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The results of researches of the surfaces of intermetallic alloys LaNi5, LaNi4.75Al0.25, and
LaNi4.5Al0.5 with the use of secondary ion mass spectrometry are presented. It is shown that,
at hydrogen partial pressures of 10−7–10−2 Pa and temperatures of 300–900 K, the processes
of hydrogen interaction with the examined alloys take place only at the alloy surface and in
its near-surface region. In the temperature interval from the room one to 500 K, hydrogen
diffuses in appreciable amounts to depths of up to 10 monolayers. As the temperature in-
creases, the amount of hydrogen-containing chemical compounds on the surface and in the
near-surface region decreases, whereas the amount of carbides and oxides of the alloy compo-
nents increases. As hydrogen is accumulated on the surface, a hydrogen-containing structure
is formed, in which nickel atoms are chemically bonded with two, and lanthanum atoms with
more than two hydrogen atoms.
K e yw o r d s: SIMS, surface, hydrogen, hydrides, hydrogen storage alloys.

1. Introduction

Some transition metals and their alloys reversibly
react with gaseous hydrogen to form metal hy-
drides. Such reversible hydrogenation reactions make
those metals and their alloys to be potential materi-
als for the development of metal hydride technolo-
gies, e.g., the accumulation of hydrogen, its com-
pact and safe storage, thermosorption compression,
hydrogen extraction from gas mixtures, hydrogen
purification, isotope separation, etc. The hydrogena-
tion/dehydrogenation reaction of those materials can
be driven in either direction. Its rate can be controlled
by changing the temperature and/or the pressure. An
increase in the pressure of gaseous hydrogen and a
decrease in its temperature shift the reaction equilib-
rium point toward the hydride formation, whereas a
decrease in the pressure and an increase in the tem-
perature stimulate the hydride decomposition [1].
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The intermetallic alloy LaNi5 is a bright example
of such materials. Owing to its high hydrogen ca-
pacity, high cyclic stability, and activation simplicity,
materials fabricated on its basis occupy one of the
leading places among those applied in metal hydride
power technologies. LaNi5 alloy can absorb and des-
orb a large amount of hydrogen at temperatures close
to room one and at rather low pressures [2–5]. The
hydride of the alloy, LaNi5H6,7, contains 1.4 wt% of
hydrogen. The enthalpy of hydride formation equals
−15.7 kJ/mol H, and the enthalpy of alloy decompo-
sition is −15.1 kJ/mol H [6].

The properties of LaNi5 intermetallic compound
can be varied in a wide interval by substituting lan-
thanum or nickel, completely or partially, by atoms
of other metals. Since lanthanum is rather expensive,
it is substituted by mischmetal (Mm) containing La,
Ce, Pr, Nd, Sm, and Gd in various ratios. This substi-
tution allows the cost of the intermetallic compound
to be substantially reduced without a considerable
change in its properties. In order to change the hy-
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drogen sorption characteristics of alloys of the LaNi5
type (MmNi5), to reduce the number of their activa-
tion cycles, to increase the stability of their exploita-
tion parameters, and to decrease their cost, they are
doped by substituting nickel atoms with atoms of var-
ious elements (Mg, Al, Ti, Zr, Mn, Mo, Cr, V, Fe, Co,
Si, Zn, and Sn) [1, 3, 7]. Various variants of Mm(Ni,
Co, Mn, Al)5 alloys form a basis for the majority of
modern commercial anodes in nickel-metal hydride
batteries.

Various hydrogen sorption characteristics of those
doped alloys were rather extensively studied exper-
imentally. However, despite the considerable efforts
of experimenters, the mechanisms responsible for the
doping effects still remain insufficiently studied. In
this work, LaNi5 alloy and alloys on its basis, in
which some of nickel atoms were substituted by alu-
minum or manganese atoms – LaNi4.75Al0.25 and
LaNi4.5Mn0.5 – are studied.

Summarizing the results of a large number of works
devoted to the study of the influence of the aluminum-
and manganese-doping, the following conclusions can
be drawn. The partial substitution of Ni atoms in
LaNi5 intermetallic compound by Al or Mn makes it
possible to significantly reduce the equilibrium pres-
sure in the plateau interval and to decrease the ab-
sorption/desorption pressure hysteresis with an in-
significant reduction of the hydrogen capacity. The
kinetics of the sorption processes also changes in-
significantly, although the relevant data are contro-
versial [1, 8–11].

The alloy with aluminum was found to have a
higher cyclic stability than LaNi5. It is also character-
ized by a higher resistance to the presence of oxygen
or water. A partial substitution of nickel atoms by
aluminum ones enhances the material resistance with
respect to both internal and external degradations
[12–15]. A research of the influence of Al on the hy-
drogen diffusion in the aluminum-doped alloy hydride
demonstrated a substantial growth in the hydrogen
diffusion activation energy at room temperature and,
accordingly, a reduction of the diffusion rate by more
than two orders of magnitude in comparison with that
in the undoped alloy hydride [16, 17].

