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a  b  s  t  r  a  c  t

A  hexagonal  CaCu5-type  La0.5Ce0.5Ni4Co  intermetallic  alloy  was  studied  as H  storage  material  in  as  cast
condition  using  PCT  and  in  situ  Synchrotron  XRD  studies  performed  between  263  and  353  K. A significant
shrinking  of  the  unit  cells  takes  place  on a  substitution  of La  with  Ce.  SR  XRD  showed  the  formation  of  two
hexagonal  hydrides,  a �-trihydride  La0.5Ce0.5Ni4CoH3, and  a saturated  �-hexahydride  La0.5Ce0.5Ni4CoH∼6.
In  addition,  an  �-H solid  solution  was  experimentally  observed.  Hysteresis  of  hydrogen  absorption  and
desorption  between  the  flat single  plateaus  isotherms  measured  during  the  PCT  measurements  was
rather  small,  with  no  indication  of  the  formation  of  the  thermodynamically  stable  �-(La,Ce)(Ni,Co)5H3.
The SR  XRD  revealed  that  (a) the  relative  abundance  of  the  �-hydride  is  higher  during  the desorption
compared  to the  absorption;  its  relative  amount  reaches  50 wt.%  in  maximum;  (b) anisotropic  strains
CT isotherms
ynchrotron X-ray diffraction
anthanum
erium
ickel
obalt

in  all  constituent  phases  during  both  hydrogen  absorption  and  desorption  are  not  developed;  (c)  the
pressure  of  the  formation  of  the  �-phase  was  found  to be strongly  temperature-dependent.  The  formation
of large  amounts  of  metastable  �-(La,Ce)(Ni,Co)5H3 hydride  in  quasiequilibrium  experimental  conditions
applied  during  the  SR  XRD  experiments  and  during  reaching  the  thermodynamic  equilibrium  between
the  constituent  phases  can  be  responsible  for the reduced  hysteresis  of  the  PCT  isotherms  and  absence
of  noticeable  anisotropic  strains  in  the  constituent  phases.
. Introduction

LaNi5-based alloys belong to the most comprehensively studied
roup of hydrogen storing AB5 intermetallics. A partial substitu-
ion of La and/or Ni by the chemically related elements (e.g., Ce or

ischmetal substitution for La, and Co, Al, Mn  or Sn substitutions
or Ni) results in substantial changes in the physicochemistry of
he hydrogenation process; a decrease of the hydride stability for
he La → Ce/Mm substitution and an increase of the stability for the
i → Co, Al, Mn  or Sn substitutions are observed [1].

Akiba et al. [2] during the PCT measurements of the isotherms
f hydrogen absorption and desorption and XRD studies observed
hat LaNi5 is hydrogenated via a two-step process, forming a �-
rihydride LaNi5H3 and a hexahydride LaNi5H6.7 [3].  The �-hydride
as formed at elevated temperatures; in the PCT studies it was

bserved only in the desorption isotherms measured above 80 ◦C,
nd in the absorption isotherms above 100 ◦C. The XRD exper-

ment showed that the � phase, after being formed at higher
emperatures, did not decompose on cooling down to the lower
emperatures.

∗ Corresponding author. Tel.: +47 63 80 64 53; fax: +47 63 81 29 05.
E-mail address: volodymyr.yartys@ife.no (V.A. Yartys).

925-8388/$ – see front matter ©  2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.11.116
© 2010 Elsevier B.V. All rights reserved.

Joubert et al. studied the LaNi5–H2 system by in situ Synchrotron
X-ray diffraction (SR XRD) [4].  The measurements were performed
in dynamic equilibrium conditions for both charge and discharge
of hydrogen gas. The �-trihydride was observed after the first
absorption during both hydrogen absorption and desorption exper-
iments at room temperature. As four phases were observed in
the studied sample at a constant interaction temperature, a dis-
agreement with the phase equilibrium law was explained by a
formation of a transient non-equilibrium �-LaNi5H3 phase. The
studies revealed that this phase is formed under quasi-isobaric
hydrogen absorption–desorption in rather small quantities not
exceeding 10 wt.%.

