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Abstract

We studied the effects of surface oxidation on the kinetics of hydrogen (H) absorption into two commercial samples of Ce: bulk samples and
thin rolled foils. A Sieverts’ apparatus was used to measure the H absorption kinetics and X-ray photoelectron spectroscopy (XPS) was used to
determine the surface oxidation state and the presence of impurities, notably carbon (C). In the as-received condition, the bulk Ce specimen was
covered by a Ce, O3 film (sesquioxide) whereas the as-received foil was covered with a CeO, film (dioxide). In this condition, the H absorption rate
at room temperature was approximately an order of magnitude faster in the bulk sample than in the foil. Vacuum annealing at P < 1 x 10~ Torr
and T'=773 K significantly increased the rate of H uptake, making it similar in both samples. This annealing reduced the Ce,O; in the bulk samples
so that the samples became more metallic, but produced little change in the XPS signal from the CeO, film on the foil sample. The study suggests
that the differences in H uptake kinetics are affected not only by the nature of the oxide (sesquioxide versus dioxide) but also by the integrity of
the surface oxide film, which may be aftected by the thermal treatment.
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1. Introduction

The low equilibrium pressure between a solid-solution of
Ce—H and the hydride CeH; (<10~2 Torr at 773 K) [1] suggests
that Ce could be used to getter H isotopes from the molten liquids
used to cool nuclear reactors and also for the removal of tritium
from gaseous streams [2,3]. However, like the other elements in
the lanthanide series, Ce reacts readily with O to form a passive
surface layer [4]. This layer slows the rate of H uptake. Because
this layer is often poorly characterized, studies on the absorption
kinetics of H into Ce, especially untreated or aged Ce, are diffi-
cult to reproduce. Studies of H absorption are usually performed
on samples that have been annealed under vacuum to promote
a certain “conditioning” of the surface [5]. It is assumed that
contaminants such as O and C desorb from the metal surface
or are absorbed into the metal during this conditioning. Either
process increases the reactivity of the surface towards H uptake,
reduces the induction period often encountered before the onset
of steady state absorption into the metal, and makes the overall
measured kinetics more reproducible.
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The purpose of the present study is to understand the depen-
dence of the rate of H uptake by Ce on the nature of the surface
oxide layer and the effect of vacuum annealing on this surface
oxide layer. This short report addresses the kinetics of H uptake
by two commercial Ce samples, bulk pieces and 2.54-mm thick
foils, with surfaces that were characterized using X-ray photo-
electron spectroscopy (XPS).

2. Experimental

Bulk Ce samples (~2cm?) were provided by Santoku America (Tolleson,
Arizona) and 2.54-mm thick foils were provided by Alfa-Aesar (Ward Hill,
Massachusetts). Both had a stated rare-earth metal purity of 99.9%. The samples
were packed in Ar gas. All sample preparation (e.g., cutting into ~0.5-g pieces)
was performed inside an Ar glovebox with O, and H,O concentrations below
3 ppm. Research-grade (99.99995% pure) H, gas (Air Liquide, LaPorte, Texas)
was supplied from the cylinder without further purification.

A Sieverts’-type apparatus was used for the H uptake experiments. Ancillary
equipment included a compact gas delivery manifold (Celerity), a 1.27-cm
diameter quartz-tube reactor, capacitance manometer pressure transducers
(MKS Instruments), and an oil-free turbomolecular pumping system (Varian).
For a typical H uptake experiment, a Ce sample (0.2-0.5 g) was placed inside
a thin W crucible, which was then located inside the quartz-tube reactor. The
sample temperature was measured with an Au-plated 1.6-mm diameter type-K
thermocouple located inside the quartz tube and in contact with the W crucible.
A background pressure of <1070 Torr was readily attainable by pumping
the system. After evacuating the tube, a quantifiable amount of Hy gas was
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admitted into the reactor and allowed to equilibrate before opening the valve to
the sample. The subsequent decrease in pressure due to the H uptake by the Ce
was recorded versus time until the pressure reached a constant value, typically
in the sub-millitorr range. From the rate of pressure decrease, the amount of
H gas absorbed by the metal was calculated as a function of time. The results
were normalized to the constant value measured at a sufficiently long time
when equilibrium was reached to yield a reacted fraction, «. These tests were
performed on as-received foil and bulk Ce that had been cut into smaller
samples with or without vacuum annealing in the reactor. Initial Hy aliquot
pressures were in the range of 50-500 Torr, and temperatures from 298-323 K.