When discussing the cause for the pressure drop,
which corresponds to the plateau in the sorption/de-
sorption isotherm observed in the case where nickel
is substituted by aluminum or manganese, many au-
thors (see, e.g., works [10, 18, 19]) came to a conclu-

sion that its main cause is the growth of the size of a
unit crystal cell in the alloy, because the atomic radii
of Al and Mn exceed that of Ni. In work [18], it was
shown that the pressure corresponding to the plateau
in the pressure-composition-temperature diagram is
reciprocal to the volume of those interstitial voids
in the crystal lattice that contain hydrogen. Owing
to the growth of the alloy crystal cell parameters,
hydrogen atoms can be more easily built into the
crystal lattice to form thermodynamically more sta-
ble hydrides. As a result, the hydride decomposition
enthalpy increases, and the equilibrium pressure of
the hydride formation decreases. Hence, the substi-
tution of nickel atoms in LaNi5 by larger atoms sta-
bilizes the hydride phase of those materials and gives
rise to the formation of more stable hydrides. In the
technological aspect, this substitution is a convenient
method to expand the operational temperature inter-
val of those materials. Unfortunately, the substitution
of nickel atoms by larger atoms is accompanied, as a
rule, by a reduction, although insignificant, in the hy-
drogen capacity of the material [20].

The combination of hydrogen sorption properties
inherent in the hydride forming intermetallic alloys
is a result of several factors. Among them, there are
the electron configuration and size of atoms consti-
tuting the alloy components, crystal lattice param-
eters, thermal conductivity, surface reactivity, and
others. In most cases, the properties of such mate-
rials were optimized by changing their bulk parame-
ters. The optimization by varying surface parameters
was restricted to the surface activation with the use
of various methods. In particular, this is the cleaning
of the surface, to some extent, from chemical com-
pounds, which is performed by heating the surface
several times in vacuum or in the H2 atmosphere in
order to bring the surface into a reactive state. The
bulk material parameters, which depend on the com-
position, the crystal lattice parameters, and so on, are
responsible for such stages of the hydride formation
as the transition of hydrogen atoms from the surface
layer into the near-surface one. This is the diffusion of
hydrogen atoms in the alloy volume giving rise to the
formation of a solid solution of atomic hydrogen (the
𝛼-phase) in it, the ordering of a solid solution, and its
transformation into hydride (the 𝛽-phase). The sur-
face plays a crucial role at the initial stages of hydride
formation, at the stage of hydrogen physical adsorp-
tion onto active surface centers, at the dissociation
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of hydrogen molecules into atoms, and their further
diffusion from the near-surface region into the bulk
[21]. Taking all that into account, the research of the
surface properties should make it possible not only
to extend general ideas concerning the processes of
hydride formation, but also to elaborate recommen-
dations for their optimization.

The aim of this work was to study the chemical
composition of the surface of some lanthanum-based
hydride forming alloys and the variations of this com-
position depending on experimental conditions, to
study the initial stages of interaction between those
alloys and hydrogen, to analyze the role of main al-
loy components, to determine the role of ligature in
the hydride formation, and to study the processes of
hydrogen diffusion in the near-surface region of spec-
imens at various temperatures and pressures.

2. Research Methods

The chemical composition of the surface of researched
alloys and a modification of this composition by
varying experimental conditions were studied, by
using the secondary ion mass-spectrometry (SIMS)
method. Unlike the vast majority of experimental
techniques applied to study the surface, this method
allows hydrogen and its compounds to be detected
directly, and the changes in the composition of those
compounds to be studied depending on experimental
conditions.

Polycrystalline specimens of LaNi5, LaNi4.75Al0.25,
and LaNi4.5Mn0.5 alloys were analyzed. As primary
ions, Ar+ ions with the energy of 8 keV were used to
examine positive secondary ions, and 16 keV to ex-
amine negative ones. The current density in the pri-
mary beam amounted to 0.9–4.5 𝜇A/cm

2, which cor-
responded to the dynamic SIMS mode. The residual
vacuum in the target chamber was about 4×10−6 Pa.

The experimental installation had an energy fil-
ter with a transmission window width not exceed-
ing 10 eV, which allowed the emission intensities
of only low-energy secondary ions to be measured
in a narrow energy interval. Just those ions mostly
characterize the presence of chemical compounds
on the examined surface, as well as their composi-
tion [22]. The resolution exceeded 1000 at the half-
height of a peak. The intensities of secondary ion
emissions were measured in a dynamic range not
narrower than six orders of magnitude. If the sec-

ondary ion emissions were overlapped by mass, their
partial contributions were calculated, by following
the standard procedure using the natural isotopic
abundances.

Before the measurements, the specimens were an-
nealed in a residual vacuum at the temperature
of 750–1000 K in order to partially clean the sur-
face from chemical compounds. During the anneal-
ing, those compounds were either desorbed from the
surface or dissolved in the material bulk. After the
annealing the surface was cleaned by using the pri-
mary ion beam until the mass-spectra composition
and the intensities of secondary ion emissions were
completely stabilized. The gas phase composition and
low partial pressures of gases in a vacuum chamber
were monitored and measured, by using a gas mass
spectrometer.

