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Lag 67Ce0.10Ndg 0sPT0.06Nis Was synthesized by low energy mechanical alloying. The ABs was
milled up to completion stage to reach the final composition and appropriate particle size
distribution and microstructure characteristics. Crystallite size, strain and sorption prop-
erties of as-milled samples were evaluated. After milling, Lage7Ceo.19Ndo.0sP0.06Nis and
previously obtained LaNis were annealed at 600 °C for 24 h. An improvement in both
microstructural and hydrogen sorption properties was found. Equilibrium hydrogen
sorption properties were obtained and quantified in the 25-90 °C range. From these results,
a two-stage hydrogen compressor was proposed. In the first stage, hydrogen is absorbed by
LaNis at 575 kPa and 25 °C and desorbed at 1365 kPa and 90 °C. In the second stage, this
fluid is absorbed by Lag ¢;Ceo.19Ndo 0sPT0.0sNis at 745 kPa and 25 °C and desorbed at 2100 kPa
and 90 °C. As a result, a global compression ratio of 3.65 is reached using this scheme.
© 2008 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights
reserved.

1. Introduction

technology progressed, new synthesis methods of interme-
tallics replaced the traditional ones and mechanical alloying

After the discovery of the hydrides of ABs’s [1], an important (MA) was used to synthesize ABs [10]. Nevertheless,

area of research was focused on the study of the engineering
applications of these compounds [2]. Because of their ther-
modynamic properties, the thermal compression of hydrogen
was identified as immediate technological application [2].
Two families of intermetallics were found to be suitable for
this goal: AB,’s and ABs’s [3]. Research works on this subject
were previously presented [4-8]. Industrial applications are
currently used [9]. But the intermetallics used were synthe-
sized by high temperature equilibrium methods [4-8]. As

straightforward application of materials obtained by this
method is not possible. Material inhomogeneities and
microstructure need to be improved before use in these
devices [10-13]. But any after-milling treatment should be as
short, economic and easy to apply as possible in order to
facilitate the immediate application to hydrogen compres-
sion devices.

In this work, an integral treatment including synthesis by
mechanical alloying and after-milling treatments was
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developed for ABs-based intermetallics. Two different paths of
synthesis were selected:

Low energy mechanical alloying of a mixture of metals
according to:

La + 5Ni — LaNis

Low energy mechanical alloying of a mixture of interme-
tallics according to:

LaNi5 + MleS [11,12] - Lao'67ceo'19Nd0'ogpr0'06Ni5

These compositions were selected to obtain a hydrogen
compressor with both stages containing either binary or
pseudo-binary intermetallics with low temperature absorp-
tion process at pressures lower than 1000 kPa and high
temperature desorption at pressures lower than 2500 kPa
[3,10]. The obtained materials were used in the design of
a two-stage hydrogen thermal compressor reaching
a compression ratio of 3.65.

This research work is integrated within the framework of
a scientific and technical project oriented to the development

of a hydrogen supply system for transport devices. These
results are applied to the development of a multistage thermal
compressor of hydrogen. This objective aimed the elaboration
of the present work.

2. Experimental

Lag 67Ce0.19Ndo.0sPT0.06Nis (MmNis) was synthesized by low
energy mechanical alloying (MA) in a Uni-Ball-Mill II appa-
ratus (Australian Scientific Instruments) from LaNis (pieces,
99.9%, Sigma-Aldrich) and MmNis powder. MmNis powder
was previously synthesized by mechanical alloying from Pure
Ni (99.99%, Sigma-Aldrich) and drilled lumps of Mischmetal
(Mm) (99.7%, Alpha Aesar) of nominal composition 52.1 wt%
Ce, 25.5 wt% La, 16.9 wt% Pr, 5.5 wt% Nd. Neutron Activation
Analysis (NAA) and Energy Dispersive Spectroscopy (EDS)
were used to verify Mm chemical composition. MmNis
synthesis features are detailed elsewhere [11,12].
Lag 67Ce0.10Ndo 0sPT0.06Nis synthesis was achieved under Ar
atmosphere. The ball-to-powder mass relation selected was
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Fig. 1 - Diffractograms of ABs’s mechanically alloyed in a low en

ergy mill, as-milled and milled + annealed at 600 °C for 24 h.
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Table 1 - Crystallite size and strain changes due to milling
and annealing.

