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Abstract. LaNis;Alg; alloy was prepared by vacuum induction melting in high purity helium atmosphere,
and the ingot was pulverized into 200-400 mesh powder after annealing. X-ray diffraction (XRD) and scan-
ning electron microscopies (SEM) were utilized to study the alloy morphology and phase structure. X-ray
photoelectron spectroscopy (XPS) was used for surface analysis. The poisoned alloy was tested at 30 °C in the
mixture gas by thermogravimetric and differential thermal analyses (TG + DTA). The hydrogen storage prop-
erties were studied by the pressure—composition—temperature test. The activated sample was completely
deactivated after only 3 hydriding/dehydriding cycles in hydrogen containing 300 ppm CO at 30 °C, but
hydrogen storage capacity did not degrade when tested at 80 °C. Additionally, two different steps appeared in
the absorption processes. Combined with XRD, XPS and TG + DTA results, an explanation for this phenomenon

is given.
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1. Introduction

Hydrogen energy attracts worldwide attention due to the
growing shortage of traditional energy sources and envi-
ronmental pollution. In order to efficiently utilize energy
from hydrogen, it needs to be separated from the mixed
gases. At present, there are several reports on separation
and purification of hydrogen from mixed gases (Sheridan
Il et al 1983; Au et al 1996; Tosti et al 2000; Ibeh et al
2007; Tagliabue and Delnero 2008; Céssia Colman et al
2009; Majlan et al 2009; Mendes et al 2010; David and
Kopac 2011; Hwang et al 2011; Kosmambetova et al
2011; Miura et al 2012). Selective hydrogen absorption
by hydriding alloys, which can reversibly absorb/desorb
hydrogen, offers the possibility of hydrogen separation
from the mixed gases and hydrogen purification to the
ultra-high levels.

ABs-type hydrogen storage alloy is one of the most
promising hydrogen storage materials. It has the largest
hydrogen storage capacity and the highest hydriding reac-
tion rate at room temperature and medium pressure, com-
pared with other hydrogen storage materials (Van Vucht
et al 1970). However, the reaction rates and the hydrogen
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storage capacity of ABs-type alloys can be profoundly
affected by various impurities present in hydrogen gas,
even at low concentration levels (Goodell 1983). The
performance characteristics of hydrogen storage alloys
can be poisoned by the slow absorption/desorption rates,
which decrease hydrogen absorption capacity. In order to
utilize ABs-type hydrogen storage alloy for hydrogen
separation and purification in the future, it is necessary to
study hydrogen absorption and desorption Kkinetics
performance in mixed gases.

Sandrock and Goodell (1980) first studied the surface
poisoning of LaNis by O,, CO and H,0, and found that CO
contamination seems to be the most harmful for LaNis.
Therefore, studying CO poisoning of ABs-type hydrogen
storage alloys is quite significant. In the past years, there
have been numerous reports of the poisoning mechanism
in ABs-type hydrogen storage alloys (Sandrock and Goo-
dell 1980, 1984; Eisenberg and Goodell 1983; Goodell
1983; Han and Lee 1989; Imoto et al 1995; Sakaguchi
et al 1995; Scura et al 2008; Dunikov et al 2012). In
order to improve resistance to CO and other impurities,
surface modification has also been considered (Wang
et al 1995; Uchida 1999; Sun and Suda 2002; Williams et
al 20093, b; Ren et al 2010; Lototsky et al 2011; Zhao et
al 2011).
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Although researches have considered LaNis perform-
ance in CO impurity gas, some of the poisoning mecha-
nisms are still unclear, with even less emphasis on the
LaNi, ;Alq s alloy. On the other hand, Al can substitute Ni
in LaNis, resulting in a much lower decomposition pres-
sure, without impairing kinetics or hydrogen storage
capacity (Mendelsohn et al 1977). At the same time,
LaNi,.7Alg 3 has better CO tolerance compared with LaNis
(Han and Lee 1989), which prompted researching
LaNig-Alp; alloy for hydrogen storage. In this paper,
hydrogenation kinetics of LaNi,;Aly3 at 30 and 80 °C is
compared. Hydrogenation performance in the mixture gas
of H, + 300 ppm CO at 80 °C is better than that of at 30 °C.
When extending the absorption and desorption time, two
steps in the absorption curves during the hydriding/
dehydriding cycle are reported for the first time. Based
on the published theories, experimental results of this
paper are explained, and the corresponding poisoning
mechanism is identified.

