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a b s t r a c t

In this work we study the effect of cycling in hydrogen with a purity grade 4.5 of six alloys

belonging to the LaNi5�xSnx family for 0 � x � 0.5. Measurements consist in the alternate

repetition of absorption reactions at a temperature of 316 K and an initial pressure of

800 kPa, each followed by a desorption reaction at the same temperature and a maximum

backpressure of 2 kPa. All samples present good stability, preserving at least 98% of their

initial capacity after 100 cycles. Samples with composition LaNi5 and LaNi4.55Sn0.45 were

subjected to 1000 cycles, after which we observe a higher stability from the Sn-containing

alloy (96% of the initial capacity preserved versus 92% for LaNi5). Absorption characteristic

times do not suffer important changes in either case. Desorption is gradually retarded

when Sn content is higher than 0.4 at.

Copyright ª 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction

Applications based on the use of hydride forming materials

usually require the repetition of hydrogen absorption/

desorption cycles (ADC). During the absorption stage the

material stores hydrogen by forming the hydride phase. Dur-

ing desorption, which is induced by lowering the external

pressure or by increasing the temperature, the hydride de-

composes and gaseous hydrogen is released. After several

ADC, the materials may show a series of changes either

morphological (particle size decrease), superficial (contami-

nationwith impurities thatmight be present in the gas) and/or

structural (amorphization, disproportionation and appear-

ance of stabler phases). These processes can lead to undesired

changes in the overall material performance that could even

prevent its use. It is then of vital importance to determine the

behavior of hydrides under extended cycling in hydrogen.
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Among candidates for stationary applications such as

hydrogen separation and purification, compression, or in-

house storage, LaNi5�xSnx alloys appear as good candidates

due to their low reaction pressure at room temperature and

fast reaction kinetics [1]. Existing data on the stability of these

alloys are mostly related to their behavior under thermal

cycling. For example, Lambert et al. [2] used a closed-loop

device in order to perform up to 10000 thermal cycles be-

tween room temperature and 398 K on two alloys: LaNi4.8Sn0.2

and LaNi4.27Sn0.24. They found these materials to be highly

resistant to thermal ADC, as their storage capacity decreased

by 10% after 1500 cycles and by 15% after 10000 cycles.

Bowman et al. found that a small addition of Sn improves the

system resistance to extended thermal cycling [3].

Laurencelle et al. [1] and Araki et al. [4], on the other hand,

studied pressure induced ADC on LaNi4.8Sn0.2. Both found a

slight reduction in the storage capacity, of about 2%, after 1000

and 300 cycles, respectively. This is so far the only information
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Table 1 e Alloy designation and chemical composition.

Alloy La (at.) Ni (at.) Sn (at.)

Sn00 Bal. 5.00 0.00

Sn01 Bal. 4.82 0.18

Sn02 Bal. 4.73 0.27

Sn03 Bal. 4.66 0.34

Sn04 Bal. 4.55 0.45

Sn05 Bal. 4.49 0.51
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available about pressure ADC in Sn substituted alloys. As part

of a systematic effort to study the properties of LaNi5�xSnx

alloys from an application oriented point of view, we have

studied the pressure ADC behavior of these alloys for

0 � x � 0.5. This is the complete composition range of interest

for practical uses of these hydride forming materials.
2. Experimental details

The alloys were prepared by arc melting under Ar starting

from the pure elements La (99.9%), Ni (99.95%) and Sn (99%).

Alloys were re-melted several times in order to improve their

homogeneity. The resulting buttons, of about 10 g each, were

then heat treated at 1223 K for 48 h in individual quartz cap-

sules containing Ar atmosphere. Chemical composition

values were determined by atomic absorption spectroscopy

(Table 1). For details on the sample preparation procedure and

the resulting characteristics of the alloys, see Ref. [5].