3. Experimental Results
and Their Discussion

Our measurements showed that the mass spectra
of positive and negative secondary ions sputtered
from the surface of researched specimens contained
a large number of various emissions. The latter were
associated with both the alloy components – atomic
and clustered ions of lanthanum, nickel, aluminum,
and manganese, as well as ions that are combi-
nations of those elements – and the alloy impuri-
ties. The mass spectra also included emissions as-
sociated with the interaction with the gas phase,
i.e. emissions corresponding to hydrogen- and oxy-
gen-containing compounds. The emissions associated
with lanthanum prevailed in the spectra of positive
secondary ions. The emission of LaO+ ions turned
out the most intense one in the spectra of positive
ions for all three specimens. The spectra of negative
secondary ions contained intense emissions associated
with nickel including its compounds with oxygen.

When the specimens were annealed in the absence
of a primary beam, the emission of positive thermal
ions was observed. In particular, the emission of pos-
itive thermal ions of alkaline metals Na+, K+, Rb+,
and Cs+ took place for all three specimens. Further-
more, at temperatures higher than 700 K, the emis-
sion of La+ and LaO+ thermal ions was registered for
all three specimens and, besides that, the emission of
Al+ thermal ions for the LaNi4.75Al0.25 specimen, and
Mn+ for the LaNi4.5Mn0.5 was observed.
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The emission of those thermal ions can be a result
of the decomposition and desorption of oxides that
were presented on the surface from the very begin-
ning. It is their removal, complete or partial, from the
surface in order to achieve its high reactivity, i.e. a
high absorption rate and a maximum hydrogen ca-
pacity, that is aimed at the activation of specimens
in technologies connected with hydrogen storage al-
loys. The annealing and the following irradiation of
the surface with a primary beam resulted in a sub-
stantial cleaning of the specimen surface. Some emis-
sions, which are mainly associated with compounds,
disappear from the mass spectra, whereas the inten-
sities of some emissions decrease. However, even af-
ter the annealing and the beam-assisted cleaning of
the surface, the mass spectra contained the emissions
of ions of oxygen-, hydrogen-, and carbon-containing
compounds with the components of the alloys. Since
the sputtered secondary ions were fragments of sur-
face monolayers of the solid, they undoubtedly char-
acterized the composition and the amount of chemi-
cal compounds on the surface and in the near-surface
layer. Thus, the analysis of the measured mass spec-
tra testified that the surface of studied specimens was
covered, to some extent, with chemical compounds,
which included oxides, hydrides, hydroxides, and car-
bides of alloy components. Similar results concerning
the presence of chemical compounds on the surface,
which included the both alloy components, were ob-
tained in work [23] for the zirconium-vanadium alloy.

The main interest in the examined alloys con-
cerned their interaction with hydrogen. Therefore,
the dependences of the emission intensity of var-
ious hydrogen-containing secondary ions sputtered
from the specimen surface on the partial hydro-
gen pressure were measured in the target cham-
ber, first of all. These are those emissions that al-
low one to draw a conclusion about the presence and
composition of hydrogen-containing chemical com-
pounds on the surface. The mass spectra obtained at
higher partial hydrogen pressures contained a large
set of hydrogen-containing emissions of both posi-
tive and negative secondary ions. In the spectra of
positive ions, the most intense were the emissions
of hydrogen-containing ions that included lanthanum
atoms. The spectra of negative ions contained ions
that included nickel atoms. The electron affinity en-
ergy equals 0.5 eV for lanthanum and 1.15 eV for
nickel atoms [24].

The analysis of the results obtained showed that
the compositions of mass spectra and the dependen-
ces of the emission intensity on the partial hydro-
gen pressure for the secondary ions containing the
main alloy components (lanthanum and nickel) were
similar for all studied specimens. The mass spectra
contained the emissions of positive hydrogen-contai-
ning ions LaH+

𝑛 , La2H+
𝑛 (𝑛 = 1, 2), Ni𝑚H+ (𝑚 =

= 1, 2, 3), negative hydrogen-containing ions LaH−
𝑛

(𝑛 = 1, 2, 3, 4), NiH−
𝑚 (𝑚 = 1, 2), Ni𝑛H−(𝑛 = 2, 3, 4),

and some others with low intensities. Furthermore,
there were the emissions of complex hydrogen-contai-
ning lanthanum-nickel LaNiH± and LaNi2H± ions,
as well as LaOH+, LaCH+, NiOH−, and NiCH−

ones. The presence of the emissions of hydrogen-con-
taining ions with both lanthanum and nickel, as well
as complex lanthanum-nickel ions, is a direct confir-
mation that hydrogen, when being absorbed on the
surface, forms chemical bonds with the both main
alloy components. This situation is somewhat differ-
ent from the existing viewpoint that nickel atoms in
such alloys serve only for the dissociation of hydrogen
molecules, whereas lanthanum is a hydride-forming
component.

Since the dependences of the emission intensity for
positive and negative hydrogen-containing secondary
ions with lanthanum and nickel on the partial hy-
drogen pressure are similar for all studied specimens,
only the results of a series of measurements obtained
for the LaNi5 specimen are depicted in Fig. 1 as an
example.

