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ARTICLE INFO ABSTRACT

Handling Editor: Dr. E.A. Veziroglu This study investigates the activation behavior of TiFeg go-Xo.20 (X = Co, Cu, Cr, Al) alloys to identify the most
effective substitutions for improving hydrogen absorption kinetics. Activation was tested using two methods: a
Sievert Volumetric Apparatus at room temperature and 64 bar of hydrogen, and high-pressure differential
scanning calorimetry with 50 bar hydrogen under thermal cycles up to 400 °C. Activation properties were
analyzed by assessing time for incubation and for full charging, that are influenced, respectively, by surface and
bulk diffusion of hydrogen. In addition to phase composition, the choice of substituting elements directly affects
diffusion-related parameters, such as hydrogen diffusion coefficients and activation energy, thereby influencing
the kinetics of activation even in the absence of phase changes. Results showed that Cr-substituted alloys are
rapidly activated, owing to the presence of TiCrp compound, similarly to Al-containing alloys that absorbed
hydrogen immediately. In contrast, Co- and Cu-substituted alloys required extended activation times, due to less
quantity of secondary phases and limited diffusion channels. The results provide a comparative basis for alloy
selection and design of TiFe-based materials for hydrogen storage systems operating under moderate conditions.
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1. Introduction

According to the International Energy Association, electricity con-
sumption per capita at the global level increased by 58 % during
1990-2018 [1]. On the other hand, thanks to the increase in use of
renewable energies, the CO, emission per capita raised much less at the
global level (i.e., 14 %). These values are very different considering
different areas, as demonstrated by the difference in energy consump-
tion and CO3 emission among Europe (5.60 MWh/capita*year and 5.72
tCOy/capita*year), Africa (0.57 MWh/capita*year and 0.98 tCOy/ca-
pita*year) and Asia (6.04 MWh/capita*year and 8.58 tCOo/capita*year)
[1]. The difference in the CO5 emission in different areas is the result of
the diverse penetration of renewable sources in energy production [2].

The use of hydrogen as an energy vector has garnered global atten-
tion as a key element for addressing the geopolitical, social and envi-
ronmental challenges stemming from the substantial increase in energy
consumption. Hydrogen technologies represent a potential solution for
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storing surplus electricity generated by intermittent renewable sources,
which exhibit significant temporal and geographical fluctuations, in
dispatchable fuels. This alternative offers numerous advantages,
including capacity for prolonged storage, and a superior energy-to-
weight ratio in comparison to alternative fuels. However, there exists
a converse relationship in terms of energy-to-volume ratio, representing
a drawback for hydrogen storage. This limitation can be addressed by
enhancing energy density by constraining hydrogen in a reduced volume
[3]. Various methodologies can be employed for hydrogen storage,
encompassing compressed gas, liquid and solid-state. Amid the array of
plausible hydrogen storage methods, solid hydrogen carriers emerge as a
promising solution due to their ability to achieve substantial volumetric
densities (>80 kg/ms) relative to compressed (~30 kg/ms) or liquid
hydrogen (~40 kg/m>) [4]. Furthermore, the handling of hydrogen in
metal hydrides proved to be a safer alternative compared to liquid or
compressed gas [5].

The most widely recognized compounds for hydrogen storage
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applications are TiFe and its modifications, achieved by substituting Ti
or Fe with other metals [2,6]. Despite its promising hydrogen storage
capacity, challenges related to material activation and sloped hydrogen
absorption/desorption plateau pressures hinder the use of pure TiFe
[7-12]. In recent years, various attempts to enhance the hydrogen
storage properties of TiFe have primarily focused on elemental substi-
tution. The substitution of elements forming high stability hydrides (e.
g., Nb, Zr, V) to the Ti site can modify the strength of the hydrogen-metal
bonds, while the incorporation of elements forming low stability hy-
drides (e.g., Cu, Ni, Co, Mn, Al) into the Fe site can improve the acti-
vation process [6].

TiFe alloys (atomic radii, rrj = 0.147 nm and rge = 0.126 nm) with
different additions have been widely investigated [13]. The substitution
of Fe with Co (r¢, = 0.125 nm) decreases the first plateau pressure and
reduces hydrogen absorption capacity, forming only the monohydride
[13-16], while in the as-cast state, it increases the second plateau
pressure [13,17]. Cu substitution (rcy; = 0.128 nm) expands the cell
parameter and lowers the first plateau pressure. This substitution and
the formation of the Fe,O3 phase improve the activation [13,18,19]. Cr
(r¢r = 0.128 nm) promotes Ti(Fe,Cr), formation, accelerating activation,
stabilizing the first plateau, but shortening the second one [13,20,21].
TiFe-Cr alloys are hard and brittle, facilitating pulverization and
improving kinetics, though its effect on hysteresis remains debated [22,
23]. Al substitution (ra; = 0.14317 nm) enhances kinetics, but leads to
sloped plateau, increases equilibrium pressures, reduces absorption ca-
pacity, and inhibits y-hydride formation, while lowering hysteresis due
to valence electron differences [13,16,24,25].

One of the main challenges of using TiFe alloys for hydrogen storage
lies in their poor activation at room temperature, due to the presence of
surface oxide layers and low intrinsic hydrogen diffusivity. These issues
prevent effective hydrogenation without high-pressure or high-
temperature pretreatment [6,26]. The activation process has been
studied extensively and usually requires harsh conditions such as ther-
mal cycling at 400-500 °C under hydrogen pressures above 60 bar, often
over multiple absorption/desorption cycles [27]. The mechanism in-
volves surface cracking due to volume changes during cycling, pro-
gressively exposing fresh metallic TiFe. Some authors have proposed
mechanical treatments or phase engineering (e.g., introducing TiFey or
B-Ti) as ways to facilitate activation under milder conditions [28-35].
Nonetheless, traditional TiFe alloys still require severe activation pro-
cedures, which limit their practical applicability.

