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Surface properties of CaNi; hydrogen storage

alloy
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The Ca 2p, Ni 2p and O 1s emissions of the air-exposed sample of CaNiy indicate that all the
calcium and most of the nickel are present in the oxidized state. Interestingly, it is observed
that all the peaks are shifted by 3 to 4 eV towards higher binding energy values. This obser-
vation has been attributed to the presence of insulating oxide phases leading to partial charg-
ing of the sample during the experiment. Depth profiling by argon-ion sputtering removes the
insulating oxide species and the sample etched for 7300 sec shows the presence of metallic
nickel and mostly metallic calcium. XPS analysis indicates that preferential segregation of cal-
cium in the CaNij alloy is mainly due to induced surface reaction with oxygen.

1. Introduction

It is known that intermetallics used for hydrogen
storage purposes require special activation pro-
cedures [1-5]. The activation procedures adopted for
the intermetallics, their chemical reactivity towards
the atmosphere, as well as their amenability for acti-
vation under various pretreatment conditions, have
been reported [6]. Normally most of the intermetallics,
in the as-received condition, form surface oxides and
hydroxides, the relative amount of these species being
dependent upon the nature of the alloys. In order to
devise suitable activation procedures, it is necessary
that the nature of the surface species formed is ident-
ified precisely and the extent of these species estimated
so as to evolve the activation procedures.

In addition, the reactivity of the constituent elements
could lead to preferential accumulation of one of the
species on the surface (segregation) as compared to the
bulk composition. The increased concentration of one
of the constituents of the intermetallics at the surface
could arise out of various factors such as differences in
the surface energies of the elements, the chemical
reaction-induced segregation, release of strain energy
or other entropy factors.

Among the various AB;-type alloys, the surface
properties of LaNi; and ThNi; have been examined by
Schlapbach and Brundle [7] by the XPS technique.
They have shown that lanthanum or thorium is segre-
gated to the surface when LaNi; or ThNi; is exposed
to increasing doses of oxygen, this chemisorption-
induced segregation being stronger in LaNi; compared
to ThNis. Schlapbach (8] has shown that lanthanum
is preferentially oxidized when LaNis is exposed to
oxygen. Other studies propose that both compounds
may yield oxides and hydroxides on exposure to the
atmosphere [9]. In view of these reports, it was con-
sidered worthwhile to investigate a related system,
namely CaNi; to answer the following questions.

(i) In this AB;-type compound, if one of the com-
ponents, namely calcium, were to segregate to the sur-
face, then what is the driving force for this segregation?
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(ii) What are the major surface species present on
the as-received sample, i.e. the sample exposed to the
atmosphere?

(ii1) What is the depth profile of these surface species?

(iv) Knowing the nature of the surface species, how
can a suitable activation procedure for this intermet-
allic compound be devised?

(v) How do the results obtained with the CaNi;
system compare with those reported for other AB;-
type systems, such as LaNi; and ThNi,?

2. Experimental details

The CaNi;alloy (HYSTOR-201) of MPD Technology
Corporation, New Jersey, USA, was used for the
studies. The commercial sample was powdered in air,
pressed into a pellet and used for the measurements.

XPS data were obtained with a VG Scientific Ltd
UK ESCALAB Mark II instrument. The X-ray
source used for XPS was a magnesium anode (Mgk,
1253.6eV) with 50eV pass energy. The surface was
cleaned by argon-ion bombardment and was sub-
sequently exposed to increasing doses of oxygen in the
preparation chamber.

For the XPS measurements, the samples were sub-
jected to argon-ion sputteringat 5 x 107> m bar with
beam voltages of 8 keV and 40 uA of filament current.
The XPS spectra obtained were stored and processed
using an Apple II Europlus microcomputer. All the
measurements were carried out at room temperature.
The elemental atomic ratios were derived from the
peak intensities and photoionization cross-sections.
The C Is line at 284.8¢V was used as the binding
energy reference and the Ni 2p, Ca 2p, Ca 2s, O Is
and C [s regions were scanned.