It is worth to note that the mass spectra of nega-
tive secondary ions for all three studied alloys contain
rather an intense emission of LaH−

4 ions. A similar
emission was also observed in works [25,26], in which
various variants of SIMS were applied to study the
hydrogen-saturated LaNi5 alloy. Considering the is-
sue about the origin of such ions, one may suppose
that, according to work [27], LaH−

4 ions are formed
as a result of the combination of LaH−

2 ions with hy-
drogen molecules in the gas phase. In this case, how-
ever, the intensity dependences of those ions on the
partial hydrogen pressure would have been substan-
tially different. In an interval of rather high pressures,
where this recombination is most probable, a consid-
erable growth of the LaH−

4 emission intensity relative
to the LaH−

2 one would have been observed. However,
the experimental pressure dependences obtained for
those ions (Fig. 1) are very similar, especially in the
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Fig. 1. Dependences of the emission intensity on the partial hydrogen pressure for positive and negative hydrogen-containing
secondary ions sputtered from the LaNi5 surface. Measurements were carried out at room temperature and the current density
of primary ions 𝑗 = 4.5 𝜇A/cm2. Panel 𝑎: (1 ) LaH+, (2 ) La2H+, (3 ) LaH+

2 , (4 ) 58NiH+, (5 ) 58Ni2H+, and (6 ) Ni3H+

(𝑚 = 175 amu); panel 𝑏: (1) LaH−, (2) LaH−
2 , (3) LaH−

3 , (4) LaH−
4 , (5) 58NiH−, (6) 58Ni2H−, (7) Ni3H− (𝑚 = 177 amu), and

(8) 58NiH−
2

interval of high partial pressures, where the recom-
bination should be the most expectable. This sim-
ilarity means that, under our experimental condi-
tions, the interaction between secondary ions and
hydrogen molecules in the gas phase does not af-
fect significantly the composition of hydrogen-contai-
ning secondary ions, and their qualitative and quan-
titative compositions are governed by the processes
of sputtering from the surface and the surface com-
position.

However, the appearance of LaH−
4 ions in the mass

spectra should not be interpreted as the presence of a
chemical compound on a surface, in which a trivalent
lanthanum is chemically bonded with four hydrogen
atoms. Most likely, this emission reflects the fact that
this secondary ion is a fragment of a hydrogen-contai-
ning surface structure, in which the lanthanum atom

has no less than four hydrogen atoms in its nearest
vicinity.

A specific feature of specimens with a ligature
is the presence of some additional emissions associ-
ated with manganese or aluminum. The mass spec-
tra of secondary ions sputtered from the surface of
LaNi4.5Mn0.5 alloy, besides ions that included the
main alloy components, contained the emissions of
secondary ions with Mn. These were positive ions
Mn+

𝑛 , Mn𝑛H+ (𝑛 = 1, 2), NiMn+, NiMnH+, LaMn+,
and LaMnH+, as well as negative ions MnH−, MnH−

2 ,
MnNiH−, and MnNiH−

2 . Furthermore, the emission
of ions including manganese and oxygen (MnO− and
MnOH−) was also observed. This fact testifies that,
provided the indicated experimental conditions, the
composition of the chemical compounds, including
oxygen-containing ones, that were present on the sur-
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Fig. 2. Dependences of the emission intensity on the partial hydrogen pressure for positive manganese-containing secondary
ions sputtered from the LaNi4.5Mn0.5 surface and negative hydrogen-containing secondary ions with aluminum sputtered from
the LaNi4.75Al0.25 surface. Measurements were carried out at room temperature and the current density of primary ions 𝑗 =

4.5 𝜇A/cm2. Panel 𝑎: (1 ) MnH+, (2 ) Mn2H+, (3 ) LaMnH+, and (4 ) 58NiMnH+; panel 𝑏: (1 ) 58NiAlH−, (2 ) 58NiAlH−
2 , and

(3 ) 58Ni2AlH−

face of the specimen included all alloy components,
including manganese.

In the mass spectra of the secondary ions sput-
tered from the surface of the aluminum-doped al-
loy LaNi4.75Al0.25, the additional emissions of Al+,
NiAl+, LaAl+, LaAlO+, and Ni2Al− are observed,
as well as the hydrogen-containing emissions of com-
plex nickel-aluminum and lanthanum-aluminum ions
NiAlH+, LaAlH+, LaAlOH+, NiAlH−, NiAlH−

2 , and
Ni2AlH−. At the same time, there are no emissions
corresponding to the compounds of aluminum, as a
ligature, and hydrogen (Al𝑛H±

𝑚), at least their num-
ber is not sufficient to make an unequivocal interpre-
tation. Since complex hydrogen-containing aluminum
ions with nickel or lanthanum are fragments of surface
chemical compounds, the absence of Al𝑛H±

𝑚 ions al-

lows a conclusion to be made that, at high pressures,
hydrogen on the surface is bonded with nickel or lan-
thanum atoms rather than with aluminum ones. This
is the essential difference from the alloy with man-
ganese, for which the presence of the emissions of sec-
ondary ions of manganese, as a ligature, and hydrogen
(Mn𝑛H±

𝑚) gives ground to assume that manganese,
together with nickel and lanthanum, directly partic-
ipates in the hydride formation. Figure 2 exhibits
some examples of the emission intensity dependences
on the partial hydrogen pressure for hydrogen-contai-
ning ions with either manganese or aluminum.

