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SIMS STUDY OF THE SURFACE
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OF TiFe HYDRIDE FORMING ALLOY

The surfaces of specimens of TiFe hydrogen storage alloy have been studied with the use of
secondary ion mass spectrometry. Even after the annealing of a specimen in vacuum and its
cleaning with an ion beam, a substantial part of its surface is shown to remain coated with
a bulky layer composed of oxides, hydrides, hydroxides, and carbides. This layer has to be
taken into account when considering problems dealing with the kinetic parameters of hydride

formation.
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1. Introduction

The ability of some metals and alloys to reversibly
absorb hydrogen in significant amounts stimulated
the emergence of a number of technological solutions,
in which this phenomenon is used in practice. This
became possible because of a unique combination of
properties inherent to the metal/hydrogen system: a
capability to achieve extremely high bulk densities of
hydrogen atoms (0.09-0.1 g/cm?) in the metal lattice,
wide operational intervals of temperatures and pres-
sures, a selective character of the hydrogen absorption
process, and some others. Owing to substantial efforts
of researchers, a large number of hydrogen storage
alloys (HSAs) have been synthesized for their appli-
cation to various domains of technology and power
engineering [1-3]. Besides the heat of hydride forma-
tion and the absorption ability, the main parameters
of HSAs, which determine the efficiency of their prac-
tical application, include the rates of hydration and
dehydration, the hysteresis degree, and the stability
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with respect to the action of impurities contained in
hydrogen.

Numerous experimental researches of HSAs aimed
at optimizing their properties, which were carried out
earlier, were mainly devoted to the modification of
their component composition. However, a number of
issues — in particular, the role of the material sur-
face — have been analyzed much less extensively. The
surface plays a crucial role in the processes of inter-
action between the solid and gas phases and, thus,
affects the entire complex of the problems associated
with the parameters of a material used for the hydro-
gen storage. When studying the hydrogen sorption-
desorption processes, it is rather important to know
the chemical composition of external monolayers on
the surface.

The surface of an arbitrary metallic material is
always covered with a smaller or larger amount of
chemical compounds depending on experimental con-
ditions [4]. To a great extent, those compounds gov-
ern the parameters of surface interaction with the gas
phase. A clean surface can be obtained only as a re-
sult of special tricks, which are often difficult to be re-
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alized. The method of secondary ion mass spectrom-
etry (SIMS) turned out useful, when being applied
to study the composition of chemical compounds on
the material surface. Together with its high sensitiv-
ity, SIMS possesses the unique ability to detect hy-
drogen. This method makes it possible to detect the
presence of hydrogen and hydrogen-containing chem-
ical compounds on the surface and in the near-surface
layer, as well as to reveal composition modifications in
those compounds depending on specific experimental
conditions [5].

This work is devoted to the mentioned issue, na-
mely, to the research of the chemical individuality
that characterizes the surface of TiFe hydride-for-
ming intermetallic alloy under various experimental
conditions. The binary alloy TiFe, along with a num-
ber of intermetallic compounds, alloys, and compo-
sites, possesses an unique ability to reversibly ab-
sorb a significant amount of hydrogen from the gas
phase. This alloy is of practical interest as a mate-
rial for metal-hydride accumulators intended to be
used for the hydrogen storage, transportation, and
compression. The hydrogen capacitance of TiFe alloy
reaches 1.86 wt% at the number of hydrogen atoms
per formula unit H/M = 0.975, and the reversible ca-
pacitance equals 1.5 wt%. TiFe alloy has a body-cent-
red cubic (BCC) structure. Its absorption isotherm
has two well discernible plateaux, which points to the
existence of two hydride phases [6-8]. Being charac-
terized by moderate hydrogen sorption characteris-
tics, TiFe alloy is rather attractive because of its low
cost and the availability of corresponding raw mate-
rials. All that classifies it as a promising material for
technologies used for the hydrogen production, stor-
age, transportation, and compression.