3. Results and discussion

Core level emissions of Ca (2s and 2p), Ni (2p), O (1s)
and C (1s) were monitored using Mgk, radiation with
the as-received sample and the sample sputtered with
argon ions for different time periods. The experimental
spectra obtained for Ca 2p, Ni 2p, O Is and C 1s are
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Figure 1 XPS (Ca 2p) spectra for the as-received, argon-ion sput-
tered and oxygen-exposed sample of the CaNis alloy; (a) as-
received, (b) to (h) sputtered for 45, 165, 400, 1000, 1900, 3700 and
7300 sec, respectively, (i) to (1) exposed to oxygen at 107 torr for
10sec, 10~* torr for 20 min, 100 torr for 20 min and 0.4 atm for 22 h,
respectively, (m) air-exposed (in a desiccator for 30d).

TABLE I XPS data for the CaNis alloy

given in Figs 1 to 4, respectively. These figures also
include the XP spectra obtained with the fully etched
sample exposed to different doses of oxygen. The
information extracted from these spectra, namely the
observed binding energies of the various core levels,
are summarized in Table I.

The Ca 2s and 2p spectra obtained with the sample
ctched for 7300sec show binding energy values of
438.7 (2s), 346.8 (2py,) and 350.3 (2p,,) eV (see
Fig. 1h). The values closely correspond to the binding
energy values reported [10] for metallic calcium in zero
valance state. The O 1s peak at 530.0eV could arise
out of residual adsorbed oxygen species. The C 1s peak
at 284.8 eV might be from the residual carbon from the
pump oil and has been used as reference. However, the
other peak at 291.2 eV, together with the O 1s peak is
532.1¢V could have arisen from the carbonate species
formed as a result of the interaction of CO, in the
atmosphere with surface nickel species.

In comparison to this, the as-received sample gives
rise to Ca 2s and 2p emissions at higher binding
energy values, namely at 4423 (2s), 350.9 (2p,,)
and 354.2 (2p,,) eV. It is evident that calcium on
the surface of the as-recieved sample is in the oxi-
dized form. However, the high binding energy values
observed might be due to partial charging of the
sample. This aspect is also exemplified by the shift of
the O 1s as well as Ni 2p peaks to higher binding
energy values as compared to the normal values
observed for oxide and Ni** ions. Though this partial
charging of the sample shifts the emissions to higher
binding energy values, the characteristics of these
emissions could be deduced from chemical intuition as
well as the characteristic nature of these peaks. In the
as-received sample, the Ni 2py, line spans a broad
range converting from the metallic state at 853.0eV to
nearly 870eV, inclusive of any possible satellite
features. This broad feature, which can arise due to

Sample Binding energy (eV)
Cls Ca 2s* Ca 2p* Ni 2p O 1Is
2ps; 2py; 2psp 2p
Sputted (sec)
() 248.8  288.6 293.0 4423 3509 3542 860.2 878.0 535.0
45 2849 2884 2932 4422 350.8  354.1 859.0 878.0 535.0
165 2849  289.1 293.1 4414 350.7 3540 859.2 877.8 5353
400 284.8 292.6 350.5 3539 8528 857.0 8704 8740 5343
1000 284.8 291.3 4406 349.7 852.9 870.5 874.0 532.7
1900 284.8 291.2 347.7 852.9 870.3 532.7
3700 284.8 - 291.2 4398 347.6 853.0 870.3 532.5
5500 530.3 5323
7300 284.8 - 291.2  438.7 346.8 3503  853.0 - 870.3 - 530.0  532.1
Exposed to oxygen
(torr)
1073 for 10sec 284.8 - 290.7 4393 347.3 3507  853.0 870.2 531.8
10~* for 20 min 284.9 - 290.9 4393 347.5 3509  853.0 870.2 531.6
100 for 20 min 285.0 290.5  439.5 3477 3512 853.0 870.2 531.9
300 for 22h 285.0 290.5 4400 348.0 3513 853.0 870.2 532.0
Air-exposed? 285.2 290.5 4404 349.0 853.2 8570 874.4 532.8

*Refers only to the peak maximum obtained. The peaks are broad and are further deconvoluted for identification purposes.

