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SECONDARY-ION MASS SPECTROMETRY
STUDY OF LaNis-HYDROGEN-OXYGEN SYSTEM

The results obtained while studying the surface of the LaNis alloy using secondary ion mass
spectrometry are reported. It has been shown that the simultaneous action of hydrogen and
oxygen on the alloy surface leads to the formation of a compler chemical surface structure
consisting of hydrides, hydrozides, and oxides of lanthanum and nickel. The stoichiometric
ratios of elements in those compounds depend on the hydrogen and oxygen fractions in the
gas mizture. Oxygen interaction with the alloy surface stimulates the surface segregation and
grouping of mickel atoms into large clusters. Until there remain sites free from oxides and
hydrozides on the surface of such nickel clusters, they serve as catalytically active centers for
dissociative chemisorption of hydrogen molecules, thus promoting hydrogenation processes.
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1. Introduction

According to contemporary ideas [1-3|, the forma-
tion of metal hydrides under the action of hydro-
gen atmosphere is a multistage process. At the first
stage, a hydrogen molecule, when getting to a metal
surface, can be physisorbed or dissociatively chemi-
sorbed depending on its kinetic energy and the acti-
vation energy barrier height. At the next stage, the
chemisorbed hydrogen atoms penetrate through the
surface and dissolve in bulk. As a result of the bulk
diffusion and the diffusion along the grain bound-
aries, a solid penetration solution (c-phase) and,
then, a metal hydride (S-phase) are formed. The for-
mation of the hydride phase passes through the stages
of nucleation, grain growth, and solid-phase trans-
formations. The metal hydride is usually character-
ized by a substantially higher content of hydrogen
atoms and their ordered arrangement in the crystal
lattice.
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Thus, the dissociative chemisorption of hydrogen
is a necessary important step in the formation of
metal hydrides. Clean surfaces of a lot of transition
metals and alloys can dissociatively chemisorb hydro-
gen. However, the presence of adsorbates, including
oxygen, on them considerably changes their proper-
ties. In particular, the coefficient of hydrogen sticking
becomes significantly reduced. This occurs owing to
the saturation of broken bonds at the surface sections
covered with the adsorbate. At those regions, the ac-
tivation energy of hydrogen chemisorption is higher in
comparison with the clean surface. If the whole sur-
face is covered with the adsorbate, it becomes inert,
the activation energy of hydrogen chemisorption is
high, and the reaction rate is low. The surface can
become reactive again only if the adsorbed atoms are
removed or the surface and the adsorbed atoms are
regrouped so that there arises a specific surface layer
not interfering with the dissociative chemisorption of
hydrogen [2].

Therefore, it is assumed that impurity gases that
are present in hydrogen, being adsorbed on the sur-
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face of a metal or an alloy, form a certain sur-
face structure that reduces the catalytic proper-
ties of the material surface. This structure prevents
the dissociation of hydrogen molecules in hydroge-
nation processes and the association of hydrogen
atoms into molecules in the dehydrogenation pro-
cesses [4]. Since the absorption and desorption of hyd-
rogen in the hydrogenation (dehydrogenation) pro-
cesses strongly depend on the surface structure and
state, the chemisorption of impurity gases, by modi-
fying the structure and state of the surface, can affect
those processes as well [5].

Despite that the insufficient resistance of inter-
metallic hydride-forming compounds to poisoning
with gaseous impurities — such as O, HoO vapor, CO,
COa3, and others — is the major problem for techno-
logical applications, there is little information on the
fundamental mechanisms of surface poisoning today
[4, 6]. Such a situation forms a basis for continuing
the research concerning the influence of the state of
the surface modified by adsorbed impurities on the
processes of its interaction with hydrogen (7, §].

The intermetallic alloy LaNis is widely used in var-
ious technological applications in which metal hy-
drides are used. Being characterized by a high hy-
drogen capacity and an excellent sorption-desorption
kinetics, it has a relatively low sensitivity to impu-
rities in the gaseous hydrogen. Even if the alloy sur-
face is covered with a thick layer consisting of vari-
ous oxides and hydroxides of the alloy components,
the reactivity of hydrogen with LaNis still remains
higher than that with oxide-coated transition met-
als. This circumstance favorably distinguishes LaNig
from most hydrogen storage alloys.

By analyzing the reasons for this situation, the au-
thors of works [2, 9-13] have proposed a model of
the hydrogen interaction with LaNis, the determining
factor of which is the surface segregation, i.e. such a
reconstruction of the metal surface of the initial inter-
metallide that gives rise to the formation of pure met-
als or their oxides. According to this model, the LaNis
surface is lanthanum-enriched, as compared with the
bulk, in the initial state, because the surface energy
of lanthanum is lower than that of nickel [2]. Selective
oxidation of lanthanum at the surface additionally
reduces its surface energy and promotes the segrega-
tion [14]. Lanthanum diffuses to the surface and binds
with oxygen. As lanthanum is oxidized, nickel atoms
group together to form large clusters, which come
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out in some cases to the surface [15]. As a result, the
surface is a mixture of lanthanum oxide and metal-
lic nickel. When contacting with hydrogen, atomic
hydrogen is formed at the uncovered and catalyti-
cally active nickel atoms. Then, it migrates into oxide
grains and transforms them into hydroxide. In work
[15], it was emphasized that since hydrogen is poorly
soluble in nickel, it reaches LaNis, which is located
beneath, by migrating along the interface between
Ni and LayO3 [La(OH)s]. Hence, the chemisorption
of reactive impurities — in particular, oxygen — on
the surface does not block the process of dissociative
chemisorption at hydrogenation.

