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W N e

Abstract: The alloy TiFe is widely used as hydrogen storage material. However, the first hydro-
genation is difficult. It was found that the addition of zirconium greatly improves the kinetic of
first hydrogenation, but the mechanism is not well understood. In this paper, we report the use of
scanning photoemission microscopy to investigate the composition and chemical state of the various
phases present in this alloy and how they change upon hydrogenation/dehydrogenation. We found
the presence of different oxide phases that were not seen by conventional SEM investigation. The
nature of these oxides phases seems to change upon hydrogenation/dehydrogenation cycle. This
indicates that oxide phases may play a more significant role in the hydrogen absorption as what was
previously believed.

Keywords: scanning photoemission microscope; metal hydride; phase composition; first

hydrogenation; TiFe alloy

1. Introduction

Intermetallic TiFe-compounds are attractive hydrogen storage materials due to their
low cost, elemental abundance, and near ambient temperature and mild hydrogen pressure
absorption. In recent years, their use has been demonstrated to be successful in a number
of large-scale stationary applications [1-4]. The main disadvantage is the slow activation
(first hydrogenation) properties of TiFe, requiring high temperatures (about 400 °C) and
pressure of ca. 50 bars [5]. Usually, the first hydrogenation has a long incubation period that
may vary with alloy composition and pressure/temperature conditions. This behaviour
is associated with an oxide surface passivation layer. Improvement of activation could be
achieved in many ways. One is mechanical activation through ball milling, high-pressure
torsion and other severe plastic deformation techniques [6—10]. Presently, the most common
solution for better first hydrogenation and cycle life is to partly substitute Fe by Mn. This
result in the formation of secondary phases reactive to hydrogen that enhances the first
hydrogenation properties [11].

Recently it was shown that TiFe with 4 wt.% Zr greatly improved the first hydrogena-
tion kinetics, after processing the sample via ball milling [12]. The faster hydrogenation
kinetics of the processed samples compared to the as-cast sample has been attributed to
the reduction of crystallite sizes and formation of new grain boundaries (increase of their
relative volume) with longer ball milling times. However, the ball milled samples also
showed a decreased hydrogen storage capacity compared to the as-cast sample, likely due
to the formation of grain boundaries that enhanced hydrogen diffusion but did not store
hydrogen in their structures. Analysis concluded that the improved kinetics was not related
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to the rate-limiting step of the first hydrogenation, since all samples fitted well with a 3D
growth, with the growth interface velocity of diffusion decreasing with time.

Another effective approach to improve the activation of TiFe is via element substitution
using transition metals (TMs), such as Mn, Cr, and Zr [13,14]. Doing this also affects kinetics,
thermodynamics and cyclability of the TiFe-based materials. Substituents can influence the
structural properties of the alloys, for instance via formation of secondary phases [15-17],
or altering hydride phase stability. Studies have shown that the first hydrogenation of TiFe
was achieved at room temperature by adding Zr [18-20].

Previous investigation has shown that the TiFe + 4 wt.% Zr alloy is composed of a TiFe
main phase with a Zr-rich secondary phase [12,18,20-22]. This mechanism is somewhat
similar to the one seen for the Ti (Fe, Mn) alloys [11]. In this paper, we investigate the role
of the composition of the phases in the hydrogenation behaviour. Our hypothesis is that
the improvement in kinetics is caused by the specific microstructure [21] and chemical
composition of the secondary phase. The zirconium-rich phase acts as a gateway for
hydrogen to reach the TiFe phase and thus makes the hydrogenation much faster than in
pure TiFe. Additionally, the variation of composition at the interface matrix/secondary
phase may play an important role in the transfer of hydrogen from the secondary phase to
the matrix.

2. Results and Discussion
2.1. As-Cast Sample

Figure 1 shows a survey spectrum of the cast TiFe + 4 wt.% Zr. Beside the constituent
elements oxygen indicates oxidation at the surface and there is a small amount of carbon
contamination coming from handling the sample. As the fine chemical state, e.g., oxide vs.
metallic, cannot be distinguished in such a survey, in the following, we will focus on the
detailed core level spectra.
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600 400
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Figure 1. Survey spectrum of as-cast TiFe + 4 wt.% Zr.

The elemental distribution of as-cast TiFe + 4 wt.% Zr is shown in Figure 2. From
previous investigations it is known that this alloy is made of two phases: a main TiFe
phase along with a Zr-rich secondary phase [20,22]. This is confirmed by the present
measurement. It should be pointed out that the region of interest was selected to mainly
investigate the secondary phase. Therefore, these mappings do not reflect the true relative
abundance of the main (TiFe) and secondary phase. The figure shows that iron is relatively
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uniformly distributed through the alloy while titanium abundance is slightly reduced in
the TiFe phase. The most interesting feature is the higher abundance of zirconium at the

edge of the secondary phase.