Sample Treatment hkl Crystallite Strain
size (A) + 10 (%) +0.05

LaNis As-milled (457 h) 101 200 1.35
110 200 1.15
Milled + annealed 101 1730 0.25
600 °C 110 1730 0.20
Lao.e,Ceo.10 As-milled (100h) 101 220 1.20
Ndo 0PT0.06Nis 110 170 1.30
Milled + annealed 101 750 0.45
600 °C 110 830 0.35

22.5:1. Sample handling features are referenced elsewhere
[11,12].

Room temperature X-ray diffraction was achieved on
a Philips PW 1710/01 Instrument with Cu Ko radiation
(graphite monocromator). Diffraction patterns were analyzed
by the Rietveld method using DBWS software [14]. Particles
size and morphology were observed by Scanning Electron
Microscopy (SEM). Strain and crystallite size effects were
estimated from diffraction peaks by assuming empirically

Fig. 2 - SEM images. a) Mechanically alloyed LaNis. b)
Mechanica“y alloyed Lao.67Ce0.19Nd0.08Pr0.05Ni5.

Table 2 - Elemental composition of the

Lag.67C€0.10Ndo 0sPT0.06Nis sample. A and B sites
elemental compositions are individually shown.

Particle
size (pm x pm)

Sample Elemental composition %

A* B*

La Ce Nd Pr Ni

Lag.67Ceop.19 10 x 10 68 18 8 6 100
Ndo 08Pr0.06Nis 5x5 69 17 8 6 100
10 x5 68 18 8 6 100

10 x 10 68 18 8 6 100

7 x 10 68 18 8 6 100

6 x 10 69 17 8 6 100

*indicates that A and B sites elemental composition are individu-
ally shown.

a Gauss distribution and a Cauchy (Lorentz) component,
respectively [15]. Chemical composition was verified by Energy
Dispersive Spectroscopy (EDS) analysis. The enhancement of
properties consisted in after-milling isothermal annealing at
different temperatures (400 and 600 °C) for 24 h under pres-
sures lower than 1 x 10~*kPa.

Fully automatic Sieverts type equipment was used to
measure hydrogen absorption-desorption features. The
experimental set-up device is described elsewhere [16].

3. Results and discussion
3.1. Synthesis Of La0.57C20.19Ndo.ospro.06Ni5

The LaNis-MmNis mixture was milled during 100 h under Ar
atmosphere in order to synthesize Lage;Ceo.19Ndo 0sP10.06Nis.
The X-ray diffraction profile of the as-milled product is shown
in Fig. 1a. Typical effects of milling, broad peaks and incipient
amorphization, are observed. As-milled LaNis obtained from
a La-Ni mixture is also shown in Fig. 1b. Synthesis details of
this intermetallic are presented elsewhere [17]. Reference
pattern of LaNis [18] is also presented in Fig. 1g for comparison.

But materials synthesized by mechanical alloying need
a thermal treatment after milling in order to release strain and
thereafter to improve hydrogen sorption properties [10,17].
The XRD profile after annealing the sample at 600 °C for 24 h is
displayed in Fig. 1c. A well defined diffraction profile with thin
peaks is observed in this figure. This thermal treatment

Table 3 - Comparison of the cell parameters values of the
previously obtained LaNis [17] with those of

Lao_57ceo_19Ndo.ogpro.osNi5. W1t% values of the ABs and Ni
are shown. R,,, stands for the goodness of the Rietveld
refinement.

Sample a(d) c(A) V(A%  Relative  Ryp (%)
content wt%
ABs Ni
LaNis 5.013 3976 86.53 85+2 15+1 10
Lao.esCeo.10 4975 3976 8522 95+2 5+1 12
Ndo.08P10.06Nis
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Fig. 3 - PCI of as-milled Lao.67Ce0.19Nd0.08PT0.06Ni5.

assures the recrystallization for samples milled up to comple-
tion stage in this type of mill [11,12,17]. The same treatment
was done for LaNis as observed in Fig. 1d [17]. In each case, the
peaks corresponding to both ABs and Ni phases are present,
the only ones that occurs in the Ni-rich side of La-Ni and their
related phase diagrams [19]. For comparison, La [20] and Ni [21]
reference patterns are also shown in Fig. 1e and f. The pres-
ence of La,03-based hydroxides and oxide-hydroxides is also
observed [22,23]. These compounds occur from La,0O3-based
oxides formed previous to mechanical alloying, during Mm
cleaning pre-treatment [11] and during exposure to ambient
conditions while XRD collection data was taken. To quantify
the microstructural changes due to annealing, crystallite size
and strain were calculated for (101) and (110) hkl directions
from X-ray profiles of Fig. 1a and c. For comparison, the same
calculation was done for LaNis presented in Fig. 1b and Fig. 1d
[17]. A summary of results is shown in Table 1. The similarities
in crystallite size and strain between both as-milled inter-
metallics indicates that completion stage [11,12,17] is reached at
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Fig. 4q - PCI’S Of Lao.eyceo_19Ndo_08Pro.05Ni5
(milled + annealed 400 °C for 24 h) at different
temperatures.

