorption down to 0.001 MPa in
the first cycle, the hydrogen content was 0.26 H/M. Before the
second absorption�desorption cycle, the sample was evacuated
at 233 K for 3 h. In the second absorption cycle, the maximum
hydrogen capacity decreased to 0.87 H/M, while the plateau
pressures were the same as those in the first absorption�
desorption cycle.

Figure 3. Sm5Co19-type (2H) and Ce5Co19-type (3R) structures, in
which MgZn2- and CaCu5-type cells are stacked along the c axis.

Figure 4. Rietveld refinement of XRD data for the Gd5Ni19 alloy. A model containing Sm5Co19-type (2H) Gd5Ni19 and CaCu5-type GdNi5 was
applied. The line indicates calculated intensities, and the points superimposed on it are the observed intensities. The bottom curve is the difference
between the observed and calculated intensities.
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4. DISCUSSION

4.1. Crystal Structure. In this study, the heat-treatment condi-
tion was fixed to obtain the Gd5Ni19 phase with Sm5Co19-type
structure. As shown in the Gd�Ni phase diagram, Gd2Ni7 and
GdNi4 are stable below 1473 and 1543 K, respectively. The
GdNi5 phase has a melting point at 1753 K, and the phase
is stable up to its melting point. The GdNi5 phase increases
over 1473 K.
We successfully synthesized the Gd5Ni19 phase. The crystal

structure of Gd5Ni19 was investigated by XRD and STEM.
The Rietveld refinement of the Sm5Co19-type model and the
Ce5Co19-type model provided S = 1.8 and 5.5, respectively. A
Ce5Co19-type structure was not observed in either the XRD
profile or STEM image. In our study, the crystal structure of
Gd5Ni19 was determined to be of the Sm5Co19 type (2H, space
group P63/mmc) with a = 0.4950(1) nm and c = 3.2161(5) nm
for the first time. When the lattice parameters of GdNi3, Gd2Ni7,
and Gd5Ni19 were compared, it was found that a increased with

the ratio of Gd2Ni4 to GdNi5 cells and was closer to that for the
GdNi5 compound. The 001 and 008 spots were clearly observed
in the SAED pattern in Figure 5, which satisfied space groupP63/
mmc. The result is consistent with the XRD analysis result. Thus,
the crystal structure of the synthesized Gd5Ni19 is determined.
Lemort et al. recently reported the synthesis of Pr5Ni19

with Sm5Co19- and Ce5Co19-type structures.
11 The lattice param-

eters of Sm5Co19-type Pr5Ni19 were a = 0.4999 nm and
c = 3.2410 nm. In this study, the lattice parameters of Gd5Ni19
with the Sm5Co19-type structure were a = 0.4950(1) nm and
c = 3.2161(5) nm, which are smaller than those of Pr5Ni19.
Buschow et al. reported that Pr2Ni7 has a hexagonal Ce2Ni7-

type structure at 1223 K and a stable rhombohedral Gd2Co7-type
structure at room temperature.2 They also reported that PrNi3
has a rhombohedral PuNi3-type structure.

2 Gd2Ni7 has two types
of crystal structures: a hexagonal Ce2Ni7-type structure at 873 K
and a rhombohedral Gd2Co7-type structure at 1173 K.3 GdNi3
has a rhombohedral PuNi3-type structure like PrNi3. The phase
stabilities differ for Pr2Ni7 and Gd2Ni7. On the other hand, the

Table 1. Structural Parameters of Gd5Ni19 (Space Group
P63/mmc (No. 194), a = 0.4950(1) nm, c = 3.2161(5) nm,
Rwp = 11.6%, RI = 8.8%, Re = 6.3%, and S = 1.8)

atom site g x y z B (10�2 nm2)

Gd 2c 1.0 1/3
2/3

1/4 0.5(1)

Gd 4f 1.0 1/3
2/3 0.1317(1) 1.1(1)

Gd 4f 1.0 1/3
2/3 0.0210(1) 1.6(1)

