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bstract

Hydriding and dehydriding kinetics is an important aspect of the reaction of hydrogen with different hydride forming materials. In particular,
t is a key factor in several applications of hydrogen from an energetic point of view. We present here the use of a recently developed technique
o characterize hydrogen absorption and desorption kinetics: pressure programmed absorption and desorption (PPAD). The technique is based on
n isothermal pressure-ramped measurement of the hydriding and dehydriding rate, and its principal advantages are the absence of an initial blind

eriod, the short time required to complete an experimental run, and the possibility to automatically perform consecutive hydrogen absorption and
esorption cycles. To illustrate this, we present the use of PPAD to follow the evolution of hydriding and dehydriding kinetics of LaNi5 during the
ctivation process. Additionally, we analyze the effect of using hydrogen with different purity levels.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Nowadays, the advantages of hydrogen as an energy carrier
r as a clean fuel are widely known. In the last decades great
esearch and technological efforts have been made in the areas
f hydrogen production, transportation, storage and use [1,2].
n particular, hydrogen storage in metallic hydrides has been
xtensively studied because it is the safest method for storage
nd transportation [1–4]. Several aspects of the formation and
ecomposition of metallic hydrides are important from scien-
ific and technological points of view; some of them are material
ctivation, hydrogen sorption kinetics, and gas impurities sus-
eptibility [5].

We have recently developed a technique to characterize
ydrogen absorption and desorption kinetics of hydride forming
aterials: pressure programmed absorption and desorption
PPAD) [6]. In a PPAD experiment we measure the isothermal
ate of hydriding or dehydriding under a linear hydrogen-
ressure ramp. The main advantages of this method are the
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bsence of blind periods (a time interval during which data
annot be collected), the possibility to perform continuous
ydriding and dehydriding cycles, and the requirement of small
ample masses.

In this paper we study the evolution of hydrogen absorp-
ion and desorption kinetics by PPAD during the first activation
ycles of LaNi5. We also analyze the effects on the process of
sing hydrogen with different purities.

. Experimental

High-purity commercial LaNi5 (HyStor 205, Aldrich) was used as start-
ng material. One-piece samples with masses of the order of 160 mg were
laced into the reactor within a glove box under argon atmosphere. Prior to
PAD measurements, the system was purged three times with hydrogen at room

emperature. High-purity hydrogen (99.99%) was used during the experimen-
al runs. Two sets of experiments were carried out. In the first set, cycling
as performed with extra-purified hydrogen obtained by circulation through
xygen and moisture traps. The sample cycled with this gas will be here-
fter designated as “sample A”. In the second set, the gas employed flowed

traight from the supply. The sample will be hereafter designated as “sample
”.

The experimental setup used to perform the PPAD measurements has been
escribed elsewhere [6]. The measurements were performed at 48 ◦C with
ressure increasing or decreasing linearly at 0.5 kPa/s. The pressure range

mailto:urreta@cab.cnea.gov.ar
dx.doi.org/10.1016/j.jallcom.2007.02.064
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above the first desorption peak. This behavior, where absorption
and desorption peaks move towards the equilibrium pressure as
the system evolves, agrees with previously reported results [8],
showing an important decrease of hysteresis in LaNi5 isotherms
V. Fuster et al. / Journal of Alloys an

as adjusted during the measurements in order to complete the hydriding and
ehydriding processes.

. Description of the technique

A typical absorption PPAD experiment starts at a hydrogen
ressure well below the sample equilibrium pressure, and fol-
ows by hydriding the material isothermally, applying a linear
ydrogen-pressure ramp. The rate of hydrogen entering the sam-
le at each pressure is the main result of the experiment. A
esorption experiment is performed similarly, but decreasing
he pressure.

The equation that relates the hydrogen absorption or desorp-
ion rate with the experimentally measured quantities is obtained
rom the mass-balance equation of the system:

1

2

dnH

dt
+ dng

dt
= φ.

ere nH represents the amount of H in the sample, ng the quan-
ity of hydrogen in gaseous form, and φ is the H2 flow through
he mass-flow controllers (positive, absorption; negative, des-
rption).