In works |6, 16], when considering the mechanisms
of initial LaNis activation, a model was proposed that
does not require the presence of an alloy of catalyt-
ically active nickel clusters at the surface and in the
near-surface region. It was assumed that the catalytic
activity for initiating the dissociation of hydrogen
on the LaNis surface is demonstrated by lanthanum
oxides and suboxides, such as LaO,, LagOsz_,, and
LaNiO,. Probably, lanthanum hydroxides or nickel
oxides and hydroxides manifest no catalytic activ-
ity at the dissociation of hydrogen molecules. Disso-
ciated hydrogen atoms penetrate through the oxide
layer and reach LaNis located beneath [17].

Thus, there is no common view on the processes
of hydride formation in the presence of reactive im-
purities — in particular, oxygen — in hydrogen. In or-
der to better understand the scope of problems as-
sociated with the hydrogen absorption kinetics and
the activation problems, additional studies of the in-
fluence of surface effects are required. They would
stimulate a further progress in the application of al-
loys that are particularly suitable for the technologi-
cal usage.

The literature contains plenty of studies dealing
with the absorption of hydrogen by metals. Howe-
ver, the influence of the material surface on the char-
acteristics of the hydrogen sorption-desorption pro-
cesses was considered in very few publications. One
of the reasons for this is the fact that the detection
of hydrogen making use of the most widespread an-
alytical methods of surface research is very problem-
atic. Electron spectrometry methods (e.g., AES and
XPS) cannot always detect hydrogen and its com-
pounds. One of the unique features of mass spectro-
metric methods is just their ability to detect hydrogen
and its compounds [18§].
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The aim of this work was to analyze the compo-
sition of chemical compounds on the surface of the
hydrogen storage alloy LaNis at the initial stages of
its interaction with hydrogen and oxygen, as well as
the modification of this composition depending on the
partial pressures of hydrogen and oxygen in the gas
mixture.

2. Research Methods

In this work, the study was performed making use of
the secondary ion mass spectrometry (SIMS) method
[19]. Unlike the vast majority of analytical methods
to study the surface, this method permits the direct
detection of hydrogen and its compounds, as well as
studying of the composition variation in such com-
pounds depending on experimental conditions.

The alloy specimens were irradiated with primary
Ar™ jons with an energy of 10 keV, when analyzing
positive secondary ions, and 18 keV, when analyz-
ing negative ones. The current density of the primary
beam was 9 pA cm, when measuring positive sec-
ondary ions, and 17 yA c¢m, when measuring nega-
tive ones, which corresponded to the dynamic SIMS
mode. Low-energy secondary ions (10 & 3 eV) sput-
tered in a narrow energy interval were analyzed. The
emission intensities of secondary ions were measured
in a dynamic range of more than six orders of magni-
tude. In the cases where the emissions of polyatomic
secondary ions, which characterize the composition of
chemical compounds on the surface, overlap by the
masses in a complicated way, the resolution of their
specific contributions was carried out according to the
standard procedure utilizes the natural occurrence of
isotopes.

Before the measurements, the specimens were an-
nealed in the residual vacuum in order to partially
clean their surface from chemical compounds. After
the annealing, the surface was additionally cleaned
by the primary ion beam until the complete stabiliza-
tion of the composition in the mass spectra and the
intensity of secondary ion emissions was reached. The
gas phase composition and low partial pressures of
the gases in the vacuum chamber were controlled and
measured making use of a gas mass spectrometer.

In the dynamic SIMS mode, which was used to
carry out measurements, the primary beam can affect
the composition and the amount of chemical com-
pounds on the specimen surface. Therefore, when an-
alyzing the results obtained, main attention was paid
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not to the absolute intensity values of the secondary
ion emissions, but to the intensity changes depending
on the experimental parameters.

3. Experimental Results

and Their Discussion

When discussing the influence of oxygen on the hy-
drogen interaction with the alloy surface, as well as
when carrying out the relevant experiments, infor-
mation concerning how hydrogen and oxygen interact
separately with a relatively clean surface and how the
chemical composition of the near-surface monolayers
in the alloy changes under such interaction would be
very useful. In this connection, at the first stage of
our research, we studied the composition of chemical
compounds on the LaNis surface at its interaction
separately with hydrogen and oxygen.