TiFe-based alloys are hydrides with the dissocia-
tion pressure close to the atmospheric one at tem-
peratures slightly above room temperature [6-8]. The
major shortcomings of the HSAs of the TiFe type
are the necessity of their activation, a high sensitiv-
ity to gas impurities in molecular hydrogen, and a
considerable hysteresis at the absorption-desorption
processes [9].

To simplify the activation of TiFe alloy, an excess of
titanium is introduced into it. TiFe alloy is hydrated
following the reactions of the types

TiFe + 1/2H, — TiFeH,
TiFeH + 1/2H, — TiFel,.
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All alloys that are based on the TiFe system and
used in practice are often doped with Mn, Cr, Co, Ni,
and V.

2. Experimental Technique

Monolithic specimens of TisgFeso alloy were irradi-
ated with a beam of Ar" ions with an energy of 8 or
16 keV, when analyzing positive or negative, respec-
tively, secondary ions. The residual vacuum in the
target chamber amounted to 4 x 10~% Pa, when mea-
suring the mass spectra, and 1 x 10 Pa, when study-
ing the dependences of the secondary ion intensity on
the hydrogen partial pressure and the target temper-
ature. The current density in the primary beam was
varied from 1.5 to 10 A /em?, which corresponded to
the dynamic SIMS mode [10].

The experimental installation was equipped with
an energy filter, which allowed us to measure the
emission intensity of only low-energy secondary ions,
the latter providing the most complete information
about the presence and composition of chemical com-
pounds on the examined surface [11]. The emission
intensities of secondary ions were measured in a dy-
namic range not narrower than six orders of magni-
tude. Before the measurements, the specimens were
annealed in the residual vacuum at a temperature
of about 1000 K in order to partially clean the sur-
face from chemical compounds, which had been ei-
ther desorbed or dissolved in the material bulk dur-
ing the annealing. The annealing in the absence of a
primary beam was accompanied by the emission of
positive thermions of alkaline metals Na®™, KT, Rb™,
and CsT. At temperatures above 650 K, the emission
of thermions Tit and Fe™t, as well as TiOT, TiO,™T,
TiO3*, and TipOT, was also observed. This fact is
a direct confirmation of the surface cleaning through
the decomposition and desorption of chemical com-
pounds (oxides and hydroxides).

After the annealing, the surface was cleaned, by us-
ing a beam of primary ions till the full stabilization
of the mass-spectrum composition and the emission
intensities of secondary ions. The gas phase compo-
sition was monitored and the partial pressure of hy-
drogen was measured with the help of a gas mass
spectrometer MX 7304 after its required calibration.

3. Experimental Results
and Their Discussion

The analysis of the results obtained testifies that the
mass spectra of positive and negative secondary ions

ISSN 2071-0194. Ukr. J. Phys. 2017. Vol. 62, No. 3



SIMS Study of the Surface of TiFe Hydride Forming Alloy

1, arb.un.

5 g
= S
2
100 .‘ @ *,:E -
_ o o 5 & &
L 2 M = F =
10 _ = Z,,. T . & 9 ,
+ ®) o o Nv/-\ g jam +
° 2 5«8 L - S g
1 % s o jus o 5’
o ~— o
59 a5 Lh < [5) ~
2| E S s g
[ = o [ o
2 =
ER N . “ \ HHH HHH\H” il ‘\.H I ‘| N
LR | T T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 180 200 220 240

Fig. 1. Panoramic mass spectrum of positive secondary ions sputtered from the surface of a specimen of TiFe alloy at room
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Fig. 2. Panoramic mass spectrum of negative secondary ions sputtered from the surface of a specimen of TiFe alloy at room
temperature in the residual vacuum, and at a primary beam current density of 1.5 uA/cm2

contain a considerable number of emissions associated
with the matrix material. These are atomic and clus-
ter Ti and Fe ions and intermetallic ions of titanium
and iron. There are also a considerable number of
emissions corresponding to the compounds of matrix
atoms with hydrogen, oxygen, and carbon. Figures 1
and 2 demonstrate examples of mass spectra obtained

for the positive and negative ions sputtered from the
alloy surface.
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Before proceeding to the discussion of compositions
of the mass spectrum, the following circumstances
have to be marked. Since the sputtered ions are frag-
ments of the surface and near-surface monolayers of
the solid, they characterize the composition and the
number of chemical compounds on the surface and in
the near-surface layer. However, the emission of one-
and even two-atomic secondary ions is not very infor-
mative as a rule, because those ions can be fragments
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of absolutely different chemical compounds located on
the surface. At the same time, the emission of com-
plex ions composed of several atoms characterizes, to
a large extent, the “parent” structure, i.e. the atomic
complex that the ionized fragments are knocked out
from [12,13].

