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Abstract

The activation and anti-poisoning characteristics of LmNig gAlp,> hydrogen storage alloy are investigated. The incubation period of
LmNiyg gAlg » ranges from about 8 h to just a few minutes with activation temperatures of 20 and 80 °C, respectively. Poisoning effects become
more problematic with a higher concentration of CO and a greater number of absorption/desorption cycles. The poisoning can be effectively
inhibited by raising the temperature during hydrogen absorption/desorption. The poisoning by H»S is less than that of CO. The poisoned
LmNig gAlg 2 alloy can be successfully reactivated by purging with high purity hydrogen gas.
© 2006 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Hydrogen is a clean, low polluting, renewable energy source
[1]. It is considered to be a solution to replace the diminishing
fossil fuels and beneficial in the protection of the global envi-
ronment. From the application point of view, hydrogen storage
is one of the keystones to “Hydrogen Economy”. There are
various methods for storing hydrogen, including high-pressure
compressed gas, low-temperature liquid hydrogen, and solid-
storage of metal hydrides in hydrogen storage alloys (HSAs).
Of these methods, metal hydrides have recently attracted much
attention due to their small volume, low equilibrium pressure
and high safety. However, further investigation is required to
improve the storage capacity of HSAs. Toxic impurities, such as
CO, H,S, NH3 and CH4, may be produced in hydrogen sources,
particularly biological techniques [2]. Poisoning by these im-
purities can be detrimental to the HSAs, for example, they can
reduce their hydrogen absorption rate and decrease the storage
capacity after a few cycles of hydrogen absorption/desorption
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[3,4]. The development of HSAs with good anti-poisoning char-
acteristics is, therefore, of great importance for the efficient
storage of biologically produced hydrogen.

Due to its excellent performance in hydrogen storage, such
as reversible and rapid reaction around normal temperature,
controllable plateau pressure of 3-10 atm, high volumetric hy-
drogen density and good resistance to degradation, LmNis is
seen as one of the most promising candidates for hydrogen
storage (Lm denotes La-rich misch metal) [5-7]. However, it
is still necessary to promote the efficiency of LmNis HSAs
in the extraction and storage of the hydrogen gas from bio-
logical sources, in terms of obtaining a plateau pressure of
less than 1 atm at room temperature and improvements of its
anti-poisoning ability in the presence of impurities. Accord-
ing to previous researches [8,9], the plateau pressures below
atmospheric pressure can be achieved through the partial sub-
stitution of Ni by Al in LmNis alloys. However, an excessive
addition of Al in the LmNis_, Al, alloys is seen to have some
detrimental effects on the hydrogen storage characteristics,
such as a steep plateau in the P-C-T curves, small capacity
of hydrogen storage and large irreversibility during the hy-
drogen absorption/desorption cycle [10]. An alloy comprising
of LmNig gAlp» is found to exhibit many excellent properties
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of hydrogen storage, including high storage capacity of hydro-
gen, a flat and low-pressure plateau, and small irreversibility of
hydrogen absorption/desorption [10]. In the present study, the
activation and anti-poisoning performance of LmNis gAlg o are
investigated in the presence of CO and H,S impurities. Further-
more, a method of reactivating poisoned LmNig gAlp o alloy
will also be assessed.

2. Experimental procedure

The LmNig gAlg, HSA was prepared by vacuum melting.
The chemical compositions of the as-cast alloy, being ana-
lyzed using inductively coupled plasma atomic emission spec-
troscopy (ICP-AES), were found to be virtually the same as
the nominal ones. The as-cast alloy was crushed below a 150
mesh and then annealed in an argon atmosphere at 950 °C for
12 h. The surface morphologies of the LmNis gAlg, particles
were inspected by field emission gun scanning electron mi-
croscopy (FEG-SEM). The characteristics of hydrogen storage,
including the activation, anti-poisoning ability and equilibrium
pressure—concentration isotherms (P-C-T curves), were ob-
tained using a computer controlled automatic “PCI Monitoring
System” (GFE, Germany) with an accuracy of 1%. Toxic hy-
drogen sources were simulated by adding appropriate amounts
of CO and HjS impurities to pure hydrogen gas. The purg-
ing pressure was set to 45 atm during the process of hydrogen
absorption.