The results of measurements showed that the mass
spectra of positive and negative secondary ions sput-
tered from a relatively clean LaNis surface under
residual partial oxygen and hydrogen pressures con-
tain a large set of emissions of atomic and cluster
ions of both alloy components, as well as emissions
corresponding to the compounds of the alloy compo-
nents with hydrogen, oxygen, and carbon. Note that
the most intense emission in the spectrum of positive
ions was the emission of lanthanum oxide ions. This
result may probably be associated with the presence
of oxygen as an impurity in the specimen bulk. The
experimental composition of the mass spectra indi-
cates that there were some chemical compounds on
the surface of the examined specimens from the very
beginning, namely, the oxides, hydrides, hydroxides,
and carbides of the alloy components.

The research of the LaNij interaction with hydro-
gen at residual partial oxygen pressures showed the
following. As the partial pressure of hydrogen was in-
creased from about 7 x 1077 to (3+7) x 1072 Pa, the
emission intensity substantially increased for the ma-
jority of the observed positive and negative hydrogen-
containing secondary ions [19], whereas the emission
intensities of oxygen-containing ions remained almost
unchanged. The presence of rather intense emissions
of hydrogen-containing ions with lanthanum and
nickel, as well as complex lanthanum-nickel ions, at
high partial hydrogen pressures means that hydrogen,
being chemisorbed on a clean surface, forms strong
chemical bonds with both alloy components. The
growth of the intensity of such emissions with the
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Fig. 1. Dependences of the emission intensity of secondary ions with lanthanum and nickel sput-
tered from the LaNis surface at room temperature on the partial pressure of hydrogen: (panel a)
LaH* (1), LaoH* (2), LaHJ (3), and LaOH* (4); (panel b) 58NiH~ (1), ®®NipH~ (2), NisH™ (3,

m/z = 175), NigH™ (4, m/z = 233), 58NiH,, (5), °®NioH; (6), and H™ (7)

hydrogen flow to the surface indicates an increase
in the amount of hydrogen-containing chemical com-
pounds, containing both nickel and lanthanum, on
the surface. A hydrogen-containing structure with a
certain stoichiometric ratio of components is formed
on the surface and in the near-surface region of the
specimen. In the case of SIMS experiments, such a
structure is characterized by both the set of hydrogen-
containing secondary ions (positive and negative) and
their emission intensity ratios. For the prevailing ma-
jority of positive and negative hydrogen-containing
secondary ions, the dependences of the emission in-
tensity on the partial hydrogen pressure within the
indicated interval of hydrogen pressures can be ap-
proximated by a power function with a power expo-
nent both larger and smaller than unity.

Some examples illustrating the dependences of the
emission intensity of positive and negative hydrogen-
containing secondary ions on the partial hydrogen
pressure measured at residual (about 1 x 1078 Pa)
partial pressure of oxygen are depicted in Fig. 1. The
appearance of hydrogen-containing chemical com-
pounds on the surface — in particular, hydrides of al-
loy components with various compositions — and the
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increase of their amount with the hydrogen pressure
indicate to the dissociative character of the hydrogen
chemisorption. In essence, the latter is a necessary
condition for the hydrogenation process to start, and
it can be considered as one of its stages.

In order to study the interaction of LaNis with oxy-
gen, the mass spectra of positive and negative sec-
ondary ions sputtered from the surface were mea-
sured at room temperature within the interval of
(6.6+8.8) x 10~7 Pa for the partial oxygen pres-
sure and at a residual partial hydrogen pressure of
(5+8) x 1077 Pa. The growth of the partial oxy-
gen pressure led to the appearance of a large set of
oxygen-containing emissions corresponding to posi-
tive and negative secondary ions of the alloy compo-
nents La, O and Ni,,OZ (here, n and m vary from
1 to 4, being different for positive and negative ions)
in the mass spectra. There are also a large number
of oxygen-containing emissions of complex secondary
ions of the type LanNimOf, which are composed of
lanthanum, nickel, and oxygen atoms in various ra-
tios. Together with the emissions of oxide ions, the
spectra also contain the corresponding emissions of
hydroxide and hydride ions.
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Fig. 2. Dependences of the emission intensity of secondary ions with lanthanum and nickel sput-
tered from the LaNis surface at room temperature on the partial pressure of oxygen: (panel a)
LaO™ (1), LapOt (2), LagO3 (3), La2O3 (4), and LaOF (5); (panel b) 38NiO~ (1), 58Nis O~ (2),

58Niy 05 (8), *®Ni2O3 (4), and ®NiO5 (5)

On the basis of the measurements, the dependences
of the emission intensity on the partial pressure of
oxygen in he specimen chamber at the residual par-
tial pressure of hydrogen were plotted for the group
of oxygen-containing emissions. As an example, some
of those dependences are shown in Fig. 2. The anal-
ysis of the measured dependences showed that the
emission intensities of oxygen-containing secondary
ions have a maximum. Furthermore, the more the
oxygen atoms per metal atom are in the secondary
ion, the higher the oxygen pressure at which the
maximum is observed. There are also secondary ions,
the emission intensity of which only tends to the
saturation with the growth of the partial oxygen
pressure. Thus, the results of our experiments give
grounds to assert that, owing to the influence of oxy-
gen, a complex chemical structure composed of oxy-
gen, lanthanum, and nickel is formed on the sur-
face and in the near-surface region of LaNis. The
behavior of the dependences shown in Fig. 2 re-
flects an increase in the number of oxygen atoms
per matrix atom in the formed oxygen-containing
structure with the growth of the partial oxygen
pressure.

ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 8

We also measured the emission intensities of the
positive and negative hydrogen-containing secondary
ions sputtered from the LaNis surface as functions
of the partial hydrogen pressure at elevated values
of the partial oxygen pressure, i.e. under conditions,
when hydrogen contained various fractions of oxygen
as an impurity, so the surface was simultaneously af-
fected not only by hydrogen, but also by oxygen. In
so doing, we assumed that the emission intensities of
hydrogen-containing secondary ions and their change
objectively reflect the process occurring at the initial
stages of the hydride formation.

The oxygen pressure in the specimen chamber dur-
ing the measurement of the indicated dependences
was monitored with the help of a gas mass spec-
trometer. The measurements were performed as fol-
lows. At the residual oxygen and hydrogen partial
pressures, the specimen surface was cleaned by the
primary beam. Then, the selected value of the par-
tial oxygen pressure was established. After the emis-
sion intensities of the observed secondary ions had
been stabilized, the mass spectra were measured at
some partial hydrogen pressure values. The procedure
was repeated for the next value of the partial oxy-
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Fig. 3. Dependences of the emission intensity of secondary oxide ions sputtered from the LaNis
surface at room temperature on the partial pressure of hydrogen for various partial oxygen pressures
p(02) = 1.3x1078 (1), 1x107° (2),4x107° (3), 7x107° (4), 1 x 10~* (5), and 5 x 10~* Pa (6)

gen pressure. In other words, a certain equilibrium
oxide coating was created on the surface, and the
processes of interaction with hydrogen were consid-
ered against this background. By analyzing the mea-
sured mass spectra, the dependences of the emission
intensities of the positive and negative secondary ions
of the oxides, hydroxides, hydrides, etc., of the alloy
components that were present in the mass spectra on
the partial hydrogen pressure were plotted for vari-
ous values the partial oxygen pressure. It should be
emphasized that the amount and the composition of
chemical compounds on the examined surface are a
result of the simultaneous action of several processes:
chemisorption of gas phase components, diffusion into
the bulk, desorption from the surface, and sputtering
by the primary beam.

The analysis of the measured dependences showed
the following. If the partial oxygen pressure was fixed,
the emission intensities of positive and negative sec-
ondary oxide ions with lanthanum and nickel changed
weakly (no more than by a factor of 2-3) when the
hydrogen pressure increased from a residual one to
about (2+2.5) x 1073 Pa. The growth of the par-
tial oxygen pressure shifted the curves describing
the emission intensity dependences on the partial
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hydrogen pressure toward the region of higher or
lower intensities. For the secondary oxide ions with
lanthanum and nickel, this shift occurred, generally
speaking, differently. A common feature for the lan-
thanum and nickel oxide ions is that, for the ions with
large ratios between the number of oxygen atoms and
the number of metal atoms in a sputtered ion (“oxy-
gen-enriched” ions), the curves of the emission inten-
sity dependences on the partial hydrogen pressure be-
came shifted to the region of higher intensities. For
the ions with lower ratios between the number of
oxygen atoms and the number of metal atoms in an
ion (“oxygen-depleted” ions), the curves of the emis-
sion intensity dependences on the partial hydrogen
pressure became shifted, at first, toward the region
of higher intensities and, afterward, to the region of
lower intensities, thus passing through a kind of max-
imum. The latter took place at different oxygen pres-
sures for different ions. For the displacement of the
curves obtained for the oxide ions with lanthanum
and nickel, there exists a qualitative correspondence
between the results of measurements of the emission
intensity dependences on the partial oxygen pressure
obtained for those ions (Fig. 2). In Fig. 3, the emis-
sion intensity dependences on the partial hydrogen
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Fig. 4. Dependences of the emission intensity of secondary hydroxide ions sputtered from the
LaNis surface at room temperature on the partial pressure of hydrogen for various partial oxygen
pressures p(O2) = 1.3 x 1078 (1), 1 x 1075 (2), 4 x 1075 (8), 7 x 1075 (4), and 1 x 10~* Pa (5)

pressure measured for the secondary ions of oxides
from the first and second groups, i.e. “oxygen-enri-
ched” (°®NiO; ) and “oxygen-depleted” (LapgO™T), are
presented as an example.

The emission intensities of the secondary hydrox-
ide ions with lanthanum and nickel, unlike those of
oxide ions, increase with the partial hydrogen pres-
sure at a fixed partial pressure of oxygen. When the
partial oxygen pressure increases from residual one to
1 x 10~* Pa, such increasing dependences of emission
intensities of hydroxide ions on the partial hydrogen
pressure become either shifted toward the region of
higher intensities or, at first, shifted toward the region
of higher intensities and, afterward, toward the region
of lower values, thus passing through a kind of maxi-
mum. This situation is similar to that observed in the
case of oxide ions. This fact gives grounds to consider
that hydroxides are formed at the surface regions oc-
cupied by oxides and their amount corresponds to
the amount of oxides and, of course, increases with
the growth of the partial hydrogen pressure.