Therefore, understanding how different alloying elements affect both
surface and bulk properties is critical to develop TiFe-based materials
with lower activation barriers and faster hydrogen uptake.

This paper explores the activation process of TiFe alloys with the
addition of a third element, analyzing compositions such as
TiFeo.g()CO().g(), TiFE()AgoCll().g(), TiFeo_gocro.zo, and TiFeO_soAlo_zo [28] . The
study investigates how these elements influence the alloy’s crystal
structure and microstructure, but also directly modify hydrogen-related
transport properties, such as the hydrogen diffusion coefficient and the
activation energy for diffusion. These parameters are crucial to under-
standing activation behavior, even in the absence of significant changes
in phase composition. Notably, the Cr-containing alloy exhibits superior
absorption and activation properties, enhanced by a secondary phase
that facilitates hydrogen uptake. Additionally, annealing plays a crucial
role in tuning the alloy’s properties, as revealed in both Al- and
Cr-modified samples.

In this work, we focus specifically on the activation behavior of TiFe-
X alloys, which represents a major bottleneck for practical hydrogen
storage applications. Although the thermodynamic hydrogen storage
properties, such as plateau pressure and hysteresis, are also crucial, the
activation process under moderate conditions is often the limiting step
for system design and integration. Therefore, this study aims to elucidate
how different substituting elements influence hydrogen absorption ki-
netics and activation parameters, providing insights that are directly
applicable to real-world storage scenarios.
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2. Materials and methods
2.1. Synthesis and processing

An amount of 10 g of each alloy was prepared from the parent ele-
ments by arc melting (Edmund Biihler Arc Melter D-7400) under vac-
uum (10~* bar). Raw materials, provided by Alfa Aesar and Thermo
Scientific, are Ti Grade 1 (minimal purity 99.99 %), Fe (minimal purity
99.97 %), Al (minimal purity 99.999 %), Co (minimal purity 99 %), Cr
(minimal purity 99.99 %), Cu (minimal purity 99 %).

Samples were obtained by weighing the three elements in the correct
proportions, based on the desired chemical composition: TiFeg ggCoq.20,
TiFeo.gocuolgo, TiFE().goCro_zo and TiFeolgoAlo.zo. In the case of Cr and Al
additions to TiFe, samples were annealed in a furnace (Carbolite STF 16/
180 tube furnace) for 5 days at 1000 °C under dynamic vacuum 103
bar), leading to annealed TiFeq goCrg.20 and annealed TiFeq ggAlg 20-

The resulting ingots were crushed in air with a hammer to chunks,
and part of them were finely grounded with a mortar and pestle to obtain
fine powder in air.

2.2. Characterization

2.2.1. Powder X-ray diffraction

In order to do a structural characterization of the as-synthesized al-
loys, the synthesized powders obtained from the chunks were analyzed
with X-ray Diffraction (XRD) analysis and subsequently stored in air at
ambient conditions. The XRD analysis was conducted using a Malvern
Panalytical Empyrean Diffractometer in the Bragg-Brentano configura-
tion, equipped with Cu-Ka radiation (A = 1.5406 A) and a 1Der detector
that reduces the fluorescence interference.

XRD patterns were collected in air at room temperature, with an
acquisition time of 240 s per step, spanning from 5° to 124° in 26.
Qualitative analyses were carried out using the X-Pert High Score soft-
ware, and a Rietveld refinement was performed for quantitative and
crystal structure analysis using the Maud software [5]. LaBe standard
was used to obtain a standard XRD pattern for the Maud software
calibration.

2.2.2. Scanning Electron Microscopy

The samples chunks were hot embedded in a conductive resin and
polished for Scanning Electron Microscopy (SEM) analysis to investigate
the microstructure of the as-cast and annealed samples. The examina-
tions were carried out using a Field Emission Gun - Scanning Electron
Microscopy (FEG-SEM) instrument, specifically the Tescan 9000. Energy
Dispersive X-ray Spectroscopy (EDS) elemental measurements were
performed on the embedded samples at 20 keV and 1 nA.

2.2.3. Hydrogen sorption properties

Activation properties were assessed by Pressure-Composition-
Isotherm (PCI) and High-Pressure Differential Scanning Calorimetry
(HPDSC) measurements, using a PCT-Pro by Setaram and a DSC 204 HP
Phoenix by Netzsch, respectively.

For the PCI measurements, approximately 2 g of sample were loaded
into a stainless-steel sample holder in air, then evacuated under primary
vacuum at 300 °C for 1 h and activated by exposing it to pure gaseous
hydrogen (Nippon gases, 99.9999 %) at room temperature. Each ab-
sorption cycle was done at 64 bar of hydrogen (45 bar in the case of Co
alloy) and room temperature, followed by a 30 min desorption cycle at
room temperature and a 30 min evacuation using a rotary pump (1072
bar) also at room temperature.

The activation temperature of 300 °C was selected as the maximum
working limit of the Sievert apparatus used in this study. While higher
activation temperatures are commonly applied in literature (e.g.,
400-500 °C [27]), these values are not always compatible with com-
mercial systems or energy-efficient protocols. Moreover, minimizing
activation temperature is beneficial for practical applications,
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particularly in the context of large-scale hydrogen storage systems,
where thermal budgets and energy consumption play a key role. To
further investigate temperature effects, HPDSC experiments were per-
formed up to 400 °C, allowing a controlled study of thermal activation
under elevated pressure and dynamic conditions.

HPDSC measurements were carried out by loading, inside the glove
box, the samples (approx. 60 mg) into Al crucibles, which contained a
hole in the top lid to allow H, to enter in the sample holder. Once the
crucibles were loaded into the instrument chamber, the Ar atmosphere
was removed using a primary vacuum at room temperature.