2. Experimental

LaNig,Algs alloy was prepared by vacuum inductive
melting in the high purity helium atmosphere. The ingot
was pulverized into 200-400 mesh powder after 1150 °C
annealing for 25h. The purity of as-received metals,
including lanthanum, nickel and aluminum, using com-
mercial ingots as raw materials, was above 99-99%.

The phase structure of the powders before and after the
experiments were characterized by XRD (X’pert-MPD,
Philips) using CuK « radiation and the morphology of the
powders was examined by SEM. The XRD scan rate was
set at 1s per step of 0-02° (26), and the range of all
measurements was restricted to 10-80° (2¢). X-ray pho-
toelectron spectroscopy (XPS) was performed using
AXIS Ultra DLD (Kratos Analytical, Japan). Simultaneous
DTA and TG analyses were conducted using NETZSCH
STA 449C system (Netzsh, Germany). Heating runs was
performed at the rate of 5 °C/min from 30 to 150 °C.

Hydrogen storage properties were measured by an iso-
volumetric method using pressure—composition—tempe-
rature apparatus (Xie et al 2009). The sample activation
was performed at 100 °C under 3 MPa and then cycled 8
times at 30 and 80 °C under the initial pressure, and then
tested in the mixed gases. All desorption experiments
were carried out in vacuum.

3. Results and discussion
3.1 Microstructural analysis

Figure 1 shows SEM micrographs of the LaNiz7Alg3
alloy before and after the cycling. The particle size of the
powder after the cycling is smaller due to pulverization.
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Figure 2 shows XRD patterns of the LaNi4;Alg3 alloy
after cycling ((a) in pure H, at 80 °C; (b) in impure H, at
80 °C and (c) in impure H, at 30 °C). When cycled in
pure and impure H; at 80 °C, the same LaNis main phase
remained, which is why the ultimate hydrogen capacity
did not decrease. When cycled in impure H, at 30 °C, the
same LaNis main phase remained, accompanied by the
undecomposed LaNisHq phase presence. The presence of
the LaNisHg phase indicates that CO hinders the dehydro-
genation process, which results in the hydrogen absorp-
tion capacity decline after 30 °C cycling.

3.2 Absorption/desorption kinetics

Figure 3 shows absorption/desorption kinetics curves of
LaNi,;Aly 3 alloy at 80 °C in pure H,. It can be seen that
no change in hydrogen transfer capacity and hydrid-
ing/dehydriding rates happened after 16 cycles. Figure 4
shows the absorption kinetics curves of LaNi,;Alg 3 alloy
at 30 °C in impure H,. It can be seen from figure 4 that
dynamics and hydrogen absorption capacity of the acti-
vated LaNi,;Aly3 sample did not change after 8 cycles in
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Figure 1. SEM micrographs of LaNis;Alq3 alloy (a) before
cycling and (b) after cycling.



CO impurities effect on LaNi4;Aly 3 hydrogen storage alloy

pure hydrogen. However, the sample could not absorb
hydrogen after only 3 cycles in mixed H, + 300 ppm CO
gases.

Figure 5 shows desorption kinetics curves of LaNis-Algs
alloy at 30 °C in impure H,. Only the first 40 min of the
curves should be considered, because the desorption rate
becomes very slow after mixed gases cycling. It can be
seen from figure 5 that the alloy desorbed hydrogen com-
pletely within 5 min, when cycled in pure H,. There is
incomplete desorption even after 40 min of the impure H,
cycling.

Figure 6 shows absorption Kkinetics curves of the
LaNi4-Alg3 alloy at 80 °C in impure H,. It can be seen
from figure 6 that Kinetic properties and hydrogen ab-
sorption capacity of the activated sample did not
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Figure 2. XRD patterns of LaNis;Alys alloy (a) in pure H, at

80 °C; (b) in impure H, at 80 °C and (c) in impure H, at 30 °C.
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change after 8 cycles in pure hydrogen (curves 1-8).
Then, the sample was cycled 7 times in the gas mixture
(curves 9-15). When tested in impure H, at 80 °C, the
sample exhibited some interesting properties. Hydrogen
absorption capacity did not decay when compared with
the 30 °C test. The absorption curves can be divided into
two steps. The first step exhibits slower absorption rate,
while the second is the rapid hydrogenation rate step and
it takes longer time to complete the first step with the
number of cycles.