For nickel hydroxides —e.g., NiOoH™, NiOsH ™, and
Ni;O3H™ — the emission intensity dependences on the
partial hydrogen pressure are shifted to higher in-
tensity values as a rule. Such a behavior corresponds

ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 8

to the emission intensity dependences on the partial
oxygen pressure for the secondary ions of nickel ox-
ides within the same interval of partial oxygen pres-
sures. Being shifted, the curves remain approximately
similar to one another. Some examples are shown in
Fig. 4, a.

For lanthanum hydroxide ions, the situation is so-
mewhat different. In some cases, as it was for the ions
of nickel hydroxides, the curves for the oxygen-enri-
ched LaOsH*, LaOsH~, LaNiOoH~, and LaOs;H*
ions shifted to the region of higher intensity values
but remained similar to one another. At the same
time, for oxygen-depleted emissions — e.g., LaOH™,
LaOH; , LaNiOH ™, LapOH™, and LapNiOH' — the
curves mainly shifted either, at first, toward the
high-intensity region and, afterward, toward the low-
intensity region, or shifted to the lower-intensity re-
gion and their slopes decrease (Fig. 4, b). Such a be-
havior also corresponds to the dependences of the
emission intensity of the lanthanum oxide secondary
ions on the partial oxygen pressure.

The increase in the emission intensity of the hy-
droxide secondary ions with the growth of the partial
hydrogen pressure within the examined pressure in-
terval indicates the increase of the amount of hydrox-
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Fig. 5. Dependences of the emission intensity of secondary hydride ions sputtered from the LaNis
surface at room temperature on the partial pressure of hydrogen for various partial oxygen pressures
p(02) =1.3x 1078 (1), 1 x 1072 (2),4 x 1075 (8), 7 x 1075 (4), and 1 x 10~% Pa (5)

ides with a certain composition, i.e. the hydroxides
which fragmentation at the sputtering led to the for-
mation of indicated ions. The decrease in the slope
of the curves describing the emission intensity depen-
dence on the partial hydrogen pressure shows that,
as the oxygen content in the gas mixture increased,
the growth of the hydrogen partial pressure exerted
a weaker and weaker effect on the composition and
the amount of hydroxides on the surface and in the
near-surface region.

As for the emissions of the secondary hydride ions,
the emission intensities of such ions increased with
the partial hydrogen pressure, as it was for the hy-
droxide ions. However, with the growth of the oxygen
content in the gas mixture, this increase became less
and less considerable. This is a common feature of the
measured dependences for the hydrides ions with lan-
thanum and nickel. In Figs. 5 and 6, some examples
of the measured dependences for the secondary ions
with lanthanum and nickel are depicted.

The analysis of the dependences shown in Fig. 5
allows us to draw a conclusion that lanthanum hy-
drides, the fragments of which are nothing else but
the corresponding secondary ions, are formed on the
surface free of oxides (hydroxides). As the area of

730

such a free surface decreases, the amount of lan-
thanum hydrides also decreases, which leads to a re-
duction in the emission intensity of the correspond-
ing ions (Fig. 5, a). This situation is also typical
of complex hydrides including lanthanum and nickel
(Fig. 5, b). Of course, one cannot exclude that the
fragmentation of the corresponding hydroxides may
also make a certain contribution to the emission of
lanthanum hydride ions.

The analysis of the dependences obtained for the
ions of nickel hydrides (Fig. 6) allows the same inter-
pretation. Some nickel hydrides, like lanthanum ones,
are formed on the surface free of oxides and hydrox-
ides, and their amount decreases with the reduction of
oxygen-free surface area. This is evidenced by the de-
pendences of the emission intensity of secondary ions
on the partial hydrogen pressure obtained for some
secondary ions of nickel hydrides and for lanthanum
hydride ions. Those dependences are shifted toward
the lower-intensity region, and their slope gradually
diminishes within the whole interval of partial oxygen
pressures (NigH™, NigH™) (Fig. 6, a). For the emis-
sions of hydrogen-enriched nickel hydride ions NiH™
and NiH; , the transformation of the dependences oc-
curs quite drastically when changing from the oxygen
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Fig. 6. Dependences of the emission intensity of secondary hydride ions sputtered from the LaNig
surface at room temperature on the partial pressure of hydrogen for various partial oxygen pressures
p(O2) = 1.3x 1078 (1), 1x 1075 (2),4x 1072 (8), 7x 1075 (4), 1x 1074 (5) , and 5 x 104 Pa (6)

pressure of 1 x 1075 Pa to the pressure of 4 x 10~° Pa
(Fig. 6, b). Here, the secondary ions with a mass of
60 amu are interpreted as NiH, , although if the par-
tial oxygen pressure is sufficiently high, a contribu-
tion from, e.g., AlOoH™ ions is possible, because the
specimen contains a small amount of aluminum as an
impurity.

