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Abstract

The quantitative reactivities of # and H gases with clean surfaces of rare earth (RE) metals La, Ce, Pr, Nd, Tb and Dy were measured
volumetrically at 298 K as a function of the amount of reacted gas. Ti@ ridactivity was found higher by factors of 1021@an the H
reactivity, resulting in much higher rates of hydrogen (H) absorption of the metals thanerpdsure. Quantitative data of reactivities of
H,O and H with the metals are reported, and mechanisms of the H absorption of the RE metalsrid HO exposures are discussed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction these metals, and emphasis is made to elucidate the mech-
anisms of H absorption in #D exposure of these metals in

Rare earth (RE) metals absorb large amounts of hydro- comparison with the H absorption imtxposure.

gen and form di- and trihydrideld]. The H dissociation

pressure of the hydrides of RE metals and RE-based alloys

is markedly influenced by the number of 4f electr¢23)]. 2. Experimental procedure

Compared with thermodynamic investigatiof@s-6], little

work was done on the surface reactions of RE metals. This  Each block sample of a RE metal (La, Ce, Pr, Nd, Th,

may be attributed to the highly reactive surface property of Dy) was degassed thoroughly by heating up to 1300K in a
RE metals. Careful approach using a clean surface techniquesacuum below 5 10-8 Pa. The degassing of the sample and
should be made in the investigation of the surface property. the out-gassing of a whole glass system were made alter-
We have applied the Wagener metH@B] using ultra high  nately until the total vacuum attained below3.0-8 Pa by
vacuum condition to evaluate the quantitative reactivity of a monitoring residual gases in the system using a quadrupole
gas (K, Oz, N2, H20) on the surface of a metal as a func-  mass spectrometer (QMS). Each film sample with a thickness
tion of the amount of reacted gas for many metals such asef 100 nm was deposited onto the wall of a glass reaction
transition metals (Ti, Ta, W, A®,10], Co, Ni[11]), REmet-  tube by evaporating each block sample under an ultra high
als (La, Ce, Th, Dy12-17), and RE-based alloys (Lafli  vacuum below 5« 10-8 Pa. After the preparation of a film
[11,18-20] SnpFey7 [21]). sample with a clean surface8 gas was supplied using
In this study, we systematically measured the quantitative an ultrahigh purity droplet with a specific resistivity higher
reactivity of HO with the surface of RE metals: La, Ce, Pr, than 15M2cm. The volumetric Wagener method was used
Nd, Tb, and Dy at room temperature. Discussions are madeto measure the amouNt the number of adsorbed or absorbed
on the surface processes of®ladsorption on the surface of  gas molecules per ¢imand the reaction probability (reaction
coefficient)r, the ratio of the rate of adsorption or absorption
* Corresponding author. Tel.: +81 463 58 1211x4136; ofgasmoleculesto f[he impinging rate ofgas molecules onthe
fax: +81 463 58 1812. metal surface. In this study, for convenience, the reacted gas
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(ML) where 1 ML = 13" molecules per cf Surface rough-  calculated by assuming the following reactid2],
ness factors more than 10—20 should be taken into accoun

for deposited film samplg42]. Details of this measurement 20 — O (adsorbeay- 28H (adsorbed absorbed or
method are described elsewh{@g used for OH formation)- (1 — B)H (desorbed)

where the dissociated H atoms are assumed to form H solid
solutions, hydrides, and/or surface hydroxide with the disso-
ciated O atoms. We assumed this simple reaction in order to
calculate the quantitative amount of H atoms which were dis-
sociated from HO molecules and reacted with the surface. In

Fig. 1 shows the change in the reaction probabifityo this assumption, we ignored complicated surface processes

with a clean Ce surface at 298 K as a function of the reacted ©f ©Xidation or hydroxidation, which did not affect the cal-
amountVu,o of H,O molecules. Atthe initial stag@i,o < culation.