Elemental
distribution
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Figure 2. Element distribution in as-cast TiFe + 4 wt.% Zr. Zr (a,b), Ti (c,d), Fe (e f). Raw data: (a,c,e),

Elemental distribution (b,d,f).

The abundance of zirconium at the edge of the secondary phase was quantified
in a previous investigation [19]. Figure 3 is a typical micrograph and table of element
concentration in the different regions. The matrix is TiFe phase (Space group Pm-3 m,
structure type CsCl) with small amount of Zr substituting for Fe. The grey secondary phase
is also close to the TiFe phase with more zirconium replacing iron. At the edge of the
secondary phase, the bright area contains zirconium and also more titanium. This is in

agreement with Figure 2.
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Figure 3. Element distribution in as-cast TiFe + 4 wt.% Zr. (adapted with permission from ref. [19],
2016, Elsevier).

This concentration of zirconium at the edge of the secondary phase is most likely
due to the metastable state of the alloy. As shown by Patel et al., after heat treatment
at 1173 K for 24 h, the secondary phase is more concentrated in zirconium while the
amount of zirconium in the TiFe phase is almost zero [23]. The secondary phase was
also found to be uniform with no sign of zirconium concentration at the edges. They
also show that the first hydrogenation was practically impossible for the heat-treated
alloy. Therefore, the metastable state and the variation of composition at the interface
matrix/secondary phase may play an important role in the transfer of hydrogen from the
secondary phase to the matrix. The exact crystal structure of the secondary phase is under
investigation. Preliminary results from neutron diffraction points toward a hexagonal
MgZn,-type structure.

As the bulk composition of the matrix and secondary phases are relatively close, it is
important to probe the electronic structure of each element in these phases to see if there is
a difference (for instance if the chemical state of iron is different when it is situated in the
matrix or in the secondary phase).

The ESCA (Electron Spectroscopy for Chemical Analysis) microscopy measurements
have been performed to accurately measure the element’s concentration at the boundary
between these two phases and also to probe the chemical state of each element. This will
possibly help us understand if zirconium-rich phase can act as a gateway for hydrogen to
reach the TiFe phase and thus making the hydrogenation much faster than in pure TiFe.

The measurements showed that a good spatial resolution was achieved and that the
chemical state of the elements could be verified, with the chemical state of iron being
different when situated in the matrix or in the zirconium-rich secondary phase. Zirconium
content changes within the zirconium-rich phase, with more zirconium at the edge between
the bright phase and TiFe phase.

2.2. As Cast Powder

Figure 4 shows the SPEM (scanning photoemission microscope) analysis of the as-cast
powder; images in the first column (panels (a), (e) and (i)) show the photoemission maps
recorded by collecting photoelectrons at the Zr 3d, Ti 2p and Fe 2p core levels, respectively.
The three maps appear very similar because the contrast is dominated by the topography
of the powder sample. In the second column (panels (b), (f) and (j)) the corresponding
background subtracted maps are shown (see experimental section). They represent the
elemental concentration of each atomic species in the probed area. The brighter the region,
the higher the concentration of elements. The areas at the left and right side appearing very
dark in the contrast are regions completely shadowed where the applied algorithm is not
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able to properly remove the topographic contribution. They should not be considered in
the analysis.
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Figure 4. Element distribution and spectra of Ti, Fe and Zr in as-cast TiFe + 4 wt.% Zr. Zr (a-d),
Ti (e-h), Fe (i-1). Raw data: (a,e i), Elemental distribution (b,f,j). Reduced/oxidized distribu-
tion (¢,g k). Spectra (d,h,1).

Point A shows the presence of all three elements. This could be associated with TiFe
alloy with a small amount of Zr as was seen in a previous investigation. In the case of point
B, only Zr and Ti were detected. This is a somewhat puzzling observation because a Zr-Ti
phase has not been detected in previous investigations of TiFe + x wt.% Zr. However, as Ti
and Zr are totally miscible, this is possible. As Fe could not enter in solid solution in Zr but
Ti is miscible, it is reasonable to consider that the Zr-rich region may have more Ti than Fe,
especially at the very edge of the secondary phase.