As one can see from Fig. 6, b, if the partial hydro-
gen pressure is relatively low (1 x 1076+1x 107° Pa),
an increase of the partial oxygen pressure leads to
an increase of the emission intensity of the SNiHy
hydride ions by one or two orders of magnitude. At
the same time, at high partial hydrogen pressures
(1 x 107*+5 x 1073 Pa), the growth of the partial
oxygen pressure results in a decrease of the emis-
sion intensity of hydride ions. It is difficult to explain
such a behavior in the framework of the speculations
presented above that the contribution of various sec-
ondary ions of nickel hydrides to the emission is made
only by the surface areas free of oxides and hydrox-
ides. In this model, there are no mechanisms for the
emission intensity of nickel hydride ions to grow. As
the partial pressure of oxygen increases, the surface
becomes more and more covered with oxides, and the
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area of the relatively clean surface suitable for the for-
mation of nickel hydrides becomes smaller. Therefore,
the experimental data obtained for the emission of
some nickel hydride ions has to be interpreted in a
different way.

As was indicated above, there are studies accord-
ing to which the appearance of oxygen on the LaNis
surface gives rise to a substantial reconstruction of
the surface with the formation of large clusters of
nickel atoms. Such clusters have a high catalytic ac-
tivity and provide the dissociative chemisorption of
hydrogen, which is required at the hydrogenation,
thus preventing the surface blocking by reactive im-
purities (oxygen). The formation of nickel clusters is
confirmed by experimental data on the LaNis mag-
netic properties. According to those data, the oxida-
tion leads to the manifestation of high ferromagnetic
properties of the alloy, which is interpreted as the
formation of nickel clusters [9-13].

In the secondary ion emission, one of the indica-
tors that the sputtered surface consists of identical
atoms is the presence of polyatomic secondary ions
that include only matrix atoms (cluster secondary
ions) in the mass spectrum. In other words, according
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to the sputtering model of such ions [19], it is neces-
sary that the atoms forming a secondary ion should
be initially adjacent both on the surface and in the
nearest-to-the-surface monolayers, whereas no other
atoms should be located in the immediate vicinity. In
our case, the growth of the emission intensity of poly-
atomic secondary nickel ions Ni" and, to some extent,
their analogs with oxygen and hydrogen can serve
as an indicator that the areas of metallic nickel are
formed on the surface and in the near-surface region
under certain experimental conditions.

As was mentioned earlier, we measured the depen-
dences of the emission intensity of various secondary
ions, including the secondary nickel ions Ni} on the
partial oxygen pressure at the residual partial pres-
sure of hydrogen (Fig. 7). From the presented de-
pendences, one can see that, at hydrogen pressures
close to residual one, the increase of the partial oxy-
gen pressure within an interval from 5 x 1076 to 8 x
1075 Pa led to a substantial increase of the emission
intensity of the Nij, Nij, and Nij ions. The emission
of nickel oxide ions Ni,,O* also increased. Those facts
clearly testify that, in the indicated interval of oxygen
pressures, the areas with three, four, or more adjacent
nickel atoms arose and grew on the sputtered surface
and in the near-surface region. In essence, this con-
clusion allows us to interpret the results obtained as
the grouping of nickel atoms on the surface and in the
near-surface region [20]. At partial oxygen pressures
higher than 8 x 107® Pa, the emission intensity of
nickel ions Nif and Nij decreased. Probably, this oc-
curred, because a substantial number of the grouped
nickel atoms became covered with oxides at such oxy-
gen pressures.

It is of interest that the dependences of the emis-
sion intensities of the polyatomic secondary nickel
ions on the partial hydrogen pressure which were mea-
sured in this work at a partial oxygen pressure close
to the residual one (see Fig. 8) turned out qualita-
tively similar to the results described above. It was
found that the appearance of chemisorbed hydrogen
on the surface also leads to the grouping of nickel
atoms. This is evidenced by the growth of the emis-
sion intensity of the Ni;, Ni;, and Ni, ions, as well
as the Nij and Nij ones, with the increase of the
partial hydrogen pressure. This result means the fol-
lowing. Despite that the enthalpy of the lanthanum
hydride (LaHs) formation is substantially lower than
the enthalpy of the lanthanum oxide (LayOs) for-
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mation [21, 22|, the hydrogen chemisorption, as well
as oxygen chemisorption, on LaNis, can stimulate
the surface segregation and grouping of nickel atoms,
though to a less extent than the oxygen chemisorption
does. Hence, the surface segregation and grouping of
nickel atoms comprise a general reaction of the sur-
face and near-surface monolayers in the LaNi alloy to
the common chemisorption of hydrogen and oxygen.