The dependences of the emission intensities on the
partial hydrogen pressure measured for all studied
alloys testify to the following. As the partial hydro-
gen pressure grows, the intensities of the majority
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of observed positive and negative hydrogen-contai-
ning secondary ions significantly increase. The grow-
ing character of those dependences points to a larger
amount of hydrogen-containing compounds contain-
ing all alloy components on the surface and in the
near-surface region. As was marked above, the spe-
cific feature of the aluminum-doped alloy consists in
that, under the given experimental conditions, hy-
drogen does not form chemical bonds directly with
aluminum, unlike nickel, lanthanum, and manganese.

The analysis of our results shows that, among a
large number of sputtered hydrogen-containing sec-
ondary ions, a group of ions containing more than
one hydrogen atom stands out. For the NiH−

2 , La2H+
2 ,

LaH+
2 , LaH−

2 , LaH−
3 , LaH−

4 , LaNiH−
2 , and LaNiH−

3

ions, the dependence of the emission intensity on the
partial hydrogen pressure can be approximated by a
power function with a power exponent larger than
1 in a pressure interval from about 10−5 to about
10−3 Pa. For another numerous group of hydrogen-
containing ions, such as La2H+, LaH±, Ni𝑛H− (𝑛 =
= 1, 2, 3, 4), MnH±, as well as complex ions LaNiH±,
LaNi2H±, and NiMnH±, this approximation is also
possible; however, the corresponding power expo-
nents are different and less than 1 for all those ions.

The existence of the group of secondary ions con-
taining more than one hydrogen atom and different
from other ions by the value of the power exponent in
the power function approximating the dependence of
the emission intensity on the partial hydrogen pres-
sure gives us grounds to assume the following sce-
nario. As hydrogen is accumulated on the surface and
in the near-surface region of the specimen, a hydro-
gen-containing parent structure is formed, the char-
acteristic fragments of which are secondary ions con-
taining more than one hydrogen atom. A character-
istic feature of this compound consists in that nickel,
which is bivalent in the majority of chemical com-
pounds, has strong bonds with two hydrogen atoms,
whereas trivalent lanthanum with more than two hy-
drogen atoms. The fact that the ions typical of this
compound include the complex ion LaNiH−

2 testifies
that the formed hydrogen-containing structure in-
cludes the both main components of the alloy.

Therefore, we may assume that, under the indi-
cated experimental conditions, a hydrogen-containing
intermetallic compound is formed on the surface and
in the near-surface region of the specimen. This com-
pound is a result of the chemisorption interaction be-

tween hydrogen and alloy atoms at the specimen sur-
face. It is characterized by a definite stoichiometric
ratio. This compound should not be identified with
the bulk hydride phase of the alloy (𝛽-phase), which
is formed in the specimen bulk under significantly
higher pressures and is characterized by a number
of thermodynamic and crystallographic parameters.

The emissions of the secondary ions containing less
than two hydrogen atoms are a result of the frag-
mentation of hydrogen-containing structures located
on the surface, in which the alloy components do not
manifest their maximum valence. The growth in the
intensity of those emissions reflects only the larger
number of relevant structures or, actually, the growth
in the number of hydrogen atoms that created bonds
with alloy components in various combinations.

At room temperature and partial hydrogen pressu-
res higher than about 7 × 10−3 Pa, a hydrogen-con-
taining structure is formed on the surface and in the
near-surface region. Since the curves in Figs. 1 and 2
have a tendency to the saturation, the composition of
this structure does not undergo qualitative or quanti-
tative changes, as the partial hydrogen pressure grows
further.

The temperature is not a less important parame-
ter than the hydrogen pressure for the processes of
intermetallic alloy hydrogenation. Therefore, the de-
pendences of the emission intensities of hydrogen-con-
taining secondary ions on the specimen temperature
were measured. The measurements were performed
at a residual hydrogen pressure and, for illustrative
purposes, at the elevated partial hydrogen pressure
𝑃H2

= 3.54 × 10−4 Pa. As was in the case of the
dependences on the partial hydrogen pressure, the
temperature dependences for secondary ions includ-
ing the main alloy components, i.e. lanthanum and
nickel, are similar for all three studied specimens. As
an example, some of those dependences obtained for
secondary ions sputtered from the surface of LaNi5
specimen are depicted in Fig. 3.