All XPS spectra were taken with a Kratos Axis-Ultra system. A monochro-
matic Al Ka X-ray (1486.7 eV) source was used for all scans. A pass energy of
40eV was used to discern the various chemical states of the species of interest.
The Ce samples were vacuum annealed on an analysis stage, which is capable
of reaching a temperature of 873 K. The background pressure in the system was
approximately 10~ Torr. During vacuum annealing, pressures would rise to as
high as 10~7 Torr for brief periods. Residual gas analysis (RGA) revealed the
majority of the gas to be H.

A Ce bulk or foil was loaded into an airtight sample transfer container inside
an Ar glovebox and transferred to the XPS station load lock. The as-received
or freshly cut surfaces of the Ce samples were examined before, during, and
after in situ vacuum annealing in the XPS system. During vacuum annealing,
the sample stage was heated to a specified temperature in UHV (<10~ Torr).
XPS spectra were recorded initially and in 10-min intervals at each temperature.

3. Results and discussion
3.1. Hydriding kinetics

The hydriding kinetics of the as-received (not vacuum
annealed) bulk and foil Ce samples are shown in Fig. 1, measured
at 298K and a starting H, aliquot pressure of approximately
50 Torr. Details of the H absorption experimental parameters are
summarized in Table 1. The bulk Ce sample clearly has faster
H absorption kinetics than the foil. The Ce hydriding reaction
consists of four distinct stages: (a) initial rapid uptake of a small
amount of H, (b) an induction stage, (c) a nucleation and bulk
reaction stage characterized by steadily increasing and then lin-
ear uptake, and (d) a period during the end of absorption where
the reaction slows down considerably [3,6]. The small initial
uptake of H by the Ce bulk seen in the inset in Fig. 1 may be due
to H interaction with the O and C sorption layer on the surface.
H may quickly come into equilibrium with the surface with the
formation of hydroxyl or carboxyl groups.

The inset in Fig. 1 shows that the overall induction period
for both Ce bulk and foil lasted approximately 1.5 h before the
beginning of the linear stage of H absorption. This induction
period may be attributed to the transfer of H atoms from the gas
phase through the surface oxide layer leading to nucleation and
growth of hydride spots at the surface or near the surface region

[7].

Table 1
Experimental parameters for H absorption data presented in Figs. 1 and 2
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Fig. 1. Hydriding kinetics of as-received Ce foil (a) and as-received cerium
bulk (b) at 298 K with a 50 Torr aliquot of H,. The inset is a magnification of
the induction period.

The mechanism for initial hydride nucleation seemed to be
different for the bulk and the foil (see Fig. 1 inset). Different
oxide layers present on both the as-received bulk and foil sam-
ples probably served as a barrier to penetration of H atoms from
the gas phase into the metal, leading to a slow initial build-up of
H in the metal and delaying the onset of hydride nucleation.

At the stage where a continuous hydride layer advances into
the metal, a faster bulk reaction rate is observed (Fig. 1) for the
Ce bulk in comparison to the foil under the same experimental
conditions. The rate-determining step of this reaction has been
studied [8]. However, since the geometrical shape (and surface
area) of the bulk and foil are not the same, the comparison in
this study is only qualitative. In the case of the Ce foil, which
had freshly cut surfaces along its edges, the changing velocity
front with time can be referred to as the edge-preferred attack
where the surface area of the hydride—metal interface is much
smaller than the contracting envelope case observed for the Ce
bulk [8]. This may explain the slower reaction rate of the foil
compared to the bulk during the linear region of H uptake. The
foil, which was examined after the reaction, had very ragged
edges indicating that the nucleation probably started from these
freshly cut edges and the reaction front advanced toward the
center of the foil.

In addition to the properties of the oxide layer, the reaction
pressure and temperature also affected the H absorption rate. The
hydriding kinetics of several as-received and vacuum annealed

H absorption curve Sample type Annealing temperature (K) Reaction temperature (K) H; aliquot pressure (Torr) Final [H]/[Ce]
a Foil No anneal 298 50 0.173
b Bulk No anneal 298 50 0.185
c Bulk No anneal 298 380 1.778
d Bulk No anneal 323 50 0.326
e Bulk 773 (4h) 298 50 0.366
f Foil 773 (20h) 323 50 0.304
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Fig. 2. H uptake curves for as-received and vacuum annealed Ce foils and
bulks at various temperatures and starting H-aliquot pressures. Experimental
conditions for curves a—f are listed in Table 1.