The involvement of the nickel clustering process
into consideration makes it possible to explain the fea-
tures of the dependences shown in Fig. 6, b. At first,
hydrogen-enriched °®NiH, ions are sputtered from
the relatively clean surface areas, where the space
nearby nickel atoms is enough for the chemisorption
of two hydrogen atoms. An increase in the partial
oxygen pressure initiates the surface segregation and
the formation of nickel clusters that occupy some ar-
eas on the surface. The surface of such nickel clusters
can be oxidized to NiO or NisOgs. If hydrogen, in-
cluding residual one, is also present, the oxides are
transformed into hydroxides: Ni(OH)y or Ni(OH)j
[14, 15]. In this case, various sections of the surface
contribute to the emission of nickel hydride ions. As
it was at the residual oxygen pressure, the contri-
bution is made by the surface sections that are not
occupied by nickel clusters. Again, this process con-
tinues as long as there is the enough space nearby
the nickel atoms for the chemisorption of two hydro-
gen atoms. Sections occupied by nickel clusters also
contribute. As a result of the reaction with residual
hydrogen, nickel hydrides are formed on the surface
of the clusters and, up to certain oxygen pressures,
there are always sites for the chemisorption of two or
more hydrogen atoms. Furthermore, a contribution is
given by the fragmentation of nickel hydroxides with
a certain stoichiometric ratio that were formed on the
sections both free from nickel clusters and occupied
by them.

As the partial oxygen pressure increases, owing to
the oxidation and the formation of lanthanum and
nickel hydroxides, the possibility for several hydrogen
atoms to be chemisorbed near nickel atoms on a sur-
face section not occupied by clusters decreases. The-
refore, the contribution of this surface section to the
emission of corresponding ions as a result of the nickel
hydride fragmentation also diminishes. The forma-
tion of oxides and hydroxides, now only of nickel, also
takes place on the surface of nickel clusters. Hence,
the contribution of this part of the surface to the
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emission of the corresponding ions as a result of the
fragmentation of nickel hydrides also gets smaller. Ul-
timately, the emission of hydrogen-enriched nickel hy-
dride ions, which is associated with the fragmentation
of nickel hydrides, becomes low. In this case, only the
fragmentation of nickel hydroxides is responsible for
the emission of nickel hydride ions.

Thus, the obtained experimental data allow the
initial stages of the interaction between a hydrogen-
oxygen gas mixture and a LaNij alloy surface to be
described as follows. If there is not enough oxygen
in the gas phase, the influence of hydrogen on LaNis
results in the formation of a hydrogen-containing (hy-
dride) structure consisting of nickel, lanthanum and
hydrogen in certain stoichiometric ratios on the alloy
surface. As the partial pressure of hydrogen grows,
the amount of hydrides with various compositions in-
creases. The presence of hydrides indicates the disso-
ciative character of the hydrogen chemisorption.

If there is oxygen in the gas phase (up to a cer-
tain fraction), the influence of such a gas mixture on
LaNij5 leads, together with the formation of hydrides,
to the formation of oxides and hydroxides of both
components of the lanthanum-nickel alloy, although
lanthanum is characterized by a higher chemical affin-
ity to oxygen. As a result, there emerges a chemical
structure consisting of hydrides, hydroxides, and ox-
ides of lanthanum and nickel on the surface. Our ex-
perimental results do not give grounds to conclude
that those hydrides, hydroxides, and oxides of lan-
thanum and nickel are somehow spatially separated,
i.e. they form phase inclusions. As the oxygen pres-
sure increases, the amount of oxides and hydroxides
increases. The stoichiometric ratios in the oxide com-
pounds, as was marked above, change toward the
larger number of oxygen atoms per matrix atom. If
the hydrogen pressure increases, the amount of ox-
ides does not change, because oxygen forms a stronger
bond with the metal than hydrogen does, so hydrogen
cannot replace it. The amount of hydroxides increases
with the growing amount of oxides.

At the same time, chemisorption of oxygen on the
alloy surface initiates the surface segregation and
grouping of nickel atoms with the formation of large
nickel clusters. Under those conditions, there are ar-
eas on the surface of the LaNi alloy that are cov-
ered with hydrides, hydroxides, and oxides of lan-
thanum and nickel, as well as areas occupied by nickel
clusters. Nickel hydrides, oxides, and hydroxides are
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formed on the surface of nickel clusters. Until there
exist oxide- or hydroxide-free areas on the surface of
nickel clusters, they can serve as catalytically active
centers for the dissociative chemisorption of hydrogen
molecules from the gas phase, even if there is no oxy-
gen in the gas phase, thus promoting hydrogenation
processes. Hydrogen located on the surface of nickel
clusters can also reduce nickel oxide to the metallic
state, thus being competing with oxygen to some ex-
tent. As a result, the rate of hydrogenation reaction
increases.

The described processes, as was mentioned above,
are active up to certain values of the partial oxygen
pressure, i.e. as long as there still exist free places
nearby metal atom (in particular, nickel) for the
hydrogen chemisorption. As the oxygen content in-
creases, probability that free places for the hydro-
gen chemisorption near a metal atom survive de-
creases. Those places become occupied by oxygen,
which forms oxides. Therefore, the amount of hy-
drides of the alloy components also decreases, the
presence of which indicates the dissociative charac-
ter of the hydrogen chemisorption and is a necessary
condition for the hydrogenation process initiation.