100 h of integrated milling time. This assumption can also be
confirmed by comparing the SEM images of Fig. 2. Both as-
milled LaNis (Fig. 2a) and Lag s;Ceo.19Ndo.0sPT0.0sNis (Fig. 2b)
presents well faceted edges, typical of fragile fracture, and
residual effects of cold welding. These last ones are indicated
with arrows in the figures. In each case, particle size distri-
bution was analyzed leading to a final average particle distri-
bution size of 6 + 3 um and <6 pm for Lag ¢7Ceg.19Ndg 0gPT0.06Nis
and LaNis, respectively.

EDS microanalysis was performed on sample
Lag67Ce0.19Ndo 0gPT0.0sNis to verify chemical composition.
Results are summarized in Table 2.

Cell parameters were calculated from the XRD profiles of
Fig. 1cand d. Values are presented in Table 3. A decrease in the
cell volume of Lage,Ce0.19Ndg 08PT0.06Nis in comparison with
that of LaNis is observed. It is due to the change of the
a parameter since the c one is almost constant. It affects
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Fig. 5 - Left: PCI of Lag 6,Ce€0.19Ndo.08PY0.06Nis (milled + annealed 600 °C) at 25e, 35%, 504, 70v and 90 °Ca. Full symbols
correspond to absorption, hollow symbols to desorption. Right: corresponding Van’t Hoff diagram.
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Table 4 - Hydriding properties of LaNis [17] and Lag.¢7Geo.19Ndo 0gPY0.06Nis.

Sample Treatment Temperature (°C) Pa range Pd range Capacity Hysteresis
(kPa) (kPa) (Wt%) log (Pa/Pd)
LaNis Milled + annealed 600 °C 25 393-577 237-175 1.26 0.37
35 590-804 346-273 1.31 0.35
50 966-1321 572-441 1.21 0.35
70 1752-2213 1176-859 1.17 0.29
90 3062-3679 2201-1366 1.07 0.28
Lag.67Ce0.15Ndo,08PT0.06Nis Milled + annealed 400 °C 25 807-1500 772-465 0.55 0.27
50 1660-2970 - 0.40 -
90 - = = =
Lag 6,Cep 10Ndg 0gPro 06Nis Milled + annealed 600 °C 25 550-743 364-260 0.77 0.32
35 746-1039 473-379 0.78 0.32
50 1438-1767 794-613 0.77 0.36
70 2744-3342 1407-1093 0.79 0.39
90 5119-6161 2447-2099 0.73 0.39

directly the sorption properties of the intermetallic [24,25].
Quantification of LaNis-Ni and Lagg;Ceg.10Ndg 0gPro 0sNis-Ni
mass percentages was performed by Rietveld method. Results
are summarized in Table 3. In this table, Ry, stands for the
goodness of the fit.

3.2. LaO.67ceo_19Nd0.03Pl’o_06Ni5 hydrldmg
properties — as-milled

A pressure-composition isotherm (PCI) at 25 °C corresponding
to as-milled Lage7Ce0.19Ndo 0sPr0.06Nis is shown in Fig. 3. As
observed, the non-annealed intermetallic presents a steeped
plateau slope and half of the theoretical storage capacity. This
behavior is explained by the microstructural inhomogeneities
present in the sample. Under these conditions, the interme-
tallic is not suitable for the operation of a stable and efficient
hydrogen compression stage.

3.3. Lao'67ceo'19Ndo_ogpro'06Ni5 hydl’ldmg
properties — after thermal treatment

A post milling annealing treatment is necessary to improve
the intermetallic hydriding properties [10,17]. As-milled
Lag6,Cep.19Ndg 0sPr0 06Nis Was annealed for 24 h at 400 and
600 °C. After each treatment, hydrogen sorption pressure-
composition isotherms (PCI's) were obtained. The
Lao.67Ceo.10Ndo 0sPr0.06Nis structural changes observed after
annealing and discussed in Section 3.1 are correlated to the
improvement in hydrogen sorption properties as shown in the
PCI’s curves of Figs. 4 and 5. Fig. 4 shows hydrogen absorption
and desorption PCI’s at different temperatures of the sample
after the thermal treatment at 400 °C. This sample shows,

unlike the as-milled one, a more defined plateau and an
increment in the experimental capacity. A quantification of
results is presented in Table 3.