The HPDSC activation process involved a heat treatment under dy-
namic primary vacuum, where the temperature gradually increased at a
uniform rate of 5 °C/min, starting from room temperature and reaching
400 °C, followed by 30 min isotherm at 400 °C and a subsequent cooling
down to room temperature was carried out at 5 °C/min.

Following the heat treatment, the sample was held at 40 °C for 3 h,
while being exposed to 50 bar of hydrogen for activation. Afterwards,
the sample underwent several heating-cooling cycles at a rate of 5 °C/
min from 40 °C to 400 °C under a static hydrogen pressure of 50 bar.
During heating, endothermic processes were typically observed, result-
ing in desorption peaks, while during cooling, exothermic processes
were generally seen, leading to absorption peaks. This cycling process
was repeated multiple times, and the sample was considered fully acti-
vated when the absorption and desorption behavior became reproduc-
ible for at least five consecutive cycles.

3. Results and discussion
3.1. Chemical and structural characterization

Fig. 1 shows the backscattered electron (BSE) images of all the
samples, providing a visual overview of the matrix and secondary phases

present in the TiFe-X alloys. The identification of these phases was
supported by EDS point analysis reported in Table 1 and further
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corroborated by XRD and Rietveld refinement (see Table 2), ensuring
reliable phase assignment based on both morphology and composition.

In these images, the matrix phase is the dominant feature, with
secondary phases appearing as distinct regions. The quantity of sec-
ondary phases is minimal compared to the matrix in most samples.
These phases, which depend on the third element (X) added to the alloy,
can be seen in the BSE images as areas with different grey tones, cor-
responding to different compositions. In Al-based as-cast alloy, the
matrix itself exhibits two distinct grey tones, indicative of compositional
inhomogeneity present after the synthesis.

Table 1 presents the results of the EDS analysis, showing the com-
positions of the different phases present in the investigated alloys. The
standard deviation was calculated using its formula, based on the square
root of the variance of the measured values.

In all samples, the Ti content in the main (matrix) phase ranges from
49 at% to 52 at%, while the sum of the Fe and X contents are between 49
at% and 51 at%. As such, this matrix phase can be attributed to the TiFe
phase. The compositional balance between Fe and X indicates that X
substitutes Fe in the TiFe structure, in line with previous reports [29].

In Co-based alloy, a secondary phase with a high Ti content (72 at%)
was observed, that, from the ternary phase equilibrium diagram, sug-
gests the presence of Tiy(Fe,Co) phase, essentially a TipFe phase where
Fe is partially replaced by Co [30].

When Cr was added, a secondary phase with a significant Cr content
formed, with 17 at% Cr in the as-cast sample and 27 at% Cr after
annealing. The ratio between Ti:(Fe,Cr) matches that reported in the
literature for the Ti(Fe,Cr); phase and the phases suggested by the
ternary phase equilibrium diagram [31,32].

In the case of Al-based as-cast alloy, the matrix exhibited composi-
tional inhomogeneity, evidenced by variations in composition detected
through EDS analysis (Table 1) and the differing grey nuances observed
in the BSE images (Fig. 1). The observed compositional inhomogeneity
within the TiFe matrix in Al-based as-cast alloy is particularly intriguing
when considering the pseudo-binary (Figure S 2) and the ternary phase
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TiFe (2)
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s
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Fig. 1. BSE metallographic images of all samples by SEM.
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Table 1
Sample list, nominal composition, observed phases and elemental analysis of phases in at%, with the respective standard deviation, as obtained by EDS quantitative
analysis.
Sample Nominal Composition Phase Phase Composition
Ti (at%) Fe (at%) X (at%) Ti (at%) Fe (at%) X (at%)
TiFeg g0C00.20 51.3+0.2 39.0 £0.1 9.7 £0.2 TiFe 51.3+0.3 38.5+ 0.9 10.2 £1.1
TisFeaOy 60.7 £ 1.7 33.7+1.2 5.7 £ 0.5
Tiy(Fe,Cr) 72.3 £5.3 23.5+ 4.6 43 +0.9
TiFep goCuo.20 51.1 £0.1 39.5+ 0.6 9.4 +0.5 TiFe 50.8 £ 0.2 40.6 +£ 0.3 8.7 +0.4
TisFeoOx 63.0+1.8 294 +1.4 7.6 £0.8
TiFe( g0oCro.20 51.2 +£ 0.2 38.4+0.5 10.4 £ 0.7 TiFe 52.4 £ 0.4 40.7 £ 0.6 6.9 + 0.9
TisFeoOy 69.0 + 2.0 21.4+1.9 9.6 £ 0.3
Ti(Fe,Cr)2 442+ 1.1 39.2+1.8 16.6 = 0.9
TiFe( goCro.20 annealed 51.0 £ 0.2 39.1 £0.2 9.9 +0.1 TiFe 51.6 £0.1 40.2 £ 0.2 8.2+0.3
TisFeoOy 61.3+1.8 29.7 +£ 2.4 9.0 £ 0.6
Ti(Fe,Cr)2 41.6 + 0.6 31.7 £ 0.8 26.7 £ 1.4
TiFeq.goAlo.20 50.6 = 0.1 378 £0.1 11.6 £0.1 TiFe (1) 48.7 £ 1.0 41.1 +£2.3 10.2+1.3
TiFe (2) 50.3£1.1 37.2+ 3.0 124+ 2.2
TisFey04 (1) 61.8 £ 3.1 25.8 £ 2.6 12.4 + 0.5
TisFe0x (2) 69.3 + 1.5 16.7 £ 1.3 14.0 £ 0.2
TiFeq goAlp 20 annealed 50.5 +£ 0.2 37.8+£0.1 11.8 £ 0.1 TiFe 50.5+£0.1 39.5+0.2 10.1 £ 0.2
TisFesOy 65.6 £ 0.3 22.8 £0.3 11.7 £ 0.3

Table 2

Phase distribution and lattice parameter a of the CsCl-type TiFe phase for all the alloys presented in this work, as determined by Rietveld refinement of XRD data. For
the cell parameters of the other phases see Table S 1. The ICDD reference numbers are as follows: TiFe (00-019-0636), TiCr, (00-049-1716), TisFe,Oy (00-005-0696).
*For sample Al-based as-cast alloy, two lines are reported because the matrix is inhomogeneous, resulting in two distinct compositions and corresponding cell pa-

rameters, which are presented in separate lines.

