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a b s t r a c t

A vacuum heat pretreatment is applied, in order to enhance the reactivity of hydride-forming metals
towards hydrogen reaction. For gadolinium, as for other rare-earth metals and some actinides, pretreat-
ment temperatures of about 470 K are sufficient to induce such activation. The different factors that may
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be involved in that activation mechanism are identified and analyzed for gadolinium and their role is
evaluated. It is concluded that the most prominent effect is desorption of surface hydroxyl groups, which
impede the dissociative chemisorptions of hydrogen.

© 2010 Elsevier B.V. All rights reserved.
ctivation
esorption

. Introduction

It has been known for a long time that in order to enhance
he initiation of hydriding reactions of hydride-forming metals,
nd shorten the induction periods that precede the corresponding
ydrogen–metal reaction, vacuum heat pretreatment is neces-
ary. Two types of such pretreatments were classified [1,2], one
ype relates to high-temperature treatments (i.e. at temperatures
xceeding about 800 K) effective for a certain group of metals (e.g.
i [3], Hf [4]), while other type relates to lower temperatures treat-
ents (i.e. at about 440–500 K) effective for a different group of
etals (e.g. the rare-earths or actinides [1,2]). It has been realized

hat the initial interaction of the H2 gas phase with the reacting
olid is actually (in “real life” metallic systems) with the surface
xidation overlayers that usually coat the metal surfaces. Hence,
he observed induction periods that precede the hydriding reac-
ion should be associated with the “passivation barriers” that these
verlayers impose towards the penetration of hydrogen into the
etals beneath [1,2]. The effects of the above mentioned heat pre-

reatments thus should arise from some changes induced by the
orresponding heat pretreatments in the structure or composition

f those oxidation overlayers. For the former high-temperature
reatments, it has been suggested [1,2,5] that the main mecha-
ism that induces the “activation” process involves redistribution
f the surface oxide layer concurrent with surface segregation of
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E-mail address: noah.shamir@gmail.com (N. Shamir).
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oi:10.1016/j.jallcom.2010.03.080
the metallic component. This metallic component diffuses from the
interface between the oxidation layer and the metal towards the
outer surface, providing H2 dissociative chemisorption sites and
H diffusion paths that enhance the initials hydrogen penetration
into the metal. For the lower temperature pretreatment, however,
such metallic segregation is less effective and the induced acti-
vation may be related to other changes taking place within that
temperature range. One possible factor that has been proposed
[1,2] was the desorption of some functional groups present on
the surface of the oxidation overlayer, especially hydroxyl groups
that are known to desorbs within the relevant temperature range
[6].

Even though the above suggested mechanism seems reasonable,
it should be realized that besides hydroxyls desorption, some other
changes may take place during the lower temperature heat treat-
ments, and their role in the activation process should thus also be
evaluated.

In the following discussion, three additional changes induced
by heat pretreatments are presented and analyzed. These changes
are:

(i) Desorption of other functional (carbon-containing) groups.
(ii) Release of surface stress induced by the mechanical polishing
of the samples.
(iii) Diffusion of surface oxide into the bulk, resulting in oxygen

deficiency at the near-surface region. This process, although
less effective at lower temperatures, still cannot be ignored
and must be analyzed quantitatively.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:noah.shamir@gmail.com
dx.doi.org/10.1016/j.jallcom.2010.03.080
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Table 1
Different exposures of activated gadolinium samples (deactivation routes) and their possible contribution to deactivation. RH—relative humidity.

Gas exposure after activation (deactivation route) Possible effects

(1) Humid air (30-40% RH) • Re-oxidation (i.e. restoring oxygen deficiency lost by diffusion).
• Re-hydroxylation.
• Re-adsorption of desorbed carbon-containing gases.

(2) Moist oxygen (100% RH) • Re-oxidation.
• Re-hydroxylation.

(3) Dry oxygen • Re-oxidation.
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(4) Water vapor

The relative contributions of the above changes to the activation
rocess were compared to that of the hydroxyls desorption.

This comparison was made by following the effects of the above
ctivation-related parameters on the extent of the initial precip-
tation of gadolinium hydride under certain reference exposure
onditions [7].

. Experimental procedures

.1. Polishing induced micro-strain analysis

Gadolinium samples, 99.9% pure, were polished to different smoothness levels
400 mesh, 1 �m) in order to form strained surface layers with different thicknesses.
he extent of micro-strain in these layers was determined before and after ther-
al activation (preformed under the conditions specified in Section 2.2) by X-ray

iffraction (XRD) line widths analysis.

