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Abstract

The amounts of absorbed hydrogen and the rates of hydrogen-absorption reaction were measured for 15 rare earth elements. The cohesiv
energy and energy fluctuation of metal clusters were also calculated by using the extémttetirhethod. The characteristics of each rare
earth element in the capacity of hydrogen absorption and the reaction rate were discussed by comparing the experimental results with the
calculated ones. The major results are as follows. (i) Hydrogen/metal ratios (H/M) of rare-earth metals are nearly e@nstesept for Eu
and Yb; (ii) the rate of hydrogen-absorption reaction may be determined by the product of (magnitude of energy fluctuation) and (density of
states); (iii) the 15 rare-earth elements would be classified into four groups: Group 1 (Ce, Pr, Nd), Group 2 (Sm, Gd, Tb, Dy, Ho, Er), Group
3 (Tm, Yb, Lu) and Group 4 (Y, La, Eu) and (iv) the rate of hydrogen-absorption reaction is remarkably promoted by pre-heating the metals
before the reaction.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction 2. Experimental

The authors have an idea that the hydrogen-absorbing Commercial 15 metals of Y, La, Ce, Pr, Nd, Sm, Eu, Gd,
mechanism is substantially controlled by the exchange of Ho, Er, Tm, Yb, and Lu of 99.9% purity were used. After
electrons between metal and hydrogen. Several researchesutting, polishing and drying, the sample metal of 1 g was
based on this point of view have already been reported; physi-placed in a 6 mmp stainless steel tube that was connected
cal properties of 5d-transition metal hydrides were examined to a PCT device. The initial hydrogen pressure was 2 MPa.
using total energies calculated by the band thdatyand The absorption was conducted at 298 and 573 K; the exper-
hydrogen absorption was studied based on the bond ordeiment was also carried out at 276 or 400K in some cases.
between atoms calculated by the molecular orbital method The change of hydrogen gas pressure was measured contin-
[2]. To understand the rates of hydrogen-absorption anduously; a maximum duration of the reaction was 7 days. The
desorption and their temperature dependence, however, thesample was preheated in a nitrogen gas for 30 min before the
authors think that cohesive energy, energy fluctuation and theabsorption of hydrogen.
density of states are important. In this work, the amounts and
rates of hydrogen-absorption were measured for 15 rare earth
metals including yttrium and hydrogen-absorption character- 3, Molecular orbital calculation
istics were discussed by using the calculated values that were
obtained by the extendedidkel method. The electronic states of model clusters containing 55 rare

earth metal atoms were calculated by the extendackel
method; a cluster of 87 atoms was employed only for Y or
* Corresponding author. La. To examine the change of electronic state when the metal
E-mail address: glove@mxu.mesh.ne.jp (K. Hirano). absorbs hydrogen, the calculation was also carried out for
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Fig. 2. Hydrogen-absorbing rate of rare earth elements at 573 K: preheating

Fig. 1. Hydrogen-absorbing rate of rare earth elements at 276 K: preheating A
temperature is 573 K.

temperature is 573 K.

each atomic cluster of which rare earth atoms were replaced 4. Results
by hydrogen atoms. The cohesive energy was defined by the™
total energy of a cluster minus the sum of ionisation potentials
of cluster-constituting atoms. The energy fluctuatiofiwas
estimated by the following equation, with usifg as then-
th energy level above the highest occupied molecular orbital

(3].
(AE)? =< (Eyn— < E, >)? >

4.1. Hydrogen absorption

The hydrogen absorption curves measured for 15 kinds of
samples at 298 K are shownfig. L Itis seen in this diagram
that the maximum amounts of absorbed hydrogen converge to
about three of H/M-value except for Eu and Yb, although the
S En €Xp(E,/kT) abso_rpt_ion rate varies forvarious r_netals. The a_lbsorption char-

S expEn/kT) acteristics seem to be dispersed in four groiis. 2 shows
" the results of hydrogen absorption at 573 K. The absorption