3. Results and discussion
3.1. The activation characteristic of LmNiggAlyy alloy

During their preparation, the LmNis gAlp, particles will
readily form an oxide layer on their surfaces. Thus, an activa-
tion process is necessary for LmNig gAlg 2 HSAs to efficiently
absorb hydrogen gas. High purity and high pressure hydrogen
gas is used to activate the LmNig gAlg > alloy. The hydrogen
atoms gradually penetrate the oxide layer and subsequently
diffuse into the crystal lattices. These hydrogen atoms occupy
the interstitial sites in the crystal. Expansion of the lattice due
to the occupation of hydrogen atoms leads to the splitting of
the alloy particles into finer ones, referred to as pulverization
[11,12]. As well as the reduction in particle size after activation,
FEG-SEM images in Fig. 1(b) exhibit lots of microcracks on
the newly created surfaces. The fresh surfaces created on these
split particles are then very susceptible to hydrogen absorption.

Fig. 2(a) and (b) shows the activation curves and hy-
drogen absorption curves, respectively, at 20-80°C for the
LmNig gAlg alloy. As shown in Fig. 2(a), the incubation pe-
riod ranges from about 8h to just a few minutes for 20 and
80 °C, respectively. This is attributed to the enhanced pene-
tration of hydrogen atoms through the oxide layer and their
increased diffusion rate into the crystal at higher temperatures.
It can be seen from Fig. 2(a) that the activation rate increases
rapidly at 40°C and above. Moreover, the saturated hydrogen
capacity in Fig. 2(a) is seen to decrease slightly with increasing
activation temperature. This phenomenon can be related to the

Fig. 1. The SEM images of the LmNig gAlg o alloy surface morphology (a)
before and (b) after activation.

Van’t Hoff relation [4,12]. Namely, the plateau region of metal
hydride and its associated hydrogen capacity will decrease
with increasing temperature. Fig. 2(b) shows the hydrogen
absorption curves at 20-80 °C for the activated LmNig gAlg 2
alloy. Based on the Arrhenius equation and carefully examined
data in Fig. 2(b), the activation energy of hydriding for the
LmNig gAlg; alloy is calculated to be 32.6 kJ/g-atom H, which
is similar to a reported value for LmNis alloy (35.7 kJ/g-atom
H) [13]. It is worthy to mention that the hydrogen absorption
curves in Fig. 2(b) have even no obvious change after cyclic
hydrogen absorption/desorption for the LmNig gAlpo alloy.
This indicates that the LmNiggAlg, alloy will not exhibit
the poisoning effect in the hydrogen source with high pu-
rity. This features is consistent with the results in a previous
paper [6], which reported that the LmNis-based HSAs can
still have 80% capacity even after 3000 cycles of hydrogen
absorption/desorption.

Fig. 3 shows the P-C-T curves at 20-80°C for the
LmNig gAlg > alloy which has been subjected to activation. In
Fig. 3, the plateau pressures of hydrogen absorption/desorption
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Fig. 2. The (a) activation curves and (b) hydrogen absorption curves at
20-80°C for the LmNig gAlg 5 alloy.
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Fig. 3. The P-C-T curves at 20-80 °C for the LmNig gAlg » alloy that has
been subjected to activation.
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Fig. 4. The cyclic hydrogen absorption curves at 40 °C for the LmNig gAlg 2
alloy in hydrogen with (a) 300 and (b) 1000 ppm CO.

increases with increasing temperature and are in the region
of 0.5-10atm, which are suitable for practical applications.
In addition, the hydrogen capacity still reaches approximately
1.35wt%, which is a typical value for the LmNis-based
HSAs.

3.2. The anti-poisoning characteristic of activated
LmNiygAlyo alloy

Figs. 4 and 5 show the cyclic hydrogen absorption curves
at 40 and 80 °C, respectively, for hydrogen sources with 300
and 1000 ppm CO. Fig. 6(a) and (b) shows the comparison of
the first hydrogen absorption curves at various temperatures
for LmNig gAlp, alloy in the presence of 300 and 1000 ppm
CO, respectively. According to Figs. 4-6, the following obser-
vations can be made: (1) In the CO toxic hydrogen sources,
the hydrogen absorption rate is much slower than in the pure
hydrogen gas. (2) The hydrogen capacity decreases with the
presence of CO. (3) The poisoning effect increases with an
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Fig. 5. The cyclic hydrogen absorption curves at 80 °C for the LmNig gAlg »
alloy in hydrogen with (a) 300 and (b) 1000 ppm CO.

