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Abstract

The H, desorption rates of the hydrides of the H storage alloys LaNi, ;Al, ¢, LaNi, ;Mn, . and LaNi,  Co, ; were measured as a
function of H concentration by a volumetric method in the range of temperatures from 298 to 348 K and of H, pressures between 0.01
and 0.6 MPa. The measured data showed that the desorption rates are controlled by the diffusion of H in the hydrides of the alloys. The
obtained diffusion coefficient ranged from 3x10 *° to 5x10 ° cm® s * for the aloy hydrides at these temperatures. The activation
energy for H diffusion tended to increase with increasing H concentration in the hydrides of the alloys. However, the activation energy
was found to decrease on partial substitution of Ni in LaNi, with Al, Mn and Co. O 1999 Published by Elsevier Science SA. All rights

reserved.
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1. Introduction

The features of the high rates of reversible H, absorp-
tion and desorption of H storage aloys are well known.
Extensive studies have been made of the thermodynamic
and kinetic properties of the aloys [1-3]. Generaly, the
rate of the initial activation or hydriding of the aloys is
controlled by surface processes such as H, dissociation
and H permeation through surface oxide layers [1,4—7]. In
these surface processes, the exchange of electrons between
H, molecules and the metal or oxide surface is crucial for
H, dissociation [8].

Compared with the many reports on investigations of the
reaction mechanisms of H, absorption and hydriding of
aloys, little work has been carried out on H, desorption
kinetics. This study aimed at investigating the mechanism
of the H, desorption kinetics of the hydrides of H storage
dloys such a LaNi,gAl,s, LaNi,;Mn,, and
LaNi, .Co, . to examine the effect of substitutional ele-
ments such as Al, Mn and Co on the desorption kinetics.

2. Experimental procedures

Block samples of the alloys, LaNi, ;Al, 5, LaNi, sMn, ¢
and LaNi, Co,. were prepared by arc melting. Sub-
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sequently, the samples were annealed at 1023 K in a
vacuum of 1x10~° Pa for 8 h. The structure and com-
position of the prepared samples were determined with
standard data using X-ray diffraction (XRD) and induc-
tively coupled plasma (ICP), respectively [7]. The block
samples were pulverized by cyclic hydriding and dehydrid-
ing reactions, which resulted in median particle sizes of 17
pm for LaNig, 13 pum for LaNi,;Algs, 15 wm for
LaNi, ;Mn, ; and 27 pm for LaNi, ;Co, ..

The rate of H, desorption of the samples was measured
volumetrically as the rate of increase of H, pressure per
second in a vacuum cell of known volume using a
Sieverts-type apparatus [4]. The cell was evacuated to a
vacuum of 7x10™" Pa before measurement of the desorp-
tion rate. The vacuum leak rate was 2x10 ° Pam® s™%,
which was low enough to measure the increase in H,
pressures desorbed from the alloy samples. The measure-
ment was made using hydrided samples with H con-
centrations ranging from x = 0.4 to 4, where x = [H]/[M]
(M: dloy) is the atomic ratio, at temperatures between 298
and 348 K and H, pressures from 0.01 to 0.6 M Pa This
range of H concentration corresponds to the region where
the hydride phase (3) decomposes into H, gas and H solid
solution (e) in the measurement of the H, desorption rate.
Hydrogen gas of purity 99.99999% (7N grade) was used
for the hydriding of samples. Details of the apparatus used
and experimental factors such as heat conductivity, cell
materials, vacuum lesk rate and H, gas purity, which

0925-8388/99/$ — see front matter [ 1999 Published by Elsevier Science SA. All rights reserved.

Pll: S0925-8388(99)00452-1



408 T. Haraki et al. / Journal of Alloys and Compounds 293-295 (1999) 407-411

should strictly be taken into account in kinetic measure-
ments, are reported elsewhere [1,4].
3. Results and discussion

Typica hydrogen desorption curves are shown as solid
lines in Fig. 1a for LaNiH,, Fig. 1b for LaNi, ;Al, H,,

4 r T
(a) measured
4444444444444 calculated
3l 323K
5
S
N 2 _
I
| i
0 100 200
t /s
4 r T
(C) measured
------------- calculated

H/LaNi, Mn,

t/s

Fig. 1c for LaNi,;Mn,;H, and Fig. 1d for
LaNi, ;Co, ;H,. The initial H, desorption rate increases
with increasing H content in the hydrides (Fig. 1a,d) and
with increasing temperature (Fig. 1b,c). The measured
curves were examined in a t*° vs. [H]/[M] plot which
resulted in the linear relations shown in Fig. 2. This
suggests that the measured rates are controlled by the
diffusion of H atoms in the hydrides.
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Fig. 1. Dehydriding curves for (8) LaNi H,, (b) LaNi, Al,H,, (¢) LaNi,;Mn, H, and (d) LaNi, Co, H,.
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Fig. 2. H/M vs. t*° plots of the dehydriding curves.

The decrease in H concentration in a hydride particle
with radius r, can be expressed by [9]:

c 6wl Dt
e =23 Zep( ~nn ) @

Cs T n=1N

where t is the reaction time, ¢ the H concentration, c, the
H concentration of the hydride sample at t =0, and D the
diffusion coefficient.