The temperature dependences for hydrogen-con-
taining secondary ions including ligature atoms and
sputtered from the LaNi4.5Mn0.5 alloys, and negative
hydrogen-containing secondary ions with aluminum
sputtered from the LaNi4.75Al0.25 surface have, in
general, the same descending character. For all re-
searched specimens, the main characteristic feature
of the temperature dependences measured at the el-
evated partial hydrogen pressure is a substantial re-
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Fig. 3. Temperature dependences of the emission intensity for positive and negative hydrogen-containing secondary ions sput-
tered from the LaNi5 surface. Measurements were carried out at the elevated hydrogen pressure 𝑝(H2) = 3.54 × 10−4 Pa and
the current density of primary ions 𝑗 = 4.5 𝜇A/cm2. Panel 𝑎: (1 ) LaH+, (2 ) LaH+

2 , (3 ) La2H+, (4 ) La2H+
2 , (5 ) 58NiH+, and

(6 ) 58Ni2H+; panel 𝑏: (1 ) LaH−, (2 ) LaH−
2 , (3 ) 58NiH−, (4 ) 58Ni2H−, (5 ) Ni3H− (𝑚 = 175 amu), (6 ) Ni4H− (𝑚 = 233 amu),

and (7 ) 58NiH−
2

duction of the emission intensity with the tempera-
ture growth for practically all positive and negative
hydrogen-containing ions. The emission intensities of
those ions correlate with the amount of hydrogen-con-
taining compounds on the surface. Therefore, the re-
duction of the intensity of those emissions testifies to
the reduction of the amount of hydrogen-containing
chemical compounds.

The equilibrium coverage of the surface with ad-
sorbed particles, as well as the products of chemical
reactions between those particles and the atoms at
the solid surface, is a result of a dynamic equilibrium
between several processes. These are the adsorption-
desorption processes (because the equilibrium cover-
age is implemented provided the adsorption-desorp-
tion equilibrium between the gas phase and the sur-

face), processes of sputtering by the primary beam,
and diffusion of adsorbed particles into bulk. In the
first approximation, the parameters of sputtering pro-
cesses do not change with the temperature in the re-
searched temperature interval. Therefore, the sput-
tering affects the equilibrium coverage identically at
various temperatures. As a rule, the parameters of
diffusion processes strongly depend on the temper-
ature, especially in the case of hydride-forming al-
loys. To elucidate the role of diffusion processes un-
der our experimental conditions, the following exper-
iment was carried out.

The surface of the specimen (LaNi5) was cleaned,
by using a high-density primary beam. Then, hyd-
rogen was inlet into a chamber up to a pressure of
1.8 × 10−4 Pa with a settling time about 2 s. After-
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ward, the time dependence of the emission intensity
of the Ni2H− ion, which is typical of hydrogen-contai-
ning compounds, was measured. The primary current
density amounted to 𝑗 = 1.13 𝜇A/cm

2 in this case. A
current density lower than that used at the measure-
ment of the temperature dependences was used to di-
minish the sputtering action of a primary beam. The
exposure time amounted to 150 s. The measured time
dependences of the emission intensity of the char-
acteristic ion are shown in Fig. 4. After an expo-
sure interval of 150 s, hydrogen was evacuated for
about 1 s. The primary beam density was raised to
𝑗 = 4.5 𝜇A/cm

2, and the evolution of the emission
intensity in time, i.e. in the course of the sputtering
of a layer of formed hydrogen-containing compounds,
was measured. This procedure was repeated for vari-
ous specimen temperatures. The results obtained are
depicted in Fig. 5.

The data presented in Fig. 4 testify to the follo-
wing. First, the emission intensity of secondary ions
characteristic of the hydrogen-containing compounds
increases in time, that is quite natural. All the curves
have a tendency to the saturation. Since the regis-
tered ions were sputtered from the upper monolay-
ers, the growth of their number testifies to the in-
crease in the amount of hydrogen-containing com-
pounds, a fragment of which is the Ni2H− ion, on
the surface. Second, the emission intensity of char-
acteristic ions decreases as the exposure temperature
grows. Following the same reasons, this reduction can
be explained by the fact that, at a fixed partial hy-
drogen pressure, the growth of the specimen tempera-
ture gives rise to the formation of a smaller amount of
hydrogen-containing compounds on the surface. The
dynamic equilibrium between the adsorption, desorp-
tion, diffusion, and sputtering processes is reached
more quickly in this case, and the curves reach a
plateau more rapidly.

We roughly estimated the time dependence of the
number of sputtered monolayers for a sputtering co-
efficient value of 4. The analysis of the data obtained
(Fig. 5) allows us to draw a conclusion that, during
the exposure under the indicated partial pressure and
in the examined temperature interval, hydrogen dif-
fuses and forms an appreciable amount of chemical
bonds only to the depth of about 10 monolayers.