Formation of �-trihydride in equilibrium conditions was also
observed in the PCT studies of the annealed alloys where part
of La was substituted by Ce and part of Ni was replaced by
Co to form La0.5Ce0.5Ni5−xCox (x = 0.2, 0.5, 1.0) [5] alloys. As Co-
containing La0.5Ce0.5Ni5−xCox are characterized by significantly
reduced hysteresis of hydrogen absorption and desorption and they
have reasonably high hydrogen absorption–desorption equilibrium
pressures, they are excellent candidates as hydrogen absorbents for

use in the thermal sorption compression of hydrogen gas. The effi-
ciency of such compression is reduced with increased hysteresis
and with sloping of the plateau pressures and is therefore strongly
influenced by the mechanism and kinetics of the phase-structural

dx.doi.org/10.1016/j.jallcom.2010.11.116
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:volodymyr.yartys@ife.no
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Fig. 1. Pressure-composition isotherms (a) and van’t Hoff plots (b) for the
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ransformations in the system during hydrogen charge and dis-
harge. This mechanism is affected by prehistory of the sample (as
ast/annealed) and by the La/Ce and Ni/Co ratios.

Present work focuses on studies of the mechanism of hydro-
en absorption–desorption processes in as-cast La0.5Ce0.5Ni4Co
lloy by the PCT measurements and in situ SR XRD investigations
uring the hydrogenation–dehydrogenation cycling at isobaric
onditions.

. Experimental

The La0.5Ce0.5Ni4Co alloy was prepared by arc melting of the high purity con-
tituent elements, La, Ce, Ni and Co (all ≥99.9%), in a protective atmosphere of
rgon gas (purity 99.999%). The alloy sample was remelted two  times to ensure its
omogeneity. Its properties were studied in as cast condition. XRD measurements
howed formation of a single phase hexagonal CaCu5-type intermetallic compound
a  = 4.9437(3) Å, c = 3.9846(2) Å; V = 84.34(1) Å3). As expected, the unit cell parame-
ers  have intermediate values between those for LaNi4Co (a = 5.031 Å and c = 3.984 Å)
6]  and CeNi4Co (a = 4.895 Å and c = 3.998 Å) [7] compounds.

To  measure the hydrogen absorption and desorption isotherms, ∼1 g of the
a0.5Ce0.5Ni4Co alloy was placed into a stainless steel reactor and connected to a
ieverts’ type apparatus. First hydrogenation experiment was started without a pre-
iminary high-temperature activation of the alloy; the sample was  only degassed at
oom temperature in a vacuum of ∼10−3 mbar for 30 min. Initial hydrogenation was
erformed at 293 K and 70 bar H2 pressure. Maximum hydrogenation capacity of
.7  at. H/f.u. was  reached in 30 min, after an incubation period of ∼15 min. Synthe-
ized sample was  dehydrogenated in dynamic vacuum at 363 K and hydrogenated
gain at 293 K and 70 bar H2. During the second and following hydrogenation cycles,
ull hydrogen saturation was achieved very rapidly, within less than 30 s. Absorption
nd desorption isotherms were then measured at temperatures 273, 313 and 353 K
n  the pressure range from 0.01 to 100 bar.

For the in situ SR XRD measurements the alloy powder was  loaded into an
pen-ended 0.3 mm quartz capillary, which was  then placed inside a sealed 0.5 mm
apillary connected to the Sieverts’ type gas system via a modified SS-Tee joint
ttached to a goniometer head. Heating and cooling of the sample were performed
y a programmable cryostream system allowing desired heating/cooling rates at
emperatures 77–500 K. First, the La0.5Ce0.5Ni4Co was activated by subjecting it to a
ressure of 50 bar H2 at 380 K to ensure the formation of a single-phase �-solid solu-
ion of hydrogen. Then, the first hydrogenation was initiated by cooling the sample
o  263 K. The diffraction data were collected at constant hydrogen pressures of 9, 14
r  25 bar H2, during heating/cooling of the sample at different constant ramp rates
f  1, 2 or 4 K/min. The temperature was increased to 353 K for hydrogen desorption
nd decreased to 263 K for H2 absorption.

The SR XRD data were collected at the Beam Line 01A, Swiss-Norwegian Beam
ines, ESRF, Grenoble, using a MAR2300 image plate detector. The wavelength was

 = 0.7350 Å; the measurements covered an angle interval 2� from 3.12◦ to 40.92◦ .
ach pattern was collected during 20 s. The intervals between the consecutive scans
ere ∼1.5 min, as they included the time of the reading of the data from the image
late. The collected data were integrated using the software Fit2D. A LaB6 standard
as used to determine the instrumental constants.

The collected SR XRD data were evaluated using the Rietveld profile refinement
ethod with the GSAS software package [8].  Since the XRD data do not allow to

ifferentiate Ni and Co, during the refinements of the data for La0.5Ce0.5Ni4Co we
ave adopted a model of preferred occupancy by Co of the 3g site, as suggested in
6]  for LaNi4Co: 1.75 Ni + 0.25 Co in 2b (1/3, 2/3, 0); 2.25 Ni + 0.75 Co in 3 g (1/2, 0,
/2).