30 ML, the HO reactivity was measured as the highest value, (\err:en(,jB_: 1,no I-%desorptiondf_romlthe_surfahce takes ?Iace,
rip0 = 1. This means that all #0 molecules impinging the and the dissociated H atoms dissolve into the Ce to form H

surface adsorb on the clean Ce surface. As th® Expo- solid solutions and then to form Ce dihydride phase with

sure was extended,o became lower, and markedpigas increasing H concentration in Ce. The absorbed H amount

desorption from the surface was observed as this can be seeﬁvéH/ H20 /= 15O_MI_‘ corresponds to ;he H %oncentrat|on of
in the increasing bipartial pressure ifrig. 1 This suggests about [HJ/[RE] = 1 in atom ratio. As the 4O adsorption pro-

that adsorbed D molecules dissociate into H atoms and ceeds, the surface becomes covered with increasing coverage
hydroxyl (OH), and that part of the dissociated H atoms of hydroxides, and the rate of @ dissociation becomes
combine with each other to formsHmolecules. From the lower. And the dissociated H atoms cannot easily penetrate
measured Hi partial pressure, the dissociatioln rate(f- into the metal. Then, part of the H atoms tend to recombine

factor) of H,0, and the reaction probabilityk,0 of the forming H, molecules, and resulting in thexldesorption at

H atoms dissociated from the adsorbegtHnolecules were B<1.Thisisin good agreementwith the result obtained so far
that the hydroxide layers on the metal surface strongly hinder

the H, dissociation and subsequent H absorpfitiy15]

3. Results and discussions

3.1. RE metals—H»O system

10° g . . : . - ; . Similar results of the KO adsorption kinetics at 298 K
- were obtained for the surface of the other RE metal sam-

5 107 E _,._.—-——--—'—"""'—"—' 3 ples investigated in this studyig. 2 shows summarized

Ea10° b T “ =N curves for the La—pO, Ce-HO, Pr—-H0, Nd—H:0,

o / T T Py, j Tb—H,O and Dy—h0 systems. For these metals with a clean
10° ’?"" 1 surface, they,o = 1 at the initial stage, suggesting that all
- , 1 ' 1 ' 1 ks H>O molecules impinging the surface adsorb. With increas-

5 10 S . . ‘ . . ing coverage of hydroxidesH,o decreases when the;H

B w:L -H\"""'\-. ] desorption takes place Ak 1.

& . . ~ " g Among these metals, they,o for the Tb and Dy sur-

oy M faces is much higher than for the surfaces of the other metals,
10° gra—sses T . T ™3 La, Nd, Pr and Ce. This systematic tendency in the mea-

o. Ce-H0 3 sured reactivities of BD adsorption is quite different from

§_ o' b \ 100 nm _= those of the @ adsorption where the Ce surface exhibits

= \ —a—Ce-H,0 much highero, than the surface of Th or Nd6]. The sys-

2z r \ —e—Ce-2HH,0 ] tematic change in the £reactivity seems to be interpreted

% 0% F 3 with respect to the readiness of the ionization potential of the

2 - \ ] metals[23]. However, this interpretation cannot be applied

& e " 1 to the systematic change in the® reactivity. The surface

S 0 E ‘\*\ 3 property of these elements seems to change drastically as the

g X \‘ Ty ] hydroxidation proceeds by the:B adsorption where forma-

= 40 : L : ! : ! : tions of hydride and hydroxidation competitively proceed.

0 S0 100 150 For example, Ce becomes more metallic with increasing H
gas amount of Ni0.2H/H,0 in ML concentratiorf22], and this seems to facilitate the dissoci-

_ _ _ ation of covalent molecules. In a previous stydg], we
Fig. 1. Changes in the reaction probabilities 0f33r+,0, and of H atoms, reported that the hydrided Ce surface exhibits higher reactiv-
2H/H,0, dissociated from HO on the Ce surface, the rate of dissociation of ities with o by a factor of 1@ than a clean Ce surface. For
H>0, g-factor, and the partial pressure o HPH,, as functions of reacted ‘ y ) . ) )
gas amounts of kD, N0, and of H atomsay1,0, dissociated from O the hydroxidation kinetics of the RE metals, further study is

in mono layers (ML) at 298 K. needed.
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Fig. 2. Changes in the reaction probabilities ¢ 4,0, and of H atoms,
r2H/H,0, dissociated from O ry,o on the surfaces of La, Ce, Pr, Nd, Tb
and Dy, the rate of dissociation obB, g-factor, and the partial pressure of
Ha, Pn,, as functions of reacted gas amouMs,o of H20, andN2p/H,0

of H atoms dissociated from#® in mono layers (ML) at 298 K.