By using the ideal-gas law corrected by the compressibility
actor, the rate of hydrogen absorbed or desorbed by the sample
an be calculated as

dnH

dt
= 2φ − 2VA

RTZ2

dp

dt
,

ith V the volume of the reactor, p the pressure, T the temper-
ture, R the universal gas constant and Z the compressibility
actor, expressed as a function of pressure as

(p, T ) = A + B(T )p.

A plot of the hydrogen absorption or desorption rates as a
unction of pressure typically shows a peak-shaped curve. This
s a consequence of two opposite tendencies: an ascending rate
ue to the increase (absorption) or decrease (desorption) of pres-
ure, and a descending rate due to the exhaustion of reactants as
eaction proceeds.

. Results and discussion

The most striking effects during LaNi5 activation take place
t the beginning of cycling. In Fig. 1 we present the first,
econd and sixty-second (full activation) absorption and des-
rption cycles of sample A. Absorption peaks, characterized
y a positive rate, can be observed in the top half of the fig-
re; desorption peaks, with negative rates, can be seen in the
ottom half of the figure. In Fig. 2 we show the evolution of
eak location with cycling. We describe peak location by the
ressure where the maximum (absorption) or minimum (des-
rption) hydrogen flow occurs. As the cycling was performed at
8 ◦C, the corresponding equilibrium absorption and desorption
ressures are 439 and 385 kPa, respectively [7]. We see that the

rst cycle absorption peak is located 1578 kPa above the equi-

ibrium pressure, whereas the second cycle absorption peak is
nly 350 kPa above the equilibrium pressure, i.e. from the first to
he second absorption cycle the absorption pressure diminishes

F
A
o
l

ig. 1. First, second and sixty-second (activated sample) absorption/desorption
ycles measured by PPAD on the LaNi5 sample A at 48 ◦C and 0.5 kPa/s. Full
ine: first cycle; dashed line: second cycle; dotted line: sixty-second cycle.

pproximately 1200 kPa. After the second cycle, the evolution
onsists of a gradual decrease of the absorption pressure down
o 555 kPa, where the peak of the fully activated sample lies (see
lso Fig. 3A). The changes in the desorption peaks are not so
rastic. From the first to the second desorption cycle, the peaks
ove up in pressure only 40 kPa, and the fully activated sam-

le presents a desorption peak located at 345 kPa, only 177 kPa
ig. 2. Location of the maxima of the absorption and desorption peaks for sample
as a function of cycling. Open symbols: absorption maxima; full symbols: des-

rption maxima; dashed line: absorption equilibrium pressure at 48 ◦C; dotted
ine: desorption equilibrium pressure at 48 ◦C.
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ig. 3. First absorption curves of LaNi5 at 48 ◦C and 0.5 kPa/s. (A) Sample A
nd (B) sample B. From top to bottom, cycles 2 (dashed line) to 10 (dotted line).

uring the first hydriding and dehydriding cycles, mainly due to
he diminution of the absorption pressure.

Also, in Fig. 1, we see that the shape of the absorption peaks
hanges substantially from the first to the second cycle. In the
rst cycle, we see a broad peak almost three times wider and
f approximately half the height of the second cycle peak. This
eduction in width and increase in height reflects an improve-
ent in absorption kinetics as a consequence of the activation

rocess. Desorption peak shape does not change considerably
rom the first to the second cycle. From the second cycle on,
here are no important changes in absorption or desorption
eak shape, only a sharpening reflecting the improvement in
inetics.

The capacity of the sample as a function of cycling can
e determined by the area under the absorption and desorp-
ion peaks. The amount of hydrogen absorbed drops from
.55 ± 0.08 wt% for the first cycle to 1.28 ± 0.08 wt% for the
econd one, while the amount of hydrogen desorbed in the first
nd second cycles is 1.3 ± 0.1 wt.%. After that, the capacity of
he sample does not change within the experimental error. Up
o now, we do not completely understand why the capacity falls
rom the first absorption to the first desorption (or second absorp-
ion). Possible explanations could be the reduction of nickel

xides originally present on the surface of the sample [9], or the
ormation of stable lanthanum hydrides [10].