The map in panel (b) shows an uneven distribution of the Zr; the change of the
signal intensity between the darker and brighter areas is about 25%. The Zr 3d spectra
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acquired at positions A and B, labelled in panels (a) and (f), show two different surfaces
chemical compositions. The spectrum at position A appears as a single typical Zr 3d
spin-orbit doublet with the Zr 3d5,, peak centered at 182.5 eV binding energy (BE) while
the spectrum at position B is the convolution of the same component at 182.5 eV BE with
a less intense one with its Zr 3ds,, peak centered at 179 eV BE. Due to the presence of
well-separated convoluted components, the peaks of spectrum B are broader. The peak at
lower binding energy can be associated with reduced Zr in the 0/+1 valence state while the
main component corresponds to Zr in the +3/+4 valence state typical of chemically stable
zirconium oxide phases [24].

The Zr 3d spectra acquired at positions A and B, labelled in panels (a) and (f), show
two different surfaces chemical compositions. As the reduced and oxidized components
of Zr were well separated in energy, it was possible to select the energy windows of the
two chemical states and calculate the ratio of the corresponding images. The map in panel
(c) shows the ratio between reduced and oxidized Zr; despite the Zr is everywhere mostly
fully oxidized, brighter/darker areas indicate a lower/higher presence of a weak reduced
Zr, as shown by the Zr 3d core level spectra in panel (d).

The background subtracted map of Ti 2p shown in panel (f) evidences large changes
in the concentration of titanium; the intensity in the brightest areas is twice that in the
darker ones. To some extent, the Ti and Zr maps (panels (f) and (b), respectively) are
complementary, i.e., regions with a higher Zr content show less Ti (e.g., region B). The Ti 2p
core level spectra acquired at points A and B show two chemically different environments;
spectrum B has the typical line shape of the TiO, with the Ti 2p3/, centered at 458.6 eV in
good agreement with literature references [25]. The spectrum acquired at position A has
an additional shoulder at 455.8 eV binding energy compatible with a +2 valence state [26].
As done for the Zr in panel (c), the image corresponding to the ratio between reduced
and oxidized Ti is shown in panel (g). The changes in the contrast suggest an uneven
distribution of the ratio, with a higher local amount of Ti resulting in a higher contribution
of the +4 oxidation state.

Finally, the same analysis is proposed for Fe. Panel (j) shows the distribution of this
element on the surface of the probed area. As also evidenced by the two spectra acquired
in points A and B, reported in panel (1), regions with and without Fe are present. Spectrum
A is dominated by a peak centered at 710.8 eV binding energy corresponding to Fe,O3 [27].
The image with the ratio of the reduced and oxidized Fe is shown in panel (k) indicating a
rather uniform contrast except in the regions where there is no iron.

Taking into account that the beam penetration is only of the order of 1 or 2 nm for Zr
and Ti and even less for Fe the absence of Fe may be due to small migration of Fe upon
oxidation of the edge of the secondary phase.

2.3. Hydrided Sample

Figure 5 shows the elemental distribution and spectrum of Ti, Fe and Zr on a fully
hydrogenated sample. Before discussing these results, we should point out that the sample
was kept under hydrogen until close to the measurement in order to keep its hydrided
state. However, the time delay between hydrogenation and the measurement and also the
fact that the measurement is performed under high vacuum under intense beam means
that some phases of the sample may no longer be in a hydrided state. Therefore, caution
should be exercised in the analysis of these results.

Three different points have been probed. Point A consists only of Ti and Fe atoms.
This is in agreement with the main TiFe phase. The spectra of Ti and Fe do not show any
shift in energy. This is consistent with the fact that this phase is most probably dehydrided.
Point B only shows Zr and Fe signals. The Zr spectrum is fully oxidized but there is a
small bump in the Fe spectrum at 717 eV. This may be an indication of the formation of a
Zr-Fe-H phase. Raj et al. have shown that the high temperature phase Zr,Fe could form the
intermetallic hydride Zr,FeHy hydride at a temperature as low as 250 K under hydrogen
pressure less than 0.5 atm [28]. Oxygen-containing compounds could also be hydrided as



Inorganics 2023, 11, 26

7of 11

demonstrated by Zavaliy et al. on the hydrogenation of for example TiyZr<Fe;Oy [29].
Regarding point C, the three elements are present, but their spectra show an oxidation state.
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Figure 5. Element distribution and spectra of Ti, Fe and Zr in hydrogenated TiFe + 4 wt.% Zr.
Zr (a—d), Ti (e-h), Fe (i-1). Raw data: (a,e i), Elemental distribution (b,fj). Reduced/oxidized
distribution (c,g k). Spectra (d,h,1).