¥ As-received sample.

IExposed to air in a desiccator for 30d.
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Figure 2 XPS (Ni 2p) spectra for the CaNi; alloy; (a) to (m) as in
Fig. 1.

the presence of multiple valance states (in this case
Ni(O), Ni** and Ni*") and the attendant satellite
emissions, indicates the presence of the Ni(O), Ni**
and Ni** states on the surface. The additional C Is
features observed at 288.6 and 293.0eV could have
arisen from the interaction of CO, from the atmo-
sphere with the oxidized metallic surfaces [11]. This
also accounts for the broad O 1s emission, indicating
that in addition to the oxide oxygen with emissions
around 530eV, other types of oxygenated species
resulting from carbonate type, adsorbed CO, type as
well as carboxyl oxygen type species are present on the
surface.

The validity of these assignments can also be ascer-
tained from emissions obtained for the same core
levels as a result of exposure of the fully sputtered
sample to various doses of oxygen. The oxygen expo-
sure progressively increased the formation of CaO and
Ni** species as is evident from the Ni 2p emission
around 855eV. The presence of oxidic species of
nickel is evident from the satellite feature at 862¢V.
However, it should be remarked that complete oxi-
dation of all the nickel species on the surface is not
realized as the Ni 2p emission is observed around
853 eV even in the samples exposed to oxygen for a
considerable length of time. In case of LaNi; it is
observed that lanthanum on the surface is preferen-
tially oxidized, while the surface nickel is not oxidized
[7]. Although this is not completely true in the case of
the CaNi; system, preferential oxidation of calcium is
observed together with partial oxidation of nickel.
This peculiar behaviour of this system, similar to other
AB;-type systems, may be responsible for the facile
dissociative adsorption of hydrogen, which could be
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Figure 3 XPS (O 1s) spectra for the CaNi; alloy; (a) to (m) as in
Fig. 1.

used for activating this intermetallic for hydrogen
absorption. It has been reported, based on surface
analysis and magnetic investigations [12, 13], that
oxygen-induced surface segregation occurs with the
formation of metallic nickel precipitates and this
metallic subsurface could account for the high hydro-
gen uptake rate of many of the nickel-containing AB;-
type intermetallics. However, there is a contradictory
report [14] that it is nickel, and not lanthanum, that is
oxidized on the surface of the LaNi; alloy. The present
result, however, does not seen to support this model.

The charging effects observed in the core level
emissions are slowly removed as a result of successive
sputtering and this could be due to removal of the
insulating oxide films covering the surface of the
as-received sample. It is observed that the insulating
CaO species persist even after sputtering to about
1000 sec while that of the nickel (oxygen) species could
be removed in the initial stages of sputtering itself
(~ 160 sec sputtering). This observation indicates that
calcium in deep subsurface layers is oxidized while
only the surface nickel species are oxidized and that
too only to a partial extent. The presence of this
persistent calcium oxide insulating layer could be the
reason for the observed partial charging during photo-
emission experiments, thus resulting in the obser-
vation of the core level emission at higher binding
energy values. This species could arise from the
preferential oxidation of calcium which is a thermo-
dynamically more favourable process compared to the
oxidation of nickel (AG%s(Ca0Q) = — 144.4kcalmol !
and AGj; (NiO) = — 57.3 kcalmol™"). If this postu-
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Figure 4 XPS (C Is) spectra for the CaNi; alloy; (a) to (m) as in
Fig. 1.

late were to be true then one should observe the
chemical reaction-induced segregation of calcium to
the surface and subsurface layers.