ADC studies were performed on 1 g samples prepared from

the alloy buttons. Samples were first activated by applying a
Fig. 1 e SEM images of LaNi5 (a and b) and LaNi4.55Sn0.45 (c and d

results in decrepitation.
hydrogen pressure of 60 bar and heating them to 345 K for

20min.After this treatment, theywere left to cool downto room

temperature inside thereactor.Then, thereactorwasevacuated

bymeans of a rotary vanemechanical pump for 5min to let the

sample desorb, after which an extra absorption/desorption

cycle was performed at room temperature by increasing/

decreasing thehydrogenpressure. Cyclingmeasurementswere

performed on the activated samples at a constant temperature

of 316Kbymeans of anopen-ended apparatus developed at our

laboratory. The equipment works on the basis of a volumetric

measurement method. Automatized solenoid valves allow

hydrogen to enter/leave the reactor in repetitive cycles

controlled by a personal computer and a homemade program.

Each pressure cycle is constituted of an absorption stage and a

desorption stage. During the absorption stage, the initial

hydrogen pressure is set by opening the inlet solenoid valve,

which is connected in line with a needle valve that finely regu-

lates the hydrogen flow into an intermediate chamber of about

80 cm3. Once the desired pressure is achieved, the inlet valve is

closed and the intermediate chamber is put in contact with the

reactor of about 10 cm3. In thismanner, each cycle initiates at a

fixedpressure of 800 kPa and composition values are calculated

from the pressure drop. For desorption the free volume was

160 cm3 and the backpressure was kept below 2 kPa by evacu-

ating thevessel inacontrolledmannerwhennecessary.Thegas

used was 4.5� purity hydrogen.

Possible changes in structural parameters and phase

stability were studied by means of X-ray powder diffraction

(XRD). Samples were measured at room temperature using

a PC controlled Philips PW3710 diffractometer in q � 2q

geometry with Cu Ka radiation at 40 kV. The receiving slit
) after 3 cycles (a and c) and after 1000 cycles (b and d). ADC
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Fig. 3 e Effect of 100 pressure cycles on the reversible

hydrogen absorption capacity of LaNi5LxSnx alloys.
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size was 0.1 mm, the step was 0.02� and the exposition

time was 1 s by step. The scanned 2q angles ranged from

10� to 90�. Changes in the powder morphology before and

after ADC were observed with secondary electrons in a

Philips 515 scanning electron microscope (SEM) operating

at 30 kV.
3. Results and discussion

3.1. Decrepitation

The as-activated LaNi5 has a typical particle size of about 40 mm,

with most of the material distributed in particles of

10 mme200 mm (Fig. 1a). After 1000 ADC the typical size is

reduced to about 10 mm, with a distribution between 5 mm and

50 mm (Fig. 1b). For Sn-containing samples a lower amount of

mid- to bigger sized particles (>40 mm) is found on the activated

material (Fig. 1c), suggesting that decrepitation occurs faster

than for LaNi5. In all cases the bigger particles are heavily frac-

tured and they could be considered as composed by a group of

smallerparticles. Theeffectof1000ADConpowdermorphology

can be observed in Fig. 1d. The material decrepitates and final

particle size is similar to that of LaNi5 with a smaller proportion

ofbiggerparticles.DecrepitationofAB5alloysafterADC isawell

established phenomenon. It arises from the large difference

between the cell volume of the metallic and hydride phases, of

about 21% [6]. This volumedifference cannot beaccommodated

bymeans of the elastic distortion of thematrix and it generates

tensions, crystalline defects and fractures during the reaction,

pulverizing the material.
Fig. 2 e XRD results for the complete set of alloys under

study. In each case, the results for the annealed material

and after 100 ADC are presented. In the case of Sn01 after

100 ADC, a small amount of LaH2 is detected (marked in the

corresponding figure). In addition, XRD measurements of

samples Sn00 and Sn04 after 1000 ADC are included.
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Fig. 4 e a) Extended cycling degradation of the reversible hydrogen capacity of LaNi5 (Sn00) and LaNi4.55Sn0.45 (Sn04) alloys.

Sn addition reduces initial capacity and decreases the rate of degradation. b) Exponential extrapolation of data shown in (a).