Figure 7 shows desorption kinetics curves of LaNi4-Algs
alloy at 80 °C in impure. Only the first 60 min of the
curves are considered. When tested in pure H,, the
desorption rate is very fast and hydrogen desorption is
completed within 5 min. However, when tested in mixed
gases, desorption rate slows down and requires longer
time for the complete desorption with increasing the
number of cycles.

The major viewpoints of the mechanism of hydrogen
confinement in LaNis using CO poisoning are as follows.
Wallace et al (1979) reported that the surface of LaNis
exposed to air consists of the La(OH); layer with precipi-
tated Ni, and hydrogen molecules are dissociated into
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Figure 3. Absorption/desorption kinetics curves of LaNis;Alq3
alloy at 80 °C in pure H, (a) absorption and (b) desorption.



840

hydrogen atoms on the Ni sites. Schlapbach et al (1980)
suggested that the segregation occurs on the LaNis sur-
face owing to La oxidation and Ni clusters precipitation,
and the Ni clusters act as a catalyst for hydrogenation.
Sakaguchi et al (1995) claimed that CO molecules pref-
erentially absorb metallic Ni precipitated on the surface
of hydrogenated LaNis, and replace chemisorbed hydro-
gen atoms, owing to higher adsorptive activity of CO in
comparison with hydrogen. Although, the poisoning
mechanism is complicated and not uniform, metallic Ni
on the surface appears to play an important role in hydro-
genation processes.

The hydrogenation/dehydrogenation phenomenon is
different in pure hydrogen and impure hydrogen, which
can be explained by the role of metallic Ni on the surface
of samples. When LaNi4;Alqp3 alloy cycled at 30 °C in
H, + 300 ppm CO, CO molecules absorb on metallic Ni
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Figure 4. Absorption kinetics curves of LaNi4s;Al3 alloy at
30 °C in impure H,.
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Figure 5. Desorption Kkinetics curves of LaNi,;Alg3 alloy at

30 °C in impure H,.
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precipitated on the surface, and replace chemisorbed
hydrogen atoms. Thus, hydrogenation process is confined
because of the adsorbed CO molecules. On the other
hand, hydrogen desorbed in each cycle is not completely
due to the adsorbed CO molecules. Large quantities of
absorbed hydrogen are accumulated in LaNij.7Aq.3 with
repeated cycling, and the accumulation of hydrogen
causes the amount of hydrogen absorbed in the next cycle
to be decreased. The XRD results confirm this.

The reason for hydrogen absorption capacity and
absorption rate decline at 80 °C is the same as for the 30 °C
cycling. Namely, the adsorbed CO molecules confined
the hydrogenation process, which corresponds to the first
step of the hydrogen absorption curves. CO chemisorp-
tion on Ni surface will take some time to complete, which
depends on Ni and CO content, and, to some extent, on
temperature and pressure.
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Figure 6. Absorption kinetics curves of LaNi4s;Alq3 alloy at
80 °C in impure H,.
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Figure 7. Desorption kinetics curves of LaNi4;Alq3 alloy at
80 °C in impure H,.
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Since CO causes uneven surface deactivation, only a
handful of alloy particles are affected in the beginning,
resulting in a rapid hydrogenation rate, as seen in figure 5
(curve 9). However, more alloy particles are affected by
the introduction of new CO impurities after each cycle.
We know that metallic Ni preferentially adsorbs CO,
while Ni acts as a catalyst in the H, — 2H process. Since
CO occupies active sites, hydrogen absorption properties
declined. On the other hand, more Ni-rich precipitation
clusters are formed on the surface with each cycle
(Schlapbach et al 1980). Ni clusters precipitation can
promote rapid decomposition of hydrogen molecules into
atoms, along with CO adsorption. When CO chemisorp-
tion process achieves equilibrium, the remaining Ni on
the surface will quickly cause hydrogen molecules de-
composition into atoms, showing rapid hydrogenation
rate. In addition, the particle size in the second step is
smaller than that of the first step due to pulverization,
while smaller particle size also seems to have a certain
contribution to the rapid hydrogenation rate, since smaller
particles have faster kinetics compared with the larger
ones (Corré et al 1997). From the above analysis, it is
clear that the second step has faster absorption rate
compared with the first step, as seen in figure 6.