. Results and discussion

.1. PCT diagrams

Fig. 1 presents results of the PCT measurements of hydrogen
bsorption and desorption isotherms in the La0.5Ce0.5Ni4Co–H2
ystem and corresponding van’t Hoff plots. The data were collected
t 273, 313 and 353 K. The measured points are shown by symbols,
hereas the calculated isotherms are modelled according to Lotot-

ky et al. [9]. The isotherms show a single-plateau behaviour with
mall hysteresis between the absorption and desorption pressures
nd modest slopes. The measured maximum hydrogen storage
apacity, 6.7 at. H/f.u., equals to the highest observed for the AB5

eries capacity, e.g.  LaNi5H6.7 [3].  Evaluation of the van’t Hoff
lots (Fig. 1(b)) provided the following thermodynamic parame-
ers of the metal–hydrogen interactions for the La0.5Ce0.5Ni4Co–H2
ystem: �Habs = −27.1 ± 0.8 kJ/mol H2; �Sabs = −111.1 ± 2.5 J/(mol
La0.5Ce0.5Ni4Co–H2 system.

K); �Hdes = 27.4 ± 1.1 kJ/mol H2; �Sdes = 110.8 ± 4.1 J/(mol K). A
summary of the collected thermodynamic data is summarized in
Table 1.

Ce replacement for La significantly decreases hysteresis, from
1.7 kJ/mol H2 for CeNi4Co–H2 system [7] to 0.3–0.4 kJ/mol H2 for

the La0.5Ce0.5Ni4Co–H2 system. A possible reason for that will be
discussed later in the paper.
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Table  1
Data of the PCT characterisation of the La0.5Ce0.5Ni4Co–H2 system.

Temperature Absorption pressure Desorption pressure Cmax (H/f.u.) Pmax (bar) Hysteresis RTln(Pabs/Pdes) (kJ/mol H2)

273 4.0 3.4 6.73(5) 58 0.38
293 6.67(5) 66
313 19.6  17.6 6.44(5) 90 0.28
353  59.7 51.8 5.87(4) 98 0.41
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Fig. 3. Measured (+), calculated (line) and difference (lower line) plots of Rietveld
refinements of the SR XRD data for (a) single-phase �-La0.5Ce0.5Ni4CoH∼6 (25 bar H2,
283  K) with inset showing the changes of the unit cell volume for �-hydride during
ig. 2. Temperature evolution of the in situ SR XRD pattern during hydrogen desorp-
ion from the �-La0.5Ce0.5Ni4CoH∼6 hydride. Miller indices of the diffraction peaks
or three constituent phases are shown.

.2. In situ Synchrotron X-Ray diffraction studies

Although the PCT measurements indicated the presence of only
wo phases, an �-H solid solution La0.5Ce0.5Ni4CoH∼0.5 and a sat-
rated �-hexahydride La0.5Ce0.5Ni4CoH∼6 (�V/V = 24.5%; lattice
xpansion is similar along [0 0 1], 6.0%, and in the basal plane, 8.8.%),
he in situ SR-XRD hydrogen absorption and desorption experi-

ents performed at constant H2 pressures revealed the formation
f an intermediate �-trihydride La0.5Ce0.5Ni4CoH∼3 (�V/V = 12.9%;
attice expansion mainly in the basal plane, 5.3%, and is much less
ronounced along [0 0 1], 1.9%).

Fig. 2 presents the evolution of the SR XRD pattern during
ecomposition of the ˇ-hexahydride. The pattern was collected at

 constant H2 pressure of 25 bar H2 using a heating rate of 2 K/min
n the temperature interval from 312 to 352 K. Fig. 3 shows two
epresentative Rietveld refinement plots. A pattern from a sin-
le phase �-hydride is given in Fig. 3(a) (data collected at 283 K),
hile Fig. 3(b) shows the pattern collected during a desorption

xperiment performed at 311 K. The latter experiment shows a for-
ation of a mixture of three hydrogen-containing phases, �- and

-hydrides and �-solid solution of H in the La0.5Ce0.5Ni4Co. Crys-

allographic data for the observed phases measured at 293 K are
rovided in Table 2.

We note that the formation of the �-hydride during hydro-
en absorption and desorption experiments does not agree with

able 2
rystallographic data for La0.5Ce0.5Ni4Co and its hydrides at 293 K.