Besides the aforesaid, the following factors should
be emphasized. At various sputtering stages, the
amount of hydrogen-containing compounds changes

Fig. 4. Time dependences of the emission intensity of Ni2H−

secondary ions sputtered from the LaNi5 surface. Measure-
ments were carried out at the current density of primary ions
𝑗 = 1.13 𝜇A/cm2, the partial hydrogen pressure 𝑝(H2) =

= 1.8×10−4 Pa, and various specimen temperatures: (1 ) 313,
(2 ) 348, (3 ) 373, (4 ) 423, (5 ) 448, (6 ) 473, and (7 ) 498 K

in a complicated manner. If the sputtering is consid-
ered to be a process that is responsible for the compo-
sition of surface compounds, i.e. if the diffusion of hy-
drogen at measurements is not taken into considera-
tion, the data obtained in the course of the sputtering
may actually be regarded as results of the layer-by-
layer analysis. This circumstance makes it possible to
trace the dependence of the amount of hydrogen-con-
taining compounds on the exposure temperature at
various sputtering stages.

In Fig. 6, the relevant data are exhibited. The ana-
lysis of the depicted dependences testifies that, as the
sputtering begins (about 0.2 s), the amount of hyd-
rogen-containing compounds in the first monolayer
decreases monotonically (i.e. the curve decreases mo-
notonically) with the temperature growth. The next
monolayers demonstrate a tendency to have a maxi-
mum of the emission intensity at temperatures above
the initial one. In particular, the amount of hydro-
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Fig. 5. Dependences of the emission intensity of Ni2H− sec-
ondary ions on the sputtering time after the exposure under
the partial hydrogen pressure 𝑝(H2) = 1.8×10−4 Pa. Measure-
ments were carried out at the current density of primary ions
𝑗 = 4.5 𝜇A/cm2, and various temperatures: (1 ) 313, (2 ) 348,
(3 ) 373, (4 ) 423, (5 ) 448, (6 ) 473, and (7 ) 498 K

gen-containing compounds in the second (after the
5.6-s sputtering), third (after the 11-s sputtering) and
fourth (after the 17-s sputtering) monolayers increa-
ses with the exposure temperature growing from 313
to 373 K. In the fifth and deeper monolayers, the
amount of hydrogen-containing compounds increases
with the growth of the exposure temperature up to
423 K. At higher exposure temperatures, the amount
of hydrogen-containing compounds decreases for all
monolayers. Therefore, in the region from the fifth
monolayer and deeper, the maximum of the emission
intensity, and, hence, the maximum of the amount
of hydrogen-containing compounds fall in a temper-
ature interval of 373–423 K, with each next mono-
layer demonstrating a general decrease of the emis-
sion intensity.

The results presented above allow us to draw the
following conclusions. After the 150-s exposure un-

Fig. 6. Dependences of the emission intensity for Ni2H− sec-
ondary ions sputtered from the LaNi5 surface on the expo-
sure temperature at various sputtering stages: (1 ) 0.2, (2 ) 5.6,
(3 ) 11, (4 ) 22, and (5 ) 44 s

der a partial hydrogen pressure of about 10−4 Pa,
the amount of chemical compounds on the surface
monotonically decreases by several times, if the ex-
posure temperature grows to about 500 K. In deeper
monolayers, with the growth of exposure tempera-
ture, the amount of hydrogen–containing compounds
firstly increases and begins to decrease only above
about 423 K. The maximum amount of compounds
at a depth of more than five monolayers is formed in
a temperature interval of 373–423 K.

Therefore, we have grounds to assume that, un-
der the experimental conditions of this work, the pro-
cesses of hydrogen interaction with the researched al-
loys take place only on the surface and in the clos-
est near-surface region. In turn, this model makes it
possible to interpret the obtained results as those de-
scribing the initial stages of hydrogen accumulation
(hydrogenation) processes, namely, as the interaction
of hydrogen with the surface of indicated alloys, ne-
glecting its considerable diffusion into bulk as one of
the channels giving rise to the modification of surface
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Fig. 7. Temperature dependences of the emission intensity
of negative carbon-containing secondary ions sputtered from
the LaNi5 surface. Measurements were carried out under the
residual partial hydrogen pressure and at the current density
of primary ions 𝑗 = 4.5 𝜇A/cm2: (1 ) 58NiC−, (2 ) 58NiC−

2 ,
(3 ) LaC−

2 , and (4 ) LaC−
4

composition. Of course, in so doing, one should not
forget about the effects caused by a primary beam,
namely, the implantation of hydrogen recoil atoms
located on the surfaces and the ion beam mixing.

Besides the temperature dependences of the emis-
sion intensity for hydrogen-containing secondary ions,
we also measured the temperature dependences for
oxygen-containing ions of the main components of ex-
amined alloys and carbon-containing ions. As an ex-
ample, Figs. 7 and 8 exhibit the temperature depen-
dences for those secondary ions sputtered from the
LaNi5 surface, which were measured under a residual
partial hydrogen pressure.

The presence of the emissions of carbon-containing
ions is explained by the fact that carbon is present
in the bulk of polycrystalline specimens as an im-

Fig. 8. Temperature dependences of the emission intensity
of positive oxygen-containing secondary ions sputtered from
the LaNi5 surface. Measurements were carried out under the
residual partial hydrogen pressure and at the current density
of primary ions 𝑗 = 4.5 𝜇A/cm2: (1 ) LaO+, (2 ) La2O+,
(3 ) La2O+

2 , and (4 ) La58NiO+

purity. A common feature of all temperature depen-
dences of the emissions for carbon-containing ions is a
more or less strong growth of the emission intensities
with the temperature (see Fig. 7). This growth is es-
pecially intensive at temperatures above about 450 K
(58NiC−

2 , LaC−
2 ), which is most likely explained by

the fact that, at those temperatures, carbon starts to
diffuse from the bulk to the surface, where it forms
chemical bonds with alloy components.