increasing number of hydrogen absorption/desorption cycles.
(4) The poisoning effect is greater at higher CO concentration.
(5) At higher temperatures, the poisoning effect is less obvious;
the absorption rate is still very fast at 80 °C even with 1000 ppm
of CO. This indicates that CO impurity has a serious poisoning
effect on the LmNig gAlg alloy. As only hydrogen is permit-
ted to enter the crystal lattices of the LmNig gAlg 2 alloy, the
larger CO molecules can only be absorbed onto the surface.
Furthermore, according to Hiickel molecular orbitals for the
metal-carbon—oxygen bonds [14], there exists a partially filled
n-molecular orbital which increases the metal-carbon bond
strength but decreases with the carbon—oxygen bond strength.
These CO molecules will accumulate on the surface of the
LmNig gAlp > particles and hinder the entry of hydrogen atoms
into the crystal lattice, hence, reducing the ability of hydrogen
absorption. The coverage of the surface will be higher with
CO concentration and the number of cycles. Hydrogen absorp-
tion/desorption at elevated temperatures, however, will allow
the surface bonds with CO molecules (i.e., the metal-carbon
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Fig. 6. The first hydrogen absorption curves of the LmNig gAlg, alloy at
various temperatures in hydrogen with (a) 300 and (b) 1000 ppm CO.

bonds) to be more easily broken. This will in turn increase the
probability of hydrogen to enter the crystal lattices. Addition-
ally, the reaction between CO and hydrogen, to form CHy and
O, will be enhanced at higher temperatures. These CH4 and
O, gases are known to be less toxic for the LmNig gAlg 2alloy
[3,15], and the poisoning phenomenon is partially prevented.
These aforementioned factors may all have a significant con-
tribution to the efficiency of hydrogen absorption at different
temperatures.

The XRD patterns of the LmNig gAlg alloy after S hydro-
gen absorption/desorption cycles at 60 °C in the presence of
1000 ppm CO, are shown in Fig. 7. Peaks relating to LmNisHs ¢
hydrides can be seen. This suggests that the CO molecules
adhered to the surface of the alloy hinder the release of
hydrogen atoms during the process of hydrogen desorp-
tion, resulting in a large amount of LmNisHs¢ hydrides
been retained in the crystal lattices. The residual LmNisHs ¢
will limit hydrogen absorption in the following cycles,
therefore, reducing the adsorption rate and capacity of
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Fig. 7. XRD patterns of the LmNij gAlg o alloy after 5 cycles of hydrogen
absorption/desorption at 60 °C in hydrogen with 1000 ppm CO.

hydrogen. These considerations are consistent with the P-C-T
measurements.

The influence of CO impurity on the desorption behavior
of the LmNig gAlp, alloy is examined by subsequently des-
orbing hydrogen at 40 and 80 °C in the presence of 1000 ppm
CO, after absorption at 80°C. From the results presented in
Fig. 8(a) it can be seen that, at a desorbing temperature of
40°C, the saturated hydrogen capacity decreases rapidly with
increasing number of hydrogen absorption/desorption cycles.
This suggests that CO molecules adhered to the surface of
the alloy hinder the desorption of hydrogen at 40 °C. Hence,
hydrogen absorption is decreased significantly in the follow-
ing cycles due to the presence of residual LmNisHs¢ hy-
drides. For a desorption temperature of 80°C, however, the
bonding between the CO molecules and the surface of the al-
loy can be broken easily. This allows a more complete re-
lease of the hydrogen atoms from the crystal lattices, as shown
in Fig. 8(b), which is analogous to hydrogen absorption at
80 °C. Hence, even after 5 cycles of adsorption/desorption in a
1000 ppm CO toxic hydrogen source a high saturation capacity
is maintained.