Information about the composition and the state
of the surface, which is obtained by analyz-
ing those emissions, is more reliable. From this

viewpoint, the emissions of FeO3(H)", Fe,O(H)™,
FQQOQ(H)+7 F6203(H)+, rrlOg(I‘I)—i_7 TIQO(H)+,
TiyOo(H)*, TiyOs(H)*, Ti,O4(H)*, TizO(H)",
TigOQ(H)Jr, TigOg(H)Jr, TiF603(H)+, TiFQQOQ(H)Jr,

TiFe;O3(H) ™, and other ions, which are observed in
the presented mass spectrum, are the most interes-
ting. The presence of such emissions in the spectrum
gives us ground to consider that, under the indicated
experimental conditions, the surface of researched al-
loy specimens is covered with chemical compounds,
which includes oxides, hydrides, hydroxides, and car-
bides. Furthermore, the both alloy components, ti-
tanium and iron, form chemical compounds with
oxygen, hydrogen, and carbon. Some of those com-
pounds have a three-dimensional structure, because
it is rather improbable that a secondary ion contain-
ing more than five atoms, e.g. TiFe;O3(H)™, would
be a fragment of the two-dimensional structure in-
herent to the monolayer coating.

The presence of such chemical compounds is mainly
associated with the interaction between the surface
and the gas phase components. This assertion is con-
firmed by the fact that, when the vacuum conditions
were improved to a residual pressure of 1 x 107 Pa,
a substantial decrease in the emission intensity of
ions containing oxygen and the OH group was reg-
istered. Simultaneously, the increase in the emis-
sion intensities of cluster ions TiFet, TiFeyt, TisFe™,
and TisFes™ was observed. This fact testifies to the
cleaning of the alloy surface from oxides and hydrox-
ides. A certain contribution to the composition of sur-
face compounds is also made by impurities in the
bulk. As a whole, this situation is typical of com-
plex metallic objects under similar experimental con-
ditions [5, 14, 15].

In this work, TiFe alloy was considered from the
viewpoint of its hydrogen-sorption properties. There-
fore, the dependences of the secondary ion current on
the partial pressure of hydrogen in the target chamber
were measured first of all. In Fig. 3, some of them,
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which were registered for a number of emissions, are
depicted.

We should note that, in the case of TiFe speci-
men, a considerable number of emissions for mul-
tiatomic secondary ions, which are the most infor-
mative with respect to the composition of chemical
compounds on the surface, overlap one another in the
mass coordinate. Their resolution following the stan-
dard procedure, which takes the natural abundance
of isotopes into account, can insert an unacceptably
high error. For this reason, in Fig. 3, the dependences
are presented for those secondary ions, whose identi-
fication is not difficult. Since such ions are fragments
of the “parent” surface structure, their dependences
on the partial pressure of hydrogen give us a general
idea concerning the transformation of chemical com-
pounds on the surface.

The analysis of experimental dependences testifies
that the increase of the partial pressure of hydrogen
in a target chamber from 8 x 10~7 to 9 x 10~2 Pa
gives rise to the emission intensity growth. Further-
more, for the majority of secondary ions, their depen-
dences have tendency to be saturated at high pres-
sures. Only the emissions for oxide and carbide ions
remain almost invariable. The emissions for hydride
ions demonstrate the largest growth. In particular,
the emission intensities for hydride ions of separate
alloy components and for complex ions of the type
Ti,Fe,, H, as well as more complicated ones, in-
crease by one to two orders of magnitude. The ion
emission for hydroxides has a smaller growth. Those
facts give us ground to assume that a bulk layer
of chemical compounds consisting of the hydrides
and hydroxides of the alloy components is formed on
the specimen surface within the indicated interval of
the partial hydrogen pressure and at room temper-
ature. The absence of features like jumps or cusps
in the presented dependences testifies to a regular
character of the formation of hydrogen-enriched com-
pounds on the surface with the hydrogen flux growth.