Both alloys would present the same capacity after about 6500 cycles.
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3.2. Structure

XRD measurements of the annealed alloys before interacting

with hydrogen show a single P6/mmm phase, in accordance

with previous reports [7]. Lattice parameters increase as the

Sn content of the alloy increases [8]. Compared to the

annealed state, after 100 ADC no new phases were detected

for all alloys but Sn01 (Fig. 2). In the case of alloy Sn01, a small

amount of LaH2 formed after cycling (Fig. 2). For alloys Sn00

and Sn04 XRDmeasurements were also taken after 1000 ADC.

The results closely resemble those obtained after 100 ADC

where, again, no new phases appeared. In this sense, possible

disproportionation products for AB5 alloys [9] such as metallic

Ni or Lanthanum hydrides were generally not observed after

cycling within the detection limit of the XRD equipment with

the mentioned exception of alloy Sn01 where the detected

amount of LaH2 is small.

Cell parameters calculated from the XRD patterns do not

show significant changes after 100 cycles for any of the stud-

ied materials. The main difference that can be observed for

this set of XRD measurements is a significant line broadening

for the Sn00 (LaNi5) alloy after ADC, which is not observed in
Fig. 5 e Dependence of the hydrogen absorption

characteristic time (t1/2) with the Sn content for as-

activated and cycled (100 ADC) samples.
any of the other cases. Considering that the final particle size

obtained after decrepitation is similar for all these materials,

this line broadening could be related to the formation of a

higher defect density in Sn00 with ADC.
3.3. Hydrogen reversible capacity

The observed hydrogen reversible capacity for all alloys pre-

sented good cycling stability. In all cases, about 98% of the

hydrogen reversible capacity was preserved after 100 cycles.

Differences found among different samples between the as-

activated state and after 100 cycles lay within the experi-

mental uncertainties (Fig. 3), although in all cases a slightly

lower capacity was measured after ADC. In particular, the

capacity of the LaNi4.8Sn0.2 alloy (Sn01) after 100 cycles is

higher than that of LaNi5, in accordance with previous results

from Araki and collaborators [4].

In order to discern the effect of Snon the cycling life of these

materials, extended cyclingwas performed for alloys Sn00 and

Sn04.After 1000 cycles LaNi4.55Sn0.45 (Sn04)has lost about 4%of

its initial reversible hydrogen capacity, thus showing a better

stability than LaNi5 (Sn00), which presents an 8% loss (Fig. 4a).

LaNi5 has ahigher initial hydrogencapacity thanLaNi4.55Sn0.45.

This advantage from the point of view of storage capacity

would eventually disappear as ADC proceeds, as it was

observed for alloy Sn01 after 100 cycles. In order to obtain a

rough estimate of the behavior under more extended cycling,

the data were extrapolated by means of an exponential curve,

following the procedure used in Refs. [10e12]. Using this

approachthemeancycle life,definedas thenumberof cyclesat

which the alloy losses 50% of its initial hydrogen storage ca-

pacity,would be of about 8200 cycles for LaNi5 and 16000 cycles

for LaNi4.55Sn0.45. According to this estimate, both alloyswould

present the same capacity after about 6500 cycles (Fig. 4b).

The reason for the improved cycling resistance of Sn con-

taining alloys in comparison to LaNi5 is not completely clear.

Two mechanisms have been proposed as responsible for the

cycling degradation observed in AB5 alloys. The first proposed

mechanism, disproportionation, is linked to the gradual for-

mation of stable LaHx hydrides and segregation of metallic Ni

as cycling proceeds [9]. Based on TEM observations of ther-

mally cycled alloys LaNi4.9Sn0.1 and LaNi4.8Sn0.2, Bowman et al.

http://dx.doi.org/10.1016/j.ijhydene.2013.12.031
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Fig. 6 e Hydrogen reaction as a function of time for: LaNi5: a) absorption, b) desorption; and LaNi4.55Sn0.45: c) absorption, d)

desorption. The cycle number is indicated close to each curve.
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proposed that Sn addition affects the disproportionation ki-

netics effectively retarding the formation of stable hydrides

[3].We have not detected the formation of significant amounts

of additional phases after 100 and 1000 cycles (Fig. 2), indi-

cating that disproportionation would be a minor factor up to

that cycle range. Also in accordance, Laurencelle et al. re-

ported that no additional phases were found in XRD mea-

surements of LaNi4.8Sn0.2 after 1000 cycles [1]. The second

proposed degradation mechanism is related to the possibility

of irreversibly trapping hydrogen in lattice defects such as

vacancies and dislocations [13]. Initially, Nakamura et al.

proposed that Sn inhibited the formation of dislocations in the

material [13]. Although Matsuda et al. [14] observed the for-

mation of a-type dislocations in LaNi4.75Sn0.25 after 5 ADC, the

results from positron measurements reported by Araki et al.

confirm that Sn retards the formation of trapping defects [4].