Sample TiFe a (A) Matrix (wt%) TisFey04 (Wt%) Ti(Fe,Cr), (Wt%)
TiFe(.80C00.20 2.978 + 0.001 97.7 £ 0.1 23+0.3 -
TiFeq.goCuo.20 2.997 + 0.001 99.0 £ 0.1 1.0£0.2 -
TiFeg.50Cro.20 2.998 + 0.001 86.0 + 0.1 - 14.0 + 0.4
TiFeq.goCro.20 annealed 2.998 + 0.001 90.4 + 0.1 1.0 £0.2 8.6 + 0.4
TiFeq goAlp.20* 3.034 + 0.001 39.1+15 1.1+0.1 -
3.008 + 0.001 59.8+ 1.6 - -
TiFe( goAlg 29 annealed 3.028 + 0.001 100 - -

diagram [33]. While the nominal composition of Al-based as-cast alloy
falls within a region where only a single TiFe phase is expected at
equilibrium, it is located near a boundary where two distinct bec phases
coexist. This proximity raises the possibility that local fluctuations in
composition, and minor deviations from equilibrium conditions could
result in the partial stabilization of two slightly different bcc phases.
Given the rapid cooling conditions inherent to arc melting, it is likely
that the system did not fully equilibrate, leading to the formation of
compositionally distinct regions within the matrix. This is further sup-
ported by the fact that, after annealing, only a single TiFe phase is
observed, indicating that the initial inhomogeneity was a
non-equilibrium effect that disappeared upon achieving thermodynamic
equilibrium. In all samples, the EDS analysis revealed the formation of a
secondary phase, which shows the presence of oxygen with a Ti to (Fe,X)
ratio of 2:1 that, from results reported in the literature, suggests the
presence of a Tis(Fe,X)20x phase [26,34,35].

The compositional analysis also indicated that X is present in the
oxide phase. In the case of the as-cast Al-substituted alloy, this oxide
phase also displayed two slightly different compositions, as shown in
Table 1. This inhomogeneity was resolved after the annealing process,
resulting in a homogenized matrix and only one composition for the
oxide phase.

The XRD patterns of the as-cast and annealed alloy powders (Fig. 2)
were acquired to confirm the presence of the phases observed by EDS
analysis. Results of the Rietveld refinement of XRD patterns are reported
in Table 2.

The phases detected by XRD are in good agreement with the analysis
performed with the EDS; however, in most cases, their quantities could
not be determined by XRD being the collected signal below the detection
limit. The exceptions are the phase Ti(Fe,Cr), and the oxide phase,

which in most cases were present in sufficient amounts to be quantified
by XRD (Table 2). Therefore, the presence of the oxide phase Ti4(Fe,
X)20x was confirmed. Due to the compositional variability of the Ti4(Fe,
X)20x phase, both in terms of the substituted metal X and the oxygen
content x, slight shifts in the diffraction peaks are expected across
different samples. This is consistent with the lattice parameter variations
reported in Table S 1. This phase has been documented in the literature
with a variable composition, showing no significant changes in the
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Fig. 2. X-ray diffraction patterns of as cast alloys and the annealed ones.



F. Garelli et al.

lattice constant [34]. As a result, determining the precise stoichiometry
of the oxide phase based on the cell parameter alone is not feasible.
Furthermore, the identified Ti(Fe,Cr), phase is a C14 Laves phase. From
the EDS analysis it is clear that the ratio Ti:(Fe,Cr) matches that reported
in the literature for the Ti(Fe,Cr); phase [31]. This phase has a Fe:Cr
ratio that makes it more likely to be TiFey phase rather than Ti(Fe,Cr)o,
due to the higher Fe content compared to Cr. Nevertheless, XRD data
suggest that both phases could be present, as TiFe; and Ti(Fe,Cr)2 only
differ in the shift of their peaks, and the experimental peaks are posi-
tioned at a 20 angle intermediate between those of the two phases.

From the Rietveld analysis of the XRD patterns of the Cr-containing
alloys and it is possible to see that, after annealing, the amount of Ti(Fe,
Cr), phase decreases from 14 wt% to 8 wt% (Table 2). This effect is
particularly noticeable in the case of the addition of Al, which promotes
significant compositional inhomogeneity within the matrix, as evi-
denced by the double peaks in the pattern. However, this issue was
resolved after alloy annealing, which not only promotes matrix ho-
mogenization, but also leads to the formation of a single oxide phase
with a well-defined composition.

The lattice parameters of the cubic CsCl-type TiFe phase are reported
in Table 2, and, in the case of Al-based annealed alloy, it is in good
agreement with literature values (a = 3.015 A [25]), while, for the other
alloys, there is a lack of data in the reference literature. A detailed ex-
amination shows a slight variation in the lattice constant of TiFe phase,
which is linked to the atomic radius of the substituting element. Spe-
cifically, for Co, Cu, and Cr, the lattice parameter increases, ranging
from 2.978 A (Co) to 2.998 A (Cr). This is consistent with the observa-
tion that Co, Cu, Cr, and Ti can substitute Fe in the TiFe structure. In
alloys containing Cr and Cu, the lattice parameter increases because
these elements, along with Ti, have larger atomic radii than Fe. Conse-
quently, when they substitute Fe, the unit cell expands. The largest cell
parameters are that of the Al-containing alloy, because of Al greater
radius compared to the other substituting elements. After annealing, the
cell parameter, 3.028 A, becomes close to an average of values found for
the two slightly different TiFe phases in the as cast alloy, reflecting the
compositional homogenization of the matrix [24].