In order to determine how the specimen temper-
ature affects the processes of interaction of a speci-
men with hydrogen and to trace changes in the sur-
face composition at the heating, the temperature de-
pendences of the emission intensities were measured
for various secondary ions in a temperature interval
from room temperature to 900 K. In the case of hy-
dride ions, the measurements were carried out at the
partial hydrogen pressure Py, = 3.5 x 10~% Pa. The
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Fig. 3. Dependences of the emission intensity on the hydrogen partial pressure in a target chamber
for positive secondary ions sputtered from the TiFe alloy surface at the temperature 7' = 293 K and a
primary beam current density of 6.0 uA/cm?; panel a: HT (1), 0TiHT (2), 56FeHt (3), S°TiOHT (4),
56FeOHT (5), TiFeHT (m = 105 amu) (6), 4®TiO* (7), and CHt (8); panel b: 48Tixt (1), 48Ti;Ht

(2), *8TigHaT (8), *8Ti2Ct (4), and *8Ti;CHT (5)

corresponding temperature dependences obtained for
some emissions are depicted in Fig. 4. Their analysis
shows that, when the temperature grows from room
temperature to about 900 K, the emission intensities
for the hydride ions of alloy components decrease by
two to three orders of magnitude. The emission inten-
sities for carbide ions remain almost constant. For the
oxide ions TiO™" and TiFeO™, some intensity growth
is observed at temperatures above 600 K.

Hence, the temperature growth gives rise to a re-
duction in the amount of hydrogenous chemical com-
pounds (hydrides of alloy components) on the sur-
face and a qualitative modification of their compo-
sition. This is a result of a decrease of the hydrogen
sorption from the gas phase (owing to the diminishing
of the sticking coefficient as the temperature grows),
a reduction of the temperature stability of hydrides,
and an intensification of the desorption from the sur-
face. The measured temperature dependences for the
ions of alloy component oxides provide an additional
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confirmation that a considerable fraction of the alloy
surface is covered with a bulky oxide layer.
According to the modern viewpoint [7,16], the for-
mation of metal hydrides in the hydrogen atmosphere
includes a few stages. The surface stages include the
physical adsorption and dissociation (atomization) of
adsorbed Hs molecules. The diffusive stages include
the bulk diffusion and diffusion of hydrogen atoms
along the grain boundaries in the material giving
rise to the formation, first, of an interstitial solid so-
lution (a-phase) and, afterward, metal hydride (f-
phase). The formation of hydride phases consists in
the nucleation of grains, their growth, and solid-phase
transformations. The metal hydride is characterized
by a substantially higher content of hydrogen atoms
and their ordered arrangement in the crystal lattice.
Our researches demonstrate that this description
is a little simplified. The analysis of the registered
mass spectra of secondary ions, as well as their de-
pendences on the temperature and the hydrogen par-
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Fig. 4. Temperature dependences of the emission intensity for positive secondary ions sputtered from
the surface of the TiFe alloy specimen at the hydrogen partial pressure Py, = 3.5 x 104 Pa and a
primary beam current density of 6.0 pA/cm?; panel a: 48Tit (1), 36Fet (2), 4¥TiO* (8), °6FeO™ (4),
TiFet (m = 104 amu) (5), TiFeOT (m = 120 amu) (6), and *8TiC* (7); panel b: Ht (1), 43 TiHt

(2), 36FeHT (3), TiFeHt (m = 105 amu) (4), *8Ti2H* (5), and CHT (6)

tial pressure, makes it possible to assert that, even
after the annealing of the specimen in vacuum and
a long-term cleaning of its surface with the use of a
primary beam, a substantial fraction of the specimen
surface remains covered with a bulky layer of chem-
ical compounds including hydrides, oxides, carbides,
and hydroxides. Therefore, we have every reason to
believe that hydrogen molecules are not adsorbed on
a clean surface of the material with their subsequent
diffusion into the specimen bulk; instead, this is a
surface covered with a bulky layer of chemical com-
pounds. The penetration of hydrogen through this
layer is governed by a number of elementary physico-
chemical processes. Diffusion is the main component
of those processes.