(a)

298 K after Ce bulk

[ annealing

L_873K
L-773 K

F—673 K

Arbitrary Units

573 K
298 K before :
annealing >

940 930 920 910 900 890 880 870 860
Binding Energy (eV)

(b) .
Ce foil

[ 298 K after
[ annealing

L.873 K
L773 K

673 K

Arbitrary Units

Pv573 K

298 K before M/\
Fannealing ‘

DEF

ABC

I DAY S SR L
910 900 890 880 870 860
Binding Energy (eV)

930 920

Fig. 3. XPS spectra of the Ce 3d level of Ce bulk (a) and Ce foil (b) at 298 K
before vacuum annealing, after 10 min at different annealing temperatures, and

at 298 K after vacuum annealing. Dashed lines are for visual guidance.

Ce bulks and foils at 298 and 323 K under 50 Torr or 380 Torr H,
are displayed in Fig. 2. The experimental parameters are sum-
marized in Table 1. Reduced induction times and increased bulk
reaction rates were observed with increasing aliquot pressures
or reaction temperatures, and after vacuum annealing.

3.2. XPS analysis

The oxidation of Ce metal has been shown to proceed through
the formation of Ce, O3 at low O exposure [4], followed by the
formation of CeO; at higher O exposures [9]. Before annealing,
the Ce 3d spectra of as-received Ce foil had six peaks (A, B,
C, D, E, F) corresponding to three pairs of spin—orbit doublets
(Fig. 3b) while that for the freshly cut surface of a Ce bulk had
two pairs of doublets (A, B, C, D) (Fig. 3a). These pronounced
characteristics of the Ce 3d spectra are associated with the pres-
ence of CeO, on the surface of the as-received Ce foil and Ce; O3
on the freshly cut Ce bulk [10—12]. These spectra are consistent
with those reported previously for a fully oxidized CeO; [1 1 0]
single crystal film and an oxidized and annealed Ce; O3 foil [13].
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Fig. 4. XPS spectra of the O 1s level of Ce bulk (a) and Ce foil (b) at 298 K
before vacuum annealing, after 10 min at different annealing temperatures, and
at 298 K after vacuum annealing. Dashed lines are for visual guidance.
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The O 1s spectra of the surfaces of the freshly cut Ce bulk
(Fig. 4a) and the as-received Ce foil (Fig. 4b) reveal the presence
of three types of surface O. The peak A at 530eV is associ-
ated with the metallic oxides: CeO; (foil) and Ce,O3 (bulk).
The peak B at 532eV could be assigned to surface-adsorbed
O. The peak C at 534eV is tentatively attributed to a com-
bination of a number of species, including surface hydroxyl
groups [14], adsorbed water, and molecular O species (perox-
ides, superoxides) [12,15-17]. The relative proportion of these
three types of O depends on the sample treatment history or sur-
face preparation. The data suggests that there is more O in the
form of hydroxyl groups and less surface-adsorbed O on the sur-
face of the freshly cut bulk sample than on the as-received foil
sample.

During vacuum annealing of the Ce bulk, O appears to have
dissolved into the bulk metal at 673 K (Fig. 4a) so that the surface
region possessed increased metallic character at 673 K, peaks E
and F in Fig. 3a, and C were simultaneously converted into car-
bides (spectra not shown). This made the surface of the vacuum
annealed bulk sample more reactive towards H than the vacuum
annealed foil. The CeO; on the foil was reduced slightly, peaks
B and E in Fig. 3b, during vacuum annealing as evidenced by
the growth of the Ce;O3, peaks A and D in Fig. 3b. Moreover,
annealing eliminated most of the hydroxyls from the surface of
the bulk sample at 673 K (Fig. 4a) and surface-adsorbed O from
the surface of the foil at 873 K (Fig. 4b). However, it is difficult
to determine if the change in the state of the surface oxide was
a result of vacuum annealing or X-ray exposure [16]. Because
the C on the foil appeared to be chemically unchanged during
annealing, the formation of Ce;O3 and potential microcracks
in the surface CeO» layer could explain the increased surface
activity towards H absorption.