3.2. Hydrogen sorption properties

The activation behavior of pure TiFe has been extensively reported in
literature, often requiring 8-10 absorption/desorption cycles at 500 °C
and 65 bar Hj to achieve saturation [68]. In this study, we performed
activation at 300 °C using our Sievert apparatus, which represents the
highest achievable temperature with our setup. While this may appear
lower than typical literature values, it reflects a more application-
oriented condition compatible with many industrial systems. Lower
activation temperatures are also desirable in view of energy savings and
operational simplicity. To complement the isothermal activation data,
HPDSC experiments were conducted at higher temperatures (up to 400
°C), providing insight into the effect of temperature on the activation
kinetics under controlled dynamic conditions. Overall, the results show
that several of the alloyed compositions tested exhibit effective
hydrogen absorption even at 300 °C, highlighting the potential of sub-
stitutional elements to lower the activation barrier and enable more
energy-efficient storage solutions.

3.3. PCI activation

The first hydrogenation cycle is reported for all the alloys in Fig. 3(a),
with Fig. 3(b) providing a zoomed view to better illustrate the incuba-
tion time. This incubation time refers to the Hy exposure needed before
hydrogen sorption begins, and it is determined by observing the onset
time of the curve. It is important to note that the curves in Fig. 3 do not
present any point precisely at the origin of the graph and this is a
consequence of the experimental procedure. Indeed, in the measure-
ment setup, when 64 bar (45 bar in case of Co-based alloy) of hydrogen
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are introduced into the chamber, there is an initial phase during which
the chamber gradually fills and stabilizes at 64 bar before the actual
measurement is recorded. During this brief interval, estimated in a few
seconds, which precedes the start of the measurement, the alloy may
already begin to absorb a small amount of hydrogen. Consequently, the
capacity at time t = 0 is not exactly zero and it represents the lag time
between the moment when the alloy is first exposed to hydrogen and the
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Fig. 4. Maximum storage capacity in each cycle for all alloys as a function of
the activation time. Each point represents the last values of each absorption
cycle, and so the highest H, capacity reached in each absorption cycle.
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measurement start. It corresponds to the time required for the pressure
to stabilize before the formal measurement begins. This distinction is
critical for accurately interpreting the data and understanding the
hydrogen absorption behavior of the alloy from the onset time, and it is
particularly evident for Al-based as-cast and Al-based annealed alloys.

In Fig. 4, the maximum storage capacity achieved in each cycle is
plotted against the Hy exposure time for all alloys, rather than the
number of cycles, since different alloys reach their maximum capacity at
different times, leading to variations in cycle duration. Therefore, a
representative cycle-based analysis is provided in Figure S 3, where
hydrogen uptake is plotted as a function of cycle number for selected
compositions. This highlights the saturation behavior over successive
activation cycles. This figure also illustrates the total activation time,
which refers to the overall Hy exposure time needed to reach the first
cycle where the sample achieves its maximum storage capacity. For the
Cr-substituted alloys, the maximum storage capacity is reached during
the first cycle, but the true reversible storage capacity is realized in the
second cycle. As will be described in more detail later, this initial drop in
capacity is due to the irreversible absorption of Hy by Ti(Fe,Cr), phase.
Therefore, for both alloys, activation is considered complete at the end
of the second cycle.

If we consider the incubation time (Fig. 3 and Table 3), both Al-based
samples showed a low incubation time (instant absorption), followed by
Cr-based alloys (1-2 min), Cu-based alloy (5 min) and Co-based alloy
(12 min). If the total time for activation is considered (Fig. 4 and
Table 3), Al-based as-cast alloy and Cr-based samples fully activate in
less time (5 and 2-6 h, respectively) than the other alloys, followed by
Cu (10 h), Al (20 h), and finally, Co (29 h) based alloys.

Among all the investigated compositions, Cr-based alloys exhibited
the fastest and most complete activation. This is likely due to the pres-
ence of the Ti(Cr,Fe); phase, which, unlike pure TiCr,, has been shown
to readily absorb hydrogen in multiphase TiFe-based alloys under
moderate conditions Ti(Fe,Cr)y [21,36]. Its hydrogenation contributes
to the activation process by creating microcracks and fresh surfaces,
thereby facilitating hydrogen diffusion through the matrix. That is also
why the as-cast Cr-based alloy, which has more Ti(Fe,Cr), phase
compared to the annealed alloy (14 wt% and 8 wt% respectively,
Table 2) has a slightly lower incubation time (1 min and 2 min,
respectively, Table 3) to start hydrogen absorption. Thus, in multiphase
alloys, the Ti(Fe,Cr)2 phase preferentially hydrogenates over TiFe. Hy-
drogenation of the secondary phase causes volume expansion, gener-
ating numerous cracks and exposing fresh surfaces in the matrix phase,
that serve as pathways for hydrogen migration [21]. Therefore, sec-
ondary phases present at grain boundaries can be easily reached by
hydrogen atoms by diffusion, enabling their hydrogenation, with a
consequent change in volume and, eventually, the brake of the alloy
powder with a detachment of the grains and an exposure of fresh surface
ready to be hydrogenated [37-39]. It is therefore of importance to take
into account the presence of secondary phases at the grain boundaries
that can easily absorb Hy in the activation process, due to their evident
aid in the initiation of the activation process. In the case of the studies
alloys, the Ti(Fe,Cr), phase can be considered as a facilitator for fast
activation [36].

Table 3

Data for the activation at room temperature and with H, (Sievert apparatus). Inc
t is the incubation time, which is the duration needed to initiate hydrogen ab-
sorption. t represents the minimum exposure time to H, required to achieve full
activation.