Since hydrogen diffuses into the material as hydro-
gen atoms, the energy parameters of the surface asso-
ciated with its chemical composition and the dynam-
ics of this composition variations depending on ex-
ternal conditions are important. It is evident that the
rate of hydrogen molecule dissociation into atoms and
their further diffusion are substantially different from
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those for the clean surface and the surface covered
with chemical compounds. One should pay attention
that the preparation of a clean surface in the case
of real materials and under real experimental condi-
tions is a very hard task. On this basis, when dis-
cussing the issues concerning the formation of metal
hydrides, it is necessary to consider the processes of
hydrogen sorption not only on a clean alloy surface,
but also on a surface covered with oxides, hydrides,
hydroxides, and carbides, as well as the processes of
diffusion through those coatings.

In order to determine the role of each alloy compo-
nent in the hydride formation process, similar tem-
perature dependences and dependences on the hy-
drogen partial pressure were measured for pure ti-
tanium and pure iron specimens. The measurements
showed that the dependences obtained for some typi-
cal secondary ions sputtered from the surface of each
pure metal had no principal differences from the cor-
responding dependences obtained for ions sputtered
from the alloy surface. This fact allowed us to draw a
conclusion that the association of titanium and iron
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atoms into a common crystal lattice substantially
modifies the bulk lattice properties with respect to
its hydrogen accumulation ability, but does not in-
troduce additional factors that could affect the com-
position of chemical compounds on the surface.

4. Conclusions

Our researches have shown that, under environmen-
tal conditions, a significant fraction of the surface of
TiFe hydride-forming alloy, which is used as a hydro-
gen storage material, is covered with a bulky layer of
chemical compounds: oxides, hydrides, hydroxides,
and carbides. This fact has to be taken into consid-
eration, when analyzing the processes of metal hy-
dride formation, because the surface state of the al-
loy substantially affects the dissociation of hydrogen
molecules at the adsorption, and the process of dis-
sociative chemisorption plays a crucial role for the
diffusion and accumulation of hydrogen in the al-
loy bulk. Therefore, the dependence of the hydrogen-
sorption properties of the alloy, in particular, the ki-
netic parameters of hydride formation on its surface,
on the processes of dissociative chemisorption of hy-
drogen implies a possibility to modify those proper-
ties by purposefully changing the state or the compo-
sition of chemical compounds on the alloy surface.
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BIMC JOCJIII2KEHHS ITOBEPXHI
I'aApnaI0YTBOPIOIOYOI'O CIIJIABY TiFe

PeszwowMme

MeTo/1oM BTOPUHHOI iI0HHOT Mac-CIEKTPOMETPIT IIPOBEIEHO 0-
CJII?KeHH# ITOBEPXHI 3pa3KiB CIJIaBy-HAKONNYyBa4da BOAHIO Ti-
Fe. ITokazaHno, mo HaBiTh micjs Bignasy B BakyyMi i oudwniien-
HeI IOHHUM ITy9IKOM 3HAaYHA JYaCTUHA IIOBEPXHI 3pa3KiB IOKpUTa
006’€MHUM IMIAPOM OKCHJIB, TIAPHUIIB, TiIPOOKCUIIB i KapOimis.
HasBHicTs Takoro mapy HeoOXi/fHO BpaxXxOBYyBaTH IPU PO3IJIs-
Il IUTaHb, IOB’A3aHUX 3 KIHETUIHUMH IIapaMETPaMU IIPOIECiB
riIpuIoy TBOPEHHS.
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