The cohesive energy and energy fluctuation may be effec-rates increases about 100 times greater than at 298 K but the
tive for estimating the direction of change (statistic stability absorbed amounts of hydrogen saturate to the same value of
of materials) and the reaction rate (dynamic stability), respec- ahout three (also except for Eu and Yb) as that at 298 K. The
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Fig. 3. Temperature dependence of hydrogen-absorbing reactions: (a) La, (b) Ce, (c) Gd and (d) Yb.
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Gd and Yb are shown iRig. 3. The temperature dependence rial. In the present reaction of hydrogen absorption, we
is significant except for Ce; the shape of absorption curve think that the rate constant and the concentration of react-
becomes irregular for Gd and the saturated amount of hydro-ing material correspond to the energy fluctuation and the

gen H/M for Yb is irregularly changed with temperature. density of states, respectively. In this context, we can see
that the temperature dependence of hydrogen absorption
4.2. Molecular orbital calculation rate is large for the metals of La, Gd, Ho, Tm, Yb of

which energy fluctuations exhibit relatively large temperature
Some examples of the calculated results are shown independence.

Fig. 4 the upper and lower parts indicate the energy fluc-  On the other hand, the temperature dependence for Ce
tuation and cohesive energy against the composition of is small; this can be correlated with the theoretical fact that
the atomic clusters, respectively. The results show that (a)the energy fluctuation has a small temperature dependence as
the cohesive energy decreases as going from Y to Er andshown inFig. 4(b).
increases from Tm to Lu and (b) the temperature dependence Unfortunately, the reason why the reaction rates for Gd
of energy fluctuation is lower for Y and decreases from Lato and Yb are irregularly changed with temperature remains
Nd and then increases from Sm to Er and it is much higher unsolved in the present stage of study.
for Tm, Yb, Lu.

5.2. Grouping of elements

5. Discussion It is reported4] that the hydrogen-desorption character-
istics of 7 rare earth hydrides can be divided into two groups,
5.1. Rate of hydrogen absorption but no reasons were presented. In this study we can try to do

the following grouping for the hydrogen-absorption charac-
The reaction rate is usually defined as the product of teristics of 15 rare earth metals. For the electronic systems
specific rate constant and concentration of reacting mate-of rare earth elements, they are divided into 2 groups of sd
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Fig. 4. Energy fluctuation and cohesive energy of RE-H systems: (a) La-H, (b) Ce-H, (c) Gd-H and (d) Yb-H.
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Table 1

Grouping of rare earth elements

Element Cohesive energy Energy fluctuation Electronegativity Exception Grouping Grouping
(kcal/mol) pattern (theoretical) (experimental)

Y 420 a O 12 1,30r4 3

La 320 a O 12 1,30r4 1

Ce 90 a O 1 lor2

Pr 70 a O 1 1

Nd 60 a O 1 1

Sm ~0 b Oor® 2 lor2

Eu 10 b ) 25 20r4 4

Gd 30 b [ 2 2o0r3

Th 40 b [ J 2 2

Dy 50 b [ 2 2o0r3

Ho 30 b [ J 2 2

Er ~0 b [ J 2 20r3

Tm 190 c O 3 3

Yb 290 c O 3 3or4

Lu 360 [+ O 3 3

a: invariant with H concentration;:d@nvariant but having large temperature dependence, b: increase with H concentration, c: decrease with H concentration,
(O: less electro-negative than H (Electron is transferred to®t.)nore electro-negative than H (electron is transferred from H).

a 1: sd electronic system.

b 2: half-filled electronic shell.

(Y and La) and sf (Ce-Lu) systems. From the results of the stant,~3, except for Eu and Yb; (ii) the rate of hydrogen-
cohesive energy and energy fluctuation, the elements can beabsorption reaction may be determined by the product of
classified into 3 groups of Y-Nd, Sm—Er and Tm-Lu. In the (magnitude of energy fluctuation) and (density of states);
sense of electro-negativity, they may also be classified into the(iii) the 15 rare-earth elements would be classified into four
same 3 groups. These groupings are summarizédhbie 1 groups; Group 1 (Ce, Pr, Nd), Group 2 (Sm, Gd, Th, Dy, Ho,
The following grouping may be possible: Group 1 (Ce, Pr, Er), Group 3 (Tm, Yb, Lu) and Group 4 (Y, La, Eu); (iv) the
Nd), Group 2 (Sm, Gd, Tb, Dy, Ho, Er), Group 3 (Tm, Yb, rate of hydrogen-absorption reaction is remarkably promoted
Lu) and Group 4 (Y, La, Eu). by pre-heating the metals before the reaction.
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