.2. The activation procedure and the reference hydriding reactivity test

The activation treatment applied in the present study included:

(i) Evacuating the sample at room temperature down to a back-pressure of about
10−4 Pa.

(ii) Heating the sample under vacuum to 470 K.
iii) Keeping the sample temperature at 470 K for 1 h.
iv) Cooling down to the ambient temperature.

The reactivity of either activated or deactivated (see Section 2.4) samples was
etermined by reference hydriding test which has been performed by exposing the
ample to 600 Pa H2 at 370 K for 480 s.

Under these reaction conditions the extent of hydride formation was deter-
ined in a semi-quantitative way by both AFM profile and XRD analyses [7] (and

ompared to the usual case of the activated samples).

.3. Desorption of functional groups and oxide diffusion

The effect of the vacuum heat pretreatment on desorption of surface functional
roups and oxide diffusion into the bulk was checked by applying two groups of
echniques:

(i) Surface analysis measurements, incorporating two complimentary methods:
Direct recoils spectrometry (DRS) [8,9] and X-ray photoelectron spectroscopy
(XPS). The former technique has a unique sensitivity to topmost light atoms,
including hydrogen (thus probes very effectively hydrogen-containing func-
tional groups such as hydroxyls) whereas the latter one probes the chemical
nature of oxygen and carbon-containing functional groups, enabling the identi-
fication of oxidic and hydroxylic groups.The gadolinium samples were polished
to 1 �m roughness, rinsed with distilled water and alcohol, then introduced
into the ultra-high-vacuum (UHV) chamber (back-pressure of about 10−8 Pa)
and heated to the activation temperature (∼470 K). In situ DRS and XPS mea-
surement were preformed on the gadolinium surface before and after the above
heat treatment.

ii) Thermal desorption spectrometry (TDS) measurements were performed in an
atmospheric pressure cell using a QMS detector. A detailed description of the
experimental setup may be found elsewhere [6,10]. Here, we only mention the
principle key features that enabled the performance of the present study. Gd

box samples, 3 mm × 2 mm × 10 mm, were placed inside a silcosteel coated cell
enclosed by a concentric cylindrical furnace. A 1.5 bar helium carrier gas, flowing
at a rate of 40 cc/min, was used to carry the desorbed products toward the QMS
analyzer chamber via a heated transfer line, a nozzle and a skimmer. Under these
conditions, the resulted supersonic beam travels through the mass spectrometer
ion source, free of any collisions with the walls. Temperature scans were made
• Re-oxidation.
• Re-hydroxylation.
• Hydride formation (see text).

at a rate of 15◦/min and the peak intensities of some pre selected masses (H2-2;
H2O-18; O2-32; N2/CO-28; CO2-44) were continuously monitored as a function
of the temperature up to 670 K.

2.4. Working scheme utilized to distinguish between contributions of the different
activation-related parameters

When activated gadolinium samples are exposed to hydrogen gas, even at the
ambient temperature range and pressures as low as about 600 Pa, the initial pre-
cipitation of small hydride spots (of the size of about 0.5–1 �m) takes place very
rapidly (within 1–2 s) [7]. These hydride spots grow both, laterally and in height,
with exponentially decaying growth rates and reach a certain limiting size (still in
the sub-micron range). This behavior was attributed to the fact that the hydrides,
at this early formation stage, are located beneath an intact oxidation overlayer that
coats the sample’s surface. Hence the growth process of the hydrides is impeded by
the stress field that accompanies their expansion [7]. However, the initial appear-
ance of these hydride spots at a certain time after hydrogen exposure, and their
number density at such given exposure conditions are definitely related to the pen-
etration rate of H across the oxidation overlayers into the metal interface. Hence,
defining some reference exposure conditions (specified in Section 2.2) and analyzing
the relative amounts of precipitated hydride spots (at this early precipitation stage)
by AFM observations and XRD analysis, for different activation pretreatment param-
eters, may indicate the relative contributions of these parameters to the activation
process.

The underlying approach which was used in the present study was to identify
first the main parameters that are changed by the activation treatment. Then, fol-
lowing an activation treatment applying some controlled exposures to given gases
that may restore only some of the changes induced by the activation (e.g. restoring
a given functional group desorbed during activation). The effect of this exposure
on the reactivity of the sample (towards hydrogen under the reference reaction
conditions) is then checked (i.e. checking the effect of the restored parameter on
deactivation of the activated sample). From such a series of exposures (henceforth
denoted as “deactivation routes”) the different activation-related parameters can
be evaluated.