2.4. Dehydrided Sample

The dehydrided elemental distribution and spectra are shown in Figure 6. Point A is
TiFe alloy with basically no Zr present. This is associated with the main TiFe phase. The
Ti and Fe spectra are mostly oxidized. Point B is Ti-Zr phase as seen in the as-cast alloy,
however there are main differences. In the as-cast alloy both Ti and Zr in this phase showed
some state of oxidation but here, oxidation is apparent only in the Zr spectrum. The Ti
spectrum of points A and B indicates a TiO, phase. Finally, point C is only Zr precipitate
that is also oxidized.
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Figure 6. Element distribution and spectra of Ti, Fe and Zr in dehydrogenated TiFe + 4 wt.% Zr.
Zr (a—d), Ti (e-h), Fe (i-1). Raw data: (ae i), Elemental distribution (b,f,j). Reduced/oxidized
distribution (c,g k). Spectra (d,h,1).

3. Materials and Methods

The as-cast sample of composition TiFeZr0.05 (TiFe + 4 wt.% Zr) was synthesized by
arc melting. Details are given in ref. [12]. After synthesis, a part of the alloy was cut and
polished for the as-cast investigations. The other part was crushed in an argon-filled glove
box. The crushed powder was then hydrogenated at room temperature under 20 bars of
hydrogen pressure using a home-made Seivert apparatus. After hydrogenation a part of
the sample was taken out of the reactor. This fully hydrided sample is thereafter identified
as hydrided hydrogenated TiFe + 4 wt.% Zr. The remaining part was desorbed at room
temperature under dynamic vacuum for a period of two hours. This sample is identified as
dehydrided TiFe + 4 wt.% Zr.

Photoemission measurements were performed by using the scanning photoemission
microscope (SPEM) hosted at the ESCA Microscopy beamline at Elettra synchrotron facility
(Trieste, Italy) [30]. A SPEM uses a direct approach to obtain spatial resolution consisting
in the focalization of the incoming X-ray beam with Fresnel Zone Plate (ZP) optics. The
X-ray microprobe can reach a dimension of 120 nm. The optical setup is completed by an
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Order Sorting Aperture (OSA) positioned between the sample and the ZP selecting the
first diffraction order and removing the undesired orders. Photoelectrons are collected
by a SPECS PHOIBOS 100 hemispherical electron analyzer provided with a 48-channels
electron detector.

The SPEM can operate in two modes: imaging and submicron-spectroscopy. In the first
mode, the distribution of an atomic element or chemical state is mapped by synchronized
scanning the sample with respect to the focused photon beam and collecting photoelectrons
within a selected electron kinetic energy window, corresponding to the electron energy
level of the element of interest. The multichannel electron detector, where each channel
measures electrons with a specific kinetic energy, defined by the selected energy window,
allows the simultaneous collection of 48 images. This adds a spectro-imaging option, i.e.,
the reconstruction of the spectrum corresponding to the covered energy window from a
selected area from subdomains of the main map [31]. The second mode is the microprobe
spectroscopy providing spectroscopic information from the selected spot onto the sample
with a higher spectral resolution.

Contrast in the photoemission maps reflect the intensity variations of the number
of photoelectrons detected at each specific position in the image and for an 8 eV binding
energy window centered around the given energy. Such number depends on the number
of atoms associated with the specific core level acquired in the illuminated spot, their
chemical state and the surface topography. The photoemission yield increases/decreases
if the probed surface is more normal/grazing to the electron analyzer axis. In order to
remove the topographical contribution from the maps, an algorithm was applied consisting
in dividing the map acquired at a specific core level by that collected at its higher kinetic
energy background. The resulting so-called “peak/background” map will show only the
chemical contribution [31]. Exceptions are the areas completely shadowed where the low
count rates generate fake values.

Measurements were carried out using 650 eV photon energy and an overall spectral
energy resolution of 220 meV in microspot spectroscopy and 490 meV in imaging mode.
More details on the multi-channel data acquisition and processing can be found in ref. [31].

4. Conclusions

In this paper the microstructure and microchemistry of TiFe + 4 wt.% Zr was investi-
gated in detail. The photoemission map of the as-cast alloy confirmed the higher abundance
of zirconium at the edge of the zirconium-rich secondary phase. The edge is also the site of
a Zr-Ti phase that was not detected using conventional SEM. The reduced /oxidized ratio
was determined for all elements. It was found that, for zirconium, this ratio is higher in
the zirconium-rich region while for titanium it is higher in the region with low content of
titanium. In the case of iron, the reduced /oxidized ratio is constant.

The hydrided sample showed the presence of a possible Zr-Fe hydride phase. There is
also a Zr-Fe-O phase that could be a hydride. In the dehydrided sample the TiFe phase was
not oxidized, and in the Ti-Zr phase, oxidation is only on Zr.

The general conclusion is that in the TiFe + 4 wt.%Zr alloy there is a wide range
of different oxides. As the nature of the various oxide phases change upon hydrogena-
tion/dehydrogenation, it may indicate that these oxides play a more important role in the
hydrogenation than what was previously believed.
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