P (bar) %H (wt%) T (°C) Inc t (min) t(h)
TiFe(.80C00.20 45 1.5 22 12 29
TiFeg.goCuo,.20 65 1.4 20 5 10
TiFeg.8oCro.20 62 1.5 23 1 6
TiFeg goCro oo annealed 61 1.7 23 2 2
TiFeg goAlo 20 65 1.1 21 0 5
TiFe( goAlp.20 annealed 63 1.1 24 0 20
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A similar mechanism applies to other alloys, though they lack the
presence of secondary phases. However, the as-cast alloy Al-based alloy
exhibits significant compositional heterogeneity, creating defects which
can act as fast diffusion channels for hydrogen. In the absence of a high
hydrogen-affinity phases, such as Ti(Fe,Cr),, the incubation time is
longer than for Cr-containing alloys (1-2 min for as-cast and annealed
alloys, respectively, Fig. 3 and Table 3). In the case of both Al-based
samples, there is no phase like Ti(Fe,Cr), that promotes hydrogen ab-
sorption. However, they exhibit no incubation time (Table 3), as they
begin absorbing hydrogen immediately upon contact with it. In fact, for
the as-cast alloy, as mentioned earlier, compositional inhomogeneity
plays a crucial role. In the case of the annealed alloy, the same behavior
occurs, despite its compositional homogeneity. It is likely that the
initiation of hydrogen absorption is facilitated by the addition of Al due
to its electronic effects. As extensively discussed in the work of Nambu
et al. [40], the amount of hydrogen stored in the TiFe-X alloy is influ-
enced by the strength of the Ti-X bond. A weaker bond results in a lower
quantity of hydrogen being stored, while a stronger bond correlates with
a higher hydrogen storage capacity. Additionally, it is noted that, in the
period of the table of elements, the bond strength decreases with the
atomic number of element X [40]. Based on these considerations, along
with the atomic numbers of X and the findings from this study, as well as
the bond energies of the Ti-X [41], it can be deduced that the Ti-Al bond
is stronger than the others. This stronger bond, in turn, favors the ab-
sorption of hydrogen, as demonstrated by Nambu et al. [40].

In the other alloys that lack a high-affinity secondary phases and
have matrix’s high compositional homogeneity, incubation times are
significantly longer (5-15 min for Cu-based alloy and Co-based alloy
alloys respectively, Table 3).

A key factor to consider in TiFe-based alloys activation, particularly
first hydrogenation and incubation time, is the presence of a passivating
surface oxide layer. In fact, TiFe-based alloys inherently contain ternary
oxides, due to Ti high affinity for oxygen and the immiscibility of oxygen
in the TiFe-based alloy matrix [34]. As commonly stated in the litera-
ture, in TiFe based alloys, a TigFe3O oxide layer forms on the surface,
creating a passivating oxide layer that is unable to absorb hydrogen,
thereby hindering the first hydrogenation. As a result, high temperatures
and hydrogen pressures are generally required to promote hydrogen
diffusion through this passivating layer [20,42-44]. Once this oxide
layer is penetrated, the presence of grain boundaries between oxides and
the matrix serves as fast diffusion pathways for hydrogen, facilitating
the hydrogenation of the matrix, which expands, while the surface oxide
layer remains unchanged, due to its inability to absorb hydrogen, as
previously mentioned. This volumetric expansion difference, along with
hydrogen absorption in the Ti4Fe,Oy phase, lead to crack formation,
creating new surfaces that further promote hydrogenation [45-48].

Thus, the incubation time can essentially be interpreted as the time
required for hydrogen to penetrate this passivating oxide layer. Once
hydrogen has diffused through this layer, the variation in incubation
time among different alloys is primarily determined by the presence of
additional grain boundaries which arise from the presence of secondary
phases (e.g., Cr-substituted alloys) or regions with different composi-
tions (e.g., Al-substituted alloys), which further enhance hydrogen
diffusion. This effect is even more pronounced if phases capable of
absorbing hydrogen are present, as in the case of Cr-substituted alloys
[49]. This distinction may contribute to the differences in incubation
time observed among Al-, Cr-, Co-, and Cu-substituted alloys. Consid-
ering the process to reach the full activation, diffusion processes within
the bulk play an important role, as demonstrated by numerous studies
showing their positive influence on activation kinetics [50-52].

Secondary phases within the matrix create multiple hydrogen
diffusion pathways, since grain boundaries are known to enhance
hydrogen diffusivity within alloys. In Cr-substituted alloys the abun-
dance of grain boundaries and high hydrogen-affinity secondary phases
creates numerous fast hydrogen diffusion channels in the bulk, favoring
both hydrogen absorption kinetics and alloy activation [53]. A similar
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scenario applies to the Al-based as cast alloy. In contrast to the annealed
alloy, it has a high degree of compositional heterogeneity (Fig. 1,
Table 1) that promotes the formation of defects, thereby enhancing the
diffusion of hydrogen and accelerating complete activation. Conversely,
the remaining alloys (i.e. Al annealed, Co and Cu-based alloys) show
compositional homogeneity, with few or no secondary phases, rein-
forcing the interpretation that the limited number of fast hydrogen
diffusion channels leads to a slower overall activation process.

The individual elements substituting Fe in the TiFe alloy should also
be considered. Various studies indicate that each added element (in this
case, Co, Cu, Cr, or Al) can significantly impact hydrogen diffusion ki-
netics, the diffusion coefficient, and the activation energy for hydroge-
nation, due to their unique electronic effects and affinities for hydrogen
regardless of the formation of new phases [50,51,53]. This aspect is
critical because it means that even when XRD or SEM analysis shows
only minor phase changes, the alloy’s performance during activation can
still be significantly improved (or worsened) due to atomistic effects
introduced by the substituent element itself.