3.2. RE metals—H; systems
The changes in the Heactivity with the metals are sum-

marized inFig. 3. In comparison to the reactivity of H atoms
in H,O and H exposuresKigs. 2 and 3respectively), an

H/M atom ratio
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Fig. 3. Changes in the reaction probability of, I, , on the surfaces of La,
Ce, Pr, Nd, Tb and Dy as a function of reactegigds amountyy, in mono
layers (ML) at 298 K.

Table 1
The H, dissociation pressures (Pa) of the dihydrides of La, Ce, Pr, Nd, Tb
and Dy at 298 K

LaH, CeH PrH, NdH2 Tsz Dsz
6x1025 2x1022 7x10% 1x10%* 9x10% 9x10%0

interesting fact is that the reactivity of /1,0, is higher

by factors 10—1@)thanrH2. This means that the RE metals
with a clean surface absorb H atoms in much higher rates in
contact with the HO gas than with the figas even at room
temperature.

In Hyo exposure, K molecules adsorb at the high-
est rate,ry, =1, at the initial stage. The adsorbec H
molecules dissociate into H atoms to form H solid solu-
tions at Ny, < 0.8 ML or [HJ/[RE]<0.005 in atom ratio,
and then dihydride phase is formed & & Ny, < 300 ML
or 0.005 <[H]/[RE] < 2. As H concentration is increaseg,
drops steeply by factors 3-20 at around & Ny, < 0.8
ML, firstly because the dihydride phase begins to precipi-
tate on the surface atD< Ny, < 0.8 ML, and the rate of
H permeation through the formed hydride layers becomes
lower [16], and secondly because the Elquilibrium pres-
sures become high as the dihydride phases are formed on the
surface.Table 1shows the H dissociation pressures of the
dihydrides of La, Ce, Pr, Nd, Th and Dy. The data were calcu-
lated from plateau pressure data of the RE metals—H systems
[2]. The Ce dihydride has the highess Hissociation pres-
sure among these RE dihydrides, and thalelsorption from
the hydride reduces,, more effectively for the Ce dihydride
surface, resulting in the lowep,. The gradual decreases in
rH, With increasing amount of absorbed Has can be inter-
preted by the decreasing rate of H permeation through the
growing surface dihydride lay¢16].

On the surface of the formed hydride, the teactivity is
lying betweenry, = 102 and 10°1. Compared with these
Ha reactivities in the region of the hydride formatia¥y, >
1 ML), the H reactivity;on,1,0 = 1, in the BO exposure is
much higher (se€ig. 2). The HO molecules adsorb on the
metal surface at the highest ratg,0 = 1. Then, H atoms
are produced by the dissociation op® molecules on the
surface, and these H atoms form the dihydride phase of the
metals atthe highestraten,H,0 = 1. These results describe
clearly the mechanisms the much higher rate of H absorption
of the RE metals with a clean surface in®lexposure than
in Ho exposure.

3.3. RE metals—O—H systems

In the HO adsorption, oxidation may proceed in addi-
tion to hydroxidation and hydriding. In order to examine the
effect of surface oxidation on the subsequent H absorption,
each RE metal film sample was preadsorbed wigtirCthe
range from 18 ML Q to 230 ML O, before H exposure at
298 K. InFig. 4, the effect of the @ preadsorption layers on
rH, is shown for each metal sample. Generally, surface oxide
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Fig. 4. Effect of Q preadsorption on the reaction probability of 4, on
the surfaces of La, Ce, Pr, Nd, Tb and Dy as a function of reactegald
amount,Ny, in mono layers (ML) at 298 K.

layers strongly hinder the dissociation of kholecules, and

subsequent H absorpti§t8,20] However, a Ce surface with
the highest amount of the readsorption layers, 230 ML,
exhibits the highesty, among these metal samples with O

H. Uchida, S. Kato / Journal of Alloys and Compounds 408—412 (2006) 319-322

atoms tend to associate to fornp lgas, and this results in
marked H desorption.
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