As observed in Fig. 3, the PCI of the as-milled ABs exhibits
both an extension of the a-phase and a large slope. It could be
inferred from this behavior the presence of a high density of
strain and zones containing different hydrogen concentration
[26] as well as a nonhomogeneous occupancy of the A-sites of
the ABs. Therefore, the hydrogen storage up to 4000 kPa
remains lower than the theoretical maximum hydrogen
concentration (H wt% = 1.4). As observed in Fig. 4, the plateau
absorption pressures decrease with larger hydrogen storage
values as annealing temperature increases. A summary of
results is presented in Table 4. In this table, the plateaus are
defined for PCI's zones which slope value is lower than
1 x 10* kPa/H wt%.

It is concluded that the annealing treatment needs
stronger conditions to fit the intermetallic for hydrogen
compression application.

Hydrogen absorption and desorption properties were
obtained after thermal treatment at 600 °C. The PCI’s at 25, 35,
50, 70 and 90 °C and its corresponding Van’t Hoff diagram are
shown in Fig. 5. As observed, the sample exhibits flat defined
plateaus and larger capacity than those of samples annealed
at 400 °C. These results are correlated to the improvement of
the microstructural properties shown in Fig. 1 and Tables 1-3.
A quantification of the hydrogen sorption properties is shown
in Table 4. Those of LaNis after the same treatment are pre-
sented in the same table. From these results, the changes in
hydride enthalpy AH° and entropy AS° of formation were
calculated. The obtained results are summarized in Table 5
along with the ones of LaNis [17].

Table 5 - Hydrides enthalpies and entropies of formation.

Sample

Treatment

AH (kJ/mol Hy) AS (kJ/K mol Hy)

LaNis — absorption
LaNis — desorption
Lag.67Ce0.19Ndo 08Pr0.06Nis — absorption
Lag 67Cep.19Ndo 08Pr0.06Nis — desorption

Milled + annealed 600 °C

—25.3+0.3 —0.100 £ 0.001
—26.5+0.5 —0.094 £ 0.002
—29.0£+1.0 —0.113+0.003
—28.4+0.8 —0.102 £ 0.002
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Fig. 6 - Two-stage thermal hydrogen compressor.

3.4. Two-stage hydrogen compressor

The Van't Hoff diagrams of Lags7Cep 19Ndo 0sPr0.0sNis and
LaNis [17] are shown in Fig. 6. Both intermetallics were
synthesized by low energy mechanical alloying and thermally
treated at 600 °C. From these results, a two-stage hydrogen
compressor scheme was proposed. At the first stage, LaNis
absorbs hydrogen at 25 °C and 575 kPa (point A in Fig. 6). The
system is isolated and heated at 90 °C. Hydrogen is desorbed
at this temperature at 1365 kPa (point B). Then, hydrogen
flows to the second stage containing Lag ¢;Ce0 19Ndo 0gPT0.06Nis
which absorbs hydrogen at 25 °C and 745 kPa (C). After isola-
tion and heating the system desorbs it at 90 °C and 2100 kPa
(D). As a result, a compression ratio of 3.65 was achieved.

It is important to notice that eventual changes in the
equilibrium pressures due to cycling will not affect the link
between the stages because of the difference in the values of
the desorption pressure of the first stage (1365kPa) and
absorption pressure of the second stage (745 kPa).

4, Conclusions

In this work, Lag 67Cep.19Ndo 0sPr0.0sNis Was synthesized by low
energy mechanical alloying. Sample milling was stopped at
completion stage in order to assure the achievement of final
composition and an appropriate particle size distribution [11].
Structural and hydrogen sorption properties were analyzed
and improved by annealing at T= 600 °C and t =24 h. Both set
of properties were quantified and compared to those of LaNis
obtained previously using the same synthesis-pretreatment
method [17]. From the results obtained, thermodynamic data
was calculated and a two-stage thermal compression of
hydrogen was proposed. Hydrogen is compressed from 575 kPa
(25°C) to 1365 kPa (90 °C) using LaNis as a hydride forming
step. The fluid is supplied to a second stage where hydrogen is
compressed from 745kPa (25°C) to 2100kPa (90°C) using
Lap e7Ce0.19Ndo 0sPT006Nis as hydride forming material. The
proposed scheme reaches a global 3.65 compression ratio. A
third compression stage is the subject of an incoming work.
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