A recent study by Bakulin et al. [53] showed that elements such as
Co, when doped into the TiFe alloy, lower the hydrogen diffusion co-
efficient and increase the activation energy for hydrogen diffusion. By
contrast, Cu increases the hydrogen diffusion coefficient but raises the
activation energy. On the other hand, elements such as Al and Cr not
only increase the hydrogen diffusion coefficient but also lower the
activation energy for diffusion. This is reflected in the trends seen in
Fig. 4 for the alloys analyzed here, where Cr-based alloys and Al-based
as-cast alloy fully activate more easily, followed by Cu and Co-based
alloys. Diffusion data extrapolated from the same study (Table S 2)
support the improved activation observed with Cr and Al substitutions
[53].

Another factor to consider is the lattice parameter of the TiFe-based
phase, calculated for each alloy, and discussed in the XRD character-
ization section (Fig. 2, Table 2). Although the lattice parameter remains
relatively consistent across the alloys, it is slightly larger in Al-
containing alloys, which may improve activation. According to Alefeld
and Volkl’s theory [50], an increase in the matrix’s specific volume due
to doping can decrease the activation energy for hydrogen absorption
and accelerate hydrogenation kinetics. This reduction in activation en-
ergy is associated with increased interstitial volume, that can also in-
fluence the interstitial diffusion coefficient. As for the Al-substituted
alloy, after annealing, its composition becomes homogeneous with a cell
parameter that is in between the two original values. That means that,
possibly, the Al-based as cast alloy starts its hydrogenation by taking
advantage of the phase with higher cell parameter, while, after the
annealing, the smaller cell dimension reduces the hydrogen diffusion
coefficient hindering the absorption process.

It should also be noted that Cr-substituted alloys show a significant
drop in capacity after the first absorption cycle. This is likely due to
hydrogen absorption by the Ti(Fe,Cr), phase, which forms stable hy-
drides, so they do not release hydrogen during the first desorption cycle,
resulting in slightly lower capacity in subsequent cycles. The capacity
drop is more noticeable in the case of Cr-based as-cast alloy, which
contains a higher quantity of the Ti(Fe,Cr), phase (14 wt%) compared to
the annealed alloy (8 wt%). As previously mentioned, this phase does
not release hydrogen, therefore due to the higher proportion of Ti(Fe,
Cr); in the as cast alloy, the capacity drop after the first absorption cycle
is higher (from 1.9 to 1.5 wt%) than in the annealed alloy (from 1.8 to
1.6 wt%). Consequently, the final maximum capacity of the as cast alloy
(1.5 wt%) turns out lower than that of the annealed one (1.6 wt%).
Furthermore, the capacity of Al-based alloys is significantly lower
(1.0-1.1 wt% for the annealed and as cast alloys, respectively) than
other alloys. This is because the addition of Al impedes the formation of
the y dihydride phase, as documented in the literature [25]. Since only
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the f monohydride phase forms, the maximum storage capacity is
inevitably lower than that of other alloys.

In summary, the activation process is influenced by both the inter-
action between hydrogen and the surface, which affects the incubation
time, and the diffusion of hydrogen inside the bulk, which is more
correlated to the total time of the activation. Therefore, to have a clear
picture of the hydrogenation mechanism, it is essential to consider all
parameters that influence the process. This encompasses secondary
phases with high hydrogen affinity and the presence of hydrogen
diffusion pathways (e.g., grain boundaries, phase boundaries), as well as
parameters like composition, lattice parameters, and the hydrogen
diffusion coefficient.

3.4. HPDSC activation

Results of HPDSC activation are reported in Fig. 5 and data are
summarized in Table 4. It is important to note that acquisition times
considered in Table 4 are calculated by taking into account the entire
activation process, starting from t = 0, which corresponds to the
beginning of the isothermal step. Here, Inc t refers to the incubation
time, defined as the onset time of the first exothermic peak (absorption
peak) observed during the isothermal step and first heating cycle. The
time t represents the duration required to achieve full activation. It is
determined based on the offset time of the first reproducible exothermic
peak. To be reproducible this peak must remain reproducible in all
subsequent cycles, serving as a reliable indicator of activation
completion.

In the two annealed alloys, one curve (1st cycle) is visibly different
with a first exothermic peak (absorption peak).

Only Cu-based alloy and Cr-based as-cast alloy exhibit a clear
exothermic peak related to hydrogen absorption during the isothermal
step at 40 °C (Figure S 1). For Cu-based alloy, the peak is less pro-
nounced compared to Cr-based as-cast alloy, but the isothermal curve is
not completely flat; towards the end of the 3-h period, a slight slope is
observed due to hydrogen absorption. As a result, these alloys are the
first to begin activation, with incubation times of 1 h and 7 min,
respectively. They are followed by the Cr-based annealed, Al-based as-
cast and Al-based annealed alloys, which activate during the first
heating cycle, with an incubation time of 3 h, after the temperature
increase. These alloys display an exothermic absorption peak during the
first heating cycle, followed by an endothermic desorption peak. In
contrast, Co-based alloy remains the most difficult to be activated, with
an incubation time of 5 h. It does not exhibit either exothermic ab-
sorption peaks or endothermic desorption peaks during the isothermal
step or the first heating cycle.

3.5. Comparison of activation in PCI and HPDSC

It is noteworthy that, when a lower hydrogen pressure is used (50 bar
compared to 64 bar in the Sievert apparatus), all alloys are more difficult
to be activated, showing longer incubation times. In PCI, the incubation
time is only a few minutes, whereas in the HPDSC, it takes several hours
(with the exception of the Cr-based as-cast alloy, although its incubation
time is still longer than that at 64 bar in the Sievert apparatus). There-
fore, with the decrease in hydrogen pressure from 64 bar to 50 bar,
hydrogen absorption starts with a longer incubation period, and for
some alloys, an increase in temperature is also necessary.