The measured curves were fitted to this equation by
mathematical expansion from n=1 to 100. The fitted
curves are shown as dotted lines in Fig. la—d. With
decreasing H concentration, the deviation of the calculated
curves from the measured curves becomes large. This may
be caused by our experimental conditions. The H, gas was
desorbed into a vacuum cell. However, as the desorption
proceeded, the H, pressure in the cell increased, which
depressed the desorption rate in the final stage of the
reaction.

The diffusion coefficient D was calculated from the
fitting. The temperature dependence of D is shown in Fig.
3a for LaNig, Fig. 3b for LaNi,;Al,s, Fig. 3c for
LaNi, ;Mn, . and Fig. 3d for LaNi,;Co,.. In fact, the
mechanism of H diffusion in these alloys seems very

complex, where more than one jump process takes place in
the diffusion [11]. Therefore, the obtained D in this study
should be considered as approximate values.

The obtained D increases with increasing temperature
and increasing H concentration. This H concentration
dependence of D agrees with the result reported by
Zuechner et al. [11]. They reported that the value of D for
LaNizH, exhibits a wide range from 4x 10~° to 1.5x10"°
cm®s " at 298 K [11]. When the fact that D increases with
increasing H content is taken into account, our result of
D=17x10"°cm?s * for LaNigH,, at 298 K (Fig. 1a)
seems to be in good agreement with the reported values.

From the linear relation in the InD vs. 1/T plot for each
aloy, the apparent activation energy A for H diffusion was
calculated for each dloy:

InDoc—A/RT (2

where R is the gas constant and T is temperature (K).
The calculated activation energies are summarized in
Table 1 for different hydride compositions x. Values of A
increase with increasing H concentration for each alloy.
Extrapolation of A with increasing H concentration yields
an activation energy of A=21.6 kJmol H™* for LaNiH,,
which coincides with the value reported by Kohdosov et a.
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Fig. 3. LnD vs. 1/T plots for () LaNisH,, (b) LaNi, ;Al,H,, (¢) LaNi, sMn,sH, and (d) LaNi, ;Co, ;H,.

[10] (Fig. 4). The activation energies reported for H
diffusion in LaNigH, are markedly scattered [10-15].
Table 1 lists the values of A for LaNigHg from Refs.
[10-15].

LaNi, .Co, ;H, exhibits much lower apparent dif-
fusivities and lower activation energies than LaNi H,,
LaNi, ;Al,H, and LaNi, ;Mny¢H,. The smal volume
expansion of the LaNi, ;Co, ;H, hydride might be respon-

Table 1
Apparent activation energies (kJ mol H™') for the diffusion of H in
LaNiH,, LaNi, Al H,, LaNi, ;Mn, ;H, and LaNi,.Co, ;H,

X LaNigH,  LaNi, Al .H, LaNi, Mn,,H,  LaNi, Co, H,
04-1 102+10 103+1.0 105+1.1 8.58+0.9

1-2 11.6+12  111+11 12.2+1.2 10.4+1.0

3-4 158+16 133*13 12.3+1.2 11.6+1.2

6 21.6 kJ mol H™* (10.6-39.6: Refs. [10-15])

sible for the low diffusivity, as argued by Zhang et al.
based on results from a kinetic measurement of H,
absorption by LaNi, ,sCo, sSn, ,5 [13]. In fact, the reduc-
tion in particle size by the cyclic hydriding and dehydrid-
ing treatment of Co-containing alloysis less than the aloys
without Co addition. The lattice parameters of rare-earth-
based hydrogen storage alloys expand anisotropically, and
the volume change is over 24% for LaNig and
LaNi, ;Mn, ., 18.5% for LaNi,Al,., and 14.6% for
LaNi, .Co, . [12], where the change in the c-axis (Ac/c =
1.3%) in the hydriding or dehydriding of LaNi, Co, . is
much less than for the other aloys (Ac/c = 5.0—7.9% for
LaNig, LaNi,sAl, 5 and LaNi, ;Mn, [12]). These facts
imply that the diffusion process of H atoms in
LaNi, ;Co, . is different from that in the other alloys.
When the anisotropic diffusion process of H atoms in
LaNigH, [11] and LaNi, Al H, [15] is taken into
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Fig. 4. Change in the apparent activation energy A for diffusion of H asa
function of the H concentration H/M.

account, the obtained lower diffusivity and activation
energy for H diffusion in LaNi, Co,-H, suggest the
presence of rather complicated diffusion processes in
LaNi, .Co, .H, in the dehydriding process.

As can be seen from Fig. 3 and Table 1, the substitution
of Ni in LaNi; with Al or Mn aso decreases the value of
D. Thisisin good agreement with the results of Osumi et
al. [14] and Bowman et a. [15]. However, as mentioned
before, when the complex diffusion mechanisms in these
alloys are taken into account, more precise studies are
required to determine the dependence of the diffusivity and
the activation energy on the substitution of Ni in LaNi,
with other metal elements such as Al, Mn and Co.

4. Conclusions

The desorption rates of the hydrides of LaNi, ;Alg.,
LaNi, ;Mn, . and LaNi, .Co, . were measured. The results
indicate that the desorption rate is controlled by H diffu-
sion in the hydrides. The apparent diffusion coefficient D

becomes larger with increasing H concentration and tem-
perature. The substitution of Ni in LaNi; with Al, Mn and
Co results in a decrease in the value of D. Substitution
with Co was found to be most profound in the decrease of
the apparent diffusivity and the activation energy for H
diffusion. More precise investigations are necessary to
understand substituent effects on the diffusion mechanism
of H in these alloy hydrides.
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