As in Ref. [7], all samples were first polished to 1 �m roughness (which
induces a strained surface layer of about 2–3 �m, see Section 3). The different
activation–deactivation routes utilize to separate between the possible heat pre-
treatments effects, are summarized in Table 1 (a detailed description of the changes
induced by activation is presented in Sections 3.1 and 3.2).

In this table, route 1 (i.e. exposure to humid air) checks if restoring all chemical-
diffusion surface changes induced by the activation treatment (but not stress-relief)
actually results in deactivation. Under these conditions oxygen, which has been
diffused into the bulk during pretreatment is replenished together with hydroxyl
and carbon-containing species.

Route 2 distinguishes between effects of hydroxylation + oxidation and that of
other carbon-containing gases contained in air (e.g. CO, CO2).

Actually, in order to compare the hydroxyl groups effects to those of oxide dif-
fusion (i.e. oxygen deficiency at the surface) it seems more simple to check the
effect of pure water vapor exposure (route 4) to that of dry oxygen exposure (route
3) instead of comparing moist oxygen to dry oxygen. However, it has been found
that after pure water vapor exposure (followed by heating under vacuum to 370 K),
hydride precipitation took place even before hydrogen exposure. This was due to
the water reduction reaction by the gadolinium, taking place at the near-surface
region.

3H2O + Gd → Gd(OH)3 + 3Had (1)

With Had adsorbed neutral H atoms which then react to form the GdH2 precip-

itate:

Gd + 2Had → GdH2 (2)

Hence, the presence of a mixture of Gd(OH)3 and GdH2 that is formed for pure
water exposure screens the determination of hydride development during the next
H2 exposure test (even though it seems from XRD and AFM analyses that no further
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Fig. 3. C1s XPS spectra – before (as received) and after heating, indicating a heat-
induced change from hydrocarbons to amorphous carbon.
ig. 1. DRS spectra of the gadolinium sample, as received and after heating to the
orresponding “activation” pretreatment temperature (470 K).

ignificant development of hydrides occurred when the H2O pre exposed surface
as further exposed to H2).

In order to avoid reactions (1) and (2), humid oxygen was then applied, which
ffects both, oxygen deficiency and hydroxyl restoration (but does not produce the
ydride).

Then, in order to distinguish between the two factors (oxygen deficiency and
ehydroxylation), dry oxygen exposure, which restores oxygen deficiency by not
ydroxyls, was compared to the humid oxygen case.

. Results and discussion

.1. Heat-induced surface changes

Fig. 1 presents the DRS spectra of a gadolinium sample before
nd after heating (under UHV) it to the corresponding “activa-
ion” pretreatment temperature (∼470 K). The strong attenuation
f both, the hydrogen and the oxygen + carbon peaks is clearly evi-
ent. Fig. 2 presents the O 1s XPS peaks (before and after activation),

ndicating a heat-induced change from a hydroxylic type of oxy-
en into an oxidic type. Hence, the attenuation of the H(DR) peak
n Fig. 1 and the shift in the O 1s XPS peak in Fig. 2 point to the
esorption of hydroxyl groups during the applied treatment. The

trong attenuation in the combined O + C DRS peak (Fig. 1) is partly
ue to the hydroxyls desorption, but is also due to the desorption
f carbon-containing species. This is indicated in Fig. 3, where the
1s XPS peak is displayed. It is seen that most of these carbon-

ig. 2. O 1s XPS spectra – before (as received) and after heating, indicating a heat-
nduced change from a hydroxylic type of oxygen into an oxidic one.
Fig. 4. TDS spectra of water and CO2 emission, from the gadolinium sample, up to
670 K.

containing groups are topmost adsorbed adventitious hydrocarbon
species that desorb during the heat treatment.

Fig. 4 presents TDS spectrum of water (m/e 18) and CO2 (m/e
44) from gadolinium sample up to 670 K. Water desorption begins
immediately after loading the sample to the reactor as can be seen
from the high background water signal at room temperature. One
broad peak with a maximum desorption rate at about 400 K is
obtained. The desorption of water may originate either from weakly
adsorbed water molecules on the oxidized surface or is due to
hydroxide to oxide conversion. Since no trace of adsorbed water
was detected in the XPS spectrum (Fig. 2, expected at ∼534 eV), the
second possibility is the probable one. At 500 K desorption of CO2

starts and the desorption rate increases with increasing tempera-
ture. This desorption may originate from strongly chemisorbed ions
of carboxylate (CO2

−) or carbonate (CO3
2−) on the oxidized surface.