Composition a (Å) c (Å) V (Å3) �V/V (%)

La0.5Ce0.5Ni4Co 4.9437(3) 3.9846(2) 84.34(1)
�-La0.5Ce0.5Ni4CoH∼0.5 4.9724(2) 3.9990(2) 85.626(8) 1.5
�-La0.5Ce0.5Ni4CoH∼3 5.2044(7) 4.061(1) 95.26(3) 12.9
�-La0.5Ce0.5Ni4CoH∼6 5.3793(4) 4.2250(4) 105.88(2) 25.5
the  H2 absorption and desorption, and (b) mixture of three hydrides (�-hydride
27.9 wt.%, �-hydride 51.3 wt.%, �-hydride 20.8 wt.%; data collected at 25 bar H2,
331  K,).

the single-plateau behaviour observed in the PCT measurements
of the studied system and violates the Gibb’s phase law. The rea-
son for such a disagreement is different conditions of these two
experiments; thermodynamically equilibrium conditions during
the PCT measurements and, in contrast, non-equilibrium, dynamic
processes of hydrogen charge and discharge during the in situ SR
XRD measurements.

Analysis of the peak shapes of the pattern shown in Figs. 2 and 3
does not provide any indication of a noticeable anisotropic
peak broadening. This contrasts to the hydrogenation behaviour
reported earlier for the hydrides of LaNi5 [10] and CeNi5 [11]

and attributed to the appearance of anisotropic lattice strains
in the samples caused by the formation and decomposition of
the hydride phases. These strains appeared after the first hydro-
genation and were observed during further absorption–desorption
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ycling. Absence of the strains in the system studied in the present
ork is presumably caused by the formation of substantial amounts

f �-phase, both during hydrogenation and dehydrogenation pro-
esses (30–50 wt.% compared to the 10–15 wt.% in [4]). Because
f intermediate values of the a and c lattice parameters for the
-hydride between the �-solid solution and the �-hydride, its
resence reduces/minimizes stresses in the material, thus elim-

nating the reasons causing the anisotropic peak broadening.
arger amount of the formed �-hydride assists in separating the
-solution and the �-hydride and in realising the “stress-free” reac-

ion interface.
This feature of the studied system is likely to be also responsi-

le for a rather small hysteresis observed in the PCT measurements
etween the hydrogenation and dehydrogenation. Although the
CT isotherms do not show any indication of the existence of the
hermodynamically stable �-hydride, its formation in the dynamic
onditions of hydrogen transfer through the sample to form the
-hydride or during decomposition of the �-hydride to form the
-solid solution, while reaching equilibrium hydrogen concentra-

ions, may  well happen.
Fig. 4(a)–(c) presents changes in the phase-structural compo-

ition of the samples during hydrogen desorption and absorption
xperiments, proceeding during the heating or cooling of the sam-
les with a rate of 2 K/min at constant H2 pressures of 9, 14 or
5 bar. The data collected at variable heating/cooling rates indicate
imilar features for all studied systems. The �-hydride was found to
e formed during all desorption and absorption experiments. How-

ver, its existence is limited to a rather narrow temperature range
f ∼20–30 K. During the desorption process, at a certain turnover
emperature, �-hydride starts to transform into the �-hydride; vice

ig. 4. Phase-structural composition of the La0.5Ce0.5Ni4Co–H2 system from the
efinements of the SR XRD data during isobaric desorption (upper part; heating)
nd absorption (lower part, cooling) with a heating/cooling rate of 2 K/min under
sobaric conditions, 9 bar H2 (a), 14 bar H2 (b) or 25 bar H2 (c).
mpounds 509S (2011) S844– S848 S847

versa, during hydrogen absorption by the alloy during cooling of
the system, below the same turnover temperature the � → � trans-
formation proceeds. Independently of the applied pressure, the
amount of the �-hydride formed during the desorption is about
twice as high as its maximum content in the system during the
hydrogen absorption (>50 wt.% and <30 wt.%, respectively).

The decomposition of the hydride and the reverse hydrogena-
tion processes seem to follow different reaction pathways. During
the hydrogen desorption, the � → � transformation takes place
first and then, after the formed amount of �-hydride reaches its
maximum content, the transformations in the formed three-phase
� + � + � system proceed via two  parallel mechanisms, � → � and
� → �, finally yielding a single-phase �-solid solution. On cooling
the sample, after reaching a turnover temperature, �-solid solution
is hydrogenated to form in parallel two  hydrides, � and �, via the
� → � and � → � transformations.