3.3 XPS results

XPS was performed to test for Ni, an important element
in hydrogen absorption and desorption processes. The
XPS results are shown in figure 8. In figure 8, after the
sample was cycled at 30 °C under impure H,, the binding
energies for P; and P, are 851-94 and 855-37 eV, corre-
sponding to the Ni 2P3/2 and NiO 2P3/2, respectively
(http://srdata.nist.gov/xps/). For the 80 °C cycling, the
binding energies for P; and P, are 852-21 and 855-58 eV,
which is also consistent with the Ni 2P3/2 and NiO

2P3/2, respectively (http://srdata.nist.gov/xps/). XPS
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Figure 8. XPS spectra of the surface for element Ni.
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results show that no nickel carbonyl was formed during
the hydriding processes, indicating that CO appears to
form a simple chemisorbed monolayer by adsorption
rather than form nickel carbonyl.

3.4 TG and DTA analyses

Figure 9 shows the TG + DTA curves of the poisoned
LaNig;Algs. In order to further investigate the reasons for
LaNi4-,Algs alloy hydrogen absorption capacity decrease
at 30 °C, however, its performance is almost not changed
at 80 °C in H, + 300 ppm CO, TG and DTA experiments
on the poisoned sample were carried out. The results are
shown in figure 9. Within the experimental temperature
range of 30-150 °C, the sample weight loss is about 1-3%.
Combining hydrogen absorption and desorption kinetic
curves (figures 4 and 5), it is believed that the weight loss
is mainly due to the release of hydrogen and a small
amount of CO desorption from the alloy surface. Han and
Lee (1989) also reported that gases released from the poi-
soned sample in the process of thermal decomposition
contain CO, consistent with our results. In addition, it can
be seen from figure 9 that the peak temperature for DTA
is 76 °C, with a broad area. This is mainly attributed to
CO desorption taking some time, indicating that the
whole thermal decomposition process is accompanied by
the CO desorption, which occurs simultaneously with
hydrogen release.

As explained above, hydrogen absorption capacity
decay at 30 °C is mainly because hydrogen molecules
absorption and release are stopped by the adsorbed CO
molecules, along with the undecomposed hydride pres-
ence. In this paper, hydrogen absorption and desorption
were carried out under constant 80 °C temperature, which
is consistent with the peak temperature of 76 °C. It is already
known that Ni adsorbs CO by simple chemisorption, so
hydrogen absorption at higher pressure will be beneficial
for CO adsorption on the surface. However, when
hydrogen desorbs at 80 °C in vacuum, the poisoned

LaNig,Algs alloy will self-recover (Sandrock and
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Figure 9. TG and DTA curves of the poisoned LaNi4.7Alg.3.
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Goodell 1980), taking into account the peak temperature
of 76 °C. Then, CO desorbs from the surface, followed
by hydrogen desorption and complete release. Hence, in
figure 5, no decrease in hydrogen absorption capacity
was observed, opposite to hydrogen absorption at 30 °C.
Since CO desorbs from the alloy surface during each
hydrogen desorption cycle, the alloy surface remains
clean from CO for the next hydrogen adsorption cycle.
When CO comes in contact with the alloy particles in the
next cycle, chemisorption process is repeated, along with
the metallic Ni precipitation, causing more time for the
first step to complete.

4. Conclusions

LaNi,.7Alq3 alloy almost does not absorb hydrogen after
only 3 cycles in mixed gases of H, + 300 ppm CO at 30 °C,
opposite to 80 °C. XRD results show that the same LaNis
main phase forms in the LaNi4;Aly3 alloy after 80 °C
cycle in both pure and impure H,, while LaNisHg phase
forms after 30 °C cycling in mixed gases. The absorp-
tion/desorption curves and XRD patterns show that the
poisoning mechanism for CO is mainly because it deacti-
vates the alloy surface and thus hinders hydriding and
dehydriding processes. XPS results confirmed that Ni and
CO form by a simple chemisorption process, rather than
form nickel carbonyl. Combining TG, DTA and XRD
results with hydrogen absorption/desorption kinetics
curves, the characteristics of absorption/desorption kinetics
for LaNis;Aly; alloy at 80 °C under H, + 300 ppm CO
can be summarized as follows:

() Hydrogen absorption capacity for the activated sample
did not decrease significantly after 7 cycles under impure
hydrogen, mainly attributed to the experiment temperature.
(1) The activated sample exhibited two different steps in
the absorption curves, when cycled in H, + 300 ppm CO.
The first step corresponds to the absorption of CO on Ni
with a slower hydriding rate. The second step is attrib-
uted to Ni acting as a catalyst in the H, —» 2H process
with a rapid hydriding rate.
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