The evolution during activation agrees with previously
eported results [8,11,12]. As mentioned above, during the first

h
t
t
s

ig. 4. Location of the maxima of the absorption peaks for samples A and B
rom the second to the tenth cycle. Open symbols: sample A and full symbols:
ample B.

bsorption and desorption cycles the activation consists of a
eduction in the absorption pressure [8]. This evolution has been
xplained mainly as a consequence of the creation of planar
efects and the decrepitation of the sample. Although the capac-
ty fall observed between the first and second absorption cycles
s not explicitly mentioned in the literature, a similar behavior
eems to occur in Fig. 1 of Kisi et al. [8].

The first two cycles of sample B were similar to those of sam-
le A. The first absorption cycle present a peak with a maximum
t 1826 kPa, and the second cycle has its maximum at 654 kPa.
he location of the maxima does not exactly match that of sample
(let us recall that we used one-piece samples, and as such the

esults are subject to coarse fluctuations caused by, for example,
ifferences in the state of the surface), but the drop in pressure,
ttributed to the creation of planar defects and decrepitation, is
imilar in both cases. Surprisingly, from the fifth cycle on, the
bsorption peaks shift towards higher pressures (Figs. 3B and 4).
his behavior was interpreted in terms of a surface poisoning
rocess due to residual oxygen and/or moisture present in the
as (let us recall that sample A was cycled with extra-purified
ydrogen, whereas sample B was hydrided directly from the gas
ource). In Fig. 4 we see that sample A absorption peaks move
radually and monotonically towards lower pressures as acti-
ation proceeds. On the other hand, sample B absorption peaks
how an initial decrease in absorption pressure, similar to that of
ample A, that stops approximately at the fifth cycle and changes
nto a shift towards higher pressures.

The evolution of peak shape can be followed in Fig. 3. In the
ase of sample A (Fig. 3A) there are no significant changes in
hape. In the case of sample B (Fig. 3B), the peaks transform,
howing a transition that reflects two opposite trends: on one

and, the activation phenomena that improve kinetics and on
he other hand, the poisoning effects that impair kinetics. On
he fifth cycle a small shoulder can be seen on the high-pressure
ide of the peak. This shoulder develops in the following cycles,
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nd at the eighth cycle it becomes predominant. Further cycling
ccentuates this transformation, and at the tenth cycle, the initial
ow-pressure peak almost disappeared. Similar changes in peak
hape due to surface poisoning were observed in the Mg–H2
ystem [6].

The changes in capacity for sample B were similar to
hose of sample A. An initial decrease from 1.56 ± 0.08 to
.34 ± 0.08 wt% was observed from the first to the second
bsorption. After that, capacity does not alter within experimen-
al error, i.e. poisoning only affects kinetics during the first 10
ycles.

These observations agree with previous results [13–15] where
he effect of different gas impurities on LaNi5 was analyzed.
n the case of O2 and H2O impurities, Sandrock and Goodell
dentified three different stages on the evolution of hydrogen
bsorption in LaNi5: an initial decline in kinetics with no
apacity loss that was characterized as a retardation effect, an
ntermediate recovery of kinetics attributed to the nucleation of
ickel clusters on the surface, and a final decay with capacity
oss due to lanthanum oxidation. The results shown here are
onsistent with the first stage described above.

. Conclusions

The kinetic behavior of LaNi5 hydriding and dehydriding

uring the first activation cycles was analyzed using PPAD
easurements. In agreement with literature results, the most

mportant changes were observed from the first to the second
bsorption cycles. In this case, the hydriding pressure falls from

[
[
[
[
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pproximately 2000 to 800 kPa. However, around 62 cycles are
eeded to completely activate the material.

Additionally, the effects of different purity levels on the
ydrogen used were studied. It has been found that poison-
ng effects change the shape of the absorption and desorption
eaks hindering kinetics but without having a noticeable effect
n capacity after only 10 absorption and desorption cycles.
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