However, from XPS (Fig. 3) it seems that most of the carbon species
are not associated with those species. We have also tried to check

Table 2
Strain induced by polishing and its thermal relief (as analyzed by XRD line width).

Treatment Micro-strain (±5%)

Polishing to 400 mesh 2.0 × 10−3

Polishing to 400 mesh + activation 1.0 × 10−3

Polishing to 1 �m 1.5 × 10−3

Polishing to 1 �m + activation 0.6 × 10−3
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Table 3
Results of the different deactivation routes summarized in Table 1 as observed after reacting the gas exposed sample to H2 under reference hydriding test – see Section 2.2.

Deactivation
route

Gas exposure AFM observation XRD relative intensities of hydride GdH2 (0 0 2)
peak to metal Gd (1 0 1) peak*

1 Moist air (∼30% RH) No hydrides ∼0
2 Moist oxygen 100% RH) No hydrides ∼0
3 Dry oxygen Hydride precipitation

as in activated sample
0.09

4 Water vapor Hydride precipitation
o wat
text)

See text
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[9] J.W. Rabalais, CRC Crit. Rev. Solid State 14 (1988) 318.
due t
(see

* This ratio is about 0.07–0.09 for activated samples, and about 0 for non-activate

he hydrogen desorption TDS peak. However the signal intensity
as lower than our detection limit (∼5–10 ng/s).

Preliminary Auger Electron Spectroscopy and DRS measure-
ents show a certain effect of inward diffusion of oxygen during

eating to 470 K which reduces the O/Gd ratio by about 40% in the
xide stoichiometry [11]. Hence, even at a relatively low tempera-
ure range (∼470 K) non-negligible oxide diffusion takes place.

It is thus concluded that the most prominent chemical changes
nduced by heat activation treatment at 470 K are the desorption of

ater/hydroxyl groups and carbon-containing species and initial
nward diffusion of the oxide overlayer.

.2. Heat-induced surface stress relaxation

Table 2 presents the X-ray line width analysis of two polished
amples (400 mesh and 1 �m polishing) before after heat treatment
ctivation.

It is evident that the treatment under “activation” conditions
elaxes the polishing induced micro-strain in the near-surface
egion. For the 1 �m polished sample a relaxation of about 60%
s apparent.

.3. Restoring deactivation of activated samples by the different
orking routes

Table 3 summarizes the effects of the various gas exposures on
he deactivation of the activated samples.

It is concluded that the main factor that induces deactivation
s the hydroxylation (which takes place during routes 1, 2). The
ffect of oxygen deficiency due to oxide diffusion (restored by
oute 3) dose not seem to contribute significantly at this activation
emperature range. Also, stress relaxation does not seem to affect
he activation–deactivation since the deactivation which has been
btained for the re-hydroxylated, stress-relieved samples, was sim-
lar to that of the stressed ones.

The above conclusion is consistent with that proposed pre-
iously [1,2], that attributed the activation process of uranium
amples to dehydroxylation. It has been pointed out that hydrox-
lation of oxide catalysts may poison their activity towards

ydrogenation reactions or hydrogen isotope exchange kinetics
12]. It is thus likely that hydroxyls present on oxide surfaces

ay impede the dissociative chemisorptions of H2, and thus
educe the penetration rate of hydrogen through the oxide surface
ayers.

[
[
[

er reaction

s.

4. Conclusions

1. In order to enhance hydride formation on metallic surfaces, heat
treatment under vacuum (henceforth denoted as “activation”) is
applied. For Gd, the activation process incorporates heating at
about 470 K under high vacuum for about 1 h.

2. During activation treatment of polished Gd samples, four heat-
induced changes take place, at the near-surface region:

(i) Stress relaxation (of the stress induced by polishing).
(ii) Oxygen deficiency, caused by partial diffusion of surface

oxide into the bulk.
(iii) Desorption of carbon-containing adsorbed species.
(iv) Desorption of chemisorbed hydroxylic groups.

3. The main factor that was identified to be involved in the
activation–deactivation phenomena is the presence of hydroxyl
groups on the surface of the oxidation layers that cover the
samples. These hydroxyls seem to impede the dissociative
chemisorption of H2, hence slowing down the penetration rate
of H across the oxidation surface layer.
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