If there is a lot of oxygen in the gas mixture — in
our case, at a partial pressure of oxygen higher than
about 1 x 10~* Pa — the surface becomes almost com-
pletely covered with a continuous layer of oxides and
hydroxides. Hydrogen, when arriving at the surface,
cannot form chemical bonds with the alloy compo-
nents and, consequently, participate in hydrogenation
processes.

4. Conclusions

Our research of the composition of chemical com-
pounds appearing on the surface of the hydrogen stor-
age alloy LaNis at the initial stages of its interac-
tion with hydrogen and oxygen has shown the fol-
lowing. The simultaneous influence of hydrogen and
oxygen on the alloy surface leads to the formation
of a complex surface chemical structure consisting of
hydrides, hydroxides, and oxides of lanthanum and
nickel. As the oxygen pressure increases, the amount
of oxides and hydroxides of the alloy components
grows. The stoichiometric ratios in the oxide and hy-
droxide compounds change toward the larger num-
ber of oxygen atoms per matrix atom. If the hydro-
gen pressure increases, the amount of oxides does not
change, but the amount of hydroxides becomes larger.
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In addition, the chemisorption of oxygen on the
alloy surface initiates the surface segregation and
grouping of nickel atoms with the formation of nickel
clusters. Under those conditions, there exist surface
sections of the LaNis alloy that are covered with
the hydrides, hydroxides, and oxides of lanthanum
and nickel, as well as the sections occupied by nickel
clusters that are covered with the hydrides, oxides,
and hydroxides of nickel. Until there are oxide- and
hydroxide-free areas on the surface of nickel clus-
ters, they can serve as catalytically active centers for
the dissociative chemisorption of hydrogen molecules,
thus favoring the hydrogenation processes.

At high partial pressures of oxygen, the surface is
completely covered with a continuous layer of oxides
and hydroxides. Therefore, hydrogen, when arriving
at the surface, cannot form chemical bonds with the
alloy components and, consequently, participate in
hydrogenation processes.

The results obtained in this work give grounds
to conclude that the chemisorption of hydrogen, as
well as oxygen, on LaNis can stimulate, to some ex-
tent, the surface segregation and grouping of nickel
atoms. Hence, the surface segregation and grouping
of nickel atoms comprise a general reaction of the sur-
face and near-surface monolayers of the LaNi alloy to
the chemisorption of both oxygen and hydrogen.
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Translated from Ukrainian by O.I. Voitenko

B. 0. Jlimsinos, 1.1. Oxceniox,
1. IIlesuenro, B.B. Bobkxos

JOCJII>KEHHS CUCTEMU
LaNis-BOJAEHB-KMICEHb METO/JIOM
BTOPMHHOI IOHHOI MAC-CIIEKTPOMETPIL

Y poboTi mpencTaBIEHO PE3YJIbTATH MOCIIIXKEHHS IIOBEPXHI
crtaBy LaNis Meroom Mac-crieKTpoMeTpil BTOPUHHHUX 10HIB.
Tlokazano, 110 OJIHOYACHUN BIJIMB BOJHIO 1 KUCHIO HA MOBEPX-
HIO CIUIABY IPUBOJUTHL JO YTBOPEHHsI CKJIAJIHOI MTOBEPXHEBOL
XiMIYHOI CTPYKTYpH, 110 CKJIAJAETHCS 3 MiAPUIIB, TiIPOKCHIIB
i okcuaiB JlaHTaHy Ta Hikearo. CrexiomMmeTpudyHi CriBBijgHOIIE-
HHSI Yy WX CIOJIyKaX BU3HAYAIOTHCS JOJISIMU BOJHIO 1 KHCHIO
y ra3oBiit cymimri. B3aemomis KHCHIO 3 MOBEPXHEIO CILJIaBy BU-
KJIMKa€ IIOBEPXHEBY CErpPeralliio i yrpylnoBaHHs aTOMIB HiKeJIo
3 YTBOPEHHSIM BeJIMKUX HiKeJleBUX KjacTepiB. Jloku Ha 11oBepx-
Hi TaKMX KJIacTepiB € BibHI Bif OKCHIIB i TiIpOKCHIIB MijTsaH-
KH, BOHM BHUCTYIIAIOThb KATAJITUYHO aKTUBHUMHY [IEHTPAMHU JIJIs1
JUCOIATUBHOI XeMOCOPOIIiT MOJIEKYJT BOJHIO 1, TAKMM YHUHOM,
CIIPUSIIOTH [IPOIlecaM TiJpyBaHHS.

Katwwoei caoea: BTOPHUHHA IOHHA MAacC-CIIEKTPOMETPist
(BIMC), noBepxHsl, CILIIaBU-HAKOIIAIYBadi BOJHIO, BOJEHD, KU-

CeHb, Iiapuan.
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