From the refinements of the in situ diffraction pattern, we
conclude that all three hydrogen-containing phases have certain
homogeneity ranges. Indeed, following the temperature increase
from 263 to 344 K, the unit cell of the �-La0.5Ce0.5Ni4CoH∼6 under-
goes a contraction by 1.4%. For the �-hydride, a similar but much
stronger effect is observed, with a very significant shrinking of
the volume by 2.6% proceeding in a narrow temperature interval
between 288 and 313 K. Even for the �-solid solution, quite a sig-
nificant volume change of −1.4% on heating the sample between
300 and 344 K was observed, indicating rather significant hydro-
gen solubility in it; these decrease at higher temperatures. We
note that the relative effect from the changes in hydrogen content
is probably even higher, as the volume shrinking on heating is in
part compensated by the thermal expansion of the metal matrix.
Continuous change of the unit cell parameters of the constituent
phases with hydrogen content, also helps in reducing interfacial
stresses between the components of the three-phase hydride sys-
tem, thus further decreasing and eliminating the appearance of the
anisotropic stresses in the metal matrices.
Evaluation of the SR XRD allowed to calculate the tempera-
ture dependences of hydrogen content in the systems during the
absorption–desorption processes in the isobaric condition (Fig. 5).

Fig. 5. Calculated isobars of hydrogen desorption and absorption built on the basis
of  the refined SR XRD data.
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he “isobars” are built assuming that H content equals to 0.5, 3 and
 at. H/La0.5Ce0.5Ni4Co for the �-, �- and �-phases, respectively,
uring the heating/cooling experiments with a rate of 2 K/min. As
an be seen from Fig. 5, the temperatures of the mid-plateaux on the
sobars continuously increase, from 273 to 310 K for the absorption
nd from 303 to 330 K for the desorption processes, following the
ncrease in hydrogen pressures. The observed 20–30 K hysteresis
etween the hydrogen absorption and desorption well agrees with
n assumption of a kinetic control of the rate of the transformation
rocesses. At the highest applied heating rate of 4 K/min the des-
rption isobar is shifted towards the higher plateau temperatures,
urther supporting a suggestion of the kinetic control over the rate
f the process.

As can be seen from Fig. 4, the hydrogenation of the �-hydride
o produce �-hydride is a much faster process as compared to
he desorption of hydrogen from the �-hydride to yield the H �-
olid solution. Indeed, maximum observed content of �-hydride is
maller, while the temperature range and duration of its existence
re narrower for the hydrogenation processes where the � → � → �
ransformations take place.

. Conclusions

As cast La0.5Ce0.5Ni4Co alloy represents a new example of the
B5-hydrogen system where �-solid solution and two  hydrides,
-La0.5Ce0.5Ni4CoH6 and �-La0.5Ce0.5Ni4CoH3, are simultaneously
bserved at certain pressure–temperature–time non-equilibrium
ynamic conditions of hydrogen charge or discharge, as revealed
y the in situ SR XRD studies. This finding formally conflicts with
he observed single-plateau shape of the isotherms of hydrogen
bsorption and desorption and the Gibbs’ phase rule. Earlier such
ehaviour was reported for the LaNi5 intermetallic. However, the
R XRD data for the La0.5Ce0.5Ni4Co–H2 does not show any notice-
ble anisotropic broadening of the diffraction peaks, in contrast
o the LaNi5–H2 system, where such a broadening took place and

 + � + � samples were formed at the dynamic non-equilibrium
onditions [4].

Quite typically for the AB5–H2 systems, the rates of the hydride
ormation are higher compared to the hydride decomposition. The
n situ SR XRD revealed that under applied isobaric conditions, the
-hydride is formed in larger quantities during the hydrogen des-
rption compared to the H2 absorption. This phase exists in a rather
arrow temperature interval of 20–30 K. The larger amount of
-hydride formed during the desorption indicates that in a compe-
ition between the two reaction pathways, � → � or � → � → �, the
atter seems to be the preferable one; in contrast, during the hydro-

en absorption the transformation proceeds mostly by the direct

 → � reaction rather than by a step-by-step � → � → � process.
Replacement of Ni by Co and Ce by La dramatically reduced

ysteresis between the H absorption and desorption in the Ce-
ompounds 509S (2011) S844– S848

containing AB5 hydrides. The observed hysteresis values are much
smaller than those for the CeNi4Co. The reasons for the reduced
hysteresis and absence of anisotropic strain broadening for the as
cast La0.5Ce0.5Ni4Co is in the formation of the “stress-free” reaction
interface, where �-solution and the �-hydride are separated by the
formed �-hydride. As the �-hydride has intermediate values of the
a and c lattice parameters between the �-solid solution and the �-
hydride, its presence reduces or even eliminates the reasons for the
two  mentioned phenomena.

A significant difference observed between the as cast and
annealed La0.5Ce0.5Ni4Co alloy could be caused by different order-
ing of Co and Ni between the 2b and 3g sites. This feature has not
been studied for the as cast alloy and is planned to be investigated
by neutron powder diffraction.
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