Fig. 9(a)—(c) shows the cyclic hydrogen absorption curves at
40, 60 and 80 °C, respectively, for the LmNig gAlg 2 alloy with
the presence of either 1000 ppm CO or 1000 ppm H»S. It is
seen in Fig. 9 that the poisoning effect of H,S impurity is con-
siderably less than that of CO impurity at all temperatures of
the hydrogen absorption/desorption. A relatively high hydrogen
absorption rate and saturated hydrogen capacity is maintained,
even after many cycles of hydrogen absorption/desorption, with
the presence of 1000 ppm H,S. The difference between the poi-
soning effects of CO and H,S impurities can be explained as
follows. As above mentioned, there exists a partially filled par-
tially filled m-molecular orbital which can increase the strength
of the metal-carbon bonds. These CO molecules adhered to the
surface of the alloy hinder the entry of hydrogen atoms into the
particles crystal. However, for the H>S molecule, the S atom
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Fig. 8. The hydrogen absorption behavior for LmNiy g Al » alloy, which has
been subjected to absorption of hydrogen at 80 °C and subsequent desorption
at (a) 40°C and (b) 80°C in the presence of 1000 ppm CO.

has only two empty valences, which are exhausted completely
in the bonding with the two H atoms. Hence, the H>S molecules
can only adhere to the surface by weak van der Waals bonding.
It is known that these van der Waals bonded species do not ef-
fectively hinder hydrogen adsorption. As a result the poisoning
effect in the H,S toxic hydrogen source is less obvious than in
the case of CO.

After the cyclic hydrogen absorption/desorption in the toxic
hydrogen sources, the LmNig gAlg 2 alloy will lose some of its
ability to efficiently absorb hydrogen. It is therefore worthwhile
examining the re-activation process for poisoned LmNig gAlg >
particles. Thus, after 5 poisoning cycles in 1000 ppm CO toxic
hydrogen gas at 60 °C, reactivation of the LmNis gAly alloy
is assessed by purging it with 99.999% pure hydrogen gas at
a pressure and temperature of 45 atm and 60 °C, respectively.
The hydrogen absorption curves after the first and second reac-
tivation cycles for the poisoned LmNig gAlg > alloy are shown
in Fig. 10. It can be seen that the poisoned alloy particles



H.C. Lin et al./International Journal of Hydrogen Energy 32 (2007) 2494—2500 2499

a
1.4 4
12 —95—CO Ist
—©°—CO 2nd
1.0 —*H,S st
§ 08 ] —v—H,S 2nd
=
T 06 -
/-_—
0.4 -
0.2
0.0 T T
0 10 20
Time (hr)

1.4 -
1.2 4
1.0
g 08 -
5
T 0.6 - —o—CO 15t
—o°—CO 2nd
0.4 — & H,S Ist
0.2 —v—H,S 2nd
0.0 . . T . T
0 10 20 30 40
Time (hr)
C
S
E
:N
10

Fig. 9. The cyclic hydrogen absorption curves for the LmNiy gAlg , alloy in
both 1000 ppm CO and 1000 ppm H;3 S toxic hydrogen sources at temperatures

Time (hr)

of (a) 40, (b) 60 and (c) 80°C.

H, (Wt%)

0.6

0.0 T T y T y y
0.0 0.5 1.0 1.5 2.0

Time (hr)

Fig. 10. The hydrogen absorption curves of the first and second reactivation
cycles for CO poisoned LmNiyg gAly > alloy.

have recovered most of their ability in absorbing hydrogen af-
ter the first reactivation cycle. During the second reactivation
cycle, the hydrogen absorbing activity of LmNig gAlg 2 alloy is
virtually fully recovered. The improved hydrogen adsorption
capabilities after purging can be ascribed to the following: (1)
Dilution and debonding of CO in the high pressure, pure hy-
drogen gas. (2) The pulverization process significantly increas-
ing the amount of fresh surfaces. These factors will prevent
the hindrance previously induced by CO poisoning and allow
the hydrogen absorption rate to be increased significantly. This
reflects the success of this method in the reactivation of CO
poisoned LmNiq gAlg > alloy particles.

4. Conclusions

1. At 20°C the incubation period for activation of the
LmNig gAlp, HSA was about 8 h. It sharply decreased at
40°C, and was only a few minutes at an activation temper-
ature of 80°C. The activation energy of hydriding for the
LmNig gAlp > alloy is estimated to be 32.6 kJ/g-atom H.

2. The LmNig gAlp, HSA was poisoned by the presence of
CO during hydrogen absorption/desorption. A higher CO
concentration and greater number of hydrogen absorp-
tion/desorption cycles increased the poisoning effects. Poi-
soning phenomenon was inhibited by raising the hydrogen
absorption/desorption temperature.

3. The poisoning effect was considerably less for H»S com-
pared to CO.

4. Poisoned LmNig gAlg > alloy was successfully reactivated
by purging in high pressure, pure hydrogen gas.
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