The larger line broadening observed for LaNi5 in comparison

with the rest of Sn containing alloys observed in the present

experiments (Fig. 2), could indicate that, indeed, cycling re-

sults in a higher density of defects in the Sn-free material and

a faster degradation of its reversible capacity. Both mecha-

nisms could be relatedwith amore homogeneous distribution

of hydrogen within the Sn-containing alloys with respect to

LaNi5, as it was observed by Fultz et al. [15]. They suggested

that this effect could diminish the internal stresses that cause

defect formation, which could in turn explain the smaller

vacancy and dislocation density observed by Nakamura and

Araki, and themarked line broadening reported here for LaNi5.

At the same time, a reduced reversible defect formation

density during the reaction would diminish the migration of

metal atoms, potentially retarding the formation of Ni clusters

and LaHx precipitates.
3.4. Reaction kinetics

Alongthecyclingexperiments thematerialssuffermodifications

that can alter their reaction kinetics. On one hand, particle size

decreases, shortening diffusion paths and increasing the

exposed surface in contact with the gas (Fig. 1). Additionally,

defects are generated, that could increase the diffusivity of

atomicHwithin thematerial [14]. On the other hand, the surface

maylosereactivityduetotheaccumulationof impuritiespresent

in the gas [16,17]. These effects compete to define the reaction

kinetics characteristics as cycling proceeds. Hydrogen sorption

kinetics can be analyzed in terms of a characteristic time (t1/2),

defined as the time taken to reach half the total capacity. Under

the conditions used for this study, the initial absorption kinetics

increased as the Sn content in the alloy increases [5]. After 100

cycles this tendency persists, but is less marked (Fig. 5).

For extended cycling experiments (1000 cycles), the LaNi5
initial reaction rate is maintained (Fig. 6a). However, as the

final capacity is lower, the characteristic time t1/2 is also lower.

Desorption kinetics is slightly retarded by cycling (Fig. 6b).

In the case of alloys containing Sn, we found a similar

behavior to that of LaNi5 for alloys Sn01, Sn02 and Sn03. The

effect of cycling on the reaction kinetics of these low-Sn alloys

has been already reported by Laurencelle et al. [1]. Considering

an alloy containing a higher Sn content, LaNi4.55Sn0.45, the

absorption kinetics is essentially not affected by cycling

(Fig. 6c). Changes in the hydrogen absorption rate are minor,

consistent with a small retardation. In comparison, gradual

retardation is important for desorption kinetics (Fig. 6d). This

effect could in part be related to the low desorption pressures

of these higher-Sn content alloys, which result in a lower

driving force for desorption [5].
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4. Conclusions

The studied materials presented significant morphological

changes after cycling in hydrogen, being pulverized up to

mean typical sizes of about 10 mm. Structure was preserved

after 100 cycles and 1000 cycles. Cell parameters did not show

important changes. Significant amounts of new phases were

not detected by means of XRD.

All studied alloys presented an adequate resistance to

hydrogen absorptionedesorption cycling. Partial substitution

ofNibySn improves thealloy stability.However, as theoriginal

LaNi5material is itself very stable, this differenceonlybecomes

apparent after several thousandcycles.Capacity loss is notdue

to disproportionation as this has not been detected by XRD.

Absorption kinetics is relatively stable. Under the studied

conditions, LaNi5 kinetics improves by cycling while Sn-

containing alloys kinetics are slightly retarded. Desorption

kinetics is retarded for all alloys, more importantly for the

ones with higher Sn additions (>0.4 at.).

Based on these results, LaNi5�xSnx alloys are found to be

potentially useful for their use in hydrogen capture devices.
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