Indeed, both pressure and temperature conditions influence the
driving force AG for the hydride phase formation [54], as well as the
nucleation frequency [55,56]. Considering these parameters, lowering
the hydrogen pressure, as in the HPDSC measurements, disfavors the
absorption, by reducing AG. At the same time, the decrease in pressure
decreases the nucleation frequency. This explains why, at lower pressure
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Fig. 5. DSC curves of all alloys at 50 bar of H, pressure. The Heat Flow is reported as a function of Temperature.

Table 4

Activation data for HPDSC experiments for all samples. Inc t is the incubation time, which is the duration needed to initiate hydrogen absorption, and it is calculated
considering both the isotherm and first heating cycle. t represents the minimum exposure time to H, required to achieve full activation, and it is calculated from the
first reproducible heating cycle. Tp;, Tp2, and Tp3 represent the temperatures at which the maximum of each desorption peak occurs, during the last heating cycle.

Inc t (h) t (h) Pmin (bar) Pmax (bar) Tp1 (°C) Tp2 °C) Tps (°C)
TiFe.50C00.20 5 15 52 65 76 168
TiFeq.goCuo.20 1 6 52 66 82 207
TiFe( goCro.20 0.1 4 52 66 95 185 223
TiFe( goCro 20 annealed 3 4 50 65 91 168 272
TiFeq.goAlo.20 3 4 52 67 167
TiFeg goAlg.20 annealed 3 4 51 69 118 208

as in our case, the incubation times are prolonged.

Regarding the increase in temperature required for some alloys, an
increase in temperature reduces the thermodynamic driving force for
hydride formation, by making AG less negative. However, it simulta-
neously increases the Hy diffusion coefficient, thereby promoting the
nucleation and growth kinetics of the hydride phase. This further ex-
plains why, in terms of the time required to reach the maximum storage
capacity — i.e., the full activation of the alloys — times measured with
the HPDSC are shorter compared to those measured in the PCI (except
for the Cr-based annealed alloy). Thus, an increase in temperature en-
hances the kinetics of the absorption process (i.e. the diffusion of
hydrogen into the alloy) and leads to shorter activation times.

4. Conclusions

The present study provided detailed insights into the activation
behavior of TiFe-X alloys, focusing on the role of elemental substitution
in modifying hydrogen absorption kinetics and structural properties.
The chemical and structural analyses revealed, in some cases, the for-
mation of secondary phases, such as Tiy(Fe,Co), Ti(Fe,Cr)s, and Ti4(Fe,
X)20x, which are critical in determining the activation behavior of these
alloys. In particular, Cr-rich phases were found to facilitate hydrogen
absorption, by providing additional pathways for hydrogen diffusion,
thereby reducing the incubation time required for activation.

Hydrogen sorption properties, as evaluated by PCI and HPDSC,
demonstrated that Cr- and Al- containing alloys exhibited shorter acti-
vation times compared to other compositions. This has been attributed
to the high hydrogen affinity of Cr-containing phases, such as Ti(Fe,Cr);
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[36], and to the formation of compositional inhomogeneities and grain
boundaries in Al-substituted alloys, which act as effective hydrogen
diffusion channels [53].

Furthermore, Cr and Al substitutions also improved bulk diffusion
properties by increasing the lattice parameter, thus enlarging the
interstitial volume and lowering the activation energy [50].

In addition, the comparison of activation behavior in different
experimental setups revealed that both pressure and temperature play
crucial roles in influencing the activation process, as already discussed
in Yartys et al. [54]. Lower hydrogen pressure and increased tempera-
ture were found to extend the incubation time, but improve the overall
activation kinetics, particularly for alloys without high-affinity second-
ary phases.

In summary, the activation process in TiFe-based alloys is governed
by the interplay between secondary phase formation, lattice expansion,
diffusion pathways, and experimental conditions. To clearly highlight
the impact of each parameter, the key findings are summarized as
follows:

a) Effect of temperature: Elevated temperatures (up to 400 °C in HPDSC
tests) accelerate activation kinetics. However, Cr- and Al-containing
alloys performed well even at 300 °C, offering energy-efficient
alternatives.

Effect of pressure: Higher hydrogen pressure (64 bar in PCI vs. 50 bar
in HPDSC) resulted in faster activation, especially in compositions
with slower kinetics (e.g., Co-based alloys).

Effect of cycling: Successive absorption—desorption cycles facilitated
activation through surface cracking and regeneration. Cr-substituted
alloys reached saturation in fewer cycles due to the presence of
reactive secondary phases.

Effect of composition: Cr and Al were the most effective elements for
enhancing activation, improving both surface and bulk transport
properties. Cu and Co had weaker effects under the conditions tested.

b

~

—
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=

In conclusion, the activation process of TiFe-X alloys is strongly
dependent on the presence of specific secondary phases, the lattice
parameter, and the diffusion pathways within the matrix. These results
also highlight the importance of considering not only the phase
composition but also the atomic-scale effects of substitutional elements
on hydrogen transport mechanisms. Elemental substitution can improve
activation even when secondary phases are minimal or absent, sug-
gesting that performance is governed by a combination of structural,
microstructural, and atomistic factors.

Although this work did not use recycled materials directly, it was
designed as a preliminary study to understand how specific alloying
elements, such as Cr, Cu, Co, and Al, affect the activation behavior of
TiFe based alloys. These elements are often present as residual compo-
nents in Fe- and Ti-based industrial scraps. Therefore, the findings pre-
sented here are highly relevant for future development of hydrogen
storage alloys made from recycled sources. In upcoming research, it is
planned to synthesize and evaluate TiFe based alloys directly from
selected scrap materials to validate these insights in practical recycling
scenarios.

Finally, while this study has focused on the activation process and
kinetic aspects, complementary investigations into the thermodynamic
behavior of these alloys, including full PCT and HPDSC characterization
and phase-specific hydrogenation phenomena, are currently underway
and will be reported in a dedicated future work.
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