4. Conclusions

In the beginning stage of hydride nucleation, a Ce bulk exhib-
ited a faster rate of H uptake than a Ce foil. XPS analysis showed
that the Ce bulk was covered with Ce; O3 and hydroxyls, whereas
the foil was covered primarily with CeO; and surface-adsorbed
0. Cey03 apparently presents a smaller barrier to H absorp-
tion than CeO;. Additional H uptake experiments demonstrated
that higher reaction temperature, pressure, and higher vacuum
annealing temperature reduce the induction time for H absorp-
tion in Ce and increase the bulk reaction rate.

From XPS spectra, reduction of the surface oxide on a freshly
cut Ce bulk from Ce;O3 to CepO3_ began at 673 K whereas

the state of the surface CeO; on an as-received Ce foil was
only slightly changed after annealing in UHV at 873 K for 2 h.
Nevertheless, both Ce bulks and foils exhibited shorter induc-
tion periods and faster reaction rates when they were vacuum
annealed compared with samples without vacuum annealing.

The influence of surface O and C compounds on H uptake
kinetics requires further examination to gain a complete under-
standing. Continuing studies on samples with well-defined
surface areas and O coverage will allow better understanding
of the surface changes that occur during vacuum annealing and
the subsequent effect on hydriding kinetics.

Acknowledgements

This work was funded by the U.S. D.O.E. The authors are
grateful to D.G. Tuggle and J.S. Bridgewater for fruitful discus-
sions, B. Anderson, B.P. Nolen, M. Vigil, and M.F. Unzueta for
setting up the apparatus and data collection system.

References

[1] ED. Manchester, J.M. Pitre, J. Phase Equil. 18 (1) (1997) 63-77.

[2] J.L. Maienschein, Nucl. Technol. 38 (1978) 387-404.

[3] D. Carstens, J. Nucl. Mater. 73 (1) (1978) 50-57.

[4] A. Platau, L.I. Johansson, A. Hagstrom, S. Karlsson, S. Hagstrom, Surf.
Sci. 63 (1977) 153-161.

[5] T.A. Giorgi, B. Ferrario, B. Storey, J. Vac. Sci. Technol. A 3 (2) (1985)
417-423.

[6] M. Brill, J. Bloch, D. Shmariahu, M.H. Mintz, J. Alloys Compd. 231 (1-2)
(1995) 368-375.

[7] J. Bloch, M. Mintz, J. Less-Common Met. 166 (2) (1990) 241-251.

[8] M.H. Mintz, J. Bloch, Prog. Solid State Chem. 16 (1985) 163-194.

[9] G. Praline, J.M. White, H.I. Lee, R.L. Hance, B.E. Koel, J. Electron Spec-
trosc. Relat. Phenom. 21 (1) (1980) 17-30.

[10] T.L. Barr, in: N.S. Mclntyre (Ed.), Electron Spectroscopy for Chemical
Analysis Examination of Rare Earth and Near Rare Earth Species, ASTM
Special Technical Publication, Philadelphia, Pennsylvania, USA, 1978, pp.
83-104.

[11] A. Pfau, K.D. Schierbaum, Surf. Sci. 321 (1-2) (1994) 71-80.

[12] E. Abiaad, R. Bechara, J. Grimblot, A. Aboukais, Chem. Mater. 5 (6) (1993)
793-797.

[13] D.R. Mullins, S.H. Overbury, D.R. Huntley, Surf. Sci. 409 (2) (1998)
307-319.

[14] B.E. Koel, R.L. Hance, J.M. White, H.I. Lee, G. Praline, J. Electron Spec-
trosc. Relat. Phenom. 21 (1) (1980) 31-46.

[15] R.A. Schueneman, A.l. Khaskelis, D. Eastwood, W.J. van Ooij, L.W.
Burggraf, J. Nucl. Mater. 323 (1) (2003) 8-17.

[16] A.E.Hughes,J.D. Gorman, P.J.K. Patterson, R. Carter, Surf. Interface Anal.
24 (9) (1996) 634-640.

[17] P.Dolle, S. Drissi, M. Besancon, J. Jupille, Surf. Sci. 269-270 (1-3) (1992)
687-690.



	The effect of surface state on the kinetics of cerium-hydride formation
	Introduction
	Experimental
	Results and discussion
	Hydriding kinetics
	XPS analysis

	Conclusions
	Acknowledgements
	References