In view of the above observations and in order to
confirm the assumptions, a depth profile analysis of
the air-exposed CaNi; alloy was carried out as a func-
tion of sputtering time, monitoring the intensities of
the XPS emission peaks. The data are presented in
Fig. 5. Tt is seen that the Ca/Ni ratio is higher than the
stoichiometry composition on the surface as well as in
the subsurface layers and the value tends towards the
theoretical value only after extensive sputtering of up
to 7000sec. This enrichment of calcium is due to
oxygen-induced surface reaction as is evident from the
rapid increase of Ca/O ratio in the initial stages of
sputtering, while the Ni/O ratio increases at a much

Intensity ratio

] | ] ] 1 1 ]
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slower rate in the initial stages of sputtering. However,
at deep subsurface layers, the precipitated nickel
clusters seem to be highly reactive towards oxygen
compared to calcium. Therefore, the preferential seg-
regation of calcium in the CaNi; alloy is mainly due to
induced surface segregation with oxygen which is a
thermodynamically more favourable process. The
contribution from other factors such as surface energy
differences and other entropy factors could be negli-
gible or small, compared to the reaction-induced seg-
regation effects. This conclusion is further supported
by the observation that more nickel is present in the
uppermost layers of the surface than in the immediate
subsurface layers, as can be seen from Fig. 5. The
Ca/Ni ratio increases drastically with sputtering for a
few minutes, though there is an initial decrease to a
small extent. If the surface energy factor was to domi-
nate in the segregation process, a ook at the surface
energies of calcium and nickel (Ca = 490mJm~> and
Ni = 2450mJm~?) indicates that there should be
greater enrichment of calcium on the uppermost
layers when compared to the subsurface layers, which
is not true in the present case. A similar observation
has been made for the LaNi;Mn, system [15] where
the La/[Ni + Mn] ratio increases and then decreases
on sputtering.

In view of the fact that the results obtained in the
present study conform to the general pattern observed
with other AB;-type intermetallics, it is appropriate
an attempt should be made to compare the behaviour
of these systems, at least to a limited extent.

Weaver er al. [9] studied the valance bands of iso-
morphic Haucke compounds, CaNis;, YNi;, LaNi;
and ThNi; and concluded that both the constituents
are oxidized when exposed to oxygen and hence the
differing hydrogenation characteristics of these com-
pounds cannot be explained by either the differences
in the electronic structures or the gettering effect of the
non-nickel species which keeps nickel metallic. This is
in contrast to the observation of Schlapbach and
Brundle [6] who, as stated earlier, reported that the
surface segregation in LaNis; and ThNis is predomi-
nantly induced by the reaction of the A component
with oxygen, and at low coverages of oxygen, nickel
essentially remains metallic. The ternary system

Figure 5 Relative elemental intensities on the surface plotted
against sputtering time for the CaNi; alloy. (&) I, /1y,
(O) Iillo. (&) Ie /o



LaNi;Mn, has been examined by Lartigue et al. [15].
They observed that the air-exposed sample is contami-
nated by oxygen and carbon. The top layers consist of
mainly lanthanum hydroxide and manganese oxide
while subusurface layers mainly consist of lanthanum
oxide and metallic nickel. The surface segregation
induced by oxygen easily occurs in LaNi,Mn,, with
enrichment of lanthanum and manganese. Dang ez al.
[16] investigated a similar system, namely ThNi Fe,_.,
in which they report that the oxidized system is
enriched in iron on the surface layers. The results
obtained in the present study on the CaNi; system are
thus in agreement with other reports in the literature
on similar AB-type systems.

CaNi; is different from the lanthanum-based alloys
in some respects. In the CaNi; system, as is evident
from the atomic ratios, the surface is relatively richer
in nickel when compared to the surface of the LaNi;
system. Also, on sputtering, an initial decrease in the
Ca/Ni ratio is observed which later increases. Such a
trend is not observed in the LaNis; system. CaNi;
differs from the other AB; systems in one other aspect,
i.e. the observation of a shift of 3 to 4eV in the XPS
emissions of all the peaks for the air-exposed sample
due to partial charging. Such an observation has not
been recorded with the other systems.
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