Ni 2a 1.0 0 0 0 1.3(5)

Ni 2b 1.0 0 0 1/4 0.5(1)

Ni 2d 1.0 1/3
2/3

3/4 0.7(2)

Ni 4e 1.0 0 0 0.1283(2) 0.5(2)

Ni 4f 1.0 1/3
2/3 0.8726(2) 0.5(1)

Ni 12k 1.0 0.8326(8) 2x 0.0632(1) 0.5(1)

Ni 12k 1.0 0.8331(7) 2x 0.1889(1) 0.4(1)

Figure 5. High-resolution STEM image and SAED pattern of Gd5Ni19.

Figure 6. P�C isotherm of Gd5Ni19 at 233 K: (a) first absorption�
desorption process; (b) second absorption�desorption process.
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crystal structures of GdNi3 and Gd5Ni19 are isomorphic with
PrNi3 and Pr5Ni19.
4.2. Hydrogen Absorption Property.The P�C isotherms of

Gd5Ni19 for the first and second absorption�desorption cycles
are shown in Figure 6a,b. Themaximumhydrogen capacity of the
first absorption cycle reached 1.07 H/M. The single sloping
plateau was observed in the first absorption�desorption cycle.
The same tendency was also seen in the second absorption�
desorption cycle, but the maximum hydrogen capacity decreased
to 0.87 H/M. This suggests that hydrogen in the amount of
H/M = 0.20 remains in the alloy before the second absorption�
desorption cycle. The present sample consisted of two phases of
89% Gd5Ni19 and 11% GdNi5 from the Rietveld refinement
shown in Figure 4. Senoh et al. reported the P�C isotherm of
GdNi5.

6 The initial activation was achieved by a hydrogen gas
pressure of 35 MPa at 197 K for several hours. Activation
treatment of GdNi5 is not easy. Two plateaus were observed at
223 K: one at 1.5 MPa and the other at 6 MPa. In other words,
GdNi5 showed very high plateau pressures. In our results for the
P�C isotherm at 233 K, the maximum hydrogen pressure was
2.0 MPa and the plateau pressure was below 1 MPa. Therefore,
the obtained P�C isotherm shown in Figure 6 is barely affected
by GdNi5.
In our previous study, the crystal structure and P�C isotherm

of Pr5Ni19 with the Sm5Co19-type structure were reported.
19 The

crystal structure of Pr5Ni19 was determined by XRD and TEM.
The P�C isotherm of the alloy in the first absorption process was
clearly different from that in the first desorption process; a single
plateau in absorption and three plateaus in desorption were
observed. The P�C isotherm of Gd5Ni19 indicated one sloping
plateau in both the absorption and desorption processes, which is
similar to the trend observed in the isotherm of La5Ni19. We are
interested in the structural changes in the MgZn2- and CaCu5-
type cells of Gd5Ni19 during hydrogenation. In order to clarify
the structural changes, it is necessary to carry out in situ XRD
measurements (neutron diffraction is unsuitable because of the
vast absorption cross section of Gd to neutrons).

5. CONCLUSION

We synthesized the intermetallic compound Gd5Ni19 and
determined its crystal structure type to be Sm5Co19 (space group
P63/mmc) for the first time. The refined lattice parameters were
a = 0.4950(1) nm and c = 3.2161(5) nm. The Rietveld refine-
ment results for the XRD data agreed with the high-resolution
STEM analysis results. This phase is stable around 1543 K.

The P�C isotherm of Gd5Ni19 showed a single sloping
plateau in both the absorption and desorption processes. The
plateau pressure in the first absorption�desorption cycle agreed
with that in the second absorption�desorption cycle. The maxi-
mum hydrogen capacity of the first absorption cycle reached 1.07
H/M, while that of the second absorption cycle was 0.87 H/M.
This means that hydrogen in the amount of H/M = 0.20 remains
in the alloy before the second absorption�desorption cycle, even
though the sample was evacuated at 233 K for 3 h.
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