The presence of oxygen-containing ion emissions in
the mass spectra of secondary ions is a result of the
presence of oxides as impurities in the specimen bulk
and, to a less extent, a result of the oxygen sorption
from the gas phase. As follows from Fig. 8, the emis-
sion intensities of oxide ions at temperatures higher
than about 600 K have a general tendency to grow
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with the temperature. It is reasonable to associate the
observed growth of the emission intensities of oxygen-
containing ions with the intensification of oxide for-
mation processes at those temperatures.

4. Conclusions

Our researches show that, under ordinary conditions,
the surface of the specimens of LaNi5, LaNi4.75Al0.25,
and LaNi4.5Mn0.5 alloys, which are mainly used as
hydrogen storage materials, is covered with a layer of
chemical compounds including oxides, hydrides, hy-
droxides, and carbides of alloy components. The re-
search of the initial stages of interaction processes be-
tween those alloys and hydrogen indicates that, in the
course of hydrogen accumulation, a hydrogen-contai-
ning structure is formed on the surface and in the clos-
est near-surface region. The characteristic fragments
of this structure are secondary ions that contain more
than one hydrogen atom. As follows from the compo-
sition of secondary ions and the dependences of the
intensities of their emission on the partial hydrogen
pressure, a characteristic feature of this surface struc-
ture consists in that nickel atoms are bound with two
neighbor hydrogen atoms, whereas lanthanum atoms
with more than two neighbor hydrogen atoms.

The formed hydrogen-containing structure includes
the both main alloy components (La and Ni) for all
studied alloys, although only lanthanum is conven-
tionally considered to be a hydride-forming element
in such alloys. In the case of LaNi4.5Mn0.5 alloy, man-
ganese, being an additional alloy component, also
enters the composition of this hydrogen-containing
structure and directly participates in the hydride for-
mation processes. In the case of LaNi4.75Al0.25 spec-
imen, aluminum, unlike manganese, forms no di-
rect chemical bonds with hydrogen in appreciable
amounts. In other words, the aluminum atoms in this
alloy do not directly participate in the hydride for-
mation processes, in a sense that they do not form
chemical bonds. Their main role consists in a recon-
struction of the crystal lattice.

The research of the temperature dependences of the
emission intensity for hydrogen-containing secondary
ions showed that the amount of hydrogen-containing
compounds on the surface and in the near-surface re-
gion decreases, as the temperature grows. This reduc-
tion is associated, first of all, with a reduction of the
sticking coefficient for hydrogen molecules.

The research of the time dependences of the emis-
sion intensity for secondary ions that characterize the
presence of hydrogen-containing compounds on the
surface, which were measured at various specimen
temperatures during the hydrogen adsorption stage,
and when the formed surface compounds were sput-
tered, showed the following. In the course of the hy-
drogen adsorption, the amount of hydrogen-contai-
ning compounds formed on the surface and in the
near-surface region monotonically decreases, as the
temperature increases, and the equilibrium coating
by those compounds is attained more rapidly. In the
examined temperature interval, hydrogen diffuses in
appreciable amounts to the depth of about 10 mono-
layers. Therefore, under the experimental conditions
realized in this work, the processes of hydrogen in-
teraction with the studied alloys take place only at
the surface and in the closest near-surface region. In
turn, this conclusion makes it possible to interpret
the obtained results as the initial stages of hydroge-
nation processes, neglecting the substantial hydrogen
diffusion into bulk as one of the channels to change
the surface composition.
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ВIМС ДОСЛIДЖЕННЯ ПОВЕРХНI СПЛАВIВ
НА ОСНОВI ЛАНТАНУ

Р е з ю м е

У роботi представленi результати дослiдження поверхнi iн-
терметалевих сплавiв LaNi5, LaNi4,75Al0,25 та LaNi4,5Mn0,5

методом вторинної iонної мас-спектрометрiї. Показано, що
при парцiальних тисках водню 10−7–10−2 Па i температу-
рах 300–900 K процеси взаємодiї водню з дослiджуваними
сплавами мають мiсце тiльки на поверхнi та у найближ-
чiй приповерхневiй областi. У температурному iнтервалi вiд
кiмнатної до 500 К водень дифундує в помiтних кiлькостях
на глибину до 10 моношарiв. При збiльшеннi температури
кiлькiсть воденьвмiсних сполук на поверхнi та в приповерх-
невiй областi зменшується, а кiлькiсть карбiдiв i оксидiв
компонентiв сплавiв збiльшується. З накопиченням водню
на поверхнi утворюється воденьвмiсна структура, у якiй
атоми нiкелю хiмiчно пов’язанi iз двома атомами водню,
а атоми лантану – бiльш нiж з двома.
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